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Executive summary

This report covers the potential for net emissions reductions, through avoided and negative emissions,
their costs and risks, and novel technologies that may have the potential to deliver enhanced net emission
reductions over the next 5-10 years. It is not designed to be exhaustive, instead it responds to a scope
provided by the client to cover a range of negative emissions and avoided emissions technologies.

It draws together existing knowledge from literature and consultation with subject matter experts and
synthesises these into key findings. No new modelling or analysis work has been carried out, instead this
report represents a state-of-the-art summary. Each technology, where possible, was assessed against a set
of core-common criteria including technology readiness, scalability, co-benefits, cost, and sequestration
length of storage.

It is important to note that the estimates provided were developed independent of each other and do not
consider competition for resources such as energy, water, or land use. Nor have any feedbacks that may
occur between the technologies that may affect their scaling (such as feedback from land price) been
considered. Consequently, the estimates cannot be added to give a national technical sequestration
estimate.

Technical, Economic and Realisable sequestration.

Throughout this report, the terms technical and economic potential sequestration are used, with
sequestration being defined consistent with IPCC! definition as the storage of carbon in a carbon pool. The
following figure and description should be used to ensure clarity when using the terms.

Potential sequestration
|

The maximum biophysically or
technically possible sequestration. It
does not consider economic feasibility,
nor consider competition for

resources such as energy water or
land. See 1.4.1

Considers economic feasibility
and concerted efforts to
implement technical and
management changes.
Unresolved competition for
resources. See 1.4.2

Realisable

Considers and resolves
competition for resources, with

incentive structures in place and
barriers removed. See 1.4.3

Figure 1: Technical, Economic and Realisable potential sequestration.

Figure 1 above illustrates the different potential sequestration types considered in this report.

L https://www.ipcc.ch/report/sr15/glossary/
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Technical sequestration potential is the maximum technically or biophysically possible sequestration within
the definition of the technical option (technology) reviewed. At the most general level, the total potential is
defined as future sequestration limited only by current climatic and other biophysical capacity or system
storage capacity at the current level of technology. It does not consider socio-economic feasibility nor
competition for shared resources such as land, water, or energy.

Economic potential sequestration is the quantity of sequestration attainable given concerted efforts to
implement the necessary technical and management steps. Economic sequestration needs to be
considered within the context of institutional settings that define the sequestration possibilities. For more
discussion on how the report authors have approached this, see section 1.4. In calculating economic
sequestration potential, technologies are considered in isolation, and therefore estimates do not consider
resource competition. For this reason, and importantly, the estimates are not additive and cannot be
summed to form an overall total of national sequestration potential.

Economic sequestration potential could increase with investment in technical innovation and should that
innovation succeed, more technical sequestration potential will be realised.

Realisable sequestration potential is sequestration that considers the limitations of resource constraints
and implementation feedbacks that can limit scaling. It also considers institutional settings, incentivisation
and removal of barriers. This report does not consider realisable sequestration potential, which is
anticipated to be considerably lower than the economic sequestration. An approach to uncovering this
level of sequestration is provided in chapter 3, Roadmap for a national capability.

Actual sequestration estimates are figures of current sequestration for the period of 2021-22 unless
otherwise noted.

Economic sequestration potential estimates

The figure below is a bubble chart presenting the estimates for economic sequestration for the
technologies reviewed in Mt per year CO,-e. The economic sequestration potential estimates in Figure 3,
show the commercial readiness level against cost per tonne of sequestration. Bubble size signifies the
guantity of sequestration for each technology in Mt per year.
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Figure 3: Economic sequestration for reviewed technologies, indicating their commercial readiness level and cost
per tonne. Note the anticipated scaling trajectory to the lower left corner, corresponding to low cost and high
commercial readiness.

Geological storage has greatest technical potential for sequestration with 227 Gt total. It was estimated
that if all geological storage projects in development are totalled, an estimate for 2035 economic
sequestration would be ~24Mt per year, with an estimate of 50Mt per year for 2050. The economic
sequestration for geological storage would increase significantly if BECCS and/or DACs projects are
economically viable by this time, adding at least an estimated 28-35 Mt per year for a total of ~55 Mt per
year. For reference, the Gorgon Project, Australia's first CCUS project to date, has stored 6.6 Mt of CO,
since becoming operational in August 2019, although this has not been without difficulties (see chapter 12).

Many nature-based solutions have good technical potential for sequestration, particularly permanent
plantings, plantation and farm forestry, and soil carbon, with technical potential sequestration of 480Mt
per year, 631Mt per year and 115 Mt per year respectively, by 2050.

The nature-based technologies of plantation and farm forestry and permanent plantings have significant
differences between technical and economic sequestration. This difference is related to a combination of
factors, some regulatory, but some based on the economics of plantings in remote areas with low
sequestration rates. Some fraction of this gap might be closed by removing constraints to planting,
incentivising plantings or through innovations that reduce costs of establishment and project delivery
considerably

Uptake has been high in nature-based technologies due to their high technology readiness levels and policy
support through the carbon farming initiative and the Emissions Reduction Fund (ERF). The ERF? fund has

2The Australian Government has commissioned an independent expert panel to review the integrity of Australian Carbon Credit
Units (ACCUs) under the ERF. The Review will consider whether particular methods subject to recent claims — including the human-
induced regeneration method — continue to comply with the scheme’s integrity standards. This report does not pre-judge the
outcomes of the Chubb review.
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acted to accelerate the Commercial Readiness Level (CRL) of these technologies and driven by the high
potential and the supportive policy position, significant investment into these technologies (especially soil
carbon) has flowed.

Technical, Economic and Realisable sequestration difference

The difference between actual sequestration and economic potential sequestration (where known) is
significant. However, this difference should be viewed with some caution, given the key unresolved gap,
reflected in the real opportunity, is the difference between the actual and the realisable sequestration.
Realisable sequestration will be lower than economic sequestration, with the difference in part due to
resource competition. For example, competition for the same land base affects realisable sequestration for
plantation and farm forestry.

Sequestration Costs

There is a strong relationship between cost per tonne of sequestration and commercial readiness level.
Where costs are high, projects are yet to be developed. Biochar, BECCS and Direct Air Carbon Capture and
Storage have significant sequestration potential but have high costs. These are areas where investment into
research to bring down the unit cost associated with capture could increase national sequestration
potential.

If early-stage projects (such as biochar or BECCS projects) could be aligned to other areas of co-benefit,
such as supporting afforestation in areas in need of hydrological rebalance, or producing products that
could be embedded in downstream industries (such as biochar into plastics), then co-funding opportunities
could result.

The anomaly is geological sequestration, with low unit sequestration costs and low CRL. This finding
suggests the barriers are different: high initial capital costs, implementation difficulties and regulatory
barriers. Approaches to unlocking the potential of this opportunity are different and involve de-risking
investment (underpinning knowledge infrastructure that shows where prospective sinks might be etc.) and
potentially concessional loans or forward contracts on sequestration to offset the high initial investment.

Estimates for 2035

It was not possible at this stage to provide 2035 estimates for many of the technologies as the necessary
modelling has yet to be done, and rates of technology uptake will depend strongly on the carbon price. In
some ways, it is easier to forecast estimates for 2050 rather than 2035, where it may be assumed that
demand will be high, and projects may scale towards their realisable levels.

Note also that it was not possible to produce economic sequestration estimates for mineral carbonation,
DAC, Blue carbon and pyrolysis biochar, given the emerging nature of these technologies and low
Commercial readiness Levels (CRLs).

Summary of technologies

The infographics below present the emission type, quantity, cost, length of storage and resource
competition for the reviewed technologies. The legend for the infographic is in Figure 5 below. For more
comprehensive information on the findings, see Key Findings in chapter 2.
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Sequestration 2.1*Mtyr-1 115 202 5.6
2050 Economic ~16 Mt.yr-1 32 Mt.yr-1 39 Mt.yr-1 7.7 Mt.yr-1 6 Mt.yr-1 5-29 Mt.yr-1
Potential
Blue carbon Biochar ccs BECCS DAC Mineral
(coastal) Carbonation
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Capture d I d
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Sequestration (2020-21)

2050 Economic No Estimate No Estimate >50Mt.yr-1 25-38Mt.yr-1 No Estimate No Estimate

Potential

Figure 4: Summary diagrams for technology summary. :Where there is insufficient data or evidence for inclusion no
estimate is provided. ! ACCUS’ issued 2021-2022 extracted from the ERF project register July 2022. 2AEGIS 2010-
2020 includes soil carbon as well as living biomass and forest debris. 3 AEGIS 2010-2020 includes soil carbon as well
as living biomass and forest debris but excludes harvested wood products.*AEGIS 2016-2020 includes biomass,
debris and soil carbon. Both Bioenergy and direct air capture use geological storage for sequestration. 6AEGIS

2010-2020 includes soil carbon as well as living biomass and debris.
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Figure 5: Legend for the summary of technology diagrams.

Technology Scaling considerations

There are co-benefits associated with many of the reviewed technologies, which can be leveraged to assist
uptake and scaling. Examples of co-benefits include socio-economic benefits that flow back into local
communities, and environmental benefits such as improved soil health and/or biodiversity benefits.

If early-stage projects (such as biochar or BECCS projects) can be aligned to other areas of co-benefit, such
as supporting afforestation in areas in need of hydrological rebalance or producing products that could be
embedded in downstream industries (such as biochar into plastics), then co-funding opportunities are
created.

Another technology enabler is the creation of market mechanisms that encourage benefit stacking (where
multiple payments can be paid for the same activity delivering a range of benefits) to improve the overall
value proposition of technology implementation.

For most of the technologies reviewed, further assessment of the benefits, co-benefits and costs and a
better understanding of land use and resource trade-offs could support scaling.

Some technologies require proximity to concentrated feedstocks (BECCS, Biochar) or proximity to those
who will use products (biochar, CO; captured by DAC for mineral carbonation or geological storage) if they
are to be economically scaled. Coordination between industry and government can assist in scaling such
industries.

As many of the opportunities for sequestration are in regional areas, regional benefits of the technologies
are critical to achieving social license to operate, uptake and the scaling required to realise the transition
potential into economic sequestration. Further, regional opportunities will require low-cost supply chains
and logistics to enable and support these sequestration activities.
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Cost per unit of sequestration remains a barrier for some technologies. This issue is discussed in more
detail in the technology review chapters. It can be overcome by investment in research, development, and
extension (extension in the broadest sense of commercial trialling and business model development) for
those technologies that have the best opportunity to contribute to our national goals.

In a few cases, regulatory barriers present a hurdle. Some examples of this are the complex permitting for
geological storage and the complexities of land ownership with blue carbon.

Measurement and verification requirements present variable challenges to scaling the technologies and
supporting robust market uptake. Improved ability for measurement standards to confirm the robustness
of the sequestration is required for some technologies and needs to be developed consistently with
international developments.

Resource competition

The infographics above display possible resource competition for each technology. All the nature-based
technologies, in some way, will be competing for land and water use to varying degrees. Figure 6 depicts
the shared storage medium for biological technologies - above-ground biomass and soil, and similarly the
competition between BECCS and CCS for geological storage. BECCS and biochar are competing for biomass.
CCS, DAC and mineral carbonation are competing for energy and water.

Emerging demands for biomass feedstocks in other areas of avoided emissions and the bioeconomy, such
as the use of charcoal as an alternative to coal in smelting processes, the use of biomass for future plastics
industries and the rise of a biogenic sustainable aviation fuel will impact on the economics of scaling these
technologies. As discussed above and in more detail in chapter 1.4, the technologies have been reviewed
independently and don't consider resource competition. Each of the technologies requires resources to
provide sequestration and in some cases to be combined. How the resources are distributed ultimately
between competing demands to achieve highest and best use is a question that remains outstanding. The
next steps section below presents a plan for developing a capability to resolve that competition.
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Teccran:g I%gry reforestation | [sequestration Bl(oacg)ar carbon capture capture & ocean alkalinisation fertilisation
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Figure 6: Topology of different technologies adapted from Minx et al (2018).

Australia's Opportunity

Australia has good opportunities to sequester carbon via a range of technologies. Each of those
technologies alone is not sufficient to provide a pathway to Australia's emissions reduction target. Rather a
portfolio approach combining the best set of technologies will be required. A means to identify the best
value portfolios of options based on Australia's competitive advantage is discussed in the next section and
chapter 3. Development of all sequestration portfolios need to consider that nature-based solutions will
saturate — storage will increase and eventually slow and stop as forests grow to maturity or soils reach their
new equilibrium soil carbon values.

Australia is well positioned with abundant land-resources, significant geological storage capacity, vast
marine estate and low-emission-energy resource potential (CSIRO Low Emission technology Roadmap) to
translate the potential identified in this report into realisable sequestration.

There are many potential pathways for the use of CO, once captured either from Direct Air Capture of point
sources of CO,. These pathways include CO; use in many high-value long-lived products (e.g. cement),
which ultimately present opportunities and options for Australia. These pathways are well covered in the
CSIRO CO;, utilisation roadmap and not covered in this report.

In addition, Australia has a well-developed carbon market which is a necessary institutional structure to
support the scaling of these technologies. Further, Australia has good underpinning knowledge
infrastructure (such as the national soil grid and downscaled meteorological data and modelling
frameworks such as FULLCAM).

Australia also possesses a highly skilled and digitally enabled workforce to take advantage of advanced
methods to target opportunities to the most prospective areas. Other workforce skills include conducting
sound risk analyses to de-risk investments and finding new, cheaper, and more robust ways to monitor,
report and verify carbon sequestration projects.

Next Steps — the Roadmap for a national capability

In this report, the current state of a range of sequestration options has been produced. This has generated
a series of potential and economic sequestration estimates for 2050. However, the rate and advances in
technology development and uptake trajectory in that period are unclear, though we know they are
changing rapidly. Estimates made today may be rapidly outdated.

A new national capability is required to provide improved estimates, identify, and assess best value
portfolios of options, and guide investment and the design of incentives that unlock emerging
opportunities.

This national capability would support the identification of portfolios of negative emissions technologies as
part of Australia's Nationally Determined Contributions. This requires an integrated modelling assessment
(IAM) approach informed by innovations in emerging technologies. An IAM approach that coupled
economic, energy system, and earth system/land use models would allow exploration and quantification of
national and regional trade-offs and feedbacks of different portfolios of negative emissions technologies
and quantifying their efficacy.

The IAM system could also assess benefits, co-benefits, and risks over time. The IAM approach will provide
the capacity to develop optimised negative emissions portfolios that account for different emissions
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trajectories and pathways. For example, what is the balance of emissions reduction compared with
offsetting we are planning? It will allow assessment of alignment with other policy settings around regional
economies, industry sector transitions, environmental impacts, co-benefits and risk appetites. Importantly,
it would enable recurrent estimation and revision considering technology improvements or regulatory
changes.

Traditionally studies and reports that have explored this transition have focused on the economic pathways
and largely ignored the regional impacts of climate change and variability on negative emissions
technologies

The path to developing and implementing this national capacity will require establishing a steering group
responsible for this development made up of representatives from industry, government, universities, and
research agencies.

The development of national capability will require significant investment and is likely to be of the order of
$3-5M over 18-24 months.
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Introduction

1 Report Introduction

Permanently removing significant amounts of carbon dioxide from the atmosphere combined with
ambitious emissions reductions, provides the only realistic path for the world to reach the goals of the Paris
Agreement (IPCC AR6 Report (2022); Figure 1.1). It is estimated that globally up to 10 Gigatonnes of CO; per
year will need to be permanently removed from the atmosphere annually by 2050, with up to 20
Gigatonnes of CO; per year needed to maintain net zero by 2100 (NASEM, 2019). This report is a review of
the status of a number of avoided and negative emissions technologies, in support of reaching Australia’s
and the world’s climate goals.

Anticipated business-as-
usual emissions until 2030
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401 ambitious mitigation
304 Net emissions with
ambitious mitigation
and negative emissions

tis 00000
= ,::I, ,', Vo4 Net zero Net negative
0 000000, emissions emissions
botps4/d
10 Yess000s

torvans i
srs4s08°1;
vessatie

Negative j

emissions

Global annual COz-emissions [Gt CO:/year]

2015

1980 2000 2020 2040 2060 2080 2100

Figure 1-1: The pathways to reaching the goals of the Paris Agreement? require both ambitious emissions reduction
(mitigation) and negative emissions (Honegger et al, 2017, adapted from Anderson and Peters, 2016)

1.1 Report Scope

This report covers the potential for use of negative emissions and storage approaches (avoid emissions) to
assist in achieving and maintaining net zero emissions. The report examines their costs and risks, and
emerging technologies with the potential for greenhouse gas removal and sequestration in the periods to

3 United Nations Framework on Climate Change (UNFCCC): Adoption of the Paris Agreement, 21st Conference of the
Parties, https://unfccc.int/resource/docs/2015/cop21/eng/I09r01.pdf
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2050. The report is not exhaustive but rather responds to the scope of approaches provided by the client;
covering a number of negative emissions and avoided emissions technologies.

It draws together existing knowledge and synthesises these into key findings, both from literature and
consultation with subject matter experts. No new modelling or analysis work has been carried out: it is a
state-of-the-art summary. Each technology, where possible, is assessed against a set of core-common
criteria including technology readiness, scalability, co-benefits, cost, and length of storage.

This report also seeks to identify key risks and potential system impacts of the different approaches to
inform investment in work to identify and mitigate impacts through regulation, application practice or
technology refinement.

1.2 Negative Emissions

Negative Emissions results from the removal and sequester carbon dioxide (CO,) and other non-CO;
Greenhouse Gases (e.g,. Methane and Nitrous Oxide) from the atmosphere with the intent of reducing the
atmospheric greenhouse gas (GHG) concentrations. Negative Emissions usually refer to all (GHGs),
encompassing CO; and non- CO; greenhouse gases, while CDR often refers to carbon dioxide alone. In this
report, we refer to negative emissions, which encompasses the broadest definition of GHG removal.
Importantly, negative emissions refer to the deliberate removal of GHGs from the atmosphere.

The imperative and case for negative emissions is very strong; it has become widely accepted that it cannot
serve as a substitute for deep emissions reductions but that it can fulfil multiple complementary roles;
these include (IPCC, 2022):

1. further reduce net GHG emission levels in the near term,

2. counterbalance residual emissions from ‘hard-to-transition’ sectors, such as CO, from industrial
activities and long-distance transport (e.g., aviation, shipping), or non-CO, GHGs from agriculture,
to help reach net zero emissions in the mid-term,

3. achieve and sustain net negative emissions in the long-term, by deploying Negative Emissions at
levels exceeding annual residual gross GHG emissions.

The underlying principle of negative emissions is the acceleration or enhancement of natural carbon cycle
processes, to enhance the removal of CO, from the atmosphere, and sequester this CO; on land, in the
ocean, or in geological reservoirs.

Negative emissions are delivered via one of more enabling technologies which can capture and store
GHGs, away from the atmosphere, often termed Negative Emissions Technologies (NETs). NETs remove CO>
and, in some cases non-CO, GHG from the atmosphere via biological (photosynthetic) or chemical
pathways. Some NETs are well understood and are actively being implemented. Many are immature or
emerging and will require research, development, and demonstration (RD&D) to bring them to a level of
readiness (technology readiness level or ‘TRL’) and commercial readiness level (CRL) for scaling. Negative
Emissions Technologies (NETS) also only refers to technologies that are net negative as the result of an end-
to-end system in which the processes sum be net negative.
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Figure 1-2: The elements of Negative Emissions Technologies (NETs)

The elements of a Negative Emissions Technology are seen above in Figure 1-2, and are considered as a
composition of enabling ‘capture’ and ‘storage’ technologies. As stated above, systems that are net
negative across the whole supply chain are termed NETSs.

1.3 Avoided Emissions

Avoided emissions refer to deliberate activities that prevent GHGs from being released into the

atmosphere. Avoided emissions, sometimes termed Carbon Avoidance, are part of a portfolio of mitigation

approaches encompass activities from active land management to point source capture and storage from
industrial process streams (Figure 1-3).

Avoided Emissions Technology (AET)

Point-source

Avoided Emissions
Carbon Removal

Enablmg Technology Enablmg Technology

Avoided Emissions Technology (AET)

Managed Carbon Avoided Emissions

Storage

Enablmg Technology

Figure 1-3: The elements of Avoided Emissions Technologies (AETs)

1.2.1 The Australian Context

In line with global agreements to reach net zero emissions, Australia recently committed to a revised
emissions reduction of 43% below 2005 levels by 2030 and net zero by 2050 (Australia’s UNFCCC NDC
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update 2022). This will require significant additional sequestration capacity to reach these targets. By way
of comparison total Australian Carbon Credit Unit (ACCU) delivery was 12.39M ACCUs with 13.9M ACCUs
scheduled for 2022 (CER quarterly carbon market report March 2022).

1.2.2 Deployment of AETS and NETs

Many AETs and NETSs, including approaches that deliberately enhance natural sinks of atmospheric CO,, are
particularly vulnerable to climate variability and change (e.g., drought and fire). In addition, their
deployment at the anticipated scales requires large-scale human engineering, competition for often scarce
resources and the potential direct and indirect manipulation of ecosystems at unprecedented scales, which
have the potential to impact system function and resilience, and, ultimately, the ecosystem services they
provide. Even in the case of engineered and. More mature technologies, these impacts and anticipated
feedbacks remain poorly understood and quantified and need to be considered as part of ongoing research
and assessment.

This report seeks to identify some of the key risks and benefits from a set of prospective AETs and NETs and
identifies actions that can accelerate the development of these technologies and the co-benefits and risks
associated with their widespread uptake. A related matter is that AETs and NETs need to be embedded into
systems of use to be scalable, which accounts for both the technological and commercial readiness of the
technology. Systems of use are the broader set of enabling regulations, infrastructure, capability, value
chain connections and market mechanisms that allow technology to create value and be widely adopted.
For example, soil carbon farming could remove a significant quantity of atmospheric GHG and deliver co-
benefits to farmers in terms of drought resilience and nutrient retention. Many marginal sequestration cost
curves (MACCs) have suggested that these co-benefits are cost-effective at low or even negative marginal
sequestration costs. However, early regulatory framings with high measurement and compliance costs
failed to unlock this potential. Unlocking the potential requires adjacent technological inventions to reduce
measurement costs and parallel regulatory reform to allow for these new and lower-cost assessment
techniques (which has occurred in later ERF methods). AETs and NETs are required to deliver national and
global goals: these are delivered by systems of use, not enabling technologies in isolation. To this end, this
report, where possible, looks at barriers to adopting different technologies

1.2.3 The need for a portfolio of approaches

All net emissions reduction approaches (AETs and NETSs) rely on the availability of different inputs such as
land, water, energy, and the capacity of a suitable carbon storage medium. For example, land and water
availability is a limiting factor for technologies that rely on purposely grown biomass, like bioenergy with
carbon capture and storage (BECCS) or biochar from the first-generation feedstock. The amount of land and
water available to grow biomass puts an upper ceiling on carbon removal based on photosynthesis. It is
essential to understand these limiting factors so we can appropriately prioritise RD&D investment in
technologies based on their annual carbon removal potential and ultimate quantum of economic carbon
sequestration. Biophysical limits will ultimately determine whether a CDR can be implemented at a
sufficient scale to make a meaningful difference to atmospheric GHG concentrations. While we need to
avoid ‘picking winners’, we need to understand these factors to ensure we are investing in technologies
likely to have the most significant impact. This report looks to determine the technical and economic scale
of technologies to guide this investment.

The scale of carbon sequestration required for our national and global targets looks challenging when
considering the biophysical limiting factors of any one technology, such as the BECCS (Anderson and Peters,
2016). But different technologies have different operating mechanisms and rely on different natural
resources. Understanding the theoretical limits to the emissions reduction associated with each approach
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allows us to strategically plan a combination of technologies to meet our sequestration needs. A broad
portfolio of net emissions reduction that utilises different AETs and NETs, each with its own set of inputs,
and desired co-benefits relevant at the regional scale, will more likely deliver a more resilient and
sustainable portfolio of net emission reductions.

1.2.4 The need for a national foresighting capability

To ensure AETs and NETs are available and ready to be scaled for deployment in the time frames needed,
we must foresight the key success factors for scaled implementation and incorporate these factors into an
accelerated RD&D process. By foresighting, we mean developing an understanding of the factors that
typically are barriers or enablers to the scaled diffusion of innovation and addressing those factors during
early research. The ability to carefully design for these factors will determine that rate at which
technologies, both AETs and NETs can be successfully scaled and the extent to which their scaling
maximises opportunities for co-benefit delivery and minimises competition and can impact social licence.
We include in this need the requirement to understand how scaling of any technology creates competition
with other technologies and with exogenous system factors such as land and input prices (so for example if
we deploy many technologies that utilise land how does this influence land prices for food production). In
this report, we outline a roadmap for foresighting the future supply of AETs and NETs with ability to
understand the influence of technology development, economic system factors and policy levers on the
spatio-temporal delivery of offset supply.

1.3 Typology of Technologies

There are three approaches considered here (figure 1-3), following Minx et al (2018):

Biological: These refer to approaches that take advantage of natural biological systems to take up and
sequester atmospheric carbon dioxide (NETs) e.g., afforestation/reforestation; or those that prevent
existing sequestered carbon from being released into the atmosphere (AETs) e.g., avoided clearing. These
can also be referred to as Natural, Nature-Based or Natural-Climate Solutions. Biological approaches are
associated with the sequestration of CO; and non-CO2 GHGs and are often reported in units of CO,-e (or
CO,-eq) referring to the sum of CO, and the CO; equivalence on non-CO, greenhouse gases. In this report
biological approaches are reported in units of CO,-e.

Engineered: These refer to approaches that rely on chemistry to capture and sequester atmospheric carbon
dioxide (NETs) e.g., mineral carbonation; or those that capture carbon from point sources for sequestration
(AETs) e.g., Carbon Capture and Storage (CCS). In many cases, these solutions involve combining two
different capture and storage technologies, such as Direct Air Capture and geological storage. This also
includes many CO; uses in high-value long-lived products such as cement covered in CSIRO’s CO; Utilisation
Roadmap (Srinivasan et al, 2022). Engineered approaches in this report are reported in units of CO..

Hybrid: Some approaches that combine biological capture and geological storage. Examples of this include
Bioenergy Carbon Capture and Storage (BECCS) which involves using Biomass to capture carbon, produce
energy and then capture sequestration of the carbon released and captured within this process into
geological stores. In this report hybrid approaches are reported in units of CO,-e as they rely on biological
capture.

6 | CSIRO Australia’s National Science Agency



Biological Hybrid Engineered
Capture via:

7 )
Technology | [AMferestatin s | Seilcarben || giocher ][ ey | WY l grnanced weathering | [T
(AR) (Scs) & storage (BECCS) (DACCS) (OF)
[ Agro-forestry ] [ Crop residues ] [ S%S:,?r?gsed ] [ Srigiige ] [ Caﬁggﬁ"fte ] [ fertfll;g:tion ]
Implemegé?foi?g [ Boreal ] [Ag:iaccté‘ngérsal ] [ Dedicated crops ] [ caIcY\r/\Zttnon ] [ Srigf;ﬁie ] [ fert’\llliga':ion ]
[ Temperate ] [ l;;’:&fgg: ] [ Dedicated crops (marginal) ]

Earth

system | Land Ocean

Storage EEGTVERIGITT:)
medium biomass

Marine sediment
& calcifiers

Geological reservoirs LEES

Figure 1-4: Topology of different technologies adapted from Minx et al (2018)

1.4 Core Criteria

The core criteria used in this report are designed to assess the current state of the technology, the scaling
pathway, and risks and barrier to uptake. The goal of having a common set of criteria is to allow an easier
integration and synthesis, so that an overall picture of the current and potential future scenario for uptake
of negative carbon emissions technologies can be developed.

Sequestration Potential

Sequestration Potential, through NETs or AETs falls into three categories:

1. Technical sequestration: The maximum biophysically (or technically) possible within the definition
of the option (referred to in this report as technical sequestration). At the most general level total
potential is defined as future sequestration limited only by current climatic and other biophysical
capacity or system storage capacity at the current level of technology efficacy.

2. Economic sequestration: Assess the level attainable given concerted efforts to implement technical
and management changes (called Attainable in Eady et al. 2009). Economic sequestration needs to
be considered within the context of institutional settings that define the sequestration possibilities.
For more discussion on how the report authors have approached this, see the approaches below.

3. Realisable sequestration: this report does not consider realisable sequestration. In calculating
economic sequestration, AETs and NETs are considered in isolation, however, there will be
competition for shared resources (e.g., land, water, and energy). between sequestration
technologies and several intended and unintended system feedbacks, impacts and co-benefits. This
will ultimately restrict their scalability and the role they will play in any portfolio of AETs and NETSs,
particularly at the regional scale.
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This report focuses on the potential and economic sequestration and outlines the Roadmap to translate
this economic sequestration into realisable sequestration.

Potential sequestration
A

The maximum biophysically or
technically possible sequestration. It
does not consider economic feasibility,
nor consider competition for

resources such as energy water or
land. See 1.4.1

Considers economic feasibility
and concerted efforts to
implement technical and
management changes.
Unresolved competition for
resources. See 1.4.2

Realisable

Considers and resolves
competition for resources, with

incentive structures in place and
barriers removed. See 1.4.3

Figure 1-5: Technical, economic and realisable potential sequestration

Figure 1-5 above illustrates the different potential sequestration types considered and defined above as
used in this report. Sequestration potential is depicted as a funnel, to convey the notion that potential
decreases as the economics, incentive structures and resource competion limit the technical sequestration
potential.

Approaches to determining potential and economic sequestration

In assessing the AETs and NETSs, the chapter authors use their expert knowledge to identify and use the best
available evidence (reports, scientific literature, exemplars, or case studies) for our best attempt at
providing defensible estimates. As well, the project working group has helped alert chapter authors to
additional relevant evidence which has been included. In some cases, multiple estimates are provided
indicating the variation in evidence, and that there is no agreed single figure for sequestration.

For the vegetation and soil technologies, estimates are provided based on modelling, which estimates
sequestration potential for Emission Reduction Fund (ERF) methods. ERF methods have assumptions and
constraints and are listed specifically in each of the chapters. These estimates provide a biophysical limit for
the technical sequestration and scheme-specific economic sequestration. As this report collates existing
knowledge, the modelling study (Roxburgh et al, 2020) is a useful ERF view on sequestration potential. In
some cases, it is a lower bound on potential (relaxing some constraints could increase sequestration
guantity) and in some case close to the actual potential limit (biophysical limit). Where other evidence is
easily accessible that provides other views on potential and economic sequestration estimates such as the
National Greenhouse Gas Inventory (NGGI) or State based data such as historical land clearing, they are
included. It is important to note that in this report that estimates for technical and economic sequestration
do not imply that sequestration is solely reliant on the ERF and could occur via other means of incentive or
policy settings.
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It was out of scope for this report to evaluate relaxing constraints or to evaluate different policy
interventions, rather the focus is to highlight the barriers and scale drivers for each technology.

Approaches to determining actual sequestration

Actual sequestration estimates are figures of current sequestration for 2021-22 unless otherwise noted.
These estimates are from different sources, including National Greenhouse Gas Inventory and the
Emissions Reduction Fund project register.

Competition for resource availability

Many of the technologies reviewed in this report have resource demands that rely on shared resources,
e.g., geological storage for CCS and BECCS, biomass for bioenergy and permanent plantings etc. Identifying
which technologies are ultimately the most desirable will require resolving the trade-off between the
social, environmental, and economic uses of shared resources. In this report, we do not consider the trade-
off between resources, instead, each technology is considered individually. Consequently, this means the
economic potentials of each technology are not additive due to finite resource availability.

Technology Readiness Potential and Commercial Readiness

A common approach to understand the scaling options and trajectories for CDR is to assess the technology
and commercial readiness. Technology Readiness Levels (TRL) is used commonly for this purpose and
provide a common rating for maturity on a range from 1 -9. TRL 1 is the lowest maturity level indicating
that technology is at the basic research stage, and 9 the most mature indicating fully developed, and
proven and operational technology. The complementary Commercial Readiness Level (CRL) is used to
assess the commercial status of the technology. This assessment provides an indication of where the
technology is positioned for full scaling and commercial implementation. The TRL/CRL description used in
this report is from ARENA and is included in Figure 1-6 below.

CRI
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Market competition

5 Driving widespread development

- Multiple Commercial Applications

3 Commercial Scale U

TRL e e

System test, T -
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Figure 1-6: TRL and CRL level from ARENA (2014 )

Measurement and Verification ease

We discuss the ease with which sequestration by the technology can be measured and verified thus
ensuring confidence and trust. Note that the Australian Government has commissioned an independent
expert panel to review the integrity of Australian Carbon Credit Units (ACCUs) under the ERF. The Review
will consider whether particular methods subject to recent claims — including the human-induced
regeneration method — continue to comply with the scheme’s integrity standards. This report does not pre-
judge the outcomes of the Chubb review.

Scalability

Scalability is defined the as the capacity to increase the uptake of technology and the corresponding
increase of carbon sequestration through AETs or NETs

Length of sequestration

In this report, the likely longevity of sequestration is presented noting that this is different to the often
used term permanence, which has a policy rather than a technical definition. Consistent with this being a
technical review, here we talk about the likely duration of sequestered carbon as a balance of its turnover
rate and risks to stocks.

Social, environmental impacts, risks, and co-benefits

This review section identifies potential social or environmental impacts, positive and negative, and co-
benefits from scales deployment of NETs and AETs.

Barriers to implementation:

These criteria provide a qualitative analysis of the key barriers (non-technical) to uptake and scaling. Sub
section for analysis include:

e Policy and regulatory environment:
e Social license and stakeholder acceptance
e Technology performance variability
e Financial proposition and costs and access to capital
e Industry supply chains and skills
e Market opportunities or market creation
Key research questions:

This section provides an assessment of gaps in knowledge (including technical) for the potential of a
technology to be realised. Research related to overcoming barriers for a technology to provide a pathway
to translate potential to economic sequestration are captured.

1.5 Technologies reviewed and chapter lead chapter authors.

* Permanent Plantings: Stephen Roxburgh (chapter4)
*  Plantation and farm forestry: Stephen Roxburgh (chapter5)

* Human induced regeneration of native forest: Stephen Roxburgh (chapter 6)
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* Avoided land clearing: Stephen Roxburgh (chapter 7)

* Savanna burning: Stephen Roxburgh (chapter 8)

* Soil carbon: Michael Battaglia (chapter9)

* Coastal (mangroves), Blue carbon and Teal Carbon: Andy Steven (chapter 10)
e Pyrolysis Biochar: Lynne MacDonald (chapter 11)

* Geological storage (CCS): Allison Hortle (chapter 12)

* Bioenergy with carbon capture and storage (BECCS): Lei Gao (chapter 13)

* Direct air capture (DAC): Paul Feron (chapter 14)

*  CO; mineralisation (Advanced weathering): Sandra Occhipiniti (chapter15)

1.6 Report Structure

This report is structured as follows. Key findings are found in the next chapter, followed by the roadmap for
a national sequestration foresighting and assessment capability in chapter 3. The sequestration technology
reviews follow in chapters (4-15).
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Key Findings
2 Key Findings

This section synthesises the technology chapters presented from chapter 4 onwards. The synthesis provides
an overarching picture of the current state of sequestration technologies and their outlook. It does this
mainly in tabular and figure form with commentary on the key points from these materials. This condensed
view of the different technologies, their dependencies, costs, and benefits, provides a quick guide as to the
options for a portfolio of technologies to support Australia’s national emissions reduction goal.

2.1 Technical and Economic potential sequestration

This report provides speculative yet defensible estimates for technical and economic potential
sequestration for 2035 and 2050. Estimates are necessarily speculative because, in many cases
technologies have not yet started to scale and this process may reveal barriers and competition for
resources (especially land) between the technologies. As the imperative for CDR rises and as market prices
for carbon rise, innovation may be accelerated and what appears unlikely now may be possible in the
future.

This is more likely to impact economic potential estimates than technical potential estimates as the latter
are in most cases capped by biophysical limits. A subsequent phase of this project will look at how
innovation might reduce some technologies' price per tonne of sequestration. The innovation required can
be thought of as a means to translate technical into economic potential sequestration. As mentioned
earlier in this report, each of the technologies is reviewed in isolation and the competition between them
for resources is not resolved.

The difference between technical potential and actual sequestration as an indicator of opportunity should
be viewed with caution. Some of these opportunities (gap) may be closed, but there may be serious
technical or economic barriers that cannot be addressed. Similarly, the difference between actual and
economic sequestration may overestimate the opportunity in the short term. A better measure of
opportunity is the difference between the actual and the realisable sequestration (the latter of which is not
calculated in this report). Realisable sequestration is lower than the economic potential sequestration(see
chapter 2.1), with the difference in some part due to resource competition and economics. So, for example,
the gap in geological storage technology is affected by competition with BECCS for access to the same
geological storage. Similarly, realisable sequestration for plantation and farm forestry is affected by
competition for the same land base. Marked increases in carbon price or significant cost reductions in the
delivered cost per tonne of sequestration from the technologies could also close the gap between
realisable and economic potential sequestration. This being stated pending calculations of realisable
potential we use economic potential less actual sequestration as a surrogate measure of the opportunity
noting it may be an overestimate.
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For all but one technology it was possible to find an estimate for technical potential sequestration from
existing analyses and publication, but it was more difficult to find figures for economic potential estimates.
Economic potential numbers rely on some insight into resource limitations, adoption barriers and plausible
market settings. In the short term these are fixed but over longer periods may change. To assist with
providing estimates existing ERF settings were often used. It is noted that ERF settings are a relatively
conservative framing for economic sequestration, albeit one with a high-level of integrity built into the
process.

It is also worth noting that a carbon price of a maximum of $30 tonne™ of CO,-e was used in Roxburgh et al.
(2020) to frame the economic potential numbers and while not inconsistent with the numbers included in
the Federal governments modelling (Reputex 2021) could be exceeded if the imperative for climate action
increases.

Other institutional framings through voluntary markets or through company insetting into value chains may
lead to higher estimates of economic sequestration. The salient point for this report is to observe where
the gaps between actual in 2022, economic potential and potential are marked. Where the gap between
these estimates is large it points to an area of opportunity where reframing regulation, changing incentives
or building alignment to co-benefits may unlock significant national sequestration opportunity.

Unlocking all this opportunity may not be possible however as the economic or resources required to scale
to that extent may be improbable. To indicate where opportunities might exist, the gap between economic
potential and actual sequestration can be seen in Figure 2-2. As mentioned in the introduction, the best
estimate of opportunity will be the difference between realisable and actual sequestration.

The greatest technical potential for sequestration is geological storage, with 233 Gt. Note that for
geological storage, a storage total is provided as annual estimates are unavailable. It was not possible to
find estimates for geological storage for 2050, but if we total the projects in development, an estimate for
2035 would be ~24Mt y1. All these projects would likely still be operational by 2050 (ERF Methodology
allows for 25 years of operation, with options for project expansion). The economic sequestration for
geological storage would increase significantly if BECCS and/or DAC projects are economically viable by this
time, adding at least an estimated further 28-35 Mt y* for a total of ~55 Mt y1. 55 Mt ytis well below the
geological storage technical potential of 233 Gt. The addition of BECCS and CCS economic potential
estimates, is reasonable in this case and useful to understand scaling trajectories.

It is important to note the relative rate of storage of the different technologies. The Gorgon project,
although not without setbacks, has stored 6.6 Mt of CO2 since becoming operational in August 2019.

Many of the nature-based solutions have good technical potential for sequestration, particularly
permanent plantings, plantation and farm forestry, and soil carbon with potential of 480Mt y?, 631Mt y!
and 115 Mt y! respectively by 2050. The gap between actual and economic potential in all these
technologies is still large. Uptake has been high in nature-based technologies due to their high technology
readiness levels and policy support through the carbon farming initiative and the Emissions Reduction fund
and they have produced 12.39M ACCUs to date. The ERF fund has acted to accelerate the CRL of these
technologies and driven by the high potential and the supportive policy position, significant investment into
these technologies (especially soil carbon) has flowed. The absolute gap between technical potential and
economic potential sequestration for plantation forestry and permanent plantings is still high and presents
an opportunity to close.

Not surprisingly there is a strong relationship between cost per tonne of sequestration and commercial
readiness level. Where costs are high projects are not being developed. Biochar, BECCS and Direct Air
Capture have significant sequestration potential but have high costs. These are areas where investment
into research to bring down the unit cost associated with capture could increase national sequestration
potential. If early-stage projects such as biochar or BECCS projects could be aligned to other areas of co-
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benefit such as supporting afforestation in areas in need of hydrological rebalance or producing products
that could be embedded in downstream industries (such as biochar into plastics) then this may help create
co-funding opportunities. The anomaly to this is geological sequestration where it appears sequestration
costs are low and yet CRL is also low. Review suggests the barriers here are different, high initial capital
costs and regulatory barriers. Approaches to unlocking the potential of this opportunity is different and
involves processes to de-risk investment (underpinning knowledge infrastructure that shows where
prospective sinks might be) and potentially concessional loans or forward contracts on sequestration to
offset the high initial investment.

It is not possible at this stage to provide estimates for 2035 for many of the technologies as the modelling
has not been done. In some ways it is easier to forecast estimates for 2050 rather than 2035. Observation
from the uptake of ERF technologies such as avoided deforestation and soil carbon show that where prices
of carbon exceed price of project delivery by some margin (and perhaps a hurdle rate of 1.2 to 1.5 for land
use change) then we see resources and capacity for project creation build rapidly. Even then though there
are limits as was seen for example during the Managed Investment Scheme forestry plantation expansion,
where at its peak when demand exceeded supply, maximum planting rates were constrained to around
100,000 ha by seed and seedling supply and labour in regional areas where projects were targeted.

Notwithstanding that without more comprehensive integrated modelling it is not possible to accurately
guantify the 2050 potential and economic sequestration opportunities.

The nature-based solutions have the opportunity to deliver between 90 and 114 Mt yr-1 by 2050 if all
economic sequestration opportunities are realised (it is assumed that permanent plantings and plantation
forestry are 100% competitive, and that there is no feedback from land use competition and scaling, and
new demand demands for feedstocks don’t adversely affect the scalability) at a price of $30 per tonne. As
discussed below attaining this sequestration will require work to overcome barriers and to increase the
enablers and incentives for project development As already stated the better guide to opportunity is
realisable less actual potential which will be less than the numbers described here.

Another pertinent point is that most nature-based solutions saturate — that is storage will increase and
eventually slow and stop as forests grow to maturity or soils reach their new equilibrium soil carbon value.
The annual sequestration figures describe here will last for 15-40 years or so and then cease. This needs to
be factored into emissions reduction pathways and can be planned for when designing a portfolio of
approaches.
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Sequestration Potential

Technology 2021-22 2035 2050 Notes
Actual Economic | Economic | Cost TRL CRL
(Mt.yr?) (Mt.yr?) (Mt.yr?) ($.t1)
Permanent Plantings ~0.51 16 20-30 9 4-5 ERF methodology and FullCAM modelling, 25 yr annual average
2.12
Plantation and farm forestry ~0.11 32 10-30 9 4-5 ERF methodology and FullCAM modelling, 25 yr annual average
11.53 (0.6) Farm forestry in parentheses
Human induced regeneration of 6.41 39 ~5 9 5-6 ERF methodology and FullCAM modelling, 25 yr annual average
native forest 202
Avoided clearing 2.31 ~8 5-10 9 2-3 ERF methodology and FullCAM modelling, 25 yr annual average
Savanna fire management 1.461 6 5 9 3-5
5.64
Soil Carbon 0! 5-29 5-29 7-13 9 3-4 Competition between practices makes exact outcome hard
Blue and Teal Carbon 1.16 No 18-30 9 3-4 Serrano et al 2019
estimate
Pyrolysis Biochar 0 No 80-120 9 2-4 2estimated as theoretical potential
estimate
Geological storage 2.26 — ~24* >50 14-35 9 4-5 Small exemplars given in the order of >5 Mt per year
(Gorgon *Based on current pipeline, all would be still operational by 2050
project with more likely to come online (esp. if BECCS and DAC become
2020-21) economic)
Bioenergy Carbon capture and No 25-38 100 2-9 2 DISER 2021b, Pour et al 2018. TRL level depends on biomass
storage® estimate feedstock and conversion route, energy form and CCS technology.
Direct air capture’ No No 300-600 | 4-7 Uptake dependant on technology cost and electricity
estimate estimate cost. Enabling technology rather than sequestration
Mineral carbonation/ advanced 0.1 No 28-300 5-7 1 Ni mining ~16Mt per year
weathering estimate Au mining ~16Mt per year

Table 2-1: Summary of technology potential. 3Depending on technology selected. Note where no value is provided, there is insufficient data or evidence for inclusion.! ACCUS’
issued 2021-2022 extracted from the ERF project register July 2022. 2AEGIS 2010-2020 includes soil carbon as well as living biomass and forest debris. 3 AEGIS 2010-2020
includes soil carbon as well as living biomass and forest debris but excludes harvested wood products.*AEGIS 2016-2020 includes biomass, debris and soil carbon. Both
Bioenergy and direct air capture use geological storage for sequestration. *AEGIS 2010-2020 includes soil carbon as well as living biomass and debris.

Australia’s Carbon Sequestration Potential | 1



High cost, low readiness

o Direct air capture

Unknown Mt.yr-1

C02 mineralisation
Unknown Mtyr-1

$125
BECCS Pyrolysis Biochar
25-38Mtyr-1 Unknown Mtyr-1
$75 Plantation and farm forestry
S 32Mtyr-1
g CRL Blue carbon and Teal Carbon Permanent Plantings
E 6 Unknown Mtyr-1 16Mtyr-1
(=}
o e
o 525 Soil carbon
=% Geological storage (CCS) ¢
7 W saleup o comtyra M et
3 15 |81, Sty
Tl oy,
Avoided land clearing Human induced regeneration of native forest
8Mtyr-1 39Mt.yr-1
Savanna fire management o
5
? 1 6Mtyr-1 . o
Low cost, high readiness
1 2 3 4 5

Commercial Readiness Level

Figure 2-1: Summary of economic sequestration. BECCS is a subset of CCS, and totals cannot be aggregated.

Figure 2-1 is a summary diagram of economic sequestration. The volume of sequestration is displayed by
the size of the disc, with the x-axis representing the commercial readiness level and the y-axis representing
the cost of sequestration in dollars per tonne. All estimates are for 2050, unless otherwise noted and where
an estimate is not made it is indicated as unknown. An interesting aspect of this diagram is that it allows
the scaling trajectory to be identified. The scaling trajectory is the diagonal blue arrow, which represents
the scaling path of a technology, moving from low CRL and high cost in the upper left corner, to high CRL
and low cost on the lower right-hand corner.
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Figure 2-2:Economic less actual sequestration. Where economic or actual sequestration is unknown, it is set to zero.

In Figure 2-2 above the difference between technical potential and economic sequestration is shown
representing the ‘gap’ or opportunity for the technology. As is noted in 1.4, the real opportunity is the
difference between actual and realisable sequestration, which is not available as realisable sequestration
estimates are not available.

2.2 Competition for land, water, energy, and geological storage.

All the nature-based technologies compete for land and water use to varying degrees. BECCS and biochar
compete for biomass and CCS and BECCS compete for geological storage. CCS, DAC, and mineral
carbonation are competing for energy and water. Emerging demands for biomass feedstocks into other
areas of avoided emissions and the bioeconomy, such as the use of charcoal as an alternative to coal in
smelting processes, the use of biomass for future plastics industries and the rise of a biogenic sustainable
aviation fuel will impact on the economics of scaling for these technologies.

As discussed above and in more detail in 1.4, the technologies have been reviewed independently. Each of
the technologies requires resources to provide sequestration. How the resources are ultimately distributed
between competing demands to achieve highest and best use is a question that remains outstanding.

Sum of activities
E1 E4

2 M5

3

Figure 2-3: Summary of spatial technical sequestration for a range of nature-based technologies. The maps are
aggregated to SA2 level.

In Figure 2-3 above the overlaid potentials from the nature-based method are displayed, with a simple
addition of layers being the sum of activities. Red and orange signify areas land use overlap, indicating high
competition for land use.

These results above are possible due to the prior work of Roxburgh et al, 2020.

2.3 Enablers, barriers, and scaling

2.3.1 Enablers

There are co-benefits associated with many of the technologies that can be leveraged to assist uptake and
scaling. Providing supporting information on the economic benefits and the context in which they will be
realised may assist uptake. Allowing market mechanisms that encourage benefit stacking (where multiple
payments can be paid for the same activity that is delivering a range of positive outcomes) to improve the
overall value proposition of technology implementation will assist.
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For most of the nature-based technologies further assessment of the benefits, co-benefits and costs as well
as better understanding the land use trade-offs could support scaling.

Innovative market mechanisms that allow small holders to participate as well as allowing trade of offsets
where multiple benefits are recognised, could increase supply off offsets and support scaling of nature-
based technologies.

Some technologies require proximity to concentrated feedstocks (BECCS, Biochar) or proximity to those
who will use products (biochar, CO; captured by DAC for mineral carbonation or geological storage).
Coordination between industry and government can assist in scaling such industries.

As many of the opportunities for sequestration are in regional areas, regional benefits of the technologies
are critical to achieve social license to operate, uptake and the scaling required to realise the transition
potential into economic sequestration. Further, regional opportunities will require suitable supply chains
and logistics at low cost to enable and support those sequestration activities

Table 2-2: Enablers and barriers to technology scaling

Technology Enablers Barriers

Increase volume and reduce cost of seeds or tube
stock. Expansion of skilled workforce . Further
quantification of co-benefits in agricultural
landscape to incentivise uptake. Stacking
environmental services payments to improve
economics

Economics — high cost of implementation.
Misalignment of incentives with costs of
longevity. Availability of suitable land and
potential conflicts over water use and
competition with agricultural production.
Significant expansion can change regional
economies and employment. Climate change
risk

Economics — high cost of implementation.
Misalignment of incentives with costs of
longevity. Availability of suitable land and
potential conflicts over water use and
competition with agricultural production.
Significant expansion can change regional
economies and employment. Cost/economics
and availability of suitable land. Supply chain
costs. Capital for processing plants. Climate
change risk,

Concern about sequestration rates and length
of storage particularly risks with climate
change. Changes to traditional land use.
Competing land use opportunities and
changes to traditional land use.

Permanent Plantings

Innovative market creation for wood-based
products including for bioenergy and biochar.
Better quantification of co-benefits to support
uptake and social license. Innovative methods for
cost reduction to improve the economics and
uptake.

Plantation and Farm
Forestry

Human induced Targeted investigation of social and environmental
regeneration of native impacts and risk. Further economic analysis to
forest better quantify life cycle costs

Stacking environmental service payments to
improve economics. Reduced regulatory
complexities.

Avoided land clearing

Alignment with social co-benefits. Further Area of land suitable for activity limits the

Savanna fire . .
uptake. Possible reluctance to commit to

exploration of barriers to uptake.

management maintaining for 25 years.
A clear articulation of benefits to productivity; Cost of measurement and the need to
Novel approaches to increasing soil carbon stocks; maintain the carbon stock into the future are
. and reduced measurement and verification costs key barriers. There is a risk of reversal with
Soil carbon

climate change. Upfront costs and slow
returns over extended periods present a cash
flow disincentive.

Complex land tenure arrangements and
permitting process. Poor estimates of

Identification of feasible areas for blue carbon,

better estimates of sequestration rates and length
Blue and Teal Carbon 9 g

Pyrolysis Biochar

of storage, inclusion of sediment sequestration

Innovative business models to support uptake.
Policy incentives to drive industry investment.
Better estimates of lifecycle costs.

technical sequestration.

Costly and complex logistics and supply
chains. Competition for land and water
resources. A need for social licence.
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Investment in exemplars. Information on potential ~ Permitting and regulatory complexities. High

ccs scale of containing reservoirs. Long forward upfront capital costs. Contested social
contracts to de-risk upfront investment licence. Timeframes for development.
BECCS Close and assured feedstock supply. Off-take Costs and economics of the technology.
agreements for products
Low cost, low-emission-energy and access to Costs, regulatory and policy environment,
water. Compared with some other sequestration ability to assess uptake options from a socio-
DAC options has a low land footprint: 100x less than techno- economic perspective

afforestation for example for same unit
sequestration

Improved knowledge of sequestration rates; low Cost/economics and availability of suitable
Mineral carbonation and cost emission free energy to drive pumping of CO2  land; supply of tailings of suitable geological
advance weathering into, or turning of tailings to increase sequestration character

rate

2.3.2 Barriers

Cost per unit of sequestration remains a barrier for some technologies. This has been discussed above but
where technologies have high unit sequestration cost but also high potential and economic sequestration
opportunity investment in research, development, and extension (extension in the broadest sense of
commercial trialling and business model development) may be a useful strategy. The same applies in many
cases to barriers imposed by measurement cost. Innovative approaches to MRV may assist, as will the
development of common underpinning knowledge infrastructure that can drive new approaches to MRV
(such as the Federal Government investment into digital soil infrastructure to support next generation
space-time soil carbon modelling).

In a few cases regulatory barriers present a hurdle. As technologies are increasingly implemented and
clarity of risks and outcomes of scaling become apparent these may dissipate. Early-stage engagement with
project proponents, regulators and community may expose risks and sticking points that may lead to
quicker resolution of barriers.

2.4 Length of Storage, Measurement, and verification

Technology Length of Measurement and Verification

Storage (yr)

Can be routinely assessed indirectly by remote sensing and is readil
Permanent Plantings v Yoy J v

25-100 observable from the ground.
Plantation and Farm Can be routinely assessed by remote sensing and is readily observable from
Forestry 25-100 the ground.
Human induced
regeneration of native Can be routinely assessed by remote sensing and is readily observable from
forest 25-100 the ground.
Avoided land clearing 25-100 Can be routinely assessed by remote sensing.
Savanna fire management ~25 Has well established measurement and verification protocols.
. Measurement of SOC is currently costly, with a goal in LETS*to reduce from
Soil carbon
~25 $30 to $3 per ha.
Some research for default estimates, but sequestration can be estimated
Blue and Teal Carbon . .
25-100 using remote sensing.
EU —rate of potential decomposition is available as a guide. In Aust using
Pyrolysis Biochar ERF soil measurement methodology for biochar in soil provides some
300-600 estimates.

4 LOW EMISSIONS TECHNOLOGY STATEMENT 2021 (dcceew.gov.au)
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Highly precise for transport, injection, and quantification of storage

Geological storage volumes, requires indirect methods for ongoing plume monitoring. Well
> 1,000,000 established tools and techniques.
BECCS See CCS above See Geological storage above.
Not provided as
DAC this is a capture
technology. Simple and precise for capture.
Mineral carbonation and Rates of carbon uptake are well known, and mineral carbonisation can be
advanced weathering >1000 years routinely measured in a laboratory.

Table 2-3: Scalability, Length of Storage and Measurement and Verification Summary

2.4.1 Length of storage

Nature-based technologies have lower length of storage than geological storage options, but they provide
most of the low cost, readily scalable options. Most of the technologies have strong co-benefits streams
associated with them around regional employment and multi-purpose land use. Many nature-based
technologies are associated with risks from climate change, and all face some degree of social license to
operate pressure. The impacts of climate change on the nature-based technologies are difficult to predict
and may have positive benefits for some or in some areas, not in others.

2.5 Risks and co-benefits

Technology Social and environment risks Co benefits

Permanent Climate risk, natural events — fire and drought are key . . L . .
. . . . . Co-benefits include improved biodiversity, soil

Plantings risks. Disruption to existing land use and land
competition are also risks. Environmental risk with

increased water use.

health, reduced erosion, and climate resilience.
Provides additional income stream to land holders.

Climate risk, natural events — fire and drought are key

risks. Disruption to existing land use and land Co-benefits include improved biodiversity, soil
competition are also risks. Impacts on water resources. health, reduced erosion, and climate resilience.
Increased fuel load and fire risk. Forests are susceptible

to pest and disease affecting sequestration rates.

Plantation and
Farm Forestry

Human induced . . ) Biodiversity conservation outcomes, other
i Climate risk and natural events — fire and drought are
regeneration of

. risks. Disruption to existing land use and potential for
native forest . . . .
increased exotic species are risks.

environmental amenity, including improved soil
health. Can increase farm profitability by providing
alternative income stream.

Avoided land . . . Co-benefits can include improved biodiversity, soil
May impact on other land use options such as increased

clearing . . . health and climate resilience. Can provide an
pastoral land. Potential for increased fire risk .
alternative income stream.
Savanna fire Limited land management options due to need to Livelihoods, indigenous socio-economic benefits,
management maintain sequestration. appropriately managed biodiversity outcomes.
Soil carbon Places an onus on future land managers to maintain. Is Improved soil carbon has benefits ranging from
reliant on maintaining primary productivity, so is subject  improved soil health, farm productivity, improved
to climate risk. biodiversity, and improved farm resilience.
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Blue and Teal The major social risk relates to land ownership and lack Multiple co-benefits, fisheries, pollutant removal,

Carbon of indigenous engagement. Limited land management coastal protection, ecosystem services, indigenous
options due to need to maintain sequestration. values.

Pyrolysis Biochar Social consideration relates to implication of land use Can provide input source for secondary industries.
trade-off and community acceptance Soil amendment and improved soil health2

CcCS Can provide input source for secondary industries;
Requires social license for establishment, concerns regional employment; small surface footprint
related to CO; leakage and GW contamination. means site can be shared by multiple users, grazing,

etc.
DAC Localised impact on land and water use. Can provide input source for secondary industries
BECCS Competition for land and water resources, social risks

associated with change of land use. Could have ecological Depends on the source of biomass.
risks associated with biomass and water supply.

Mineral Ex-Situ carbonation, risk of possible harmful by products.

carbonation/ . . . L i ili
In-Situ: Potential for localised increased seismicity and Makes use of mine tailings as a value stream

advanced weather o
groundwater contamination.

Table 2-4: Summary of Social and Environmental risks, Co-benefits, and Barriers.

The transition to net zero is but one of the many challenges that society needs to confront. The ability to
generate co-benefits from sequestration activities, or conversely carbon positive outcomes from the
pursuit of other critical objectives, will be crucial for efficient and expeditious response. Nature-based
solutions and carbon markets have been suggested as having transformative capability for the Australian
landscapes (after the Garnaut 2008). This report shows that there are substantial opportunities to increase
greenhouse gas removal via forestry activities, avoided deforestation, increasing soil carbon stocks and into
the future options in blue and teal carbon. All nature-based technologies can offer environmental and, in
some cases, social benefits. There is, as previously discussed, an opportunity through payment for delivery
of these other benefits to increase the economics of scaling some of the sequestration technologies, and
efficiently meeting multiple societal needs. The Land Restoration Fund in Queensland is one example of this
approach.

However, poorly designed landscape change can have adverse outcomes. Existing regulation is in place to
control this, for example the rainfall limit on afforestation. These controls will be designed in the light of
the best knowledge at the time but need constant re-evaluation as the technologies are scale and the
effects of their uptake on environmental or social amenity become more apparent. If we successfully scale
these technologies, a monitoring and evaluation program that evaluates the physical and social landscape
change should be implemented.

Many of the technologies will be embedded in regions, providing opportunities to create new sources of
economic activity or to create inputs into new industries. This is already emerging in some cases such as the
Barcaldine Renewable Energy Zone which is looking to bring together a range of sequestration options,
avoided emission activities and new industries to create regional prosperity (Sunshot Industries 2021,
https://sunshotindustries.com.au/brez).

A key emerging issue is that competition is emerging for the feedstocks and land (and water resources) that
we might initially think are available for generating sequestration. There is already planning underway for a
biogenic aviation fuel resource to fill the gap in the sustainable aviation fuel pathway before the
development and scaling of hydrogen generated fuels in the next decade. The development of a “green”
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steel industry will require alternatives to coke for smelting and may look to woody biomass as a source of
charcoal.

2.6 Opportunity for Australia

This report is a stocktake of current knowledge on a range of technology options to sequester carbon for
Australia. The best estimates for the potential and economic sequestration have been assembled coupled
with a compendium of co-benefits, enablers, barriers and risks. This knowledge is insufficient to provide a
clear view of the opportunity for Australia, rather it provides an indication and an input to a more complete
integrated modelling task to assess the various options and opportunities. This work is detailed more fully
in chapter 3.

Not withstanding the above, it appears Australia has good opportunities to sequester carbon via a range of
technologies. Each of those technologies alone is not sufficient to provide a pathway to Australia’s
emissions reduction target. Rather a portfolio approach combining the best set of technologies will be
required.

Australia is well positioned with abundant land-resources, significant geological storage capacity and low-
emission-energy resource potential (Campey et al, 2017), to translate the potential identified into realisable
sequestration.

There are many potential pathways for the use of CO; once captured either from Direct Air Capture of point
sources of CO,. These pathways include CO; use in many high-value long-lived products (e.g. cement),
which ultimately present opportunities and options for Australia. These pathways are well covered in the
CSIRO CO;, utilisation roadmap (Srinivasan et al, 2021) and consequently not covered in this report.

In addition, Australia has a well developed carbon market which is a necessary institutional structure to
support the scaling of these technologies. Further, Australia has good underpinning knowledge
infrastructure (such as the national soil grid and downscaled meteorological data and modelling
frameworks such as FULLCAM). We possess a skilled, digitally enabled workforce to take advantage of
advanced methods to target opportunities in the most prospective areas and conduct sound risk analyses
to de-risk investments.

Within Australia, research strength and capacity can be leveraged to explore relevant technologies. There is
also a strong financial sector with large managed funds that can drive funds into low emissions
technologies, sustainable industries, and land management. Public policy has supported this latter strength
by creating public investment funds such as the Clean Energy Finance Corporation, which has acted as an
early investor to de-risk later investments by the broader financial sector.

The portfolio of sequestration options we select as a society will be a combination of technologies, and it
should be designed with an awareness of risk and the longevity of technologies. Understanding what this
means for future pathway options in terms of sink saturation and the requirement for timing of emissions
reductions compared with offsetting is also required.

Dependencies exist between technologies with some needing a common shared finite resource such as water
and biomass (e.g., BECCS and Biochar). Achieving efficiency in achieving national emissions reduction targets
can be improved through a purposeful allocation of these resources between competing demands to achieve
highest and best use. Building analytic capacity to resolve these matters should be a priority, and is discussed
in more detail in chapter 3.

Technologies are at different levels of technical maturity and are evolving with investment and trialling at
different rates. Key levers that affect technology scaling such as the development of competing industries
(e.g., Sustainable Aviation Fuel) similarly affect the scaling rates. The scaling trajectories are dynamic and
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require the analysis to be done at regular repeated intervals if a best set of technology options is to be
developed, that is the analysis cannot be presumed to lead to a ‘set and forget’ strategy.

In the face of high uncertainty associated with scaling emerging sets of technology, a process of both
monitoring and evaluating outcomes, and an ability to recalibrate the negative emissions technology
strategy in the light of changing circumstances and evidence is required.
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Roadmap

3 Roadmap for national capability for recurrent and
targeted assessment of negative emissions
technology supply

3.1 What s a national capability?

Maintaining strong economic growth in an internationally competitive environment while transitioning to
net zero emissions represents a significant challenge for global economies. As part of the global effort to
reach net zero emissions and to meet future Australia’s Nationally Determined Contributions, rapid
decarbonisation and provision of negative emissions will be required.

Australia has significant potential to develop new and transition existing industries to provide negative
emissions, particularly in areas of new and emerging technologies. As this report highlights, there are no
silver bullets, and no single technology appears to be able to deliver all of Australia's current and future
sequestration capacity. Instead, Australia must make informed decisions on what sets of technologies can
and should be deployed, in which regions, and the implications, trade-offs and opportunities for these
regions economically, socially, and environmentally need to be well understood. This also needs to account
for the current and future impacts of climate variability and change that have significant implications for
resource availability (e.g. food, water, and energy). Furthermore, this cannot be done in isolation from the
transition from fossil fuel to renewable energy systems such as hydrogen and solar.

Developing the national capability to support the provision of negative emissions as part of Australia's
Nationally Determined Contributions requires a modelling capability underpinned by innovations in
emerging technologies in an integrated assessment modelling (IAM) approach. This approach represents
the coupling and feedback between economics and the earth system (climate and carbon cycle). This
represents the next generation of modelling systems beyond those developed and used for Australian
National Outlook Reports, which have focussed on the economic pathways and not considered regional
impacts of climate change and variability on the current and future supply sequestration capacity.

3.1.1 A new national modelling capability

At the heart of this new national capability are two global models:

1. The Global Trade and Environment Model (GTEM) is a global-scale multisector dynamic
Computable General Equilibrium (CGE) model designed to analyse economic trade-offs associated
with the production and use of emissions. It represents a careful representation of regions and
economic activities that are most relevant to climate change, carbon, and energy transformation. It
has a detailed accounting of commodity-embedded energy flows and positive and negative
emissions.

2. The Australian Community Climate and Earth System Simulator (ACCESS). ACCESS is a model that
couples the climate to the carbon cycle to simulate weather and climate on a scale from days to
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centuries, including extremes. It includes a representation of the land, ocean, and atmosphere
interactively coupled to the biosphere and contains all the major CO; and non-CO, Greenhouse
Gases. ACCESS is a state-of-the-art earth system used extensively in the most recent IPCC AR6
Reports to explore the response of the earth system to different emissions pathways.

Coupling these models allows us to explore and quantify national and regional resource trade-offs (e.g.,
land-use, energy, water) and feedbacks of different portfolios of negative emissions and quantify the
efficacy, benefits, co-benefits, and risk over time. It also provides the capacity to deliver optimised negative
emissions portfolios that account for different emissions trajectories and pathways, policy settings, risk
appetite and resource constraints. In addition, explore the efficacy of new policy levers and incentives to
deliver their intended outcomes, and ask what if? Traditionally studies and reports that have explored this
transition have focussed on the economic pathways and largely ignored the regional impacts of climate
change and variability on negative emissions technologies.

3.2 Gap Analysis

This report focuses on a number of mature and emerging technologies and explores the potential and
economic sequestration of each approach and highlights the important role that individual negative
emissions may play in reducing atmospheric CO; now and in the future. Understanding the realisable
potential of each approach will require addressing key knowledge gaps before they can be integrated into a
net zero transition system, these gaps include:

3.2.1 Technological Advancement

Despite some of these technologies being mature, for most significant questions remain around
permanence, cost, and scalability. Furthermore, what the MRV (Monitoring, Reporting and Verification)
requirements, costs and capability are also important considerations.

This report represents an essential first step toward mapping and understanding the current capability of
individual technologies, what will be needed in future, and the current barriers to scale for current negative
emissions technologies. Examples of the specific gaps for each approach can include:

1. Quantifying the inputs, outputs and dependencies required;

2. Aclearer understanding of technology and commercial readiness i.e. current status and timelines
for possible deployment;

Environmental benefits and co-benefits;
Risks (climate and economic) and assumptions;

Legal and governance structures (state, national and international, where relevant);

o v & W

Costs and supply chain requirements including Techno-Economic Analysis (TEA) and Life Cycle
Analysis (LCA),

7. Any other specific considerations, including links to existing industries, workforce and additional
resources needed

Given the pace and growing investment in negative emissions technologies this information will require
both regular updating and tech scanning (at least bi-annually). This will allow emerging technologies and
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their potential to be included, as well as the many commercial-in-confidence technologies under
development nationally and internationally.

3.2.2 Portfolio Development

Australia faces the challenge of its increasing population requiring food security (domestic and
international), demand for clean energy and resources, enhanced health and well-being and conserving and
sustainably using water and biodiversity. Traditionally food security, demand for clean energy and
resources, enhanced health and well-being, and conserving and sustainably using water and biodiversity
have been addressed at the sectoral level. To fully and comprehensively evaluate NETs a whole-of-systems
approach is needed to support policy development and decision making.

Developing a portfolio of approaches to supply negative emissions cannot be achieved by summing the
potential of individual approaches. In many cases there will be competition between land and resources
between approaches at the regional scale. Key to exploring the development of an optimised portfolio is to
view negative emissions technologies through a series of interconnected lenses:

1. Social Considerations,

2. Technological Considerations;

3. Economic and Regulatory Considerations; and
4. Earth System Considerations.

This framing is adapted from an integrated systems-wide approach or an integrated assessment modelling
framework. While focus need to be on Australia and its regions, it will need to be explored in the context of
international developments.

Earth System Technological
Considerations Considerations

Integrated
Evaluation of

NETs

Economic &
Regulatory
Considerations

Social
Considerations

Figure 3.1 Lenses for the integrated evaluation framework of NETs, exploring the interconnected social, economic
and regulatory, technological and earth system feedback between these.

Within this framing, the social, technological, economic and regulatory, and earth system considerations
will need to be explored:
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3.2.3 Social Considerations.

e Where are the basic NETs resources located, and what are the competing interests on these
resources?

e How fast can NETs be implemented?
e What are the disruption and continuity of employment opportunities of NETs?

e Within the context of a transition to a low carbon economy, how do NETs change household
welfare and access to other goods?

e What are the opportunities and risks associated with NETs regarding energy, food, and water
security?

e What governance structures are required for the effective delivery and regulation of NETs?

e Where are NETs most feasible, and how do they impact/relate to local communities?

e What are the implications of NETs on regional development?

e What are the perceived risks (by the public) for NETs, and how can they be mitigated?

e Are there social risks to Australia if other countries apply these technologies in our region?

e How would deploying NETs impact first nations people and their traditional practices and culture?

e What social and community engagement would be needed to ensure that NETs had widespread
trust and support if implemented?

e What are the social costs and benefits of deploying NETs in the Australian context?

e Can we identify and anticipate the issues needed to be addressed to allow the social license to be
granted, particularly among transitional rights holders?

e Are there other public barriers to the acceptance of NETs?

3.2.4 Technological Considerations.

e What opportunities are there for Australia to contribute to the technological development and
assessment of NETs?

e What is the size of the potential contribution of each NETs approach?
e What is the technical feasibility of different NETs?

e What is the potential of different NETs and the synergies between different NETs
technologies/approaches?

e  What systems are available to verify the sequestration of NETs, and their continued storage?
e Under what settings would different NETs be feasible and scalable?

e What are the barriers to industry and research engagement within Australia?

e  What is the deployment and scalability profile of the various NETs?

e What deployment strategies are available for the various NETs?

e What does the research to operation (R20) pipeline look like to move NETs from theory to
development, control trials, and implementation?
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e What incentives and barriers are there to sharing information (and IP) around NETs?

e Can we support trade and develop international partnerships to deliver regional solutions though
the exploration of NETs or permanent sequestration of CO,?

3.2.5 Economic and Regulatory Considerations.

e What are the economic opportunities for Australia in negative emissions?
e Within the Australian context, what existing and new infrastructure is required to support NETs?
e How do NETs impact energy demand and energy production systems?

e What are the environmental, social and economic costs and benefits (including no regrets and co-
benefits) of implementing NETs in the Australian context? Are there economic risks to Australia if
other countries decide to apply these technologies in our region?

e What regulatory and governance mechanisms would be needed to ensure NETs are deployed safely
and verifiable?

e What technological controls are needed for the large-scale testing and deployment of NETs?

e (Can we quantify the risks of applying NETSs, such as the impacts of some NETs on water and energy
availability and food production?

e What legislative and governance frameworks are required to support the development,
deployment and uptake of NETs?

e What monitoring and evaluation frameworks are used around the world to understand the
effectiveness of various NETs?

e What incentive structures are used around the world to stimulate investment in NETs R&D?

e What incentive and regulatory structures are used around the world to promote the deployment of
NETs?

e What are legal and regulatory frameworks in place that may promote/impede NETs development
across different domains?

e What is the role (if any) of Public-Private Partnerships (PPP) within the NETs context?

3.2.6 Earth System Considerations.

e What is the net size of the contribution of each of the NETs?
e What is the stability and lifetime of sequestered carbon?

e What are the key feedbacks between NETs and the Earth System (e.g. Ocean-Atmosphere
feedback)?

e What are the implications of NETs on existing ecosystem services?

e How sensitive or exposed are different NETs to different emissions trajectories or variability? e.g.
unforeseen climate/earth system events or extremes?

e Isthere an opportunity for additional (unforeseen) environmental co-benefits?

e Can we quantify the risks of applying NETs to the Earth System?
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e What are the environmental risks, costs and benefits (including co-benefits) of implementing NETs
in the Australian context?

3.3 Roadmap for National Capability: Australia’s realisable sequestration
supply

...............................................................................

.
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o

Economic Model - GTEM

( Realizable Negative\
Emissions
: Capability
p for combined
technological
: portfolios & true

Earth System Model : costs, benefits and
- ACCESS " : co-benefits, risks and
& 3 implications for

k economy )

Technology costs
& scalable
potential, costs,
and durability,
Dependencies
and Risks of NETs

., o
......
...............................................................................

POLICY & LEVERS

STAGE 1 STAGE 2 STAGE 3

Figure 3-1: Schematic of national capability for the deployment of NETs and their realisable Negative Emissions

The first stage of the development toward establishing a national capability refers to the information
delivered in this current study and identifying gaps for future work and the work in the proposed (second)
stage of this current report. Followed by a deeper dive into individual approaches and address many of the
gasps identified in the Technology Advancement Section (1.2) . The pillar represents this on the left-hand
side of Figure 3.1. This requires regular revisiting at least bi-annually (ideally annually) to ensure new and
emerging technologies and innovation breakthroughs are captured.

The second stage is building the Integrated Assessment Modelling (IAM) approach, around state-of-the-art
earth system and economic models coupled together in a net zero transition framework (centre-column).
This will also involve developing different economic and earth systems representations of NETs to be
developed, including using their life-cycle analyses, energy demands, and bio-physical dependencies such
as water and land. It also allows risks and potential risks to be identified as implications for the broader
economy, such as food systems and prices.

The third stage is developing the portfolio of different NETs to be explored and optimised based on social,
earth systems, social and economic challenges, and settings (right-hand column). The arrow linking the
third stage to the first stage indicates the policy drivers and other levers that could potentially advance
technology development, reduce costs and incentivise the markets.
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3.4 A path to National Capability: Australia’s realisable sequestration

supply

The path to developing and implementing this national capacity will require establishing a steering group
responsible for this development made up of representatives from industry, government, universities, and
research agencies. This steering group will be responsible for:

Scoping and costing the national capability development
Explore different funding models, including potential partnerships
Developing the timeline of the development of delivery and critical milestones

Understanding the needs of key stakeholders, including state and federal governments, industry
groups, first nations peoples and others that will draw upon the outputs from this national
capability

Forming working groups to undertake the technical development required, such as the
representation of new technologies, coordination of critical inputs and computing infrastructure

Consultation around the delivery of the outputs from the national capability, including visualisation
and resolution

The development of national capability will require significant investment likely to be of the order of $3-5M
over 18-24 months. Further development would require a modest investment to ensure ongoing model
development and improvement, including new technology implementation and changes in national and
internal policy settings.
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4 Permanent Plantings

Emission Type Avoided Negative
Enabling Capture Technology Biological Engineered
Enabling Storage Technology Biological Engineered

Table 4-1: Permanent plantings technology type

4.1 Summary

Description and current uptake

Permanent plantings are not-for-harvest plantings of woody vegetation established on land that is currently
non-forested, typically on previously cleared agricultural land. The plantings can be located anywhere in the
landscape and can range from broad-scale blocks through to narrow belt plantings (such as shelterbelts).
Carbon in permanent plantings is sequestered in the living biomass, forest debris and soil.

Within Australia’s Emissions Reduction Fund (ERF), there are two eligible methodologies. Plantings under
the first methodology can be either a mix of trees, shrubs and understory species native to the local area or
a species of mallee eucalypt. Plantings under the second methodology can be any forest tree species other
than prescribed weeds.

The practice of planting trees is well established, with several private companies, non-governmental
organisations and not-for-profit organisations specialising in establishing and maintaining plantings.

To provide an estimate of current uptake from permanent planting sequestration, results from Australia’s
National Greenhouse Gas Inventory>® report average annual average sequestration in environmental
plantings across Australia, over the period 2010-2020, of 2.1 Mt CO»-e yr. This estimate includes soil
carbon as well as living biomass and forest debris. The Potential and Economic sequestration estimates
reported below include only living biomass and debris, based on previous modelling.

Sequestration potential

Technical sequestration associated with environmental block plantings is estimated to be approximately
480 Mt COz-e yr! (25-year annual average) covering an area of 63.3 Mha. At a carbon price of $30 t CO5-e,
the economic sequestration associated with environmental block plantings is 16 Mt CO-e per year (25-year
annual average) for a cost of $20-$30 per tonne. For the subset of the potential area that could be
established with narrow belt plantings (shelterbelts), technical sequestration was approximately 36 Mt CO,-
e yr (25-year annual average) covering an area of 3.1 Mha. At a carbon price of $30 t CO»-e, the economic
sequestration associated with environmental block plantings is 0.4 Mt CO,-e per year.

Technology readiness potential and commercial readiness

5 National Inventory Report Volume 2. https://www.dcceew.gov.au/sites/default/files/documents/national-inventory-report-2020-volume-2.pdf

6 Department of Climate Change, Energy, the Environment and Water. 2022. Australian Greenhouse Emissions Information System (AGEIS).
https://ageis.climatechange.gov.au/ - accessed 22/08/2022.
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Ecosystem revegetation and reforestation activities are well established in the marketplace. The relative
lack of uptake of these methodologies suggests there are existing barriers, particularly the current carbon
price (where alternative land uses in higher productivity areas are more profitable than carbon farming).

Scalability, length of storage, measurement and verification

There is a large gap between economic potential and technical sequestration associated with this activity,
largely driven by economics, where high initial upfront costs are particularly significant, as are the
opportunity costs of changing production systems. In addition, permanent plantings require access to
suitable land and water resources, and thus compete with other land uses more generally.

Most risks associated with permanent plantings are associated with rates of sequestration (such as reduced
tree growth due to persistent increases in temperature and water stress, and disturbance from heat-stress
and droughts arising from a changing climate). Young plants are more vulnerable to climatic stresses than
more mature plantings. Wildfires and pests and diseases are also risks to the permanence of carbon
sequestration.

For permanent plantings, the measurement and verification processes are well developed. Sequestration is
readily observable from the ground, aerial imagery and remote sensing, although high resolution (<10m)
imagery is required to discern narrow belt plantings.

Social, environmental impacts, risks and co-benefits

At present activity levels, there are limited social risks and impacts. Widespread adoption of permanent
planting activity could potentially see disruption to traditional farming practices. Large-scale afforestation
may also have impacts on catchment water flows, and widespread permanent plantings may be subject to
water licensing in catchments that are over-allocated or approaching full allocation.

As a co-benefit to carbon sequestration, biodiversity enhancement associated with mixed-species
environmental plantings may be a significant driver of afforestation. Other co-benefits of integrating trees
within agricultural landscapes, particularly in shelterbelt and other linear configurations, include the
potential to enhance existing farm productivity and profitability (for example, through reducing
evaporation from the soil surface, slowing surface water flows and reducing soil erosion).

Barriers to implementation

Under current ERF permanent planting methodologies, soil carbon is excluded; however, recent evidence
confirms that there is potential to sequester soil organic carbon under permanent plantings. This suggests
there is potential to extend current methodologies to include soil carbon. Permanent plantings are
widespread within Australia, demonstrating broad acceptance of the technology.

While establishing environmental and mallee plantings offers significant sequestration potential, the
economics are limiting. Opportunities for increasing economic viability could include reducing costs
associated with project development and registration, financially recognising the agricultural and
environmental co-benefits associated with revegetation and developing mechanisms for forward crediting
(to buffer early growth years, when sequestration rates are lowest, and establishments costs are high).

Potential industry and supply chain limitations include ensuring adequate source material (either seeds or
tubestock) and accessing suitably qualified skills and best-practice establishment methods. Permanent
vegetation planting activities are already supported by the ERF and its associated market mechanism.
Creating market mechanisms that allow smallholders to participate with limited costs would provide
additional opportunities

Scaling knowledge gaps

Research is needed to further quantify the social and environmental co-benefits of integrating trees into
agricultural landscapes and to identify additional incentives for uptake. Expansion of the analyses should
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include a broader range of carbon prices and land eligibility beyond those within the constraints of the ERF
permanent planting framework.

ENABLERS

Expanded supply chains for seeds or tubestock
Expansion of skilled workforce

* Better quantification of co-benefits

Innovative methods for cost reduction
Increased carbon price

Actual 2010-20 Technical potential Economic potential
2.1 Mt per year ~480 Mt per year ~16 Mt per year

TRL: 9 CRL:4-5 Cost: $20-530 per tonne  Length of storage: 25-100 years

Figure 4-1: Summary of Permanent Plantings. Actual sequestration reflects sequestration in environmental
plantings over the period 2010-2020, as reported in Australia's annual national greenhouse gas inventory. Actual
sequestration includes soil carbon as well as living biomass and forest debris, whereas the Potential and Economic
potential estimates include only living biomass and debris. Values in parentheses for Potential and Economic
potential are the narrow belt/shelterbelt plantings subset.

Case study: Shelterbelt tree plantings

Integrating shelterbelt tree plantings within agricultural landscapes has long been identified as an activity
that can deliver multiple benefits to both landholders and the environment, over and above benefits
associated with increasing ecosystem carbon storage’. These benefits include providing windbreaks to
protect crops and livestock from harsh climatic conditions, leading to reduced animal stress and increased
productivity. Other benefits include providing habitat for flora and fauna, increasing habitat connectivity
across landscapes, reducing windspeed and associated impacts on soil erosion, and improving farm
aesthetics and increasing privacy. If the planting comprises commercial plantation species, then this can
provide additional economic benefits, through providing alternate income streams from harvested wood
products. Although these benefits are well appreciated (as well as potential dis-benefits, such as tree
competition with adjacent pasture or crops) the scientific basis for these impacts remains relatively poorly
investigated.

This case study highlights an experimental investigation of the impacts of linear (shelterbelt) tree plantings
across four sites in northern Tasmania, undertaken by CSIRO, The University of Tasmania, and Private

7 https://www.climatechangeauthority.gov.au/publications/reaping-rewards-research-report
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Forests Tasmania®. The aim of the study was to better understand the benefits (and dis-benefits) of
integrating commercial plantation trees (Pinus radiata) into existing farming systems. The key outcomes of
the study were:

e Average wind speeds were 20-50% lower in the lee of the plantings (Pinus radiata), compared to
unsheltered or open paddock.

e Tree shelter reduced evaporation by 15-20%, meaning increased soil water availability to support
pasture growth.

e In the shelter of the planting the pasture produced 30% more biomass than unsheltered or open
paddock.

e An economic analysis applied to one of the case study farms (a square paddock of approximately
25ha) showed gross returns from the tree planting over 25 years of approximately $54k, comprising
tree harvest ($14k), shelter benefits to productivity ($42k), carbon sequestration ($3k) and
amenity/land value ($1k). Net costs, including fencing, were approximately $6k.

Taken together, this case study
demonstrated the integration of
shelterbelt plantings into existing farming
systems increased farm profitability,
reduced vulnerability to weather extremes,
diversified farm incomes, and provided
climate change mitigation benefits through
increased farm carbon storage. The study
showed the integration of trees into
farming systems can bring benefits several-
fold the value of the trees, and that small
areas of trees can make a disproportionate
impact on overall returns and
environmental impacts.

Photo: Shelterbelt established adjacent to
grazing paddock, protecting livestock from wind. Photo credit: Arthur Lyons.

4.2 Description and current uptake

Permanent plantings are not-for-harvest plantings of vegetation that are established on land that is currently
non-forested, typically on previously cleared agricultural land. Their location might be anywhere in the
landscape and can range from broad-scale block plantings that could cover several 10s or 100s of hectares
to narrow belt plantings or shelterbelts. Carbon under permanent plantings is sequestered in the living
biomass, in the forest debris, and in the soil (England et al. 2016; Paul et al. 2018). When established with
locally endemic native species, permanent carbon plantings can provide a mechanism for ecosystem
restoration, and more generally, permanent plantings offer many co-benefits associated with habitat
connectivity and biodiversity, among others.

Results reported in Roxburgh et. al. (2020a) were used to provide estimates of future sequestration
associated with permanent plantings across the Australian continent. Although the analyses in that report

8 https://www.treealliance.com.au/__data/assets/pdf_file/0015/255300/CSIRO_Report_-
_Modelled_costs_and_benefits_of_agroforestry_systems.pdf
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were specific to sequestration that could be achieved under current relevant ERF methodologies, they can
be considered broadly representative of the sequestration that could be achieved by permanent plantings
more generally. This was ensured through (a) estimating technical sequestration based on block
environmental plantings, which in the analysis were minimally constrained by ERF methodology-specific
limitations (and which also embed (spatially) other eligible planting types, such as mallee plantings and belt
plantings); and (b) calculating economic sequestration as the financially viable subset of technical
sequestration, with carbon price used as a proxy to represent constraints such as the financial costs of
establishing plantings on farms, inclusive of current land production. Consistent with the ERF methodologies,
soil carbon was not included in the analyses.

Within Australia’s ERF, the sequestration of carbon in permanent plantings involves the establishment of
mixed-species environmental or single-species plantings. Analyses based on these ERF methods are used to
inform the sequestration estimates in this section (Roxburgh et al. 2020a). There are currently two eligible
ERF methodologies, Reforestation by Environmental or Mallee Plantings — FullCAM (2014), and Reforestation
and Afforestation (2.0) (2015). Under the Reforestation by Environmental or Mallee Plantings methodology
plantings can be either a mix of trees, shrubs and understory species native to the local area, or species of
mallee eucalypts. Under the Reforestation and Afforestation methodology, any forest tree species other than
prescribed weeds are eligible. Through establishing woody vegetation on currently non-forested land, CO is
sequestered from the atmosphere and stored in the biosphere as plant tissues, forest debris, and soil carbon,
although only carbon in plant tissues and forest debris is currently recognised under each of the ERF methods.

The practice of planting trees is well established, with several private companies, NGOs and not-for-profit
organisations specialising in establishing and maintaining plantings through time. The environmental
benefits associated with restoration and revegetation are significant, with carbon being only one of many
co-benefits, with other additional benefits such as habitat restoration and enhancing biodiversity, soil
stabilisation, and managing surface runoff. Both the measurement and modelling of carbon accumulation
in plantings are also well established.

Estimates of current rates of sequestration for environmental plantings obtained from Australia’s National
Greenhouse Gas Inventory®°, averaged over the period 2010-2020, are 2.1 Mt CO;-e yr. Note this value
includes living biomass, debris and soil carbon, whereas the estimates of potential and economic
sequestration reported below exclude soil carbon.

9 National Inventory Report Volume 2. https://www.dcceew.gov.au/sites/default/files/documents/national-inventory-report-2020-volume-2.pdf

10 Department of Climate Change, Energy, the Environment and Water. 2022. Australian Greenhouse Emissions Information System (AGEIS).
https://ageis.climatechange.gov.au/ - accessed 22/08/2022.
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4.3 Sequestration potential

Estimate of sequestration Sequestration (Mt.yr ) Key evidence
Technical Potential® 478.3 Based on spatial modelling to identify potential
(36.2) areas for future activity, and FullCAM simulations
to calculate sequestration potential (Roxburgh et
al. 2020a).

Economic potential by 2025 NA
Economic potential by 2035 NA

Economic potential by 2050 16.0 Based on discounted cash flow modelling of the
(0.4) technical sequestration results, with an assumed
carbon price of $30 t CO2-e, and a discount rate of
10% (Roxburgh et al. 2020a).

IThe technical sequestration area excludes land occupied by current ERF projects undertaking permanent planting projects. Only
results from the block planting analyses are shown, as the potential land area for belt plantings is a smaller subset of that for blocks.
2The economic sequestration calculation did not consider the possible time course of delivery, nor the staggering of new projects
over time, hence no time course of ACCU delivery is provided. The economic sequestration value represents the maximum
sequestration achievable assuming all new potential projects could be established over the near term (e.g., the next 1-2 years).
Table 4-2: Best estimate of Permanent Plantings sequestration potential. Values in parentheses are the subset of

the total estimate associated with narrow belt/shelterbelt plantings.

4.3.1 Technical sequestration

Technical sequestration is based on predictions of forest carbon sequestration from the FullCAM model (Full
Carbon Accounting Model). Consistent with the ERF methodologies the sequestration estimate includes all
above-ground and below ground living biomass and debris but excludes soil carbon. Operationally, for any
project that is affected by fire (either planned fire or wildfire) rules specify how the modelling must be
modified to account for any fire emissions incurred, and any re-stratification of the project extent that might
be required in case of significant fire-induced tree mortality. Other project-specific adjustments to the
modelling include the need to include fossil fuel usage and other emissions associated with project
establishment and maintenance, and maintenance events such as thinning. The implications of these
adjustments were assumed negligible and were not included in the modelling (e.g., fossil fuel usage is
typically a very small fraction of total sequestration, and at the continental scales fire impacts were assumed
small relative to the total rates of sequestration).

To provide a comprehensive library of model results on which to base further analyses, independent of any
ERF-specific constraints, FUllCAM spatial growth predictions of combined above- and below ground living
biomass and forest debris were saved annually from planting year 0 (with biomass and debris carbon stocks
assumed to be 0.0) to year 30, and at year 100. The growth model calibrations used in the simulations were
for native forest regeneration on lands managed for environmental services (Blockes), and low and high
planting density belts, for both environmental plantings and Mallee species (Paul and Roxburgh 2020). For
all analyses, historical average climatic conditions were assumed.

Whilst the FullCAM model outputs provide a comprehensive ‘wall-to wall’ continental-scale library of forest
regeneration potential, for assessing the scope of potential future activity it was necessary to mask out those
areas that are either biophysically unsuitable or otherwise unlikely to support the successful establishment
of new vegetation. This was achieved by progressively applying a set of five spatial filters.
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1. Inclusion based on current land use

The first filter includes only land that is classified as either grazed modified pastures, dryland
cropping, irrigated pastures, or irrigated cropping, based on the Land Use of Australia 2010-2011
coverage (ABARES 2017).

2. Exclusion based on current forest cover

Planting projects under the ERF methodologies are only eligible on land that has been for the
previous 5 years non-forested/non-sparse but has the potential to attain forest cover. Therefore,
areas of land that are currently forested or sparse vegetation were excluded from the analysis. The
National Forest and Sparse-Woody Vegetation Data version 3 (DoEE 2018a) was used to identify
areas that have been cleared over the previous five years. This dataset is provided at a high spatial
resolution (approximately 25 m x 25 m continentally), and for data manageability was re-sampled to
250 m x 250 m, recording the total number of non-forested/sparse 25 m x 25 m grid cells within each
target 250 m x 250 m grid cell.

3. Inclusion based on potential to support forest cover

To differentiate land that is currently naturally non-forest (such as grasslands and shrublands), from
land that is currently non-forest but has the potential to attain forest cover, the National Vegetation
Inventory System (NVIS) pre-1750 classification was used (DoEE 2018b). Only land that was mapped
as potentially able to support forest cover was included.

4. Exclusion of current ERF projects

Current ERF project areas were excluded from the analysis, on the basis they are either currently
forested, or will attain forest cover in the immediate future, and hence unavailable to establish new
plantings.

5. Exclusion of rainfall areas greater than 600 mm

Land in the project area on which a mallee planting occurs must receive long-term average rainfall
of 600 millimetres or less. Areas greater than 600 millimetres rainfall were excluded for Mallee
plantings.

Intersecting constraints 1-5 yielded a total potential area for future plantings of 63.3 Mha, and a total
potential area for future Mallee plantings of 41.9 Mha (Figure 4-2).
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Figure 4-2: (a) Potential extent of possible future environmental planting activity; (b) potential extent of possible
future mallee planting activity

Intersecting the areas in Figure 4-3 with the FullCAM modelling gives the technical sequestration estimates
in Table 4-2. Because narrow belt plantings are, by definition, confined to small areas such as shelterbelt
plantings along the edges of paddocks, the technical sequestration for these plantings was limited to 5% of
that of the broader landscape. This assumes that most land managers would keep a majority of their farm
under agricultural production, with 5% providing a conservative estimate of potential reforestation activity
that would minimally impact farm productivity (Paul et al. 2016).

Planting type 25yr sequestration  25yr annual average Area (MHa)
(Mt CO2 e) (Mt CO2 eyr?)

EP Block Environmental Services 11958.57 478.34 63.3

EP Belt Low stocking 829.80 33.19 3.1

EP Belt High stocking 904.52 36.18 3.1

Mallee Block Environmental Services 8286.19 331.45 41.9
Mallee Belt Low stocking 574.96 23.00 2.1

Mallee Belt High stocking 626.13 25.04 2.1

Table 4-3: Technical sequestration associated with the environmental and mallee plantings for the areas identified in
Figure 4-2.

The level of confidence in the overall sequestration estimates is medium. The FullCAM model is well
calibrated for environmental and mallee plantings and hence the confidence in the overall sequestration
guanta is high, although the level of confidence in the spatial extent, including the 5% assumption for belt
plantings is medium, hence the overall rating of medium. The level of confidence in pixel-level
sequestration estimates is low. The technical sequestration reported here is within the range of previous
estimates, reviewed by Roxburgh et al. (2020a) (143 - 513 Mt CO2-e yr).

4.3.2 Economic sequestration

It is important to differentiate between the area of land that is assessed as potentially being able to
support new plantings, and that is realistically available and that could be planted — the economic
sequestration subset. Consistent with prior work (Eady et al. 2009) a financial filter was applied to limit the
technical sequestration areas to the Economic potential subset. Economic viability was based on both the
direct and the opportunity costs of undertaking activities, compared against the expected revenues.
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Discounted cash flow modelling was applied, whereby locations were flagged as being likely to transition to
carbon farming if the net present value (NPV) of the carbon farming activity exceeded current profitability,
with an assumed discount rate of 10%. Full details of the economic modelling are provided in Roxburgh et
al. (2020a). Because the economic sequestration is sensitive to the assumed carbon price, minimum and
maximum values are presented, corresponding to carbon prices of $15 t CO2-e and $30t CO2-e,
respectively.

The Reforestation and Afforestation methodology is based on field measurement, and hence the
economics differ slightly from that of the Reforestation by Environmental or Mallee Plantings — FullCAM
methodology, where sequestration is based on FullCAM modelling. The feasibility results for both methods
indicate only minor differences in the overall outcomes (), as the field measurements for the Reforestation
and Afforestation methodology were based on the same FullCAM modelling as used in the Reforestation by
Environmental or Mallee Plantings — FullCAM methodology, and the additional costs of measurement were
not significant relative to the sequestration rates achieved.

Note that no consideration was given in the analysis to additional factors that could limit future uptake of
natural regeneration of permanent planting activities, such as technological barriers (Rooney & Paul 2017).
Note also that the values in Table 4-3 also represent maximum economic potentials, as they do not take
into account the staggered introduction of new projects over time; rather, the values represent the
economic sequestration that could be achieved if all possible new projects could be established over the
short term (1-2 years). Slightly less sequestration is predicted under the Reforestation and Afforestation
analysis due to increased costs associated with the field measurement requirements of this method.

The spatial extent of the EP Block services sequestration estimates includes as a subset sequestration from
all the other categories in Table 4-3. Although sequestration between belt and block plantings is not
directly substitutable, as on a per ha basis belt plantings sequester carbon at a faster rate compared to
block plantings (Paul et al. 2014a,b), for the purposes of this report, the EP Block Environmental Services
value for the $30 t CO-e price scenario under the Reforestation and Afforestation methodology is used as
the basis for the summary, to provide un upper limit to the potential (16.043 Mt CO,-e yr?). Because of the
potential for narrow belt plantings to be integrated into existing farming systems (see case study),
sequestration for the environmental planting belt high stocking subset is also shown as a separate line item
in the summary Table 4.1.

Planting type 25yr sequestration  25yr annual average Area (MHa)

(Mt CO: e) (Mt CO2 eyr?)

Reforestation by Environmental or Mallee
Plantings — FullCAM

EP Block Environmental Services 38.057 — 401.069 1.522-16.043 0.029 - 0.563
EP Belt Low stocking 2.197 —27.908 0.088-1.116 0.001 - 0.026
EP Belt High stocking 0.856 —10.439 0.034-0.418 <0.001 - 0.007
Mallee Block Environmental Services 1.091 - 55.02 0.044 - 2.201 0.001 - 0.062
Mallee Belt Low stocking 0.181-5.731 0.007 - 0.229 <0.001 - 0.005
Mallee Belt High stocking 0.000-1.435 0.000 - 0.057 0.000 - 0.001

Reforestation and Afforestation

EP Block Environmental Services 34.357 —363.280 1.374-14.531 0.026 - 0.498
EP Belt Low stocking 1.232-13.543 0.049 - 0.542 0.001-0.010
EP Belt High stocking 0.293 -6.157 0.012 - 0.246 <0.001 - 0.004
Mallee Block Environmental Services 1.015-51.149 0.041-2.046 0.001-0.057
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Mallee Belt Low stocking 0.067 —3.226 0.003 - 0.645 <0.001 - 0.002
Mallee Belt High stocking 0.000 - 0.627 0.000 - 0.025 0.000 - <0.001

Table 4-4: Economic sequestration associated with environmental and mallee plantings for the areas identified in
Error! Reference source not found., for each of the Reforestation and Afforestation and Reforestation by
Environmental or Mallee Plantings — FullCAM methodologies. The ranges reflect two carbon price assumptions, $15
t COz-e (lower bound) and $30 t COz-e (upper bound).

4.4 Technology Readiness Potential and Commercial Readiness

4.4.1 Technology Readiness

Technology Readiness $ per tonne COze Key Evidence

9 ~20-30 Only direct costs of undertaking activities are
included in the price, comprising project
transactions costs (assumed to be 25% of achieved
sequestration), annual maintenance ($103 ha?),
fencing for belt plantings ($4 m?), and
establishment costs ($2580 hal).

Table 4-5: Technology readiness assessment for permanent plantings

Explanation:

Ecosystem revegetation and reforestation activities are well established in the marketplace.

4.4.2 Commercial Readiness

Commercial Readiness Key Evidence

4-5 The current projects that have received ERF contracts demonstrate that the
technology is commercially ready. Although reforestation is reasonably
widespread across temperate Australia (also extending into subtropical
Australia), the analyses above suggest a significant untapped potential, both
within and outside of the ERF. This suggests additional incentives over-and
above carbon payments may be required to further increase uptake.

Table 4-6: Commercial readiness assessment for permanent plantings

Explanation:

Whilst the technology is well developed, the relative lack of uptake suggests a number of existing barriers,
particularly the current carbon price where many marginal productivity areas are still uneconomic; and
where alternative land uses in the higher productivity areas are significantly more profitable than carbon
farming. Recognition of associated co-benefits, such as biodiversity outcomes, provides an opportunity to
improve the commercial readiness of this activity (see 4.6.3 below).

4.5 Scalability, Length of storage, Measurement and Verification

4.5.1 Scalability.

There is a large gap between economic potential and technical sequestration associated with this activity,
largely driven by economics, where high initial upfront costs are particularly significant, as are the
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opportunity costs of changing production systems (Rooney and Paul 2017). An additional limitation is that
tree planting in agricultural landscapes involves a trade-off between land used for producing food, and land
used for carbon farming. The potential land area identified above includes all available agricultural land.
Only a small proportion of this would ever be converted into tree plantings, given the ongoing need to feed
human populations.

4.5.2 Length of storage

Assuming successful establishment and ongoing natural regeneration then the length of carbon storage in
permanent plantings is indefinite (> 100 years). Most risks associated with permanent plantings are
associated with rates of sequestration, arising from reductions in tree growth from persistent increases in
temperature, persistent increases in water stress, and heat-stress and droughts arising from a changing
climate. The greatest risk period is soon after planting or germination, when plants are young and more
vulnerable to climatic stress. Wildfires are also a particular risk factor, associated with risks to permanence,
as are the impacts of pests and diseases. Adaptation options include varying planting species and genetic
stock, altering planting configuration to reduce risks of resource limitations, careful site preparation and
timing of establishment, and fire risk reduction management. Selective breeding for genotypes that confer
increased resilience to climate extremes is also a response option. Many of the adaptive measures are
currently applied in the context of plantation forestry but could also be modified for permanent plantings
(Roxburgh et al. 2020b).

4.5.3 Measurement and Verification

Integrity of the sequestration is high, with measurement and verification processes well developed, and the
sequestration readily observable from the ground, and from aerial imagery and remote sensing, although
high resolution (<10m) imagery is required to discern narrow belt plantings.

4.6 Social, environmental impacts, risks and co-benefits

4.6.1 Social impacts and risks

At present levels of activity there are limited social risks and impacts. Widespread future adoption of
permanent planting carbon farming activity could potentially see disruption to traditional farming practices,
however the ongoing need to retain productive agricultural land and the unfavourable economics of
establishing carbon plantings on productive agricultural land would suggest this risk is low.

Belt or other widely spaced plantings, designed to be integrated with (and to enhance) current production
systems, provides a risk mitigation mechanism to facilitate carbon farming to be embedded within existing
agricultural landscapes (see case study).

4.6.2 Environmental impacts and risks

Large-scale afforestation may also have impacts on catchment water flows, and widespread activity may be
subject to water licensing in catchments that are over-allocated or approaching full allocation. The
potential for increased fuel loads across the landscape to increase fire risk has been raised, with one study
indicating elevated wildfire risk, although only under extreme fire danger conditions (Jenkins et al. 2016).
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4.6.3 Co-benefits

Biodiversity benefits are often associated with revegetation by mixed-species environmental plantings, with
monocultures and non-endemic mixtures of species often considered to be of lower (though not
necessarily negligible) biodiversity value (Paul et al. 2016). Biodiversity can be measured across different
scales of time and space, and the beneficial impacts can be localised or regional. They can also be specific
to some species, or they can provide general restoration of habitat. Biodiversity enhancement may
therefore be a significant driver of afforestation, as a co-benefit to carbon sequestration. Other co-benefits
of integrating trees within agricultural landscapes, particularly in shelterbelt and other linear
configurations, include the potential to enhance existing farm productivity, and profitability. For example,
through reducing wind speed (that reduces evaporation from the soil surface, and provides protection for
sheltering stock), slowing surface water flows, localised salinity management, and reducing soil erosion.

4.7 Barriers to implementation:

4.7.1 Policy and regulatory environment

Current ERF permanent planting methodologies exclude soil carbon. With recent evidence confirming the
potential to sequester soil organic carbon under permanent plantings (England et al. 2016; Paul et al. 2018),
this suggests the potential to extend or ‘stack’ current ERF methodologies to include soil carbon, leading to
increased sequestration and improved profitability.

4.7.2 Social licence and stakeholder acceptance

Widespread (albeit scattered) permanent planting activity within Australia suggests broad-scale acceptance
of the activity. The reasons for the limited uptake of permanent planting activity relative to the potential
are unclear, but likely involve both economic and social considerations. Based on a series of landholder
interviews, Fleming et al. (2019) concluded that limited uptake of tree planting activity on farms is at least
partly due to the current framing of carbon farming benefits solely on financial considerations, and that
broader identification and communication of associated economic, environmental and social co-benefits
has the potential to re-invigorate how carbon farming is perceived and adopted.

4.7.3 Technology performance variability

Carbon outcomes from planting trees is inherently variable, both across space (due to variation in soil type,
landscape position, etc.) and time (due to climatic variability, disturbances such as fire, etc.). As such this
adds an element of risk to the activity.

4.7.4 Financial proposition and costs and access to capital

Overall, the establishment of environmental and mallee plantings offers significant sequestration potential,
however the economics of the activity are such that only a small fraction of that potential is likely to be
realised. Opportunities for increasing the economic viability of these activities could be explored to help
increase uptake. These could include generic solutions such as reducing costs associated with project
development and registration, financial recognition of the agricultural and environmental co-benefits
associated with revegetation, and mechanisms for forward crediting to improve the economic viability during
the early years of projects when sequestration rates are the lowest.
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4.7.5 Industry supply chains and skills

Potential limitations to rapid expansion of permanent plantings includes ensuring adequate source material
(either seeds, or tubestock plantings) to facilitate widespread uptake, and access to suitably qualified skills
to ensure successful site preparation, appropriate selection of species, and best-practice establishment
methods.

4.7.6 Market opportunities or market creation

Permanent vegetation planting activities are already supported by the ERF and its associated market
mechanism, with ACCUs purchased either directly by government, or traded on the open market. However,
given relatively low uptake under the ERF, and the fact that shelterbelt and other integrative tree farming
practices are applicable only to a small fraction of productive farm systems, creating market mechanisms
that allow smallholders to participate with limited costs would provide additional opportunities. This could
include stacking of activities under a single method, and extension of allowable activities and/or carbon
pools, for example the inclusion of include soil carbon.

4.8 Scaling knowledge gaps:

The science underpinning growing trees for carbon sequestration is well established, and well understood.
Additional research areas receiving current attention are alternative planting techniques that reduce other
on-farm impacts, such as wide-spaced plantings within paddocks to still allow grazing access. Further
research questions include:

e What are the additional investments that could increase uptake by targeting a better quantification
of the social and environmental co-benefits of integrating trees into agricultural landscapes?

e How does a broader range of carbon prices and land eligibility scenarios effect the estimates of
sequestration?

e What is the impact on uptake if soil carbon is included the analyses?
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5 Plantation and Farm Forestry

Emission Type Avoided Negative
Enabling Capture Technology Biological Engineered
Enabling Storage Technology Biological Engineered

Table 5-1: Plantation and farm forestry technology type

5.1 Summary

Description and current uptake

Plantation and farm forestry technologies increase carbon sequestration by establishing new (for-harvest)
plantations on previously cleared land and by changing management practices in existing plantations.
These activities sequester carbon in living biomass, forest debris and harvested wood products. At present,
it is unclear how the activities impact soil carbon.

Australia’s Emissions Reduction Fund has methodologies for commercial plantations and farm forestry.
Activities used in the analyses here include establishing new for-harvest forests, and converting existing
short rotation plantation forests to long-rotation plantation forests.

Plantation forestry projects are mainly restricted to existing National Plantation Inventory (NPI) regions.
New farm forestry projects establish a harvest plantation (or a permanent tree planting) on land that is
currently non-forest and that has mostly been used for grazing or cropping for the previous 5 years. These
projects are not restricted regionally but under the ERF do have a size constraint (maximum percentage of
property extent or maximum number of ha), depending on average annual rainfall.

To provide an estimate of current uptake from plantation forest sequestration, results from Australia’s
National Greenhouse Gas Inventory!'!2 report give annual sequestration across Australia’s plantation
forestry estate of 11.5 Mt CO»-e yrt, averaged over the period 2010-2020. This estimate includes soil
carbon as well as living biomass and forest debris but excludes harvested wood products; whereas the
Potential and Economic sequestration estimates include only living biomass and debris but include
harvested wood products.

Sequestration potential

Technical sequestration for plantation forestry and farm forestry activities are not spatially independent,
given the overlapping land areas on which these activities can take place. This means the separate
estimates for plantation forestry and farm forestry cannot be summed to provide a total sequestration
estimate. Technical sequestration for plantation forestry was estimated at greater than 630 Mt carbon
dioxide equivalents (CO,-e) per year. At a carbon price of $30 t CO»-e, the economic sequestration was

11 National Inventory Report Volume 2. https://www.dcceew.gov.au/sites/default/files/documents/national-inventory-report-2020-volume-2.pdf

12 Department of Climate Change, Energy, the Environment and Water. 2022. Australian Greenhouse Emissions Information System (AGEIS).
https://ageis.climatechange.gov.au/ - accessed 22/08/2022.
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estimated at over 31.8 Mt CO,-e per year, at a cost of $10-$30 per tonne. Because it was assumed farm
forestry would only occur on a small fraction of existing available agricultural land (5%), and because of the
project size limitations imposed by the ERF methodology on which the farm forestry analysis was based,
the potential and economic sequestration estimates are lower than for plantation forestry. Technical
sequestration for farm forestry was approximately 42 Mt CO,-e per year. At a carbon price of $30 t CO»-e,
the economic sequestration was estimated at 0.63 Mt CO;-e per year. Re-analysis of the farm forestry
scenarios, with relaxation of the current project size limitations, would provide a more realistic assessment
to total sequestration potential under this activity, and would increase both the potential and economic
potential estimates presented here.

Technology readiness potential and commercial readiness

Technologies for managing tree plantations are well established. The relatively low uptake of the
technology for carbon sequestration suggests other barriers, particularly current carbon pricing and the
cost of securing land for forestry in areas with high agricultural productivity. As a carbon sequestration
technology, integrating plantations into existing agricultural enterprises would seem to offer significant
potential, especially if some of the constraining features of existing ERF methodologies are relaxed.

Scalability, length of storage, measurement and verification

The large gap between potential and economic sequestration associated with this technology is partly
driven by external factors (such as carbon pricing) and partly by economics (such as high initial and
opportunity costs). An additional limitation to scaling is that tree planting in agricultural landscapes involves
a trade-off between using land for producing food or for farming carbon in a competition for land and
water resources.

Risks to sequestration permanence come from reductions in tree growth due to persistent increases in
temperature and water stress, disturbances from heat-stress and droughts arising from a changing climate,
wildfires, and pests and diseases.

Measurement and verification processes for plantation and farm forestry technologies are well developed,
and sequestration is readily observable from ground-based monitoring, aerial imagery, and remote sensing.

Social, environmental impacts, risks and co-benefits

Competition for land use can have a social impact, particularly in areas of high productivity. Although
plantation forestry has been shown to provide biodiversity and habitat benefits, adverse environmental
outcomes are also possible (such as the spread of exotic species beyond plantation boundaries). Growing
forests may also reduce water yield due to increased transpiration, and this may have detrimental impacts
on catchment hydrology.

In addition to carbon sequestration, plantation forests can increase landscape connectivity and vegetation
complexity and help ameliorate salinity. There are also clear economic and social co-benefits from
promoting a regionally based, viable and expanding plantation industry.

Barriers to implementation

Strict policies and regulations apply to the establishment of new extensive forests in most parts of
Australia, and this can place a regulatory burden on projects. The long history of plantation forestry in
many regions has led to broad social acceptance in these areas. However, expansion of plantation forests
into new regions may receive a varied response, particularly regarding land use change.

Carbon outcomes from planting trees are inherently variable, affected by variation in soil type or landscape
position, by climatic variability or by disturbances such as fire. At the same time, the major barriers to
implementation are likely to be economic (such as non-performance of existing plantations, transport costs
for wood products, and the price and availability of suitable land).
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A key limitation for establishing forest plantations is access to timber processing facilities. Skills in
establishing and maintaining for-harvest forests may not be present outside traditional plantation areas;
however, this is also a market opportunity. Developing novel uses for wood-based products (such as
bioenergy, biochar and aromatic oils) presents additional market opportunities.

Scaling knowledge gaps

Improved understanding of plantation and farm forestry activities as sequestration technologies requires
including a broader range of carbon prices, land eligibility and activities (such as those associated with new
market development). As ERF methodologies for plantation and farm forestry are revised, future analyses
need to ensure that they are representative of current and potential activities.

ENABLERS

* Innovative market creation for wood-based products
bioenergy and biochar

* Better quantification of co-benefits

* Innovative methods for cost reduction

* Increased carbon price

Technical potential Economic potential
630 Mtperyear B ~32 Mt per year
(42 Mt per year) (0.63 Mt per year)

Actual 2010-20
11.5 Mt per year

TRL:9 CRL:4-5 Cost: $10-$30 per tonne  Length of storage: 25-100 years

Figure 5-1: Summary of Plantation and Farm forestry (in parentheses) sequestration. Actual sequestration reflects
sequestration in Australia’s plantation estate over the period 2010-2020, as reported in Australia annual national
greenhouse gas inventory, but excludes farm forestry activity. Actual sequestration includes soil carbon as well as
living biomass and forest debris but excludes harvested wood products. The Potential and Economic potential
estimates include only living biomass and debris but include harvested wood products.
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5.2 Description and current uptake

Plantation forest management and farm forestry increase carbon sequestration through the establishment
of new (for-harvest) plantation forests on previously cleared land, and through increasing sequestration in
existing plantation estates through management changes such as converting short rotation plantation
forests to long-rotation plantation forests, and through retaining forest cover in existing plantations that
would otherwise be permanently cleared for agriculture. Carbon under plantation and farm forestry
activities is sequestered in the living biomass, in the forest debris, and in the harvested wood products.
Changes in soil carbon are, however, less clear-cut, with declines in soil carbon following plantation
establishment reported following conversion from both existing native forest (Turner and Lambert 2000)
and pasture (Guo and Gifford 2002), most likely due to soil preparation involving mechanical disturbance
leading to increased decomposition (Turner and Lambert 2000). Further research is required to identify
where, and under what conditions, soil carbon can increase in response to the establishment of new
plantations forests.

Analyses based on sequestration in living biomass, forest debris and harvested wood products are used to
inform the sequestration estimates in this section (Roxburgh et al. 2020a). These analyses are constrained
by the ERF framework within which they were conducted, and were completed prior to the recently revised
ERF plantation methodology (Plantation Forestry (2022)), which includes additional eligible activities that
recognise the carbon benefits from avoiding permanent loss of plantation forests that are intended to be
converted back to agricultural land, either through continuation of existing forest management, or
replacement of the commercial forest by a not-for-harvest permanent planting. Because these are
relatively new activities, no detailed analyses on likely continental-scale sequestration rates or utilisation of
these options have yet been undertaken, and hence they are not considered further here. The activities
included in this section therefore include the establishment of new for-harvest forests, and the conversion
of existing short rotation forests to long-rotation forests. The analyses were conducted with specific
reference to, and constraints imposed by, two ERF methodologies: Plantation Forestry (2017), and
Measurement Based Methods for New Farm Forestry Plantations (2014).

Projects under the Plantation Forestry methodology are predominantly restricted to the existing National
Plantation Inventory (NPI) regions (Figure 5-2), although there are some circumstances where new projects
can extend into adjacent non-NPI areas. In contrast, the Measurement Based Methods for New Farm
Forestry Plantations (2014) methodology involves the establishment a harvest plantation (or a permanent
planting of trees) on land that is currently non-forest, and that has predominantly been used for grazing or
cropping for the previous five years; farm forestry projects are thus not restricted regionally. However,
under the ERF Farm Forestry methodology, farm forestry projects do have a project size constraint. In areas
of average annual rainfall more than 400mm the maximum project size is the lesser of 100ha, or 30% of the
property extent. In areas of average annual rainfall less than 400mm the maximum project size is the lesser
of 300ha, or 30% of the property extent.

To provide an estimate of current uptake from plantation forest sequestration, results from Australia’s
National Greenhouse Gas Inventory!*!* indicate average annual sequestration in post-1990 plantations over
the period 2010-2020 of 14.2 Mt COx-e yr. For pre-1990 plantations, the average over the last 10 years
shows a net emission (2.7 Mt CO,-e yr?), reflecting a decline in the rate of replacement of older plantation
forests. The overall result is a net sequestration of 11.5 Mt CO,-e yrl. This value includes sequestration in

living biomass, forest debris and soil organic carbon, but excludes carbon stored in harvested wood products.

13 National Inventory Report Volume 2. https://www.dcceew.gov.au/sites/default/files/documents/national-inventory-report-2020-volume-2.pdf

14 Department of Climate Change, Energy, the Environment and Water. 2022. Australian Greenhouse Emissions Information System (AGEIS).
https://ageis.climatechange.gov.au/ - accessed 22/08/2022.
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Figure 5-2: National Plantation Inventory regions in Australia. Within each NPI region red areas are the current
distribution of hardwood plantations, and black areas are the distribution of softwood plantations (SOFR 2018).

5.3 Sequestration potential

Estimate of sequestration Sequestration (Mt.yr ) Key evidence
Technical Potential 631.34 Based on spatial modelling to identify potential
(42.5) areas for future activity, and FullCAM simulations
to calculate sequestration potential (Roxburgh et
al. 2020a).

Economic potential by 2025 NA
Economic potential by 2035 NA

Economic potential by 2050 31.77 Based on discounted cash flow modelling of the
(0.63) technical sequestration results, with an assumed
carbon price of $30 t COz-e, and a discount rate of
10% (Roxburgh et al. 2020a).
1The economic sequestration calculation did not consider the possible time course of delivery, nor the staggering of new projects

over time, hence no time course of ACCU delivery is provided. The economic sequestration value represents the maximum
sequestration achievable assuming all new potential projects could be established over the near term (e.g., the next 1-2 years).

Table 5-2: Best estimate of plantation forestry and farm forestry sequestration potential, with results for farm
forestry given in parenthese. Sequestration for the plantation forestry and farm forestry activities are not spatially
independent, given the overlapping land areas on which these activities can take place. This means the separate
estimates for plantation forestry and farm forestry cannot be summed to provide a total sequestration estimate.
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5.3.1 Technical sequestration

Plantation forestry

Sequestration under the Plantation Forestry methodology is calculated using the FullCAM model, and
includes carbon stored in above- and below ground living and dead biomass, and carbon stored in
harvested wood products. For conversion projects the baseline sequestration is calculated as the difference
between average FullCAM outputs over a 100-year period for the ‘business as usual’ short rotation
plantation species, and the average FullCAM outputs over a 100-year period for the ‘project’ long-rotation
species. For new plantations, sequestration is the average FullCAM predicted sequestration over a 100-year
period for the planted species.

Plantation forestry - Conversion of short rotation to long-rotation plantations

Short rotation plantation species in Australia are predominantly the hardwoods Eucalyptus globulus, E.
dunnii and E. nitens, and therefore the technical sequestration extent for short rotation conversion projects
comprises the subset of current hardwood plantations within each NPI region that are established as short
rotation. The percentage of short rotation hardwood area for each NPI region was obtained from an
analysis of the current plantation systems in Australia (Downham and Gavran 2019). To define the potential
extent, for each NPI region grid cells within the hardwood plantation extent were selected at random until
the required area was attained (Figure 5-3a). Because the precise locations of the short rotation plantations
were unknown, no analysis was undertaken to ensure the requirement of consistency in plantation
management over the previous seven years.

Plantation forestry - New plantation establishment

The potential area for new plantation establishment included all freehold lands within NPI regions that are
currently used for cropping or are grazed modified pastures, and that are not existing ERF projects. Freehold
land tenure was defined by the Australian Land Tenure (1993) database. Limiting the available non-forested
agricultural land within the NPI regions to freehold tenure assumes that new or expanding plantation estates
would require the purchase of new land. The procedure adopted here for identifying the feasible extent for
new plantation establishment required a continental-scale approach and was by necessity relatively
simplistic (Figure 5-3b).

Farm Forestry

Under the Measurement Based Methods for New Farm Forestry Plantations methodology sequestration is
calculated by field measurement, although for harvested plantations the FullCAM model is used to simulate
the project activity for 100 years, from which average long-term sequestration is calculated. Although
commercial harvesting is allowed under the methodology, in contrast to the Plantation Forestry (2017)
methodology, the carbon stored in wood products is excluded from the sequestration calculation. To
approximate sequestration achievable by field-based measurement, the FullCAM model is used as the basis
for calculating technical sequestration, assuming establishment of a softwood plantation.

The technical sequestration extent was based on that calculated for the Permanent Plantings section 4.3. In
summary, the extent is defined by current land use (non-forested land classified as either grazed modified
pastures, dryland cropping, irrigated pastures, or irrigated cropping), with the potential to eventually support
forest cover, and with current ERF project areas excluded.

The area was further limited to that with an annual average rainfall greater than 600mm, consistent with the
climatic suitability for commercial plantation establishment (Polglase et al. 2013; Matysek and Fisher 2016).
The water interception requirements for planting trees in areas greater than 600mm rainfall also apply to
the establishment of commercial species as part of a farm forestry project, however these requirements were
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not considered here given the strict project size limitation of 100ha in areas in excess of 400mm rainfall, and
the focus of the method on establishing trees within the matrix of an existing agricultural enterprise.

Because of the rainfall-based project size limits specified by this method, a further filtering was applied to
represent this constraint. This was important, as the project size limits have the potential to impact
financial viability through reducing the opportunities of reducing costs by economies of scale (i.e., fixed
project costs are relatively more constraining in small compared with large projects) (Figure 5-3c)

Intersecting the areas in Figure 5-3 with the FullCAM modelling yielded the technical sequestration
estimates in Table 5-3. For simplicity, for the plantation forestry estimates the five separate analyses were
combined (short hardwood rotation to long hardwood or softwood rotation; new long-rotation softwood
and hardwood rotations, and new hardwood short rotations)

Planting type 25yr sequestration  25yr annual average Area (MHa)
(Mt CO: e) (Mt COz2 eyr?)

Commercial plantations 15783.38 631.34 20.75

Farm forestry 1061.98 42.48 3.86

Table 5-3: Technical sequestration associated with the Plantation Forestry Farm Forestry methodologies.

The level of confidence in the overall sequestration estimates is medium. The FullCAM model is well
calibrated for commercial tree species, and hence the confidence in the overall sequestration quanta is
high, although the level of confidence in the spatial extent is medium, hence and overall medium rating.
The level of confidence in pixel-level sequestration estimates is low.
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Figure 5-3: (a) Potential area for the conversion of short- to long-rotation projects under the Plantation Forestry
methodology. Values are the probability of a given project extent being selected across 1000 random Monte Carlo re-
samples (b) Potential area for new plantation establishment under the Plantation Forestry methodology. (c) Potential
extent of possible future new farm forestry plantations.

5.3.2 Economic sequestration

It is important to differentiate between the area of land that is assessed as potentially being able to
support new plantings, and that is realistically available and that could be planted — the economic
sequestration subset. Consistent with prior work (Eady et al. 2009), a financial filter was applied to limit the
technical sequestration areas to the economic potential subset. Economic viability was based on the direct
and the opportunity costs of undertaking activities, compared against the expected revenues. Discounted
cash flow modelling was applied, whereby locations were flagged as being likely to transition to carbon
farming if the net present value (NPV) of the carbon farming activity, inclusive on income from harvested
wood products in the case of the Plantation forestry method, exceeded current profitability. Under the
current ERF methodologies, an important consideration is the possible requirement for projects in locations
above 600 mm rainfall to purchase water rights, to offset removals from the growing plantations — the
“water rule”. Whether a plantation is required to purchase water is determined by state regulations
(Indufor 2014). If projects are required to hold a water entitlement, the volume of water required as an
offset is 1-2 megalitres (ML) per hectare per year, with about 1ML required in low rainfall regions and 2ML
required in high rainfall regions. This has a significant cost: about $5,500 ML for high reliability
entitlements in the Murray-Darling Basin, with moderately lower prices in other regions. In undertaking
these analyses, it was found that even assuming a low offset cost of $2,500 ML made new plantations
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economically unviable in all regions at carbon prices of $0-100. As such, the only economically viable new
plantations would be those that the regulation exempts from the requirement to purchase water offsets. In
the results below, it was assumed that 50% of eligible locations would be required to purchase water
offsets. Note that the recently elected Australian government has committed to removing the water rule,
as a mechanism to reduce barriers to plantation tree expansion®.

The cost assumptions are summarised in Table 5-5 below. Full details of the economic modelling are
provided in Roxburgh et al. (2020a). Because the economic sequestration is sensitive to the assumed
carbon price, minimum and maximum values are presented, corresponding to carbon prices of $15 t CO-e
and $30 t COs-e, respectively. For the economic analysis a discount rate of 10% was applied on the basis it
represents a typical rate used by private enterprises in evaluating investment opportunities (Roxburgh et al.
2020a). A subset of the Roxburgh et al. (2020a) plantation forestry analyses also assumed a 7% discount
rate (although only the 10% results are shown here). Roxburgh et al. (2020a) interpreted the 10% discount
rate as indicative of yielding viable carbon prices in the absence of State and other support, with the 7%
discount rate closer to capturing the carbon prices that make projects viable under the continuation of
additional financial support.

Given the existing plantation forestry estate is currently approximately 2M ha, and that expansion of new
plantations over recent decades has ceased (leading to the development of two ERF methodologies, where
new plantation establishment is no longer considered ‘business as usual’), then the predicted areal increase
of 2.7 —9.8 Mha over 25 years in Table 5-4 would seem overly ambitious. This undoubtedly reflects a range
of constraints that were not included in the modelling, such as changing demand for products, the
influence of commodity prices, and perhaps most importantly, an assumption that all land area identified
as financially viable could be procured and converted to plantation forestry. The National Forests Industry
Plan (Department of Agriculture and Water Resources (2018)) specifies a target of an additional 0.4 Mha by
2030. Assuming that over the next 25 years an additional 1 Mha could be achieved, and assuming that this
is evenly split across all the NPI regions, then this leads to revised economic sequestration totals of 29.32 —
31.77 Mt COz-e yrt.

A similar calculation can be applied to the Farm Forestry estimate, whereby following Eady et. Al. (2009)
the assumption is made that 5% of landholders might consider changing practices to carbon farming. This
yields a revised economic sequestration estimate of 0.43 — 1.09 Mt CO,-e yr. Note that per ha
sequestration rates for Farm Forestry are lower than that for Plantation Forestry, reflecting differing
assumed species, extension of growth into more arid areas, and exclusion of harvested wood products from
the Farm Forestry calculation. Note also that, because of the project size limitations implicit in the analysis,
this does not imply that 5% of the potential land area could be planted, but rather, 5% of properties, each
with up to 100ha, could be converted. This 5% assumption is clearly simplistic, and requires refinement
through further analysis that takes a more considered approach to key drivers, such as the social
acceptance of landholders to integrate trees within their farms (Fleming et al. 2019).

15 https://www.alp.org.au/policies/a-future-grown-in-australia
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Table 5-4: Economic sequestration associated with the Plantation Forestry and Farm Forestry activities. The ranges
reflect two carbon price assumptions, $15 t COz-e (lower bound) and $30 t COz-e (upper bound). Modelling of
economic sequestration for Farm Forestry (without project area constraint) has not yet been undertaken. Note no
25yr sequestration estimate is provided for the Plantation Forestry methodology, given sequestration under this
methodology is integrated over a 100-year timeframe, then apportioned equally over 15 years.

Planting type 25yr sequestration  Annual average Area (MHa)
(Mt CO: e) (Mt CO2 eyr?)

Plantation Forestry - 77.68 - 311.56 2.649 - 9.806

Plantation Forestry (expansion limited to - 29.29 -31.77 1.00

1Mha)

Farm forestry 106.7 -313.6 4.27 - 12.54 0.357-0.881

Farm forestry (limited to 5% of total area) 5.34-15.68 0.21-0.63 0.018-0.044

5.4 Technology Readiness Potential and Commercial Readiness

5.4.1 Technology Readiness

Technology Readiness $ per tonne COze Key Evidence

9 ~10-30 Only direct costs of undertaking activities are
included in the price, and include tree planting
(varies by species), starter fertiliser (5400 ha™),
weed control ($400 ha), windrow and burn
($400 ha™), pruning ($400 ha™, timing varies by
species), mid-rotation fertiliser (3400 ha?, timing
varies by species), thinning, harvesting, product
haulage (all varying by species), and transaction
costs (assumed to be 25% of achieved
sequestration). Averaged over the total potential
extent, and across species x rotation options, the
average annual costs were $374 ha™. Costings
were based on Matysek and Fisher (2016), and
the model underpinning the results in Polglase et
al. (2013)

Table 5-5: Technical readiness assessment for plantation and farm forestry

Explanation:

There is an existing plantation forest industry.

5.4.2 Commercial Readiness

Commercial Readiness Key Evidence

4-5 Commercial forestry growth is an established industry in Australia, with many
government- and privately-owned enterprises. However, the uptake of
Plantation Forestry projects under the ERF is relatively modest, with 11
contracted projects. This expertise, knowledge and infrastructure could be
readily applied in the for-harvest Farm Forestry situation as well, given
similarity in site preparation requirements, species selection and
maintenance.
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Table 5-6:Commercial readiness assessment for plantation and farm forestry

Explanation:

Whilst the technology for growing and harvesting plantation trees is well developed, the relatively low
uptake suggests a number of existing barriers, particularly the cost of securing land in areas conducive to
high productivity forestry. Farm forestry, where plantations are integrated into existing agricultural
enterprises, would seem to offer significant potential, especially if some of the constraining features of the
existing ERF Farm Forestry methodology relating to project size are relaxed. The fact plantation expansion
had stagnated prior to carbon pricing suggests factors beyond the carbon market are limiting activity.

5.5 Scalability, Length of storage, Measurement and Verification

5.5.1 Scalability.

There is a large gap between economic potential and technical sequestration associated with this activity,
partly driven by factors external to the carbon market (as noted in the previous section), but also driven by
economics, where high initial upfront costs are particularly significant, as are the opportunity costs of
changing production systems (Rooney and Paul 2017). An additional limitation is that tree planting in
agricultural landscapes involves a trade-off between land used for producing food, and land used for
carbon farming. The potential land area identified above includes all available agricultural land within the
constraints of each methodology. In reality, only a small proportion of this would ever be converted into
tree plantings, given the ongoing need to feed human populations.

An additional challenge is the dispersed nature of the plantation estate in Australia, with implications for
the economics of operations and the location of processing facilities. When forest estates can be
concentrated in relatively close proximity then there is the potential for efficiencies in product transport
and opportunities for the development of local processing and export infrastructure and industries.

5.5.2 Length of storage

As with Permanent Plantings, the majority of risks associated with establishing and managing plantation
forests are associated with rates of sequestration, arising from reductions in tree growth from persistent
increases in temperature, persistent increases in water stress, and disturbances from heat-stress and
droughts arising from a changing climate (Roxburgh et al. 2020b). The greatest risk period is soon after
planting or germination, when plants are young and more vulnerable to climatic stress. Wildfires are a risk
factor to permanence, and pests and diseases are another permanence risk factor that has the potential to
impact both young and mature forests (Pinkard et al. 2011). Adaptation options include varying planting
species and genetic stock, altering planting configuration to reduce risks of resource limitations, careful site
preparation and timing of establishment, and fire risk reduction management. Selective breeding for
genotypes that confer increased resilience to climate extremes is also a response option.

5.5.3 Measurement and Verification

Integrity of the sequestration is high, with measurement and verification processes well developed, and the
sequestration readily observable from the ground, and from aerial imagery and remote sensing.
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5.6 Social, environmental impacts, risks and co-benefits

5.6.1 Social impacts and risks

Competition with existing land uses (particularly agriculture) can be an issue, particularly in areas of high
productivity that are suitable for growing both high-quality timber as well as agricultural products. The
social acceptance of an expanding plantation forest industry, particularly into predominantly agricultural
landscapes, may prove challenging.

5.6.2 Environmental impacts and risks

Although plantation forestry has been shown to provide positive biodiversity and habitat benefit
opportunities, there is also the possibility of adverse environmental outcomes, especially associated with
the establishment of exotic plantation species, and associated risks of the unwanted spread of individuals
beyond the plantation boundary. Also on the negative side, growing forests can reduce water yield as a
result of increased transpiration, and hence can have detrimental impacts on catchment hydrology. For this
reason, there are currently in place requirements for purchasing water licences in some areas when
establishing plantation forests, although the current government has committed to removing this
requirement to help promote plantation expansion.

5.6.3 Co-benefits

As with Permanent Plantings, plantation forests have the potential to provide biodiversity habitat through
increasing landscape connectivity and vegetation complexity and can help ameliorate salinity. There are
also clear economic and social benefits of promoting a regionally based, viable and expanding plantation
industry.

5.7 Barriers to implementation:

5.7.1 Policy and regulatory environment

There are strict rules and regulations regarding the establishment of extensive new forested areas in most
parts of Australia, for example relating to NRM planning, impact on amenity values (both positive and
negative), and potential impacts on catchment water flows. These place an additional regulatory burden,
on top of the requirements for entering into carbon farming. Relaxation or removal of the current project
size limitations under the Farm Forestry methodology would also remove a significant existing barrier to
undertaking farm forestry projects.

5.7.2 Social licence and stakeholder acceptance

The long history of plantation forestry in many regions of Australia has led to broad social acceptance in
these areas, for example the Green Triangle region of Victoria and South Australia. However, expansion of
plantation forests into new regions, in the form of either farm forestry or commercial plantations, is likely
to be met with a varied response, particularly with respect to perceptions of replacement of agriculture by
tree farming. Like shelterbelts, careful planning and placement of trees in landscapes to avoid adverse
impacts and to promote co-benefits, will help mitigate these concerns.
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5.7.3 Technology performance variability

Carbon outcomes from planting trees is inherently variable, both across space (due to variation in soil type,
landscape position, etc.) and time (due to climatic variability, disturbances such as fire, etc.). As such this
adds an element of risk to the activity.

5.7.4 Financial proposition and costs and access to capital

The major barriers to implementation are most likely to be economic, such as transport costs for wood
products, the increasing price and availability of suitable production land, the non-performance of existing
plantations potentially limiting reinvestment, the availability of processing plants, and in some cases the
requirement for building new processing plants in newly developed plantation areas.

5.7.5 Industry supply chains and skills

A key limitation of establishing forest plantations is access to processing facilities for harvested wood
products. Traditional sawmills are concentrated near existing plantation growth areas, and transport costs
to get product to market are significant. Skills in establishing and maintaining for-harvest forests may not
be present in novel regions outside of where traditional plantation forestry activity has historically taken
place, particularly in the context of farm forestry. This could also be a market opportunity.

5.7.6 Market opportunities or market creation

One market opportunity is the development and establishment of novel uses for wood-based products,
such as bioenergy, biochar, and the extraction and use of aromatic oils. Extending for-harvest plantations
beyond the current spatial extent will require development of and access to new processing plants in these
new regions for them to be economically viable.

5.8 Scaling knowledge gaps

e Expansion of the analyses presented in this section to include a broader range of carbon prices,
land eligibility, and activities such as those associated with new market development.

e The social aspects of landholder and community acceptance and decision making is an important
dimension impacting both current and future activity. A deeper review of these issues would help
to better assess their contributions to scaling.

e The analyses presented here are tied to constraints of the 2017 Plantation Forests methodology,
and the constraints of the farm Forestry methodology, and the requirement to purchase water
offsets in certain circumstances. Further work is required to generalise the activities to be more
representative of current and potential future for-harvest plantation activities, including the
current government’s commitment to remove the requirements to purchase water offsets.

e Re-analysis of the farm forestry scenarios, with relaxation of the current project size limitations,
and a more considered approach to determining the feabile area of land would also provide a more
realistic assessment to total sequestration potential under this activity. Such a re-analysis would
involve integrating both the social and the economic aspects of decisions to integrate trees into
agricultural landscapes.
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6 Human induced Regeneration of Native Forest

Emission Type Avoided Negative
Enabling Capture Technology Biological Engineered
Enabling Storage Technology Biological Engineered

Table 6-1: Human induced regeneration of native forest technology type

6.1 Summary

Description and current uptake

Human induced regeneration of native forest involves implementing changes in the management of non-
forested land that promotes the establishment of native forest cover. Examples of management changes
include ending historical land clearing, reducing rates of domestic livestock grazing and controlling feral
browsers and grazers. Across Australia’s managed forests the greatest sequestration potential is in arid and
semi-arid woodlands that are primarily managed for rangeland grazing. The results from the analysis
include estimates of sequestration that is consistent with that achievable under the ERF Human Induced
Regeneration methodology that includes vegetation that meets Australia’s forest definition (potential
height >2m tall and canopy cover > 20%) and thus includes most of Australia’s forest and woodland
ecosystems), but does not include additional sequestration that could be achieved by restoring currently
degraded forests or shrublands, or changes in soil organic carbon. Further research is required to provide
estimates for these latter two components.

Based on Australia’s National Greenhouse Gas Inventory, current uptake indicates average annual
sequestration in naturally regenerating forests across Australia, over the period 2010-2020, of 20 Mt CO;-e
yr! (inclusive of living biomass, debris and soil carbon).

Sequestration potential

Technical sequestration associated with native regeneration of native forest is 60.1 Mt carbon dioxide
equivalents (CO,-e) per year (25-year annual average) covering 32.2 Mha. At a carbon price of $30t CO»-e,
the economic sequestration was estimated as 39.2 Mt CO,-e per year (25-year annual average) at a cost of
S5 per tonne.

Technology readiness potential and commercial readiness

The HIR methodology is popular and widespread, accounting for more than 50% of Australia’s total
contracted greenhouse gas (GHG) sequestration under the ERF. This uptake demonstrates a high
commercial readiness for technologies involved in native forest regeneration. The relative profitability is
mainly due to low upfront and opportunity costs.

Scalability, length of storage, measurement and verification

Activities associated with regeneration of native forest are readily scalable, with low fixed costs that are
independent of project extent, and minimal costs associated with project establishment and maintenance.

From the sequestration perspective, the main risks to storage are associated with changes in the climate
that affect the survival of young regenerating stands and the growth rates of mature stands. These can
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include changes in average and maximum temperature, which have the potential to reduce net primary
productivity and carbon sequestration rates. The main risk factor to permanence is mortality associated
with extreme drought.

Because regenerating native forest involves increasing the cover and density of trees across the landscape,
sequestration is readily visible from the ground and from space. Sequestration can be measured directly via
field measurement or estimated indirectly via modelling based on remotely sensed data.

Social, environmental impacts, risks and co-benefits

The large spatial extent of current and future native forest regeneration activities may change trends in
farm management, especially in marginal production areas, and this could have a social impact.
Environmental risks include the potential for regenerating forests to provide habitat for exotic species,
increased fire risk (through increasing fuel loads) and reduce overall landscape-scale water availability
(through intercepting runoff).

There are environmental benefits associated with restoring native forest, such as biodiversity recovery
(through improved habitat quality and extent for native fauna and flora). Increased ground cover can lead
to improved soil condition, reduced runoff and soil stabilisation. Social co-benefits include increased farm
profitability through expanded and diversified income streams, increased employment opportunities and
the potential to re-vitalise rural communities.

Barriers to implementation

Strong policy support and an established regulatory environment already exist for activities that regenerate
native forest. Their widespread adoption under the ERF suggests both broad stakeholder acceptance and
an accompanying social licence. While concerns have been raised about potential negative impacts, from
April 2022 the federal minister for agriculture has the power to prevent native forest regeneration projects
from going ahead if they are deemed to have an adverse impact on agricultural production or regional
communities.

Technology performance is unlikely to be a barrier to implementation. Natural regeneration of native
forests has relatively low start-up costs, and the majority of current activity occurs on land with relatively
low productivity. Regeneration activities are already supported by the ERF and its associated market
mechanism.

Scaling knowledge gaps

Further research should investigate the impacts, risks and benefits (positive and negative) of regenerating
native forests in both social and environmental contexts. This research would help minimise the potential
for negative outcomes and provide a sound basis for recognising and rewarding positive benefits. In
addition, future analyses should include a broader range of carbon prices and land eligibility, including
extending analyses to include management of existing degraded forests, and soil organic carbon.

38 | CSIRO Australia’s National Science Agency



Actual 2010-20 Technical potential Economic potential

—
20 Mt per year 60 Mt per year 39 Mt per year

TRL: 9 CRL:5-6  Cost: ~$5 pertonne  Length of storage: 25-100 years

Figure 6-1: Summary of human induced regeneration of native forest sequestration. Actual sequestration reflects
sequestration in all regenerating native forests in Australia over the period 2010-2020, as reported in Australia’s
annual National Greenhouse Gas Inventory. Actual sequestration includes soil carbon as well as living biomass and
forest debris, whereas the Potential and Economic potential estimates include only living biomass and debris.
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6.2 Description and current uptake

Human induced regeneration of native forest involves implementing a change in the management of non-
forested land that promotes the establishment of native forest cover, and where current land management
is actively suppressing forest recovery. Note that while both human induced regeneration of native forest
and avoided land clearing (Chapter 7) can involve the cessation of land clearing, human induced regeneration
involves promoting the re-establishment of forest cover on land where tree recovery is currently being
suppressed, whereas avoided land clearing involves the cessation of future clearing of land that has been
cleared historically, but has re-grown and currently meets the Australian forest definition for height (>2m)
and canopy cover (>20%).

Examples of land management changes that promote forest recovery include cessation of land clearing
(either mechanically, or through herbicide application), reduction in rates of domestic livestock grazing, and
control of feral browsers and grazers. Across Australia’s managed forests the greatest sequestration potential
is in the arid and semi-arid woodlands that are primarily managed for rangeland grazing, and that have been
subject to intensive vegetation management in the past, particularly repeated removal of tree cover to
promote pasture growth for livestock production. Although tree canopies in these ecosystems are typically
sparse, they are extensive enough in both height (>2m tall) and canopy cover (> 20%) to meet Australia’s
forest definition.

Results reported in Roxburgh et. al. (2020a) were used to provide estimates of future sequestration
associated with natural regeneration of native forests. As the analyses in that report were specific to
sequestration that could be achieved under current relevant ERF methodologies, they should be considered
a conservative assessment of sequestration that could be achieved more generally. Additional lands that
were excluded from that analysis, but which could also be managed to increase carbon stores, include (a)
forested areas that are currently degraded, but could be restored. Although not strictly forest regeneration,
such areas are potentially a valid source for future sequestration activity, and could include the recovery of
previously harvested native forests in more mesic environments (e.g. Roxburgh et al. 2006; Mackey et al.
2022); (b) areas that had forest cover within the required 10-year non-forest period specified by the ERF
methodologies; (c) inclusion of non-forest woody vegetation, such as shrublands; and (c) small isolated areas
that are unlikely to support ERF project activity, but which could support forest regeneration. The analyses
summarised below also exclude changes in soil carbon, given uncertainty associated with changes in soil
carbon following native forest management. Inclusion of these aspects to extend the current work would
require extensive new analysis.

Within Australia’s ERF there are two methodologies that involve the regeneration of native forest: Human
Induced Regeneration of a Permanent Even-Aged Native Forest (HIR) and Native Forest from Managed
Regrowth (NFEMR). Both methodologies require projects to promote the natural regeneration of native
vegetation through management changes that remove pressures that are preventing the establishment of
forest cover. Under the HIR methodology, ACCUs are awarded based on a change in management that
allows a forest to re-grow, with subsequent accounting of the accumulation of carbon in the recovering
vegetation and forest debris over time, and with forest cover required to be achieved within 15 — 20 years
from the commencement of regeneration. The NFFMR methodology operates by a similar mechanism but is
targeted towards lands that are currently being actively cleared, with one of the key requirements being
evidence for at least one past clearing event. Another difference between the two methodologies is that
some level of woody vegetation is allowed during the baseline period for NFFMR, with a requirement to
account for this baseline biomass in the sequestration calculation. To provide a spatially consistent and
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comprehensive estimate of potential and economic sequestration, only the HIR results are used for the
total sequestration figure below, with the NFFMR results included for completeness.

To provide an indication of current rates of sequestration under natural regeneration, results from Australia’s
National Greenhouse Gas Inventory!®, with values extracted from the AGEIS online database’, indicate
average annual sequestration, over the period 2010-2020, of 20 Mt CO-e yr? (inclusive of living biomass,
debris and soil carbon).

6.3 Sequestration potential

Estimate of sequestration Sequestration (Mt.yr ) Key evidence

Technical Potential® 60.1 Based on spatial modelling to identify potential
areas for future activity, and FullCAM simulations
to calculate sequestration potential (Roxburgh et

al. 2020a).
Economic potential by 20252 NA
Economic potential by 20352 NA
Economic potential by 20503 39.2 Based on discounted cash flow modelling of the

technical sequestration results, with an assumed
carbon price of $30 t CO»z-e, and a discount rate of
10% (Roxburgh et al. 2020a).

1The technical sequestration area excludes land occupied by current ERF projects undertaking HIR or NFfMR. Only the HIR total is
shown, as the potential land area for NfFMR is a small subset of that for HIR.

2The economic sequestration calculation did not take into account the possible time course of delivery, nor the staggering of new
projects over time, hence no time course of ACCU delivery is provided.

3The economic sequestration value represents the maximum sequestration achievable assuming all new potential projects could
be established over the near term (e.g. the next 1-2 years)
Table 6-2: Best estimate of Natural Regeneration of Native Forest sequestration potential

6.3.1 Technical sequestration

For both the HIR and NFfMR methodologies the FullCAM model was used as the basis for the sequestration
calculation, with the FullCAM forest growth equations applied continentally at a spatial resolution of 250 m
x 250 m.

HIR

To provide a comprehensive library of model results on which to base further analyses, FullCAM spatial
growth predictions of combined above- and below ground living biomass and forest debris were saved
annually from year 0 (with biomass and debris carbon stocks assumed to be 0.0) to year 30. The growth
model calibrations used in the simulations were for native forest regeneration on lands managed for grazing
(Blockums, Paul and Roxburgh 2020).

Whilst the FullCAM modelling provides a comprehensive ‘wall-to wall’ continental-scale library of forest
regeneration potential, for analysis of sequestration potential it was necessary to mask out those areas that
are either biophysically unsuitable (or otherwise unlikely) to support native forest regeneration activity.

16 National Inventory Report Volume 2. https://www.dcceew.gov.au/sites/default/files/documents/national-inventory-report-2020-volume-2.pdf

7 Department of Climate Change, Energy, the Environment and Water. 2022. Australian Greenhouse Emissions Information System (AGEIS).
https://ageis.climatechange.gov.au/ - accessed 22/08/2022.
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This was achieved by progressively applying a set of six spatial filters. These filters were selected on the basis
that they best reflect the biophysical and past management constraints that are most likely to support HIR
activity. No attempt was made to model potential changes in this extent in response to future changes in
climate, or other external drivers.

1.

Inclusion based on current land use

The first filter includes only land that is classified as grazed native vegetation, based on the Land Use
of Australia 2010-2011 coverage (ABARES 2017). The assumption is that HIR activity is most likely to
occur where there is current active management, and where there remains potential for natural
forest regeneration — i.e. lands managed for grazing. Including only grazed native vegetation
precludes some potential HIR areas that might be otherwise be eligible within conservation lands,
but these were considered negligible given the continental-scale of the current analysis.

Exclusion based on current forest cover

By definition, forest regeneration can only occur on land that is currently non-forested but has the
potential to attain forest cover, therefore, areas of land that are currently forested were excluded
from analysis. An additional ERF methodology constraint is that land must be non-forest for the
previous 10 years, and this was also included in the analyses reported here. The dataset used was
the National Forest and Sparse-Woody Vegetation Data version 3 (DoEE 2018a), with the 2018
coverage used to define current non-forested areas, and the historical record (2008-2018) to further
check that the land had been non-forest for the previous 10 years. This dataset is provided at a high
spatial resolution (approximately 25 m x 25 m continentally), and for data manageability was re-
sampled to 250 m x 250 m, recording the total number of forested 25 m x 25 m grid cells within each
target 250 m x 250 m grid cell.

Inclusion based on potential to support forest cover

To differentiate land that is currently naturally non-forest (such as grasslands and shrublands), from
land that is currently non-forest but has the potential to attain forest cover (and hence potentially
eligible under the HIR rules), the National Vegetation Inventory System (NVIS) pre-1750 classification
was used (DoEE 2018b). Only land that was mapped as potentially able to support forest cover was
included.

Proximity analysis: modified and transformed landscapes.

Recognising that HIR activity is not likely to occur in areas on largely intact or remnant vegetation, a
proximity analysis was conducted to include only grid cells that were within 10 km of modified or
transformed landscapes, as defined by the Vegetation, Assets, States and Transitions (VAST) v2.
Classification (Lesslie et al. 2010).

Proximity analysis: current forest cover

Recognising that HIR activity is not likely to occur in areas that are devoid of any existing forest cover
(to provide confidence forest cover can be attained, and to ensure the presence of some forest
regenerative capacity in the landscape), a proximity analysis was conducted to include only grid cells
that contained more than 5% forest cover within a 10 km radius of the target grid cell.

Exclusion of current HIR projects

Current ERF project areas (approximately 17.5M ha) were excluded from the analysis, on the basis
they are either currently forested, or will attain forest cover in the immediate future - and are hence
incompatible with additional forest regeneration activity.
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Intersecting the above constraints resulted in a total potential area for potential future HIR activity of 32.3
Mha, and an average annual unconstrained sequestration capacity of 60.1 Mt CO,-e yr! after 25 years growth
(Figure 6-2a).

NFfMR

Because of the overlap between NFfMR and HIR in terms of prior land use, current land use, and allowable
activities, the approach applied to the technical sequestration extent for HIR provided the basis for NFFMR.
To recognise the additional NFfMR requirement to demonstrate that the land had previously been cleared
of forest cover, only locations with evidence of a historical change in forest cover were included. The National
Forest and Sparse-Woody Vegetation Data version 3 (DoEE 2018a) was used to identify such areas, whereby
the 2018 coverage was used to identify current non-forested areas, and grid cells were included only if they
were identified as supporting forest cover at least once in the period 1988-2017. For data manageability the
forest cover dataset was re-sampled from 25m x 25m to 250 m x 250 m prior to analysis. Application of this
deforestation constraint resulted in a total economic potential extent of 2.04 Mha (Figure 6-2b).

There are some caveats associated with this economic potential extent. First, although it includes all lands
where vegetation cover is currently non-forest (i.e. at 2018) but with forest cover reported at least once in
the past (1988 - 2017), no attempt was made to attribute that change to ensure only transitions due to
human clearing were included. The economic potential extent therefore also includes forest-to-non-forest
transitions due to other processes, such as natural mortality. Second, because of the limited period of the
record, clearing events pre-1988 with no subsequent re-establishment of forest cover will not be identified.
The first limitation will tend to overestimate the potential area available; the second limitation will tend to
underestimate the area available. The degree of over- or under-estimation is unknown.

(a) (b)

Figure 6-2:. (a) Potential extent of future HIR project activity. (b) Potential extent of future NFfMR project activity.

Intersecting the areas in Figure 6-2 with the FullCAM modelling yielded the technical sequestration
estimates in Table 6-3.

Planting type 25yr sequestration  25yr annual average Area (MHa)
(Mt CO: e) (Mt COz eyr?)

Human Induced regeneration (HIR) 1502.5 60.1 32.3

Native Forest from Managed Regrowth 128.5 5.1 2.04

(NFfFMR)
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Table 6-3:Technical sequestration associated with the HIR and NFFMR methodologies for the areas identified in
Figure 6-2.

6.3.2 Economic sequestration

Under both the HIR and NFfMR activities it is important to differentiate between the area of land that is
assessed as potentially being able to support new plantings, and that is realistically available and that could
be planted — the economic sequestration subset. Consistent with prior work (Eady et al. 2009) a financial
filter was applied to limit the technical sequestration areas to the economic potential subset. Economic
viability was based on the direct and the opportunity costs of undertaking activities, compared against the
expected revenues. Discounted cash flow modelling was applied, whereby locations were flagged as being
likely to transition to carbon farming if the net present value (NPV) of the carbon farming activity exceeded
current profitability. A third constraint for HIR was also introduced, after recognising that the technical
sequestration extent (Figure 1) contains many areas with numerous individual small pixels (or groups of
pixels) that are unlikely to be sufficient in extent to support a viable project. To address this, a further
filtering was applied to remove areas that were below the limit of what is expected to support a minimum
project extent. Full details of this adjustment, and the associated economic modelling, are provided in
Roxburgh et al. (2020a). Because the economic sequestration is sensitive to the assumed carbon price,
minimum and maximum values are presented, corresponding to carbon prices of $15 t CO,-e and $30 t
COs-e, respectively (Table 6-4).

Note that no consideration was given in the analysis to additional factors that could limit future uptake of
natural regeneration of native forest activities, such as technological barriers, or sovereign risks such as
interventions of the minister under the CFl Rule amendment designed to prevent regeneration projects
from going ahead if they are deemed to have an adverse impact on agricultural production or regional
communities. Note also that the values in Table 6-4 represent maximum economic potential potentials, as
they do not consider the staggered introduction of new projects over time; rather, the values represent the
economic sequestration that could be achieved if all possible new projects could be established over the
short term (1-2 years). As discussed in the introductory section, only the HIR results are used for the final
reporting, given the NfFMR activities are embedded within the HIR subset.

Human Induced regeneration (HIR) 25yr sequestration  25yr annual average Area (MHa)
(Mt CO: e) (Mt CO2 eyr?)

Human Induced regeneration (HIR) 652.07 — 980.81 26.08 - 39.23 14.50—-22.46

Native Forest from Managed Regrowth 111.03 - 120.51 4.44 - 4.82 1.86-2.01

(NFFMR)

Table 6-4: Economic sequestration associated with the HIR and NFfMR methodologies. The ranges reflect two carbon
price assumptions, $15 t COz-e (lower bound) and $30 t COz-e (upper bound).

6.4 Technology Readiness Potential and Commercial Readiness

6.4.1 Technology Readiness

Technology Readiness S per tonne COze  Key Evidence

9 ~5 Only direct costs of undertaking activities are included
in the price, comprising project transactions costs
(assumed to be 25% of achieved sequestration), and
set up and annual maintenance costs (assumed to be
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$1 ha year? for the first five years, halving
thereafter).

Table 6-5: Technology readiness assessment for natural regeneration of native forest

Explanation:

Human Induced Regeneration is a popular and widespread methodology. The relative profitability is due
primarily to low upfront costs, and low opportunity costs associated with current land management in the
semi-arid areas in which the method is popular.

6.4.2 Commercial Readiness

Commercial Readiness Key Evidence

5-6 Widespread uptake of these methodologies demonstrates high commercial
readiness.

Table 6-6: Commercial readiness assessment for natural regeneration of native forest

Explanation:

Widespread uptake of these methodologies demonstrates high commercial readiness.

6.5 Scalability, Length of storage, Measurement and Verification

6.5.1 Scalability

Activities associated with regeneration of native forest are readily scalable, with low fixed costs that are
independent of project extent, and minimal costs associated with project establishment and maintenance.
Evidence for this can be seen in the uptake under the ERF, with large individual projects (average project
area approximately 60,000 ha) and with an overall areal coverage of approximately 17.5M ha (Roxburgh et
al. 2020a).

6.5.2 Length of Storage

From the perspective of sequestration accumulation, the main risks to storage are associated with changes
in the climate that affects the survivorship of young regenerating stands, and the growth rates of mature
stands. The main drivers are changes in average and maximum temperature, and the associated variables
potential evapotranspiration and relative humidity, which have the potential to reduce net primary
productivity, and hence rates of carbon sequestration. Regarding permanence, the main risk factor is from
mortality associated with extreme drought, although the ultimate consequences for carbon sequestration
are uncertain as they are a function of the combined rates of subsequent debris decay and other losses
(such as from termites), and rates of post-drought recovery (Roxburgh et al. 2020b). The drought risk is
exacerbated through the regional concentration of projects in northwest New South Wales, and southwest
Queensland. Because fire is not a major feature in the areas where these activities have been established,
or are likely to be established in the future, it is not considered a significant risk factor overall, although fire
does occur within the region, and hence individual projects should have in place appropriate fire
management plans. The key stage of vulnerability for these projects is during the establishment and early
years of growth.
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6.5.3 Measurement and Verification

Because the regenerating native forest activity involves increasing the cover and density of trees across the
landscape, the sequestration is readily visible from both the ground and from space. Sequestration can
therefore either be measured directly via field measurement or can be indirectly estimated via modelling
based on remotely sensed data, or via terrestrial carbon models calibrated specifically for quantifying
carbon in recovering vegetation, such as FullCAM (Paul and Roxburgh 2020). Field measurements across
large spatial scales are logistically prohibitive, particularly given the high spatial variability of biomass
characteristic of these environments, therefore measurement-informed modelling is both a robust and
practical alternative.

Under the ERF, sequestration estimates are based on the FullCAM model, however project proponents are
required to additionally demonstrate that forest cover is being achieved, e.g., through high resolution aerial
photography or direct field measurement. These requirements, combined with a need to carefully stratify
project areas to ensure existing forest, and land not capable of supporting forests in the future (e.g., salt-
affected areas), are excluded from the accounting provides a strong integrity check that biomass is
accumulating and forest cover is being achieved. Nevertheless, some technical elements of the way the
methodology has been implemented have been recently criticised, sparking debate on whether
sequestration in some contexts is truly additional (Mackintosh et al. 2021; Beare et al. 2021; Mackintosh et
al. 2022).

In response, the Australian Government has commissioned an independent expert panel to review the
integrity of Australian Carbon Credit Units (ACCUs) under the Emissions Reduction Fund. The Review will
consider whether particular methods subject to recent claims —including the human-induced regeneration
method — continue to comply with the scheme’s integrity standards

6.6 Social, environmental impacts, risks and co-benefits

6.6.1 Social impacts and risks

The spatial extent of current and future natural regeneration of natural forest regeneration activities is
significant at the continental-scale (Figure 6-3), and therefore has the potential to change trends in farm
management over extensive areas, especially in marginal production areas where carbon farming might
provide a more reliable income than traditional livestock farming. There are therefore concerns associated
with such widespread disruption to traditional farming practices that are social, environmental (for
example to potential to facilitate increases in exotic species, and concerns over increased fire risk), and that
are also related to the potential loss of agricultural productivity through reduced areas of grazing land. In
response to these potential impacts, from April 20228 the federal minister for agriculture has had the
power to prevent native forest regeneration projects from going ahead if they are deemed to have an
adverse impact on agricultural production or regional communities.

6.6.2 Environmental impacts and risks

The key environmental risks were introduced in the previous section and include the potential for
regenerating forest cover to provide habitat for exotic species; the potential for increased fuel loads across

18 https://www.minister.industry.gov.au/ministers/taylor/media-releases/rule-change-protect-agriculture-and-regional-communities
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the landscape to increase fire risk; and the potential for increased forest cover to intercept runoff and thus
reduce overall landscape-scale water availability.

6.6.3 Co-benefits

In contrast to the risks discussed above, there are numerous benefits associated with the restoration of
former native forest cover. These include the biodiversity benefits associated with the recovery of the
native forest flora, and improved habitat quality and extent for native fauna. Additional environmental
benefits include increased ground cover leading to improved soil condition, reduced runoff, and soil
stabilisation. Social co-benefits include increased farm profitability through expanded and diversified
income streams, increased employment opportunities, and the potential to re-vitalise rural communities
(Bustamante 2014).

6.7 Barriers to implementation:

6.7.1 Policy and regulatory environment

As the most significant sequestration technology currently under the ERF, there already exists strong policy
support and an established regulatory environment for natural regeneration of native forest activities.

6.7.2 Social licence and stakeholder acceptance

The widespread adoption of regenerating native forest activities across the continent under the ERF
suggests both broad stakeholder acceptance, and accompanying social licence to operate, although some
concerns have been raised regarding potential negative impacts on local communities, agricultural
productivity and the environment (section 6.6.1 above). The extent to which the new ministerial powers
will act to reduce the rate of future project uptake remains to be seen.

6.7.3 Technology performance variability

Variability in technology performance is unlikely to be a barrier to implementation for regenerating native
forest activities, given the transparent and clear evidence of successful sequestration that can be directly
observed, and the sound basis and high confidence on which key technological interventions (e.g., ceasing
land clearing) are known to promote sequestration. Other interventions, such as reduced or modified
grazing pressure, or management of feral populations, are less well documented scientifically, and may be
spatially variable in the success of their application (Paul et al 2016).

6.7.4 Financial proposition and costs and access to capital

Natural regeneration of native forests has relatively low start-up costs, and most of the current activity
occurs on relatively low productivity land, and hence the opportunity costs are also relatively low.
Together, this combination of financial factors has made these activities profitable at relatively low carbon
prices of < $20 tCO,-e and has supported rapid uptake. With increases in the carbon price, additional land
areas in more productive regions are expected to become profitable, with expected expansion of projects
into these regions.
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6.7.5 Industry supply chains and skills

From a technological perspective, natural regeneration of native forests is a relatively straightforward and
easy to implement solution, not requiring investment in complex machinery, nor specialist skills training to
facilitate project implementation. Industry supply chains and skills are therefore unlikely to provide
significant barriers to implementation.

6.7.6 Market opportunities or market creation

Natural regeneration of native forest activities are already supported by the ERF and its associated market
mechanism, with ACCUs purchased either directly by government, or traded on the open market.

6.8 Scaling knowledge gaps:

Scaling knowledge gaps include:

1. Targeted investigation and quantification of the social and environmental impacts and risks, co-
benefits and dis-benefits of regenerating native forests, to minimise the potential for perverse
outcomes, and to provide a sound basis for recognising and rewarding positive benefits.

2. Expansion of the analyses presented in this section to include a broader range of carbon prices and
land eligibility, beyond those that are consistent within the constraints of the ERF framework. This
includes extending analyses to include forest degradation, non-forested woody ecosystems such as
shrublands, and the inclusion of soil organic carbon.
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7 Avoided Land Clearing

Emission Type Avoided Negative
Enabling Capture Technology Biological Engineered
Enabling Storage Technology Biological Engineered

Table 7-1: Avoided land clearing technology type

7.1 Summary

Description and current uptake

Avoided land clearing aims to achieve carbon sequestration by retaining areas of native vegetation that
would otherwise have been cleared. Sequestration is based on preventing existing ‘mature’ vegetation

from being cleared or by stopping repeated clearing in vegetation that is recovering from past clearing

event(s).

The analyses in this chapter are based on the Avoided Clearing ERF methodology, and thus the
sequestration estimates exclude soil carbon, and include constraints associated with a requirement to
demonstrate an unrestricted right to clear the land. Further analyses are required to extend the results
presented here to include broader coverage of all lands subject to past clearing. No estimate of current
uptake is available for avoided land clearing, due to difficulties in identifying land areas where deliberate
decisions were made to cease clearing activity.

Sequestration potential

Technical sequestration associated with avoided clearing of native regrowth over an area of 1.38 Mha is
estimated to be 9.2 Mt carbon dioxide equivalents (CO,-e) per year (25-year annual average). At a carbon
price of $30 t CO,-e, economic sequestration associated with the methodology is estimated to be 7.74 Mt
CO;-e per year (25-year annual average) over 1.18 Mha at a cost of $5-$10 per tonne.

Technology readiness potential and commercial readiness

Avoided land clearing activities are well established and are similar to other activities associated with
vegetation management, thus there are few technological barriers. The low number of ERF projects under
this methodology suggest certain settings are not favourable to widespread roll out at this stage. Possible
reasons for this include the strict requirements of the methodology.

Scalability, length of storage, measurement and verification

The difference between potential and economic sequestration is smaller for this activity than for other
methods involving the management of vegetation, with approximately 80% of the technical sequestration
deemed to be economic potential. The majority of the identified opportunity involves the management of
Category ‘X’ vegetation in Queensland (Category X vegetation includes areas of regrowth not generally
regulated by vegetation management legislation).
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Avoided land clearing activities involve the protection of existing vegetation, so the risks to accumulation
are low. The main risks associated with sequestration permanence are associated with extreme drought,
and rates of post-drought recovery.

Because avoided land clearing involves increasing the cover and density of trees across the landscape,
sequestration is readily visible from the ground and from space. Sequestration can be measured directly via
field measurement or estimated indirectly via modelling or based on remotely sensed data.

Social, environmental impacts, risks and co-benefits

Most social impacts of avoided land clearing activities are related to reduced production (primarily beef) on
land managed for regrowth. Impacts associated with this change could flow on to local communities that
historically have been based on rangeland production rather than carbon farming.

Environmental impacts of retaining and increasing native forest cover are likely to be mostly positive (such
as habitat restoration and biodiversity recovery). Additional impacts may arise from subsequent changes to
the proportion of overstory (trees and shrubs) and understory (predominantly grasses) vegetation, with
possible implications for accessibility, ground cover, surface erosion and runoff. In the areas most suited to
the avoided clearing activity the fire risk is relatively higher than the natural regeneration of native forest
activity, due to higher productivity and greater contiguity of ground fuels

In addition to sequestration of carbon and diversification of farm incomes, the primary co-benefits
associated with avoided land clearing therefore involve ecosystem restoration.

Barriers to implementation

The policy and regulatory environment for implementing avoided land clearing of native regrowth
technologies requires documented evidence for a number of criteria. Easing some of these restrictions
might extend the area where the technology could be applied and increase the total technical
sequestration. In general, preventing vegetation loss has stakeholder acceptance and social licence, but
does come with concerns over changes to traditional land management.

Variability in technology performance is unlikely to be a barrier to implementation, the main technological
intervention (ceasing land clearing) is known to protect carbon stores that would otherwise have been lost
to the atmosphere. Avoided land clearing has relatively low start-up costs and removes the costs of any
future clearing. The activities are relatively straightforward and easy to implement, not requiring complex
machinery or specialist skills.

Scaling knowledge gaps

Further investigation is needed to expand the analyses to include a broader range of carbon prices and land
eligibility, and to explore relaxing some of the regulatory assumptions underlying the current analysis.
Given the identified economic viability and sequestration potential, future studies should look more closely
at the current barriers to participation.
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Actual 2010-20 Technical potential Economic potential

Unknown 9.2 Mt per year 7.7 Mt per year

TRL: 9 CRL:2-3  Cost: $5-510 per tonne  Length of storage: 25-100 years

Figure 7-1: Summary of Avoided Clearing. Actual sequestration for avoided clearing is not readily available from the
AGEIS database, due to difficulties in identifying land areas where deliberate decisions were made to cease clearing
activity. To provide some broader context, average annual re-clearing rate of previously cleared forested land
(2010-2020) were 358,200 ha yrt.
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7.2 Description and current uptake

Avoided land clearing recognises sequestration from retaining areas of native vegetation that would
otherwise have been cleared as part of ‘business as usual’ management activities. Sequestration can either
be based on preventing existing ‘mature’ vegetation from being cleared, or the cessation of repeated clearing
of vegetation that is in the process of recovering from a past clearing event(s). A key component of the
activity is therefore demonstrating that the vegetation would, indeed, have been cleared during the normal
course of events. This proof could be in the form of a sustained historical record of repeated clearing, or
documented proof of intent to clear, for example through possession of a valid land clearing permit. Whilst
itis plausible that there are soil carbon benefits to avoided land clearing, a lack of empirical evidence prevents
this pool currently being included in any accounting frameworks. There is, however, clear evidence for
positive carbon benefits associated with the protection of living biomass, and debris.

In theory, Avoided Clearing could be applied to any vegetation that is planned to be cleared, such as
shrublands or other non-forest ecosystems. In practice, and as implemented in the ERF, the activity is limited
to avoided land clearing of forested vegetation. Assessing the potential eligible area where a valid land
clearing activity could take place is more challenging than other activities, due to additional criteria
associated with tenure and intended future land management, over and above biophysical considerations.
To partially address this, the analysis of existing ERF methods forms the basis of the sequestration estimates
reported here. In particular, the Avoided Clearing of Native Regrowth (2015) methodology provides a set of
criteria associated with evidential proof for past clearing activity, and establishing legal rights to undertake
the clearing, that would likely be common criteria for broader implementation of this activity.

In addition to the Avoided Clearing of Native Regrowth (2015) methodology, there is also the Avoided
Deforestation (2015) methodology, that also address avoided clearing. Although both methodologies seek to
reward the same basic sequestration mechanism, the eligibility requirements for each, and method of
sequestration calculation, differ.

The Avoided Clearing of Native Regrowth methodology has had relatively limited uptake, amounting to just
0.2% of the total ERF contract portfolio. Sequestration under the method is calculated using FullCAM. The
key requirement is a need to provide evidence of the two most recent clearing events. There is also a
requirement to demonstrate that the vegetation satisfies the requirements of forest cover, that the forest
comprises native species, that there is an unrestricted right to clear the land, and that following clearing the
forest regenerates. There is also a requirement that each Carbon Estimation Area (CEA) within a project
shares the same management history. This latter requirement was not able to be verified in the analysis of
technical sequestration described below, due to the scale at which the clearing data were available, although
it is recognised that this constraint could, in practice, significantly reduce the sequestration potential. The
analyses below should therefore be interpreted as the maximum potential under the method, in the absence
of the requirement to demonstrate uniformity in management at the scale of individual CEAs.

In contrast the Avoided Deforestation method has seen more widespread uptake, amounting to 12.2% of the
total ERF contract portfolio. The key eligibility requirement for the Avoided Deforestation methodology is the
possession of a valid clearing consent that was issued before 1 July 2010, for the purposes of permanent
conversion of forest cover to cropland or grassland. In effect, this limited the scope of the activity to
properties in NSW that had permits to clear vegetation through an Invasive Native Scrub Property Vegetation
Plan (INS PVP), issued prior to 2010 under the New South Wales Native Vegetation Act 2003 (repealed 2017).
Analysis of the remaining unrelinquished permits indicates some potential for new project activity (up to 5
Mt CO.-e yr'l; Roxburgh et al. 2020a), however it is likely that these remaining permits have not been
relinquished for reasons external to the assumptions in that analysis, and Roxburgh et al. (2020a) concluded
future sequestration under this methodology is likely negligible. For these reasons it is not considered
further, with the analysis below based only on Avoided Clearing.
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To provide some broader context to land clearing activity in Australia, over the period 2010-2020 the average
annual area of secondary land clearing (i.e., re-clearing of land that had been cleared at least once previously)
was 358,200 ha yr. This is approximately 26% of the total potential land area identified in the Sequestration
Potential section below (land clearing data from Australia’s National Greenhouse Gas Inventory®®, with values
extracted from the AGEIS online database®).

7.3 Sequestration potential

Estimate of sequestration Sequestration (Mt.yr ) Key evidence

Technical Potential 9.2 Based on spatial modelling to identify potential
areas for future activity, and FullCAM simulations
to calculate sequestration potential (Roxburgh et

al. 2020a).
Economic potential by 2025 NA
Economic potential by 2035 NA
Economic potential by 2050 7.7 Based on discounted cash flow modelling of the

technical sequestration results, with an assumed
carbon price of $30 t CO»-e, and a discount rate of
10% (Roxburgh et al. 2020a).

IThe economic sequestration calculation did not consider the possible time course of delivery, nor the staggering of new projects
over time, hence no time course of ACCU delivery is provided. The economic sequestration value represents the maximum
sequestration achievable assuming all new potential projects could be established over the near term (e.g., the next 1-2 years).
Table 7-2: Best estimate of Avoided Land Clearing sequestration potential

7.3.1 Technical sequestration

A key input to the calculation of the technical sequestration extent is knowledge of the land areas that are
currently forest, but that have been cleared at least twice in the past. This information was provided by the
Department of Industry, Science, Energy and Resources (DISER, now DCCEEW) at the scale of SA2 regions
(ABS 2011), from the national greenhouse gas National Inventory System (NIS) spatial database. The
economic potential extent was therefore defined by the SA2 regional extent, with only the total area of
available land within each region known (and not the exact location). A further assumption was that avoided
clearing activity will occur in areas of grazed native vegetation (GNV) (ABARES 2017). Within each SA2 the
area of land that is currently forested but has been subject to two prior clearing events (area ‘A’) was
compared to the area of GNV (area ‘B’). When area ‘A’ exceeded area ‘B’ the total eligible area was taken to
be ‘Area ‘B’. Conversely, if area ‘B’ exceeded area ‘A’, then the total eligible area was taken to be area ‘A’.

To include the requirement that there must be an unrestricted right to clear the land, further filtering was
required. For Queensland, only the subset of the potential area that comprised Category ‘X’ vegetation was
retained for analysis. For the Northern Territory, the potential area comprised existing land clearing permit
extents (available at https://nrmaps.nt.gov.au/nrmaps.html). For the remaining states and territories, it was
assumed that land with forest that was greater than 20 years of age was ineligible. The current age of the
forest was also provided by DISER, from the NIS spatial database.

19 National Inventory Report Volume 2. https://www.dcceew.gov.au/sites/default/files/documents/national-inventory-report-2020-volume-2.pdf

20 Department of Climate Change, Energy, the Environment and Water. 2022. Australian Greenhouse Emissions Information System (AGEIS).
https://ageis.climatechange.gov.au/ - accessed 22/08/2022.
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Technical sequestration for each SA2 region was calculated using the FullCAM tree yield formula with
expansion factors (to obtain root biomass and debris from above-ground biomass) calculated from the
continental-scale spatial library of spatial Blockius simulations described in the natural regeneration of native
forest chapter.

Because the precise spatial locations of the economic potential areas within each SA2 were unknown, a single
representative FullCAM simulation for each SA2 was run, using the mean maximum above-ground biomass
parameter within the grazed native vegetation extent within each SA2, and using the Blockive growth
parameters. A baseline clearing interval of 15 years was assumed and subtracted from the project simulation
assuming no clearing. Through this analysis, the total eligible area was 1.382 Mha, with a potential average
annual sequestration 9.21 Mt CO,-e yr. (Figure 7-2).

Table 7-3: Technical sequestration associated with the Avoided Clearing of native Regrowth methodology for the area
identified in Figure 1.

Planting type 25yr sequestration  25yr annual average Area (MHa)
(Mt CO: e) (Mt CO2 eyr?)
Avoided Clearing of Native regrowth 230.13 9.21 1.382

25 year abatement per SA2 (tCO2-g)
0-213,349

213,350 - 786,183

786,184 - 1,758,923

m 1,758,924 - 3,47,0086

m 3,470,087 - 549,1553

Figure 7-2: Statistical local area’s (SA2s) economic potential for Avoided clearing, based on a 15 year baseline
assumption, $144 ha clearing costs and initial costs of $10 ha, and a carbon price of $30 t CO2-e*. Red SA2 regions
are those that contain economic potential areas, and the black symbols are proportional to the total available area
within each region.

7.3.2 Economic sequestration

As per the analysis in the Natural Regeneration of Native Forest section, the total potential area comprised
a number of small, isolated patches of eligible land that were deemed unlikely to be large enough to support
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aviable project. Therefore, areas of land that were less than 25 ha in extent and that were greater than 50km
from the nearest eligible patch of land greater than 25 ha were excluded from the economic analysis. This
resulted in a reduction in the economic potential area from 1.382 Mha to 1.239 Mha.

Consistent with prior work (Eady et al. 2009) economic filters in addition to the adjustment for project area
were applied to limit the technical sequestration areas to the economic potential subset. The assessment of
economic viability included both the direct and the opportunity costs of undertaking activities (including
lost income from reduced cattle grazing potential), which are compared against the expected revenues.
Discounted cash flow modelling was applied, whereby locations were flagged as being likely to transition to
carbon farming if the net present value (NPV) of the carbon farming activity exceeded current profitability.
Full details of the economic modelling are provided in Roxburgh et al. (2020a). Because the economic
sequestration is sensitive to the assumed carbon price, minimum and maximum values are presented,
corresponding to carbon prices of $15 t CO,-e and $30 t CO»-e, respectively. For reporting in Figure 7.2, the
sequestration associated with the $30 t CO-e carbon price was used.

Planting type 25yr sequestration  25yr annual average Area (MHa)

(Mt CO: e) (Mt CO2 eyr?)

Avoided Clearing of Native regrowth 178.25 - 193.52 7.13-7.74 1.10-1.18

Table 7-4: Economic sequestration associated with the Avoided Clearing methodology. The ranges reflect two
carbon price assumptions, $15 t CO2-e (lower bound) and $30 t CO2-e (upper bound).

74 Technology Readiness Potential and Commercial Readiness

7.4.1 Technology Readiness

Technology readiness $ per tonne COze Key Evidence

9 ~5-10 Only direct costs of undertaking activities are
included in the price, comprising project
transactions costs (assumed to be 25% of
achieved sequestration), and establishment costs
(510 ha).

Table 7-5: Avoided Land Clearing Technology Readiness Level

Explanation:

The basis of the sequestration calculation is very similar to that for Natural Regeneration of Native Forest,
except rather than account for accumulated sequestration over time, avoided losses of existing vegetation
are estimated. The tools for undertaking such accounting are well established and are similar to other
activities associated with vegetation management, thus there are few technological barriers.

7.4.2 Commercial Readiness

Commercial Readiness Key Evidence

2-3 The low number of projects under this methodology suggest some settings are
unfavourable to widespread roll out at this stage, particularly given the
favourable cost per tonne of sequestration.
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Table 7-6: Avoided Land Clearing Commercial Readiness Level

Explanation:

The low number of ERF projects under this methodology suggest certain settings are not favourable to
widespread roll out at this stage. Consideration of the rules associated with the methodology suggest three
possible reasons. One is the evidentiary requirements to document at least two past clearing events, which
may prove a barrier if one or more clearing events was undertaken prior to the availability of suitable aerial
or remote sensing records. A second is the requirement to demonstrate the vegetation satisfies forest
cover, precluding inclusion of managing non-forest woody vegetation. The third is the requirement that
each Carbon Estimation Area (CEA) within a project shares the same management history, which would
require detailed spatial records of past management activity to identify and demarcate homogenous areas.
This latter constraint was not included in the estimates reported here.

Comparison of current (2010-2020) rates of secondary clearing (358.2 kha yr?, Section 7.2 ) are similar to
previous decades (1990-2010), with an average 377.1 kha yr. This may suggest some reliability in the
availability of land on which to undertake Avoided Land Clearing activity into the future, although future
availability could be sensitive to changes in land clearing legislation.

7.5 Scalability, Length of storage, Measurement and Verification

7.5.1 Scalability

The difference between what is possible and what has economic potential is less for this activity than other
methods involving the management of vegetation, with approximately 80% of the technical sequestration
deemed to be economic. The reasons for the low take up thus far therefore deserve further scrutiny.
Additionally, broadening the definition of eligible land beyond forests could expand the potential area
available, and the technical sequestration.

7.5.2 Length of storage.

Because the avoided land clearing activity involves the protection of existing vegetation, the question of
risks to accumulation are less relevant, particularly where past regeneration was based on vegetative
recovery rather than seedbanks, thus avoiding the vulnerable seedling stage of regeneration. Given the
requirement for the vegetation to be pre-existing, this suggests the most vulnerable regrowth stages would
already have been successfully navigated. Although less relevant, risks to accumulation in areas that have
been more recently cleared will be higher, with susceptibility to climatic extremeness (droughts,
heatwaves, frost), and fire disturbance. The main risks associated with sequestration permanence include
mortality associated with extreme drought, and rates of post-drought recovery. In the areas most suited to
the Avoided Clearing methodology the fire risk is relatively higher than the natural regeneration of native
forest activity, due to higher productivity and greater contiguity of ground fuels (Roxburgh et al. 2020b).

7.5.3 Measurement and Verification

Because the activity involves avoiding the loss of current vegetation, the sequestration is readily visible
from both the ground and from space. Sequestration can therefore either be measured directly via field
measurement or can be indirectly estimated via modelling based on remotely sensed data, or via terrestrial
carbon models calibrated specifically for quantifying carbon in recovering vegetation, such as FullCAM (Paul
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and Roxburgh 2020). Field measurements across large spatial scales are logistically prohibitive, particularly
given the high spatial variability of biomass characteristic of these environments, therefore measurement-
informed modelling is both a robust and practical alternative. There is potential to improve current tools
for measurement, reporting and verification (MRV), for example the development of methods based on
satellite imagery to provide continental-scale consistency in the detection of changes in vegetation cover,
which could also potentially be extended to include non-forested woody vegetation.

7.6 Social, environmental impacts, risks and co-benefits

7.6.1 Social impacts and risks

The main social impacts of implementing the activity are related to reduced production (primarily beef) on
the lands that are managed for regrowth, and associated impacts on local communities that have been
historically based on rangeland production rather than carbon farming. However, the scale of the potential
identified here (in the order of 1-2 Mha continentally) suggests such effects might be limited, or localised.

7.6.2 Environmental impacts and risks

The environmental impacts of retaining and increasing native forest cover are likely to be mostly positive,
associated with habitat restoration and biodiversity recovery. There may be additional impacts associated
with subsequent changes to the proportion of overstory (trees and shrubs) and understory (predominantly
grasses) vegetation, with possible implications for accessibility, ground cover, surface erosion, and runoff.
There are also potential fire risks associated with increased vegetation cover, although changes in the
balance between surface and elevated fuels makes generalisation difficult. These potential impacts require
further attention.

7.6.3 Co-benefits

Similar to promoting the Natural Regeneration of Native Forests, and in addition to diversification of farm
incomes, the primary co-benefits associated with Avoided Land Clearing involve ecosystem restoration,
particularly the recovery of habitat for both flora and fauna. Most of the identified opportunity involves the
management of Category ‘X’ vegetation in Queensland (Figure 7.3). Given this vegetation type includes
‘endangered’ or ‘of concern’ Brigalow ecosystems, the biodiversity gains and potentially significant.

7.7 Barriers to implementation:

7.7.1 Policy and regulatory environment

The economic favourability of avoided clearing arises from moderate rates of per ha sequestration
(averaging 6.6 t COz-e ha™ yr'!) combined with low upfront costs and model-based sequestration estimates
that avoid costs associated with field-based measurement. These results raise the question as to why this
methodology has had low participation thus far — and given the moderate to high technical sequestration
identified, this deserves closer attention. One possible reason is high beef and property prices, where a
carbon price in excess of $30 t CO,-e may still be insufficient for carbon farming to be considered an
economically viable land use. Also, as noted in Section 7.4.2, it is possible the requirements to provide
documented evidence for past clearing events, to demonstrate subsequent regeneration, to demonstrate
an unrestricted right to clear the land, and the requirement that all CEAs share the same management
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history, have together proved to be a barrier to adoption. Easing some of these restrictions could extend
the area of applicability and total technical sequestration.

Recent claims questioning the additionality of sequestration under the Avoided Deforestation methodology
(Macintosh et al. 2022) highlight the complexities of defining and establishing rules that involve both
regulatory (based on providing external proof of clearing intent) as well as biophysical considerations for
identifying eligible areas for activity.

In response, the Australian Government has commissioned an independent expert panel to review the
integrity of Australian Carbon Credit Units (ACCUs) under the Emissions Reduction Fund. The Review will
consider whether particular methods subject to recent claims continue to comply with the scheme’s
integrity standards.

7.7.2 Social licence and stakeholder acceptance

The Avoided Land Clearing activity is the converse of the Natural Regeneration of Native Forests activity, in
that rather than promoting native forest regeneration, the activity is focused on preventing vegetation loss
to start with. Therefore, social licence and stakeholder acceptance might be expected to be similar, with
general acceptance but with some concerns over changes to traditional land management. One
differentiating factor between the two activities is that the Avoided Land Clearing activity is likely to occur
in higher rainfall, more productive regions, which may involve different social considerations given the
potential for differences in farming practices.

7.7.3 Technology performance variability

Variability in technology performance is unlikely to be a barrier to implementation for Avoided Land
Clearing activities, given the transparent and clear evidence of successful sequestration that can be directly
observed, and the sound basis and high confidence on which the main technological intervention (ceasing
land clearing) is known to protect carbon stores that would otherwise have been lost to the atmosphere.

7.7.4 Financial proposition and costs and access to capital

Avoided Land Clearing has relatively low start-up costs, with additional savings in removing the costs of
future clearing. Taken together, the economic analysis indicated general economic favourability for this
activity.

7.7.5 Industry supply chains and skills

From a technological perspective, Avoided Land Clearing is a relatively straightforward and easy to
implement solution, not requiring investment in complex machinery, nor specialist skills training to
facilitate project implementation. Industry supply chains and skills are therefore unlikely to provide
significant barriers to implementation.

7.7.6 Market opportunities or market creation

Avoided land Clearing is already supported by the ERF and its associated market mechanism, with ACCUs
purchased either directly by government, or traded on the open market. The early success and rapid uptake
of the Avoided Deforestation ERF methodology demonstrated the viability of the activity under the right
settings (although see Section 7.7.1 regarding questions over additionality). The economic analyses
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undertaken here show, in general, strong potential for increased participation in this activity. Further
analysis is required to better understand the current barriers.

7.8 Scaling knowledge gaps:

Scaling knowledge gaps include:

1. Expansion of the analyses presented in this section to include a broader range of carbon prices and
land eligibility, beyond those that are consistent within the constraints of the ERF framework.

2. Exploration of the potential to extend avoided clearing activity to include non-forested woody
vegetation.

3. Exploration of relaxing some of the assumptions underlying the current analysis, including relaxing
the requirement for existing vegetation to meet the forest cover definition to include all woody
vegetation more broadly; relaxing the proof requirements to demonstrate at least two past clearing
events; and the requirement to stratify projects into homogenous land management units. Avoided
emissions from the displacement of grazing cattle could also be included as part of a revised
feasibility analysis, although understanding how much of that reduced grazing pressure would
simply be shifted elsewhere (leakage) is an open question.

4. Further analysis of the current barriers to participation, given the economic viability and
sequestration potential identified (up to approximately 8 Mt CO»-e halyr?).
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8 Savanna Fire Management

Emission Type Avoided Negative
Enabling Capture Technology Biological Engineered
Enabling Storage Technology Biological Engineered

Table 8-1: Savanna fire management technology type

8.1 Summary

Description and current uptake

Savanna fire management (or savanna burning) involves increasing the prevalence of cooler, early dry
season fires with the intention of reducing large, high intensity, late dry season fires, based on the
assumption that seasonality (fire timing) is sufficient to capture broad patterns of fire intensity. This land
management practice has two potential pathways for abatement: reducing greenhouse gas (GHG)
emissions (emissions avoidance) from the late dry season fires, and increasing carbon being sequestered in
dead organic matter and living vegetation (sequestration). Only the sequestration component is included in
this chapter.

Analyses reported here are based on existing ERF methodologies, which limit the sequestration component
to detached (on-ground) dead organic matter. It has been proposed the new savanna fire management
methodology, that is currently under development??, will additionally include standing dead organic matter
and sequestration in live biomass, and will also extend the spatial extent of eligible activity area to include a
new vegetation fuel class, Pindan. Soil carbon sequestration is excluded, given incomplete understanding of
changes in soil carbon following savanna fire management.

In practice, savanna burning activities are restricted to areas with frequent fire (with fire return intervals
from approximately every 7 years up to every 1-2 years). In Australia, current savanna burning activities
are restricted to two rainfall zones in northern Australia: 600—1,000 mm annual rainfall, and >1,000 mm
annual rainfall (where most of the current activity occurs).

Results from Australia’s annual national greenhouse gas accounting report current sequestration of 5.6 Mt
CO;-e yr! averaged over the years 2016-2020, which includes living biomass, debris and soil carbon.

Sequestration potential

Potential land area for savanna burning projects includes land covered by eligible vegetation fuel types
within each of the two rainfall zones. The identified area of technical sequestration was identified to be
more than 80 Mha, with a total technical sequestration of 6.19 Mt carbon dioxide equivalents (CO,-e) per
year (25-year annual average). At a carbon price of $30 t CO»-e, all the technical sequestration was deemed
to be economic (6.19 Mt per year) at a cost of $5 per tonne.

21 https://www.cleanenergyregulator.gov.au/ERF/Pages/Method%20development%20tracker/Method-development-tracker.aspx#Savanna-fire-
management
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Technology readiness potential and commercial readiness

Savanna burning sequestration estimation protocols are well established and based on extensive scientific
study. Abatement based on emissions avoidance is well established in the market, with several commercial
providers already demonstrating commercial readiness. However, despite the potential for significant
sequestration and seeming financial favourability, there has been limited interest in adding sequestration.
This may be due to a reluctance to commit to permanent sequestration activities (involving maintaining the
activity for the next 25-100 years).

Scalability, length of storage, measurement and verification

There are currently more savanna burning emissions avoidance projects under the ERF in the high rainfall
zone compared to the low rainfall zone. This suggests a role for factors outside of the modelling
assumptions, such as lower biomass (and hence lower sequestration potential) in more arid areas, and less
reliable fire return intervals.

Sequestration projects, requiring ongoing maintenance of fire management to maintain benefits, face risks
such as persistent water stress leading to a decline in maximum biomass potential and lower technical
sequestration, and changes in the timing of current fire regimes resulting from climate change.

Social, environmental impacts, risks and co-benefits

There have been significant positive social impacts associated with the introduction of savanna burning
across northern Australia, including employment opportunities and associated support for Indigenous
communities. In addition, there are significant positive environmental impacts, including increased ground
cover, reduced mortality of flora and fauna, reduction in the spread of invasive Gamba Grass, and the
protection of fire-sensitive ecosystems. However, there are situations where intense, late fires might be a
necessary management tool and removing them from the landscape could be detrimental.

Savanna fire management has wide range of co-benefits, in addition to carbon sequestration. Biodiversity
outcomes have the potential to include increased protection of vulnerable biodiversity, with additional
benefits from reducing soil erosion and stream sediment transport. Savanna burning projects have also led
to enhanced engagement with local Indigenous communities and individuals, improved employment
prospects in regional northern Australia, and expanded the institutional capacity of local management
organisations.

Unlike other sequestration activities, such as reforestation where once trees are established the
sequestration is self-sustaining, long-term storage under savanna fire management requires ongoing
application of the fire management treatment. A significant risk to sequestration is therefore cessation of
fire management through changes in land management, leading to the reversal of any sequestration gains.

There are also risks to sequestration associated with increases in temperature, that are projected to be
most extreme in the regions where savanna fire management projects occur. Increasing temperatures have
the potential to impact plant growth, and hence rates of sequestration. Savanna regions are also impacted
by cyclones, and these are projected to intensify. Increasingly extreme bushfire weather through increasing
temperatures, VPD and other climatic drivers poses an additional risk to storage, whereby changing fire
regimes, with overall increases in fire severity, have the potential to negate fire management interventions.

Barriers to implementation

Recent changes to the savanna burning methodology (to allow sequestration as well as emissions
avoidance) have not led to uptake of sequestration options. Given the changes, it appears barriers to
adoption of sequestration activities may not be limitations in the regulatory or policy framework but may
be social (such as limiting future land management options due to the permanent nature of sequestration
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activities). Recognition of the many co-benefits associated with the technology confers a broad social
license and stakeholder acceptance.

Implementation of savanna burning projects can require significant technological input. Spatial analysis and
GIS skills are needed to develop project extents and mapping. Expertise is required to identify eligible
vegetation types across the landscape. Advanced aerial technologies may be needed, such as automated
delivery of incendiary devices from aircraft.

Savanna burning is already supported by the ERF and its associated market mechanism. Successful savanna
burning sequestration projects have demonstrated the viability of the activity, given the right settings.

Scaling knowledge gaps

Further investigation is needed into the current barriers for participation in savanna emissions avoidance
and sequestration activities. This includes looking into social, policy and project implementation issues.
Extension of the analyses to include sequestration in standing dead material and living biomass, and
extension into new regions, is required to generalise the results presented here. Extending methods based
on remote sensing to quantify fire severity, in addition to area burnt, could provide greater temporal
resolution, and increase the accuracy of savanna fire management activity measurement and verification.

ENABLERS
* Research into determining current barriers to uptake

Technical Economic
potential 2050 MM potential 2050
6 Mt per year 6 Mt per year

Actual 2016-20
5.6 Mt per year

TRL:9 CRL:5 Cost: $5 pertonne  Length of storage: 25-100 years

Figure 8-1: Summary of Savanna fire management. Actual sequestration reflects sequestration in living biomass,
debris and soil organic carbon for savanna regions in Australia, averaged over the period 2016-2020, as reported in
Australia’s annual national greenhouse gas inventory. Note that potential and economic sequestration includes
only detached (on-ground) debris.
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8.2 Description and current uptake

Under savanna fire management, strategic burning is carried out with the intention of reducing large high
intensity late dry season fires through increasing the prevalence of cooler early dry season fires. The
underlying assumption is that seasonality (fire timing) is sufficient to capture broad patterns of fire intensity,
notwithstanding the potential for some late-season fires, under certain circumstances, to burn at low
intensity (Yibarbuk et al. 2001), and vice versa. This management change reduces overall greenhouse gas
emissions (methane and nitrous oxide), and results in an increase in carbon being sequestered in dead
organic matter and living biomass. Planned burning occurs primarily in the early dry season and may include
igniting fires from aircraft, from vehicles along the sides of roads and tracks, from boats on waterways, or by
walking across country. Other fire management activities include burning firebreaks to prevent the spread of
unplanned fire or undertaking fire suppression in the late dry season. The specific type and timing of fire
management depends upon landscape features within the project area and local weather conditions. There
are two potential sources of abatement. The first is emissions avoidance, whereby abatement occurs through
reductions in the non-CO; greenhouse gases methane and nitrous oxide. The second source of abatement is
the resulting increase in sequestration in dead organic matter and living biomass. Only the sequestration
component of sequestration is considered in this chapter.

In practice, savanna burning activities are restricted to areas with frequent fire (with fire return intervals
from approximately every 7 years up to every 1-2 years). This is to provide adequate historical data on which
to calculate baseline (i.e., pre-project) emissions. Current Savanna burning activities are restricted to two
rainfall zones in northern Australia: 600mm to 1000mm annual rainfall, and >1000mm annual rainfall. Most
of the current activity occurs within the >1000mm rainfall zone.

Results reported in Roxburgh et. al. (2020a) were used to provide estimates of sequestration associated
with savanna fire management. Because the analyses in that report were specific to sequestration that
could be achieved under current relevant ERF methodologies, they should be considered a conservative
assessment of sequestration that could be achieved more generally. Additional lands that were excluded
from that analysis, but which could also be managed to increase carbon stores, include areas below the
600mm rainfall contour (although though fuel loads and fire return intervals become increasingly limiting
as aridity increases). Additionally, the sequestration estimates only include the detached (on-ground) dead
biomass pools, as it has only been relatively recently that sufficient evidence to quantify the likely
magnitude of sequestration achievable in living biomass in response to fire management has emerged. It is
proposed the new savanna fire management methodology, currently under development??, will
additionally include standing dead organic matter and sequestration in live biomass, and will also extend
the spatial extent of eligible activity area to include a new vegetation fuel class, Pindan. The results
summarised below also exclude changes in soil carbon, given the high-level of uncertainty associated with
changes in soil carbon following savanna burning management.

The ERF has methodologies that cover both emissions avoidance, and emissions avoidance and
sequestration. The corresponding current methods are Savanna Fire Management Emissions Avoidance
(2018) and Savanna Fire Management Sequestration and Emissions Avoidance (2018). The results below are
consistent with the sequestration component of the second of these methodologies.

22 https://www.cleanenergyregulator.gov.au/ERF/Pages/Method%20development%20tracker/Method-development-tracker.aspx#Savanna-fire-
management
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To provide some broader context for sequestration under savanna fire management, results from Australia’s
National Greenhouse Gas Inventory??, with values extracted from the AGEIS online database?*, indicate an
average annual sequestration (2016-2020) of 5.6 Mt CO»-e yr't, which includes living biomass, debris, and soil
organic carbon. The 2016 — 2020 averaging period includes the impacts of extensive savanna burning projects
under the ERF.

8.3 Sequestration potential

Estimate of sequestration Sequestration (Mt.yr ) Key evidence

Technical Potential 6.19 Based on modelling to identify potential areas for
future activity, and SavBAT simulations combined
with analysis of existing project performance to
calculate sequestration potential (Roxburgh et al.

2020a).
Economic potential by 2025 NA
Economic potential by 2035 NA
Economic potential by 2050 6.19 Based on discounted cash flow modelling of the

technical sequestration results, with an assumed
carbon price of $30 t CO»z-e, and a discount rate of
10% (Roxburgh et al. 2020a).

1The economic sequestration calculation did not consider the possible time course of delivery, nor the staggering of new projects
over time, hence no time course of ACCU delivery is provided. The economic sequestration value represents the maximum
sequestration achievable assuming all new potential projects could be established over the near term (e.g., the next 1-2 years).
Under the assumptions of the economic modelling, all technical sequestration is viable at a price of $30 t CO2-e.
Table 8-2: Best estimate of Savanna fire management sequestration potential

8.3.1 Technical sequestration

Technical sequestration extent

The total extent of eligible area for savanna burning projects includes the land area covered by eligible
vegetation fuel types, within each of the two rainfall zones (Table 8-4). Whilst projects must develop and
validate their own vegetation mapping for project purposes, for the analyses here the default vegetation
mapping available at https://v3.savbat.environment.gov.au/img/vegfuelbase a.tiff was used. This map
provides a distribution of each of the eligible vegetation types, at a 250 m x 250 m resolution.

Two potential extents were identified. One for the establishment of new projects outside of the existing
project boundaries, with abatement from sequestration calculated, and secondly, the extension of existing
avoidance projects to include sequestration. Revoked ERF projects that had not received any credits were
considered eligible for future projects. The potential extent for new project establishment was further
reduced through the removal of the Gamba Grass exclusion zone, which is specified in the current ERF
methodology as being ineligible for savanna burning activity, given the high flammability of this species and
risks for adverse consequences. The total eligible area for new project establishment is 55.78 Mha, and the
total eligible area of existing projects is 24.77 Mha (Figure 8-2).

2 National Inventory Report Volume 2. https://www.dcceew.gov.au/sites/default/files/documents/national-inventory-report-2020-volume-2.pdf

2 Department of Climate Change, Energy, the Environment and Water. 2022. Australian Greenhouse Emissions Information System (AGEIS).
https://ageis.climatechange.gov.au/ - accessed 22/08/2022.
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Table 8.3. Eligible vegetation fuel types for Savanna Burning projects.

Rainfall zone Vegetation Description

fuel code

High hOFM Open Forest with Mixed grasses (Tussock and Hummock)
hWMi Woodland with Mixed grasses (Tussock and Hummock)
hWHu Woodland with Hummock grass
hSHH Shrubland (Heath) with Hummock grass

Low IWHu Woodland with Hummock grass
IWMi Woodland with Mixed grasses (Tussock and Hummock)
IWTu Woodland with Tussock grass)
IOWM Open Woodland, with Mixed grasses (Tussock and Hummock)
ISHH Shrubland (Heath) with Hummock grass

hOFM
hSHH
hWHu
hWMi
10WM
ISHH
IWHuU
IWMi
IWTu

Figure 8-2:(a) Potential area for new savanna burning projects. (b) potential area defined by existing ERF savanna
burning sequestration projects that could additionally include sequestration. Darker grey area is the Gamba exclusion
zone. Statistical local area 4 (SA4) Regions are demarcated by thick grey lines; Statistical local area 2 (SA2) Regions are
demarcated by thin grey lines.
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Technical sequestration
Spatial representation

The technical sequestration for new projects (i.e., excluding current project areas) was based on predicted
baseline emissions using SavBAT 3.0%, using the baseline period 2008-2018. Analysis by SavBAT requires
uploading GIS layers defining the analysis extent and the spatial distribution of each eligible vegetation fuel
type. To obtain baseline emissions that are broadly spatially representative, the potential areas in Figure 8-2
were disaggregated into SA4 statistical areas, and each SA4 area was uploaded and analysed using SavBAT
and the baseline emissions recorded. To provide a slightly finer regional resolution for the economic analyses
these SA4-level baseline emissions were then statistically down-scaled to the SA2 level (retaining the
separation of the different vegetation fuel classes) through proportionally allocating the total emissions to
each SA2 area.

Calculation of technical sequestration for new projects

Cook et al. (2016) reported that, over a 25-year crediting period, average sequestration in the open forests
vegetation type (hOFM) was expected to be 6.87 t CO,-e hal, or 0.27 t CO,-e ha? yr! annualised. For the
woodland vegetation types the expected sequestration is 4.77 t CO»-e ha?, or 0.20 t CO,-e ha yr?. Cook et
al. (2016) further noted that an expansion factor (to convert emission avoidance to sequestration) was
approximately 3.7, i.e., for every tonne of CO,-e avoided 3.7 tonnes is expected to be sequestered. In an
alternative calculation, based on the WALFA project (Russell-Smith et al. 2013) the avoidance sequestration
is 0.045 t CO,-e ha! yr! which corresponds to expansion factors of 0.27/0.045 = 6.0x for open forests and
0.20/0.045 = 4.4x for woodlands.

These expansion factors (derived independently of the ERF methodology calculations) are, however, based
on emissions accounting methods that in general give lower emissions avoidance than the 2015 methodology
determination on which the majority of available project data is based. Repeating the calculation utilising the
same data on which the avoidance calculations were based (Figure 4.7.2 in Roxburgh et al. 2020a) yields an
average per ha emissions avoidance of 0.09 t CO,-e ha yr?, and corresponding expansion factors of 2.99 and
2.08 for open forests and woodlands, respectively. Because the available data on which the emissions
avoidance was calculated was predominantly obtained from calculations under the 2015 methodology, these
expansion factors were therefore used as the basis for calculating the sequestration component, whereby
sequestration was calculated as either 2.99 x emissions avoidance, or 2.08 x emissions avoidance, for open
forests and woodlands respectively. No sequestration was calculated for the non-forest hSHH and ISHH
vegetation fuel types.

Calculation of technical sequestration for existing projects

The same factors developed in the previous section to expand avoidance emissions in new project areas to
sequestration were applied to the existing project areas. However, because SavBAT could not be used to
generate the baseline emissions for current projects (as the results would have been confounded by the on-
ground fire management activities), the per ha emissions avoidance for new project areas was used to
calculate emissions avoidance for existing projects, through multiplying by the existing project areas.

The total predicted technical sequestration and associated areas are summarised in Table 8-3. Because the
sequestration is independent across these scenarios, the total technical sequestration is given as the sum
across all scenarios: 6.19 Mt COz-e yr.

25 https://savbat.environment.gov.au/
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Table 8-3: Summary of technical sequestration areas and total technical sequestration for savanna fire management
(sequestration).

Activity area 25yr sequestration  25yr annual average Area (MHa)
(Mt CO: e) (Mt CO2 eyr?)

New projects 87.7 3.51 55.8

Existing projects 67.1 2.68 24.8

Totals 154.8 6.19

8.3.2 Economic sequestration

Economic sequestration was based on an assessment of economic viability, where both the direct and the
opportunity costs of undertaking activities were compared against the expected revenues. Discounted cash
flow modelling was applied, whereby the SA2 regions that provided the spatial context for the technical
sequestration calculations were flagged as being likely to transition to carbon farming if the net present value
(NPV) of the carbon farming activity exceeded current profitability. An annual cost of 60 cents per hectare
was based on the following, with full details of the economic modelling and assumptions given in Roxburgh
et al. (2020a):

e In 2011 the WA Department of Environment and Conservation advised that it used a cost of 15 cents
per hectare for the planning and delivery of prescribed fires in Kimberley country (Sparrow et al.
2011). Of the properties analysed by Sparrow et al. (2011), one was found to face a similar cost per
hectare (Warrigundu, 324,000 hectares), while another had a significantly higher cost of 43 cents per
hectare (Merepah, 186,000 hectares). This higher cost was mainly due to the assumption that an
additional permanent worker would be hired, whereas the Department’s cost assumed seasonal
labour would be used. Given the hiring practices of individual projects is unknown, the average of
these two estimates was used: 30 cents per hectare.

* The above properties are on the larger side, so benefit from economies of scale. To account for the
likely smaller sizes of properties involved in ERF fire management projects, the per hectare cost was
inflated to 40 cents. Further, to account for 10 years of inflation since the analysis by Sparrow et al.
(2011), the per hectare cost was increased to 45 cents.

¢ Start-up costs of $50,000 and reporting costs of $10,000 per year were assumed. Based on a 25 year
crediting period and a discount rate of 10%, the start-up costs translate to an equivalent annual cost
of $5,500 per year. Therefore, the start-up and reporting costs are $15,500 per year. This converts to
a cost of about 10 cents per hectare under the assumption that the average property size is about
150,000 hectares. This gives a final total annual cost of 55 cents per hectare.

e It was assumed that projects incur an additional annual cost of 5 cents per hectare. This reflects an
additional cost of $7,500 per year to cover additional reporting requirements, along with weed
monitoring and removal.

Results from this analysis showed most of the sequestration volume becomes viable at carbon prices of $1-
15. A key assumption in this analysis is that there are limited barriers to uptake when including sequestration
in a project. It is likely that proponent concerns, such as the requirement to pay back sequestration ACCUs
generated in the case of project revocation, are perceived as significant risks to undertaking the activity.
Although such additional constraints were out of scope for this analysis, they are nevertheless likely very
important for the utilisation of the savanna sequestration option, and such proponent perceptions deserve
closer scrutiny. Because the economic sequestration is sensitive to the assumed carbon price, minimum and
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maximum values are presented, corresponding to carbon prices of $15 t CO,-e and $30 t CO;-e, respectively.
Summary values provided in Table 8-1 assume a carbon price of $30 t CO»-e.

Activity area 25yr sequestration  25yr annual average Area (MHa)
(Mt CO: e) (Mt COz2 eyr?)

New projects 85.9-87.7 3.44-3.51 52.9-55.6

Existing projects 67.1-67.1 2.68-2.68 24.8-24.8

Total 153.0-154.8 6.12-6.19

Table 8-4: Economic sequestration associated with the implementation of savanna fire management. The ranges
reflect two carbon price assumptions, $15 t CO:z-e (lower bound) and $30 t CO2-e (upper bound).

8.4 Technology Readiness Potential and Commercial Readiness

8.4.1 Technology Readiness

Technology readiness level $ per tonne COze Key Evidence

9 ~5 Only direct costs of undertaking activities are
included in the price, totally $0.60 ha™ (Section 8-
3-2)

Table 8-5: Savanna fire management Technology Readiness Level

Explanation:

Savanna burning sequestration estimation protocols, including the use of the SavBAT tool to facilitate
sequestration calculations, are already well established. The basis of the technology is based on extensive
scientific study.

8.4.2 Commercial Readiness

Commercial Readiness Key Evidence

5 Sequestration under savanna fire management is already included in the
current ERF methodology, and is being extended under the new proposed ERF
methodology.

Table 8-6: Savanna fire management Commercial Readiness Level

Explanation:

The limited interest in adding sequestration, despite the potential for significant sequestration and seeming
financial favourability, suggest some settings are unfavourable to widespread roll out at this stage. This may
be a result of reluctance to commit to permanent sequestration activities, involving committing to
maintaining the activity for the next 25 (or 100) years, as opposed to avoidance, where landholders can
choose to opt out at any time without penalty.
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8.5 Scalability, Length of storage, Measurement and Verification

8.5.1 Scalability

Savanna fire management is already occurring at scale (approximately 25Mha. Table 8-2; Figure 8-3b), and
although the focus across those areas is emissions avoidance, sequestration benefits are being accrued as
well, albeit not formally recognised as part of reported abatement. The economic analysis indicated little or
no difference between what is possible and what is economic. The reasons for the low take up thus far
therefore deserve further scrutiny. Regarding sequestration, potential barriers associated with committing
to a permanence period for project activity were discussed in the commercial readiness section above. The
current predominance of avoidance projects in the high rainfall zone (>1000mm annual rainfall) and
relative lack of expansion into the low rainfall zone (600 — 1000mm annual rainfall) suggest a role for
factors outside of the assumptions on which the modelling was based are important. This could include
lower biomass (and hence lower sequestration) in the low rainfall zone, with less reliable fire return
intervals.

8.5.2 Length of storage

Unlike other sequestration activities, such as reforestation where once trees are established the
sequestration is self-sustaining, long-term storage under savanna fire management requires ongoing
application of the fire management treatment. A significant risk to sequestration is therefore the cessation
of fire management through changes in land management, leading to the reversal of any sequestration
gains.

The biggest climatic risk to sequestration identified by Roxburgh et al. (2020a) for savanna burning projects
was a persistent increase in water stress leading to a decline in maximum biomass potential, and thus, a
potential decline in sequestration.

Of all the regions in Australia, the increases in temperature are projected to be the highest in the regions
where savanna fire management projects occur. It is also a region that experiences cyclones, and these are
projected to intensify. Increasingly extreme bushfire weather is an additional risk to storage, whereby
changing fire regimes through increasing temperature, VPD and other climatic drivers has the potential to
negate fire management interventions. Control of gamba grass is a key risk mitigation strategy in those
areas under threat from this invasive species.

8.5.3 Measurement and Verification

Savanna burning measurement and verification protocols, including the use of the SavBAT tool to facilitate
sequestration calculations, are already well established and widely used. Extensive scientific study of both
emissions from fires of different intensities, and dynamics of dead organic matter, have been used to
inform these protocols. Opportunities to improve measurement and verification include refining methods
based on remote sensing to quantify fire severity (i.e., the amount of biomass consumed) in addition to
area burnt. This could potentially allow fire management to be applied without the requirement to specify
(somewhat arbitrary) dates to define early dry season, and late dry season fires.
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8.6 Social, environmental impacts, risks and co-benefits

8.6.1 Social impacts and risks

There have been significant social impacts associated with the introduction of Savanna Burning across
northern Australia, particularly through the development of employment opportunities and associated
support for indigenous communities (Russell-Smith et al. 2015).

8.6.2 Environmental impacts and risks

The whole premise of the Savanna Burning activity is to generate significant environmental impact, through
replacing intensive and damaging late-season fires with cooler, less damaging early season fires. These
impacts include increased ground cover and hence potential for reduced erosion, reduced mortality of flora
and fauna, and protection of fire-sensitive ecosystems. One potential exception are situations where
intense, later fires might be a necessary management tool, and removing them from the landscape could
be detrimental. For example, to control woody thickening and encroachment which impacts pastoral
production or conservation values, and the management of high biomass flammable exotic grass species
(Gamba Grass). There may also be potential health risks associated with savanna fire management, with
Jones et al. (2022) demonstrating an increase in smoke pollution and decline in air quality following the
expansion of savanna fire management over the period 2004 and 2019.

8.6.3 Co-benefits

Savanna burning projects have an extensive history of delivering a wide range of co-benefits, particularly
with respect to indigenous livelihoods and biodiversity outcomes. Through reducing high intensity later
season fire, vulnerable biodiversity can be protected, soil erosion and stream sediment transport can be
reduced, and also with a reduction in airborne particulates (although see Section 8.6.2 above). Regarding
biodiversity benefits, Corey et al. (2020) have noted that there is a strong basis to expect positive
biodiversity outcomes, but further confirmatory evidence is required. The authors also warned of potential
biodiversity dis-benefits, and that, overall, improved monitoring programs are required to better
understand how the spatial and temporal arrangement of fires influences biodiversity, and interactions
with other threatening processes.

Institutionally, savanna burning projects have led to enhanced engagement with local indigenous
communities and individuals, improved employment prospects in regional northern Australia, and
increased the institutional capacity of local management organisations (Russell-Smith et al. 2015). Broader
cultural outcomes, such as the passing down of indigenous fire management knowledge through
generations, including broader ecosystem management knowledge associated with fire management, is
also a feature of this activity. The Indigenous Ranger Program?® has also been instrumental in supporting
various ‘caring for country’ activities, through funding employment opportunities for Aboriginal and Torres
Strait Islander Australians in land management, including support of savanna fire management activities
and associated environmental and social co-benefits. In general, carbon credits from savanna burning
activities are also highly regarded by corporate purchasers, given the broad range of co-benefits that they
provide.

26 https://www.niaa.gov.au/indigenous-affairs/environment/indigenous-ranger-programs
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8.7 Barriers to implementation:

8.7.1 Policy and regulatory environment

Recent changes to the Savanna Burning methodology to allow sequestration as well as emissions avoidance
have not yet led to enhanced uptake of the sequestration option, despite the potential for increased
sequestration and the financial favourability. The barriers to adoption therefore would not seem to be
limitations of the current policy or regulatory environment, given relatively little extra effort is required in
the way of measurement or verification to include sequestration as well as emissions avoidance in projects.
The primary barriers may be social, associated with a reluctance of landholders to commit to a 25 (or 100)
year permanence period. This requires further investigation.

8.7.2 Social licence and stakeholder acceptance

Savanna Burning activities have broad social licence and stakeholder acceptance, driven by the many
recognised co-benefits associated with reducing wildfire emissions. In part, this may be due to the remote
locations in which these activities take place. This has been facilitated by the synergy between achieving
greenhouse gas outcomes and other environmental and social benefits, and through the establishment of
networks such as the Indigenous Carbon Industry Network?’,

8.7.3 Technology performance variability

Savanna Burning projects are likely more reliable in the higher rainfall regions, with higher biomass, higher
fuel loads, and more regular fires. This may explain the relative slow uptake of savanna projects in the
lower rainfall zone. Also, as rainfall declines fuel loads also decline, and fires become less frequent. Given
the limited timeframe of the remote sensing record (post-1988), this has implications for being able to
detect sufficient fire cycles with which to establish robust emission and sequestration baseline conditions.

8.7.4 Financial proposition and costs and access to capital

Overall, the economic analysis indicated strong economic favourability for this activity.

8.7.5 Industry supply chains and skills

Implementation of Savanna Burning projects can involve significant technology, including spatial analysis

and GIS skills to develop project extents and mapping, vegetation expertise to inform and identify eligible
vegetation types across the landscape, and (optionally, as early burning treatments can be implemented

manually on the ground) advanced aerial technologies, such as automated delivery of incendiary devices

from aircraft. These skills are well developed, to service current demand.

8.7.6 Market opportunities or market creation

Savanna Burning is already supported by the ERF and its associated market mechanism, with ACCUs
purchased either directly by government, or traded on the open market. The success of savanna burning
sequestration projects demonstrates the viability of the activity under the right settings. The economic

27 https://www.icin.org.au/
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analyses undertaken here show, in general, strong potential for increased participation in this activity.
Further analysis is required to better understand the current barriers.

8.8 Scaling knowledge gaps:

Scaling knowledge gaps include:

e |nvestigation into the current barriers for participation in savanna sequestration activities, which
would include social, policy and project implementation issues, including any barriers associated
with permanency and obligations to maintain fire management into the future.

e Exploration of expanding savanna fire management beyond the ERF-based analyses presented
here, to include potential expansion beyond the current 600mm lower rainfall limit, and inclusion
of the impacts on living biomass.

e Re-analysis of the results presented here to include additional sequestration in standing dead
material, and living biomass; and extension to the newly proposed Pindan vegetation fuel category.

e Explore opportunities to improve methods based on remote sensing to quantify fire severity, in
addition to area burnt, and to improve delineation of burnt and unburnt patches. This could
potentially allow fire management to be applied without the requirement to specify (somewhat
arbitrary) dates to define early dry season, and late dry season fires.
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9 Soil Carbon

Emission Type Avoided Negative
Enabling Capture Technology Biological Engineered
Enabling Storage Technology Biological Engineered

Table 9-1: Soil carbon technology type

9.1 Summary

Description and current uptake

Soil carbon sequestration is based on managing land to keep carbon in the soil. This is done through
practices that increase the rate at which carbon is accumulated into the soil (such as improving plant cover
and retaining stubble), decrease the rate at which carbon is lost from the soil (such as reducing rates of
decomposition and minimising erosion losses), or changing the nature of the material added to the soil so
that it lasts longer.

Over time and management changes, soils become saturated and reach a new equilibrium in their ability to
sequester carbon. The biggest changes in soil carbon occur early after introducing new management
practices and a given strategy will not necessarily result in a constant rate of soil carbon change. For soil
carbon sequestration to be effective, land managers may need to maintain practices that retain the balance
between inputs and outputs. Accordingly, any ongoing emissions associated with continued practice
change need to be considered when deploying soil carbon sequestration as eventually carbon stocks in the
soil will saturate but emissions associated with practices to maintain these stocks will be on going.

The current uptake of soil carbon technology in Australia includes 15 projects contracted with Australia’s
Emissions Reduction Fund (ERF) and 324 non-contracted projects. Instigation and baselining of projects is
rapidly increasing with potentially 500,000ha of new area baselined in 2024.

The Australia’s National Greenhouse Gas Inventory reports average annual average emissions in the two
categories cropland and grassland soils across Australia’s, over the period 2010-2020, of 4.8 Mt CO,-e yr

Sequestration potential

Technical sequestration from applying different management practices is estimated to be 115 Mt.yr?.
Economic sequestration potential estimates (25-year average, broadly based on a costs methodology) from
applying different management practices range is estimated to be between 5 to 29 Mt.yrat a cost of
between $7 to $13 per tonne.

Technology readiness potential and commercial readiness

The management approaches used to increase soil carbon are well established (such as decreasing grazing
pressure or converting cropland to annual pasture). The costs for changing activities range from $7 per t
CO;-e for low yielding projects to $13 per t CO,-e for high yielding projects, however the cost of
implementing practice change and opportunity cost of these changed practice can influence this markedly.

Commercial projects are being established in niche areas, and there is some emerging competition
between project providers.
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Scalability, length of storage, measurement, and verification

Soil carbon sequestration in some cases has a positive return because it can increase productivity and
provide other on-farm benefits. It can be scaled up through three broad approaches: a direct subsidy to
limit practices that decrease soil carbon, payments to sequester soil carbon, and market or value chain
mechanisms that reward practices that build soil carbon.

Land management changes leading to increased soil carbon are not a permanent sequestration of any soil
carbon molecule. Evidence suggests that if the practices that increased soil carbon are stopped and prior
practices are resumed, soil carbon stocks will revert to the pre-intervention level. Practices that lead to
increase in soil carbon in more long-lived pools such as charcoal and humus provide more security of
sequestration.

Soil carbon can be measured through direct measurement, proximal and remote sensing, and modelling.
These approaches are not mutually exclusive. Some level of direct measurement is likely to be required to
support any estimate of carbon sequestration (even if only to provide the starting point for modelling).

Social, environmental impacts, risks, and co-benefits

Using soil for carbon sequestration may reduce future management options and can lock up macro
nutrients, such as nitrogen and phosphorus. There is a drying trend associated with climate change in some
parts of Australia, and this is impacting net primary production. A meta-analysis of climate change effects
on soil carbon found both positive and negative interactions with climate factors and concluded that there
was a moderate to high risk of loss of soil carbon stocks from climate change.

Increased soil carbon is associated with a range of productivity and environmental benefits including
improvements to soil structure, soil fertility, nutrient retention, water holding capacity and reduced soil
erosion. Co-benefits of increased soil carbon include sustaining and improving productivity, reducing the
need for fertiliser inputs, and reducing the impacts of drought and dust storms.

Barriers to implementation

Soil carbon methods are well supported by the existing policy and regulatory environment; however,
industry proponents have claimed that monitoring, reporting and verification (MRV) costs are significant
barriers to entry. Due to the well documented co-benefits, soil carbon projects are perceived as positive by
stakeholders. While the sector is well served by advisers and implementation partners, farmers and land
managers are often unclear as to the suitability of the advice they are given by project proponents.

Traditional chemical approaches to measuring soil carbon are challenging and require soil samples to be
collected, transported from the field to a laboratory and carefully processed under standardised conditions.
Emerging proximal and remote sensing techniques may replace some of the more laborious steps of the
process and markedly reduce measurement costs.

Scaling knowledge gaps

There is currently a significant focus on reducing measurement costs associated with validating soil carbon
changes. Gaps in knowledge beyond this include uncertainties in the economic sequestration potential of
the technology due to competition between methods and reliable data on longer term intervention
outcomes and how microbiome management could increase soil carbon. Some of these questions might be
addressed by modelling of potential soil carbon change under emerging agricultural practices and the
vulnerability of soil carbon stocks.
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ENABLERS

* Direct subsidy to limit practices that run-down soil
carbon

* Payment to sequester soil carbon
* Market or value chain mechanisms that reward
practices that build soil carbon

Technical Economic
potential2050 MM potential 2050
115 Mt per year 5-29 Mt per year

Actual 2021-22
O Mt per year

TRL: 9 CRL:3-4 Cost: $7-$13 per tonne  Length of storage: 25-100 years

Figure 9-1: Summary of enablers, co-benefits and risks and impacts of soil carbon technology. Actual estimate is
from ERF project register of issued ACCU’s accessed July 2022.

9.2 Description and current uptake

For the sake of this review soil carbon we provide some definitions. Total soil carbon is carbon within the
soil in all its forms and includes both soil organic matter and inorganic carbon as carbonate minerals that is
less than 2mm in diameter. Soil organic carbon is the total carbon in soils derived from biological sources
that is less than 2mm in diameter. Soil organic matter is used to describe the mixture of materials including
particulate organics, humus and charcoal along with living microbial biomass and fine plant roots found in
soil that is less than 2mm in diameter. The focus of this report is soil organic carbon.

The basis of soil carbon sequestration is a change in land management that either increases the rate at
which carbon is accumulated into the soil or decreases the rate at which soil carbon is lost from the soil, or
both. As a result soil carbon can be increased by one of three ways: increasing input rate of carbon
(processes such as improving plant growth or cover which increase inputs via photosynthesis, reducing
removal rates of vegetation inputs through such processes as stubble retention), decreasing losses
(reducing rates of decomposition through such processes as minimal tillage or minimising erosion losses) or
increasing the residence time of carbon in the soil carbon pool primarily through stabilisation processes
which protect organic matter from decomposition e.g. binding to clays, protection within soil aggregates,
and to a lesser extent, increased chemical recalcitrance of C inputs (Lehman and Kleber 2015). Soil carbon
storage locally can also be increased if we add additional material such as organic amendments or biochar,
although a full lifecycle assessment should be undertaken to account for where this material was sourced
and emissions in its generation (and also to ensure we haven’t simply moved carbon from one part of the
landscape to another).

Conversion of land with native vegetation to agriculture has typically reduced soil organic carbon stocks in
the order of 20-60% from pre-clearing levels (Sanderman et al. 2010, Luo et al. 2010). The Australia’s
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National Greenhouse Gas Inventory reports average annual average emissions in the two categories
cropland and grassland soils across Australia’s, over the period 2010-2020, of 4.8 Mt CO,-e yrt Changes in
practice that increase carbon inputs (for example through increased crop productivity, or decreased export
of organic matter) into soil and/or decrease losses (say through reduced soil erosion or slowed
decomposition of organic matter additions to soil) should increase soil organic stocks, especially in soils
that have lost carbon post clearing. In some instances, carbon stocks may be increased relative to native
vegetation due to the imposition of management that alleviates a plant growth constraint (e.g., irrigation or
fertilisation), though typically such increases would be vulnerable to subsequent loss.

It is generally assumed that soils have a finite capacity to sequester carbon: over time they become
saturated and reach a new equilibrium relative to the input and output regimes. The upper threshold of
soil carbon will be determined by soil and landscape attributes such as soil depth, soil texture, soil physical
properties such as aggregation and the constraining factors on plant production such as nutrient deficiency
and pH. Plant species, or crop choice, influence the rooting depth and therefore the depth to which soil
carbon change is likely to occur. Climate also affects soil organic carbon stocks by affecting plant growth
and the rate of microbial decomposition.

Following a change in management practice or climate the subsequent change in inputs and outputs will
lead soil to shift to a new equilibrium so long as the conditions and practices remain constant. These
changes in soil carbon can take long periods of time to equilibrate with more than 50 years of constant
management required to reach new equilibrium values (Smith 2005). The biggest changes in soil carbon
induced by management change are noted early after the change in management occurs. It is not correct to
assume that a given management strategy will result in a constant rate of soil carbon change through time.
This may appear to occur in the first years after management change, but the size of any annual change will
decrease through time.

Use of soil as a sequestration option will place an onus on future managers of that land to maintain
practices to retain carbon stocks. This will reduce future land management options and can be a
disincentive because permanence is required for soil sequestration options to be effective. Where a strong
alignment between increasing soil carbon and improving or restoring farm productivity or resilience exists,
this is not the same issue and potentially offers a win:win provided risks can be managed.

Sustaining soil carbon requires net primary production to be maintained. In some parts of Australia there is
a drying trend associated with climate change and projections, and in Australia net primary productivity is
strongly correlated with rainfall posing a threat to soil carbon. Declining rainfall is already impacting
potential crop productivity and will continue to do so into the future (Hochman et al 2017), though to date
technology improvement has prevented loss of production despite a 20-30% decrease in the theoretical
water-limited yield (Hochman et al. 2017; Fletcher et al. 2020). This may be exacerbated by drives to
increase the harvest index of crops, increasing allocation of carbon to grains and thus reducing the amount
that remains as stubble or root inputs to soil.

Sequestering carbon also locks up macro nutrients such as nitrogen, sulphur, and phosphorus due to the
stoichiometry of soil organic matter, which affects long-term costs of increasing soil carbon (Kirkby et al.
2013). However, it is important to note that past productivity may in part be due to the release of these
nutrients from soil organic matter that has been lost over time — commonly referred to as nutrient mining.

Finally, because practices that increase soil carbon need to be maintained over the long run to maintain soil
carbon increases, it is important to look at net emissions over integration periods relevant to atmospheric
outcomes. Luo et al. (2017) showed that for fertiliser addition to crops, while systems acted as sink for the
first few years, over the longer term some systems can become net emissions sources. The balance of
carbon-to-nutrients (stoichiometry) is an important driver of both soil carbon sequestration and risk of N20O
emissions. The changes in the rate of soil carbon accumulation over time and the ongoing emissions
resulting from continued practice change, all need to be considered for activities aimed at providing a
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permanent sink for carbon sequestration. Further research is required to understand the bounds of this

issue and when various underpinning mechanisms (which may be managed) dominate, and at what stage
and in which environments increase N,O emissions risk negating sequestration gains.

Case Study: Soil Condition Analyses System (SCANS)

The Soil Condition Analyses System (SCANS) can be used to monitor soil organic carbon content. The
SCANS framework has five general components, and starts with the capture of prior information to
characterise soil spatial variability to inform the soil sampling design and finally the estimation and
mapping of soil organic carbon. Currently, the SCANS uses a mobile multisensor platform, with
electromagnetic induction, gamma radiometric and accurate positioning sensors, to gather information
on soil variability. Cost and precision of measurement and baselining has been identified as a constraint
to soil carbon farming and SCANS provides estimates of soil carbon with more precision at similar or
lower costs to traditional approaches and provides better spatial estimates. With this technology
companies such as CARBONLINK are rapidly scaling to baselining hundreds of thousands of hectares of
land for soil carbon projects. SCANS provides a good example of how investment in measurement and
verification technology can overcome barriers to uptake. The instrument also provides key measures
related to soil carbon fractions which can show the vulnerability of soil carbon stocks to loss which can
help build confidence in the longevity of sequestration and can provide key measures of soil
productivity assisting in aligning carbon projects with farmer co-benefits.
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9.3 Sequestration potential

Estimate of sequestration Sequestration (Mt/yr) Key evidence

Technical Potential 115 From Roxburgh et al. 2019- overcoming yield

limits and converting annual to perennial pasture
plus conversion of remaining cropping area to no-
till, all summed (other options intersectional with
these)

Economic potential by 2025 0-3 Companies expect to baseline and deliver 250,000

ha of projects this year growing to 500,000 in

78 | CSIRO Australia’s National Science Agency



subsequent years (CarbonLink pers. comm August
2022), assuming projects yield 1 t COze yr results
in close to 2M ha of activity

Economic potential by 2035 5-29 Current research and pricing should see this scale
by 2035 to economic potential

Economic potential by 2050 5-29 Same categories as potential assuming calculations
in this report

Table 9-2: Best estimate of soil carbon sequestration potential

Estimates of total soil carbon loss from agricultural production systems is high: (Sanderman et al. 2017)
estimated a global carbon debt (i.e., between saturated soil carbon and current levels) of 133 Pg C with the
top 2 m because of agriculture. (Luo et al., 2010) estimate that approximately half the soil organic carbon
in the topsoil has been lost under the Australian agricultural production system. (Karunaratne et al., 2022)
provide a spatial estimate of where soil carbon has been lost from Australian agricultural landscapes, see
Figure 9-2. Summing pixels from this work suggests that under current management the Australian
agricultural soil carbon deficit is around 5.4 GT C to a depth of 30cm. Without restoration of native
vegetation over this area return of soil carbon to the pre-clearing stock level will not occur and to calculate
the potential and economic sequestration potential we make calculations assuming the land is retained
under agricultural practice.

Depth interval 0-0.10 m Depth interval 0.10-0.30 m

m 6-14 m 6-3
m 4-9 m 3-7
m 9-12 m 7-11
@ 12-15 @ 11-16
@ 15-19 0 16-20
W 19-23 B 20-24
W 23-27 W 24-27
m 27-3 W 27-32
W 32-40 W 32-39
W 4059 W 39-69

Figure 9-2: Distribution of the soil organic carbon deficit stocks across major agricultural production regions of
Australia. The spatial estimates were made for specified two depth intervals namely 0-0.10 m and 0.10-0.30 m,
respectively. Values are express in C T/ha. (From Karunarante et al. 2022)

There is evidence that management changes can increase soil organic carbon stocks (e.g. Sanderman et al.
2010; Hutchinson et al. 2007; Ogle et al. 2005) with rates of sequestration generally ranging between 0.18
and 2.9t CO,-e hatyrl.
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Estimates of how soil sequestration translates to national sequestration potential are highly variable. Taken
across Australia’s cropping and grazing lands, early meta-analyses suggested a range from below 1 to above
55 Mt CO,-e ha? yr? (https://theconversation.com/how-much-carbon-can-trees-absorb-5829) , and even
higher estimates of up to 103 million ACCUs per year from industry estimates (Commonwealth of Australia
2021) have been recently made (Australian Carbon Credit Unit’s (ACCUs) are a financial instrument
awarded to eligible energy efficiency, renewable energy generation and carbon sequestration projects that
result in a reduction of Greenhouse Gas (GHG) emissions. One ACCU represents the avoidance or removal
of one tonne of carbon dioxide equivalent (tCO2-e) GHG).

The most rigorous analysis of potential under the existing ‘measurement of soil carbon sequestration in
agriculture systems (2018)’ methodology is an unpublished CSIRO analysis (Roxburgh et al 2019.). Itis
worth noting that new methods have been developed since this analysis and further investment into new
modelling and measurement approaches will change project costs which may further unlock opportunities.
Roxburgh et al 2019 only considered the Estimating Sequestration of Carbon in Soil Using the Default
Values (2015) methodology and approaches applicable in Measurement of soil carbon sequestration in
agricultural systems (2018). The later method has been closed and is replaced with Estimating soil organic
carbon sequestration using measurement and models method which recognised two additional practices of
1) use legume species in cropping or pasture system, and 2) use a cover crop to promote soil vegetation
cover or improve soil health or both. The addition of these changes may increase the rate of adoption,
however they are unlikely to materially change the estimated quanta of sequestration (which is
fundamentally land limited).
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Figure 9-3: Average annual (25-year) sequestration (t CO2-e yr-1) for each of the six classes of management
intervention to build soil carbon. Labels are those in Table 9-3.

This study (Roxburgh et al. 2019) applied FULLCAM to predicted changes in measure 0-30cm SOC during a
30-year period across 75 spatial zones. The work assessed four land use: Grazed Native Vegetation,
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Dryland Crops, Modified Pastures and Dryland Horticulture. Crop land was further sub-divided based on
the proportion of this land that is currently managed as either: (i) tilled crops where stubble is burnt and
ploughed; (ii) non-tilled crops where stubble is incorporated into the soil via ploughing ; and (iii) non-tilled
crops where stubble is left standing. These proportions were based on those applied by DoEE (2019b),
which in turn were based on data collected by ABS (2019). Land use changes therefore were applied as per
Table 9-3 below:

Land use Yield DecTGP Perennial Crop-
Pasture
GNV X
Modified Pasture X X X
Crop_TB X X X X
Crop_RT X X X
Crop_NT X X

Table 9-3: Six different management change options (increase yield, Yield; decreased total grazing pressure,
DecTGP; conversion of annual to perennial pasture, Perennial; conversion of crops to pasture, Crop-pasture;
conversion to no -till, TB-NT or RT-NT; conversion to reduced till, TB-RT) were simulated, with many alternatives
being available for land used for Grazed Native Vegetation (GNV), modified pasture, crops that are tilled and burnt
(Crop_TB), crops that are reduced tilled (Crop_RT) and crops that are non-tilled (Crop_NT).

Soils were initiated with soil carbon pool values drawn from Viscarra Rossel et al. (2015). A generic set of
FullCam parameters were derived and are available on request.

The modelling results of soil carbon change per hectare are shown in Figure 9-3.
9.3.1 Technical sequestration

Approach to increasing soil carbon Maximum technical sequestration (25 year annual
average)

(Mt COz eyr?)

Increase crop or pasture yield 50.7
Decrease grazing pressure 12.3
Convert annual pasture to perennial pasture 61.6
Convert cropland to annual pasture 54.0
Convert to no-till 3.04
Convert to reduced till 1.18

Table 9-4: Technical sequestration from application of different approaches to increasing soil carbon. Note
quantities cannot be added as there is area overlap

9.3.2 Economic sequestration

Economic potential estimates were made using the FullCAM model for each sub-activity. Assumptions
made in modelling are given in Roxburgh et al. 2019. High end and low-end estimates assume existing
constraints and requirements under the ERF methods and assume a carbon price of $10 and $30 per tonne
respectively. A hurdle rate for land use and practice change of 1.2 was used (that is adoption was of the
new practice was not assumed to happen till the new land use and carbon price return exceed prior land
use value by 20%). It is worth noting that these estimates of economic potential reflect one set of
institutional arrangements around sequestration (ERF) and that other market framings may be less onerous
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(say for example Regen Network’s method ( https://www.regen.network/) which was used in the recent
Wilmot Cattle Co soil carbon trade (Wilmott trade The Conversation ). These relaxation in terms of spatial
realisation is essentially the same in the modelling of increasing the carbon price and for these less onerous
market mechanism the higher carbon prices may better reflect the economic potential carbon
sequestration.

It is worth noting that the economic sequestration potential in this analysis is broadly based on the costs
methodologies reviewed by Roxburgh et al. (2019) and does not allow for the 2021 methodology nor future
advances in model-measured approaches that can reduce sampling intensity and frequency.

Approach to increasing soil carbon 25yr average annual  Area (MHa)

sequestration
(Mt CO2 eyr?)

Increase crop or pasture yield 0.61-1.08 1.0-1.6
Decrease grazing pressure 0.07-0.64 0.5-8.9
Convert annual pasture to perennial pasture 4.8-27.5 0.7-7.2
Convert cropland to annual pasture 0.33-0.93 0.15-0.32
Convert to no-till 0.0-0.25 0.0-0.6
Convert to reduced till 0.0-0.25 0.0-0.6
Total 5.81-30.65 1.72-19.22

Table 9-5:Economic sequestration associated with the Soil Carbon activities. The ranges reflect two carbon price
assumptions, $15 t CO2-e (lower bound) and $30 t CO2-e (upper bound).

It is important to note that adoption of conservation practices (reduced/no-till, stubble retention) is
significantly higher in Australia (74% in 2016) compared to that globally (12.5%, 2016; Pratley & Kirkegaard
2019), perhaps limiting the capacity of tillage practice change to have ongoing sequestration benefit. The
ability to estimate change potential associated with emerging practices in Australia is less well supported by
temporal soil carbon data. Emerging practices include those that promote regenerative approaches,
strategic deep tillage that overcomes subsoil constraints, and clay delving or spreading practices.

9.4 Technology Readiness Potential and Commercial Readiness

9.4.1 Technology Readiness

$ per tonne COze $ per tonne COze Key Evidence

TRL9 $7-13 for low and high yielding Bhattarai and McCosker (2019) undertake

projects. This does not include calculations assuming an activity change of

the transaction costs beyond $50.h-1, an average sequestration rate of $2t.ha"

activity change and Lyr! detectable at 95% confidence every 5

measurement costs. years and a baseline and measurement cost of
$44.ha-! for a 1000 ha project with 6 strata and
5 plots per strata. Recent figures suggest
technology improvement and scale change this
and best estimate (Andrew Gatenby,
CarbonLink August 2022) suggests for a 5000ha
project set up and baseline is $30.ha-! and then
5x 24 assessments. Sequestration rates
anticipated appear high as studies suggest that
the average change in soil C in the top 30cm
after 50 years across Victoria ranges from 21
t.ha? (77 t COz-e.ha-!) to 6.5 t ha-! (23.8 t COz-e
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ha-) under a zero till grain rotation (Robertson
and Nash 2013). For calculations we assume
0.5t Cha-!.yrtor 1.8t CO,- ha-l.yrl. Assume
project runs 25 years =45 t C ha-1, costs are S50,
baseline. For the lower yielding projects in the
Victorian case study assume 0.5 t COz-e ha-1.yr?
giving 12.5 t C over 25 years. No allowance for
any risk reversal buffer or conservative
assessment of accrued carbon.

Table 9-6: Technology readiness assessment for soil carbon technology

9.4.2 Commercial Readiness

Commercial Readiness Key Evidence

3-4 Projects being established in niche areas, some emerging competition
between project providers. Despite cost analysis above suggestion that
upfront project development cost constraining activity scaling. Increasing
number of projects year or year suggests commercial viability

Table 9-7: Commercial readiness assessment for soil carbon technologies

9.5 Scalability, Length of storage, Measurement and Verification

9.5.1 Scalability.

There are three broad ways to incentivise the building of soil carbon:
e direct subsidy to limit practices that run-down soil carbon;
e payment to sequester soil carbon;
e and, market or value chain mechanisms that reward practices that build soil carbon.

Depending on the instrument used to incentivise soil carbon sequestration, different assessment accuracy
may be required, differing levels of uncertainty tolerated, and the costs of measurement and monitoring
that can be supported by protagonists will vary.

All approaches, however, require some level of reliable and cost-effective quantification of change and
benefit. The extent to which the cost of this monitoring and verification creates a barrier to application of
practices depends on the financial returns for applying practices (a function price or payment, and if
payment per unit of sequestration the change in soil carbon and the proportion of the change that is
credited) and the value place by the funder of practice change of additional co-benefits that result from the
new practice. These co-benefits might include increased productivity or improved farming system
resilience to events such as drought, the avoidance of costs into farming due to improved soil condition and
health, and any additional market value realised through demonstration of best-practice farming or
management, or public value attached to improved landscape values.

There have been high levels of recent interest in soil carbon methods (and high levels of contracting in
relation to many ERF methods) though to date delivery few ACCUs have been issued (see table 6.1). There
is rapidly growing interest in methods and a fast growth in areas contracted. CarbonlLink for example (pers.
comm. Andrew Gatenby, CarbonLink August 2022) expect to baseline 250,000ha in the next 12 months and
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see this potentially double in subsequent years. Feedback from carbon industry participants (Soil Carbon
Industry Group pers comm 2020) suggested the following factors, in order of importance, affected the
uptake of soil carbon projects: the rate of sequestration in many projects is slow so returns per year are
slight; the conservative nature of the direct measurement method in the ERF which recognises the 60%
exceedance value from the cumulative distribution curve reduces returns to projects; project scale is
important because there is a significant proportion of fixed costs relative to variable costs; and finally
measurement cost to meet MRV requirements. Current modifications to methods (the 2021 ERF method)
that looks to take a modelled-measured approach may overcome some of these constraints.

9.5.2 Length of storage

It is important to remember that when we measure a change in Soil organic carbon (SOC) we are measuring
a net stock change, and not the permanence of any soil carbon molecule. Practice changes that lead to
increased soil carbon are changes in the equilibrium between inputs and outputs, there is strong evidence
to suggest that if the practices that built soil carbon are ceased and revert to a prior practice that soil
carbon stocks will revert to the pre-intervention level, or the old equilibrium value.

SOC is composed of fractions or pools of different kind. These different fractions of soil carbon have
different length of storage in the soil. Three SOC fractions are commonly recognised: particulate organic
carbon (POC; residency time ~7 years) which is at risk from loss; humic material (HOC; residency time ~50
years), which is relatively more stabilised; and resistant organic carbon (ROC; residency time >100 years),
which is resistant to decomposition, and includes charcoal and charcoal-related compounds. Practices that
increase POC but make little change to HOC or ROC create soil carbon stocks that might be particularly
vulnerable. The ration of POC to (HOC+ROC) has been used as a vulnerability measure for SOC (Viscarra
Rossel 2019).

In addition, some soil attributes increase the risk of soil carbon reversal. For example, soils that offer little
physical protection to decomposition (sandy or low clay soils). Soils that are considered carbon saturated
have little capacity to physically protect any more carbon from decomposition, and organic residues
entering the system will naturally be decomposed to CO..

Things that change the nature of the equilibrium between inputs and outputs can affect the length of
storage. Carbon stocks go up and down with seasonal variability, especially rainfall which strongly drives
photosynthesis and inputs. If there is directional change in these driving variables with climate change, we
might see less inputs resulting in a lower equilibrium value and hence lower time averaged stocks.

9.5.3 Measurement and Verification

Measurement of soil carbon (and hence verification) is not straight forward and this presents challenges for
markets. The following section discussions three approaches to measurement: direct measurement,
proximal and remote sensing and modelling. These are not mutually exclusive, and it is likely that some
level of direct measurement (though not necessarily at the project level) will be required to support
estimates of bio-sequestration (even if only to provide starting points for models ).

Paustian et al. 2019 and Sanderman et al. 2010 summarise the general difficulties of soil sampling.

1. Current approaches require an estimate of bulk density.

Calculation of soil organic carbon requires both the concentration of carbon in a sample and
the bulk density and the later requires volumetric soil samples that are laborious to collect and
analyse. Bulk density is required to ensure that concentration is measured at each
measurement on an equivalent soil mass. The reason for this is that a more compacted soil will
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contain more mass to a given depth and thus appear to contain more carbon, and without
correction, practices that compact the soil may give the impression of increasing carbon stocks
whereas they may simply be increasing volumetric concentration due to compaction. Bulk
density is extremely difficult and time consuming to measure due the heterogenous nature of
soil texture, structure, compaction and gravel content.

2. Current measurement is laborious, using manual processing to prepare soil for analysis and
remove coarse fractions and roots.

Soil samples must be dried, crushed, sieved and ground to ensure representative samples are
analysed: essentially the sample is homogenised. The process is laborious and time consuming.

3. Soil organic carbon is highly variable in space

In all ecosystems, but particularly for those with patchy vegetation, such as most of Australia’s
rangelands, there can be large spatial gradients in SOC stocks. For example, Jackson and
Caldwell (1993) and Robertson et al. (1997) found a 5-fold variation in SOC content within
sagebrush-steppe vegetation and agricultural fields respectively. At the meso-scale soil carbon
varies with topography, and at the macro-scale with soil type, climate and landscape history.
Bhattarai and McCosker (2019) show that the consequence of this variability is that a high
number of samples are required per carbon estimation area to detect modest levels of soil
carbon change with high confidence: in their study approximately 200 samples where required
in an example carbon estimation area to detect a 10% change in soil organic carbon with 95%
confidence in CEAs between 500 and 8000ha.

4. Soil carbon response to management practice is variable in time and with depth

Soil organic carbon varies with soil depth and detecting overall changes requires accounting for
the vertical gradient in soil organic carbon. In addition to varying with soil type and texture, the
gradient in soil carbon is influenced by tillage and management (Paustian et al 2019). Within
season, soil carbon stocks will vary with variation in carbon inputs. In a wheat-fallow system,
Wang et al. (2004) found that total soil carbon stocks in the top 10 cm decreased by 10%
between early to mid-fallow (December and March sampling dates) and late fallow (July).

Year-to-year variability in temperature and especially soil moisture and their effects on
decomposition rates and net primary production influence soil carbon stocks and inputs and
over inter-annual time frames may overwhelm any anticipated soil organic carbon response to
a change in management (Sanderman et al. 2010). In general decomposition will be higher in
warmer and wetter conditions. Soil moisture is a key driver of plant growth, and hence inputs
into soil carbon over much of Australia where net primary production is rainfall limited.

Conversion of land from native vegetation to agriculture has typically reduced soil organic
carbon stocks in the order of 20-60% from pre-clearing levels (Sanderman et al. 2010, Luo et al.
2010). Sanderman and Baldock (2010) discuss that without time series data relative gain in soil
carbon may be due to a reduction or cessation of soil carbon losses rather than an actual
increase in stocks. Whilst recognising that such a change would result in net gains relative to
business as usual land management, such changes would not offset emissions elsewhere as
drawdown would not occur.

There has been, and continues to be, considerable redistribution of topsoil across Australia that
is both difficult to measure and influences soil measurement and modelling. The implication of
omitted soil redistribution dynamics in SOC accounting is to increase uncertainty and diminish
its accuracy (Chappell et al. 2012).

5. The signal to noise ratio is low
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Changes due to management practices are small relative to the background level of carbon
stocks. Paustian et al. 2019 suggest that the change we are trying to detect in a typical soil is
around 1% per annum or less of the existing stocks, and hence measurement intervals of 5
years or more are required to detect statistically significant changes.

9.5.3.1 traditional wet chemistry approaches

With current technology, accurate direct measurement of SOC requires ‘destructive sampling’, i.e., soils
taken from the field and then sent to a laboratory for processing and analysis. There are two main reasons
for this. First, conventional analysis methods to determine C content as a % of total soil mass, i.e., both dry
and wet oxidation methods, require laboratory-scale instruments and facilities that are not practical to
bring to the field. The concentration of organic C in a soil sample is usually determined by converting a
sample to CO2 by either wet oxidation (i.e., Walkley and Black 1934) or dry combustion (i.e. Wang and
Anderson 1998) and then quantifying the amount of COz2evolved. Correction factors are required if the wet
oxidation method is used as it is known to underestimate organic carbon. Soils must be carefully processed
and standardised —i.e., sieved, homogenised, dried and finely-ground, for the analyses. Secondly, accurate
measurement of soil bulk density (i.e., mass per unit soil volume) requires a known volume of soil to be
weighed under standard oven-dry moisture conditions, necessitating soil collection from the field. The
collection, transportation, and processing of soil adds considerable time and costs to the operation.

9.5.3.2 Proximal sensing approaches to soil measurement

Proximal soil sensing refers to the development and use of sensors in the field or lab, which obtain signals
from soil when the sensor’s detector is in contact with or close to (within 2 m) of the soil (Viscarra Rossel et
al. 2011). The topic has recently been reviewed (England and Viscarra Rossel 2018). With respect to soil
carbon estimation, proximal sensors can be used to predict: (a) soil carbon concentration, (b) bulk density
and the (c) gravel content in the soils (England and Viscarra Rossel 2018).

a. Soil carbon concentration. Both in-situ, and ex-situ spectroscopic proximal sensing techniques are
used regularly to determine carbon concentration and its forms. The visible and near infrared (VIS-
NIR) regions of the electromagnetic spectrum are the most widely used (Viscarra Rossel et al.,
2006). The specific absorptions in this region are important to determine soil carbon concentration
through empirical modelling approaches commonly known as chemometrics. However, prediction
of different soil carbon fractions with different turnover times are more accurate when it is
scanned and modelled using datasets gathered using mid-infrared (MIR) region of the
electromagnetic spectrum (Baldock et al., 2013). Both NIR and MIR spectroscopic techniques can
be used in field conditions but require adjustment for moisture contents (Minasny et al., 2011).
Recent advances have been made with chemometric modelling approaches through use of modern
data mining and modern machine learning techniques such as convolutional neural networks
(Viscarra Rossel et al., 2018; Ng et al., 2020). To predict soil organic carbon an empirical model
needs to be developed to relate the spectra to physically measured soil data (such as dry
combustion analysis of the same sample).

Key areas of research to improve utility of the approach are: (a) ability to standardise spectral
datasets acquired from sensors manufactured by different vendors; (b) recognising that new
sensors on the market have differing spectral ranges and resolutions and therefore require
standardisation to fit existing protocols; (c) development of spectral information systems that
enable near real time predictions with automated updates of underlying chemometrics models
when new datasets are available; (d) improvement in model predictions through the inclusion of
covariates reflecting soil management history and local factors. Since soil carbon affects the soil
colour, it is possible to use soil colour to get an estimate of soil carbon content in the soil though
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colour. However, the model accuracies are dependent on the carbon concentration present in the
soil and colour calibrations are very specific to soil types, although attempts have been made to
develop user friendly inexpensive mobile apps to predict soil carbon contents (Aitkenhead et al.,
2016). Currently, and possibly not at all, this approach has low discriminatory power and may not
be useful for general soil assessment.

b. Bulk Density. Active gamma-ray attenuation (AGA) can be used to estimate soil density via the
attenuation of the radiation by the soil, as defined by Beer—Lambert’s Law. Lobsey and Viscarra
Rossel (2016) provide a detailed description of the use of AGA for measurement of soil bulk
density. In summary, the measurements are made axially through a soil core and the attenuation of
gamma radiation passing through it to the scintillation detector is proportional to the density of the
soil. This method requires sampling of intact soil cores and measurement under field conditions, so
correction for water content is required. This method has advantages over the traditional lab-based
method of determination of bulk density as no other sample preparation is required.

c. Gravel content. The most promising approach for proximal sensing of gravel (and bulk density) of
soil is the use of X-ray computed tomography (CT) with strong positive correlations (>0.8) obtained
in studies (Fouinat et al 2017). Deployment into field instruments requires the ability to rotate the
soil core around the sensor.

9.5.3.3 Remote sensing technology and soil carbon measurement

Remotely sensed datasets are used for earth observations as a cheap and rapid assessment tool. For soil
carbon, a key question is how remote sensed variables can be used as surrogates for variables in soil carbon
models. Remotely sensed datasets can be included as model drivers in the (a) stratification of carbon
estimation areas for efficient and low variance sampling; b) empirical soil carbon models (Viscarra Rossel et
al., 2014) and (c) process-based models (Karunaratne et al., 2015).

Traditionally, upscaling of point observations of soil carbon across the landscape, together with other
attributes such as terrain, soil type, and optical remote sensing datasets, including raw reflectance bands
along with a variety of soil/vegetation indices, are used as model drivers. The outputs of such analysis
provide a static digital soil carbon map across the landscape (Viscarra Rossel et al., 2014). There is,
however, an opportunity to explore newly deployed and up and coming satellite sensors for development
of soil carbon estimation with next generation soil carbon models. Key changes have been the recurrence
of imagery, and the improved spectral and spatial resolution which allows a more refined set of variables to
be monitored. Over the years the spatial, temporal, spectral and radiometric resolution of satellite
datasets have improved significantly allowing capture of land management practices and condition more
precisely, even within the growing season e.g. Sentinel program managed by the European Space Agency.
As a result, drivers of soil carbon are measured directly or via proxies. For example, fractional cover
datasets provide proportional allocation of photosynthetic, non- photosynthetic and bare soil fractions for
a given pixel with a satellite image (Guerschman and Hill, 2018). These satellite products can be used as
proxies for land management including land cover which is an important driver for spatial and temporal
modelling of soil carbon. Additionally, time series of vegetation indices such as greenness or LAl from NDVI
spectra can represent the crop and pasture biophysical characteristics and be fused (that is combined with
static parameters) with model drivers of development in next generation soil carbon models. Recently, a
satellite derived biophysical model, called Crop-C was developed by CSIRO which enable the prediction of
crop yield of Australia’s major grain crops, and of course yield is related to the below ground inputs and
hence soil carbon addition rates all other things being equal and accounted for (Donohue et al., 2018). This
opens a new avenue for incorporation of satellite derived inputs into biophysical models that can be
downscaled to paddock or sub-paddock scale.
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A further emerging field is the fusion of multiple remote sensed data streams of differing attributes and/or
spatio-temporal resolution (e.g Weiss et al. 2020; Lin et al. 2020). This advantage occurs because remote
sensing images with high spatial resolution are mainly limited to a few spectral bands, and a limited
number of intervals per year (such as Landsat) whereas images with high spectral and temporal accuracy
are often provided at low spatial resolutions (such as Modis).

With recent advances in cloud computing and data science, remote sensed data streams are being rapidly
converted to high spatial and temporal resolution satellite derived products representing land management
practices and parameters. These products will play a key role in development and updating of next
generation process-based soil carbon model. For example, advances have already been achieved in: (a)
extraction of field/paddock boundaries (Waldner and Diakogiannis, 2020); (b) agricultural management
practices (Zhao et al., 2020) and (c) estimation of crop yield and pasture biomass using space-borne sensors
(Chen et al., 2020) which can be incorporated as biophysical model inputs, reducing overall uncertainties
associated with modelling. Such data driven approaches will enable replacement of the traditional lookup
tables (updated in five-year intervals, and at large spatial footprint average) generated through Agricultural
Census Statistics that are generally used within the soil carbon models. Incorporation of remotely sensed
datasets will be able to update such model inputs more frequently capturing both inter-, intra- seasonal
variability for more realistic modelling of soil carbon. This is not to downplay the significant challenges that
lie ahead in fusing these remotely sensed variables with parameters in process-based models: a key
consideration is that although remote sensing products are related to model or biophysical parameters,
and correspond some of the time, this is not always the case (Weiss et al 2012) and will represent
challenges for models largely derived from terrestrial based measurement.

At farm scale, there is a growing interest among agronomists and landowners in the use Unmanned Aerial
Vehicle (UAV - drones) mainly as a monitoring tool for agronomic practices. There is an untapped potential
to utilise datasets gathered through UAV, to derive very high spatial resolution digital soil carbon maps at
farm scales. These UAV-borne systems are less impacted by cloud cover and additional radiometric
calibration steps generally required by passive remote sensing satellite systems such as Sentinel 2/Landsat
8. The datasets generated using a standard RGB or multispectral sensor mounted on a UAV enables
generation of spectral and 3D datasets that represent the characteristics of crop/soil (in space and time)
that are important model drivers of soil carbon across the landscape. There is also a growing interest in
utilising 3D datasets generated via state-of-the-art passive algorithms such as Structure from Motion (SfM)
(Wijesingha et al., 2019). Such datasets provide information on crop/pasture height (a proxy for crop
growth/biomass) and can be used to generate very high spatial resolution primary and secondary terrain
attributes that later can be fused to develop soil carbon models.

9.5.3.4 Soil carbon modelling, model data fusion approaches and machine learning approaches

Soil carbon models are used to simulate carbon over time with different model inputs and using model
parameters. There are more than 250 models used to simulate soil carbon (Manzoni and Porporato, 2009).
These models work in a wide array of spatial scales from a few mm to km scales across landscapes.
Classification of these models is difficult since these models are based on a wide range of physical,
biogeochemical processes and also the underlying assumptions vary significantly among the models. Batlle-
Aguilar et al. (2011) and Manzoni and Porporato (2009) classified these models based on their internal
structure: (a) process oriented (multi) compartment models; (b) organism oriented (food web) models; (c)
cohort models describing decomposition as a continuum; (d) a combination of model type (a) and (b). Of
these model types, the process oriented models (compartment models) vary from simple to more complex
models (e.g. RothC model, Century model, FullCAM) with differences in the number of compartments
representing varying states and forms of organic C, with different turnover rates (biological degradation)
(Smith et al, 1998). The differing levels of representation impact on the detail in measurement required for
initialisation but also influences the ability of the models to assess feedback and interactions in climate and

Australia’s Carbon Sequestration Potential | 89



practice and to allow an analysis of risk to sequestered carbon change from changing conditions and
practice (that is the proportion of sequestered carbon that is in pools that may rapidly turnover).

Recent advances in soil carbon modelling comprise: (a) use of digital datasets as model inputs; (b)
improvements in model initialisation; (c) advances in model calibration and model uncertainty assessment
and (d) use of model fusion techniques. In terms of model inputs, there is an opportunity to improve the
simple water balance sub-model used in some soil carbon model (e.g. RothC/FullCAM model) and instead
use the digital water balance model derived from Soil Landscape Grid of Australia (SLGA), SILO climate
datasets and remotely sensed ET datasets (Wimalathunge and Bishop, 2019). This will provide more realistic
soil moisture values that drives decomposition of incoming organic matter to soil compatible with the
Australian landscape conditions. Some improvements have already made using digital layers using the spatial
datasets from SLGA of Australia to provide more realistic soil inputs for such model (e.g. clay contents digital
soil map within FullCAM model). Additionally, the satellite derived products representing land management
decisions, as explained above, can be used as model inputs for soil carbon models.

Another key compartment of the model uncertainty is associated with the model initialisation in the
landscape context. The replacement of conceptual soil carbon pools with measurable soil carbon fractions
enables initialisation of such models in landscape without prior history of the land use (Baldock et al., 2013).
The alternative is to spin up models with a long, simulated land use history to initialise starting pools with
inherent uncertainty. Luo et al. (2017) used 90 field trials at 28 sites across the different agroecosystems in
the Australian cropping regions and found that C inputs accounted 27% of the relative influence on soil
carbon rate change, followed by climate 25% (i.e. precipitation and temperature), soil C initialisation pools
24% and other soil properties (e.g. clay content) 24%. This highlighted the importance of model inputs to
maintain model simulation quality and reduce the main sources of uncertainty in soil carbon models.
Uncertainty arises in many ways in modelling soil carbon, through model inputs, parameters, representation
of dynamics and model predictions. The total uncertainty is often poorly represented, and prior knowledge
about the uncertainty of model parameters (say our knowledge of practice application uncertainty) is not
easily translated into model estimates. Advances in Bayesian hierarchical modelling are improving the
uncertainty estimation, and this can be translated into improved confidence intervals for soil carbon change
(Clifford et al., 2014).

Datasets are required for soil carbon model calibration and validation. Especially useful for calibration and
validation are data sets from long-term trials with weather, management and vegetation, crop and
productivity history. The best current national datasets were compiled by Skjemstad and Spouncer (2003).
Updating this database to reflect modern crop and soil management practices is needed. Additionally,
between 2009-2012, CSIRO coordinated a national scale soil carbon research program (SCaRP) which
provided a detailed understanding of soil carbon and its fraction status across the main cropping and pasture
growing regions in Australia. These samples, however, only provided a point in time snapshot. With the
passage of nearly ten years since first measurement, resampling of selected sites will provide much-needed
knowledge on change of soil carbon across the continent-scale. Additionally, some of these sites can be
converted as long-term soil monitoring network of Australia coordinated by the national science agency with
the participation of all states and territories. Current work funded by the Federal Government is under way
to resample approximately 7% of the original SCaRP sites. The spatial-temporal datasets gathered through
such soil monitoring network will be foundational for the next generation soil carbon models that will be
required to underpin a model-measured methodology.

The application of machine learning (ML) modelling of soil carbon has increased rapidly in the last decade
(Padarian et al 2020), though sparsity of data has limited space-time modelling ( Padarian et al. 2020). While
ML models for soil carbon prediction can have better predictive performance than traditional methods
(Padarian et al 2019), interpretability can be low and reduce confidence in their use for decision making. For
managers and policy makers this presents a tricky set of decisions: do we aspire for the greatest prediction
even if it comes at the cost of transparency? While confidence in both ML and process-based models (such
as RothC model) should be constrained to the domain of the inference data set, modelling that explicitly
captures our understanding of system functioning and the feedbacks in process may provide more
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confidence in extrapolation and into novel combinations of systems. There is a clear opportunity to link
mechanistic/process-based modelling with statistical/ML approaches to improve predictions, particularly to
better characterise in models.

9.6 Social, environmental impacts, risks and co-benefits

9.6.1 Social impacts and risks

Soil carbon farming can provide a requirement that future managers of that land to maintain practices to
retain carbon stocks. This will reduce future management flexibility, say should the farm wish to target
different product markets, and can be a disincentive because permanence is required for soil sequestration
options to be effective. Where a strong alignment between increasing soil carbon and improving or
restoring farm productivity or resilience exists, this is not the same issue and potentially offers a win:win
provided risks can be managed.

9.6.2 Environmental impacts and risks

Sustaining soil carbon requires net primary production to be maintained. In some parts of Australia there is
a drying trend associated with climate change and projections, and in Australia net primary productivity is
strongly correlated with rainfall posing a threat to soil carbon. Declining rainfall is already impacting
potential crop productivity and will continue to do so into the future (Hochman et al 2017), though to date
technology improvement has prevented loss of production despite a 20-30% decrease in the theoretical
water-limited yield (Hochman et al. 2017; Fletcher et al. 2020). This may be exacerbated by drives to
increase the harvest index of crops, increasing allocation of carbon to grains and thus reducing the amount
that remains as stubble or root inputs to soil. Roxburgh et al. (2020) carried out a meta-analysis of climate
change effects on soil carbon found a range of negative and positive interactions with climate factors but
concluded that there was a moderate to high risk to soil carbon stocks from climate change.

Sequestering carbon also locks up macro nutrients such as nitrogen, sulphur, and phosphorus due to the
stoichiometry of soil organic matter, which affects long-term costs of increasing soil carbon (Kirby et al.
2013). However, it is important to note that past productivity may in part be due to the release of these
nutrients from soil organic matter that has been lost over time — commonly referred to as nutrient mining.

Finally, because practices that increase soil carbon need to be maintained over the long run to maintain soil
carbon increases, it is important to look at net emissions over integration periods relevant to atmospheric
outcomes. Luo et al. (2017) showed that for fertiliser addition to crops, while systems acted as sink for the
first few years, over the longer term some systems can become net emissions sources. The balance of
carbon-to-nutrients (stoichiometry) is an important driver of both soil carbon sequestration and risk of N20
emissions. The changes in the rate of soil carbon accumulation over time and the ongoing emissions
resulting from continued practice change, all need to be considered for activities aimed at providing a
permanent sink for carbon sequestration. Further research is required to understand the bounds of this
issue and when various underpinning mechanisms (which may be managed) dominate, and at what stage
and in which environments increase N,O emissions risk negating sequestration gains.

9.6.3 Co-benefits

There are many good reasons to reduce soil carbon loss and improve soil carbon stocks. Increasing soil
carbon is associated with a range of productivity and environmental benefits, including improvements to
soil structure, soil fertility, nutrient retention, water holding capacity, and reduced soil erosion (Janzen
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2006; Sanderman et al. 2010). Many studies have shown a strong correlation between increased SOM
levels and improvements in soil physical properties such as aggregation, water infiltration, hydraulic
conductivity and compaction (e.g. Blair et al. 2006a; Blair et al. 2006b; Whitbread et al. 2000).

Co-benefits of soil organic carbon include therefore include:

e sustaining and improving productivity.

e reducing the need for fertiliser inputs; (Yeboah et al 2021)

e reducing drought impacts (Bowling et al 2020, Lobell et al 2020, Yeboah et al 2021);
e and reducing externalities such as dust storms (Sivakumar and Stefanski 2007).

9.7 Barriers to implementation:

9.7.1 Policy and regulatory environment

Soil carbon methods are well supported by existing regulation. As discussed, earlier industry proponents
have claimed that the monitoring, reporting and verification barriers are significant barriers to entry.

9.7.2 Social licence and stakeholder acceptance

Generally, soil carbon projects are positively received and the alignment to other co-benefits well
documented. Recent sale by RegenAg of soil carbon credits to Microsoft (noting that these were not
credited through the ERF or under an ERF method) attracted commentary on the sale of Australian soil
sequestration overseas ( The Conversation 25/6/2021). As part of this commentary questions on
assessment methodology were raised and concern that methodologies (in comparison with the ERF
methods which place a high premium on monitoring and verification approaches) should not undermine
the integrity of soil carbon trading.

9.7.3 Technology performance variability

Cost of soil sampling remains a barrier to entry. Traditional we chemistry approaches to soil carbon
measurement are challenging. With current technology, accurate direct measurement of SOC requires
‘destructive sampling’, i.e., soils taken from the field and then sent to a laboratory for processing and
analysis. There are two main reasons for this. First, conventional analysis methods to determine C content
as a % of total soil mass, i.e., both dry and wet oxidation methods, require laboratory-scale instruments and
facilities that are not practical to bring to the field. The concentration of organic C in a soil sample is usually
determined by converting a sample to COz by either wet oxidation (i.e. Walkley and Black 1934) or dry
combustion (i.e. Wang and Anderson 1998) and then quantifying the amount of COzevolved. Correction
factors are required if the wet oxidation method is used as it is known to underestimate organic carbon.
Soils must be carefully processed and standardised —i.e., sieved, homogenised, dried and finely-ground, for
the analyses. Secondly, accurate measurement of soil bulk density (i.e., mass per unit soil volume) requires
a known volume of soil to be weighed under standard oven-dry moisture conditions, necessitating soil
collection from the field. The collection, transportation, and processing of soil adds considerable time and
costs to the operation. Physical sampling and measurement will always be required for calibration and
validation of other methods, be they proximal or remote sensed. However, efficiencies can be made and
some of the more laborious steps may be replaced with proximal sensing approaches. Emerging proximal
sensing techniques, now recognised in methodologies provide another way forward. Proximal sensing of
soils is more cost-efficient though more costly than existing soil sampling approaches but produces more
accurate estimates. Even although with existing methods the costs over the life of a project are similar the
costs are higher upfront and this can present a cash flow problem for participants. Near to present
technological modifications to existing proximal sensing technology could all both more cost-effective and
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cheaper measurement, while providing more actuate and lower variance carbon estimation area soil
carbon assessment. Improving sample analysis time and deploying approaches for proximal sensing of
gravel content appear the most realisable improvements, and these will both make a marked reduction in
project life measurement costs.

A real opportunity exists to use remote sensing inputs as surrogates or replacements for existing
parameters in soil modelling methodologies to greatly improve the spatial resolution and accuracy of
modelled approaches which may make them less conservative and more attractive for implementation. In
process-based model, model inputs that are typically based on agriculture census datasets can be replaced
with time series of remotely sensed datasets (crop/pasture type and land management practices such as
fallow period, cover factor). There is an emerging opportunity to fuse datasets of cop/pasture height and
high spatial resolution primary and secondary attributes from satellite and UAV remote sensing with carbon
models for improved prediction and localisation of parameterisation.

9.7.4 Financial proposition and costs and access to capital

A significant part of soil carbon sequestration projects occurs very early in project lifetimes which can
represent a barrier to entry. Depending on how payments for sequestration are made this can present a
challenging cash flow to participants. As of July 2020, the Clean Energy Regulator can provide a $5000
advance to support to soil method baseline sampling costs. Similarly the new ERF soil carbon method (Soil
Carbon (2021) may be helpful in reducing costs.

9.7.5 Industry supply chains and skills

The sector is well served by advisers and implementation partners.

9.7.6 Market opportunities or market creation

There is significant market interest in projects however farmers and land managers are often unclear on
the veracity of the advice they are given by project proponents.

9.8 Scaling knowledge gaps:

Currently there is significant focus on innovations aimed at reducing measurement costs associated with
validating soil carbon stock changes. While an important part of ensuring the integrity of carbon
methodologies and for improving the cost-benefit of soil carbon farming through decrease MRV costs,
there are additional gaps in knowledge that hamper efforts to ensure that there are pathways to maximise
sequestration through soil carbon storage. These include:

1. reducing uncertainties in the economic sequestration potential through better defining
opportunities to increase plant-carbon inputs and to better define risk of reversal, carbon
saturation, and rates of decomposition at regionally relevant scales. Reducing uncertainty around
these key parameters would act to:

a) support developments in carbon models used by government and/or aggregators for
accounting purposes and,;

b) support the development of tools that enable land managers to set realistic soil carbon
targets based on the regional agronomic context, ensuring that entry into carbon markets
is based on informed decision making.

2. Improved understanding of where (soil x environment x system) carbon sequestration efforts could
be negated by increased nitrous oxide emissions. Developing plant-soil budgeting measures that
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indicate when the soils carbon-nitrogen cycling is tightly coupled, or where elemental imbalances
lead to inefficient cycling, could better inform tactical nutrient management decisions that
minimise production emissions.

3. Improved estimates and modelling of soil carbon change potential under emerging agricultural
practices, such as regenerative approaches, strategic deep tillage that overcome subsoil
constraints, clay delving or spreading practices, and changing rotational practices associated with
growing plant protein demands and use of modern cultivars.

4. Increased efforts to develop incentive programs and frameworks that are not constrained by
management practice categorisation but provide the land manager the flexibility to respond to
unpredictable climate, economic, and market drivers that maximise the ability to overcome site
specific constraints to productivity, maximise plant-carbon returns, and minimise carbon erosion or
losses. This will allow the land management community to drive on-farm innovation in a tactical
manner that can respond to changing needs.

5. Continued innovation support for the development of new practices that increase soil carbon from
clearer understanding of where rotational cropping practices will be most effective, understanding
how microbiome management could increase soil carbon and soil function, through to plant
modifications that increase the longevity of plant residues.
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10 Blue and Teal Carbon

Emission Type Avoided Negative
Enabling Capture Technology Biological Engineered
Enabling Storage Technology Biological Engineered

Figure 110-1: Blue and teal carbon technology type

10.1 Summary

Description and current uptake

Blue carbon describes the potential carbon storage and sequestration of vegetated coastal ecosystems
(VCEs), including mangrove, saltmarsh, suptatidal forests and seagrass ecosystems. Teal carbon relates to
carbon stored in inland freshwater wetlands. Organic carbon sequestration in these ecosystems occurs in
the biomass of the plants and the soil (sediment) in which they grow. Blue and teal carbon ecosystems
store more carbon on average than most terrestrial ecosystems and typically sequester carbon at faster
rates. Nationally it is estimated that mangroves and saltmarsh together sequester annually about 11.0 Mt
COz-e per ha per year, and seagrass a further 4.9-5.6 per ha per year. There are no estimates for
freshwater wetlands at present.

Methods to characterize sequestration for blue carbon ecosystems depend on management activities
that either prevent greenhouse gas (GHG) emissions or increase overall carbon accumulation. Australia’s
Emissions Reduction Fund (ERF) has one eligible blue carbon method, and none have yet been approved
for teal carbon. The Tidal Restoration of Blue Carbon Ecosystems Methodology Determination 2022 is
based on the (re)introduction of tidal flows to land where tides have been previously excluded. This can
increase carbon sequestration through the carbon accumulation in vegetation and soils and decrease
GHG emissions from prior land-uses.

Sequestration potential

There are no reliable estimates of the national sequestration — technical potential or Economic potential
— with restoration of blue and teal carbon ecosystems in Australia. The best estimate of potential
sequestration is from Serrano et al., (2019) of 3-4Mt CO:-e per year. There is a need for better mapping
of the areal extent of blue and teal carbon habitat types, national models of inundation and delineation
of feasible areas or where management actions include better conservation restoration with tidal
introduction, or other management activities might be employed to achieve GHG sequestration.

Several regional projects around in Australia demonstrate that emissions reduction strategies, such as tidal
introduction, can yield substantial net sequestration though the relative balance of avoided emissions and
reductions can often vary according to local circumstances. For example, in the Yandina Wetlands
Restoration Project (part of the Sunshine Coast’s Blue Heart initiative), sequestration of 18.5 t COz-e per ha
per year was achieved when sugarcane land transitioned to supratidal forests and 6.2 t COz-e per ha per
year when transitioned to saltmarshes. In the Great Barrier Reef Region, it was found that tidal
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reintroduction in catchments of the Wet Tropics could feasibly abate annually 0.22 Mt COz-e and 0.16 Mt
CO:2-e in Fitzroy Basin catchments.

Technology readiness potential and commercial readiness

Technologies for tidal reintroduction and VCE restoration are well established but t relatively high capital
and other upfront costs can be a barrier. For example, tidal reintroduction includes hydrological
modelling, modification or removal of tidal barriers and ongoing monitoring, reporting and verification
(MRV). Some restoration projects have ready high-level commercial readiness as they are already
established and are seeking ERF accreditation for either new areas to restore or to make other
improvements that would be considered additional under the method. Other sites have a low level of
commercial readiness, constrained by up-front project development costs.

Scalability, length of storage, measurement and verification

Projects in coastal wetlands face several challenges, including relatively high implementation costs,
complexity of legal rights in the coastal zone, and uncertainties related to ecological processes and
climate change. The sequestration storage length of blue and teal carbon sequestration is less
susceptible to some risks that land-based ecosystems are prone to, such as fire. However, there are risks
associated with climate change and severe weather events. Costs associated with in situ monitoring and
verification requirements are considered a significant impediment to blue carbon tidal projects.
Modelling approaches are being developed for assessing carbon sequestration and hydrological
connectivity that should make these costs more feasible.

Social, environmental impacts, risks and co-benefits

Blue carbon ecosystems provide multiple co-benefits, including fisheries production, pollutant removal
and coastal protection, and are culturally important to Indigenous people. Coastal restoration can deliver
social and economic benefits, including support of livelihoods and enhanced delivery of ecosystem
services. Landholders can benefit from converting marginal agricultural land to blue or teal carbon
sequestration activities — although there is an associated risk of limiting future land management options.
Blue and teal carbon ecosystems are subject to external stressors (such as cyclones, sea-level rise,
changes in precipitation), which may undermine their ability to provide ecosystem services and maintain
carbon sequestration potential.

Barriers to implementation

The principal factors influencing the opportunity for coastal wetland restoration vary across Australia’s
coastline. There is variation in land use, level of carbon sequestration that could be achieved and laws
and policies regulating land-use change and land ownership.

Costs for blue and teal carbon projects can vary considerably depending on the type of ecosystem
being managed, the restoration methods used, and costs of establishment and ongoing maintenance
and meeting monitoring, reporting, and verification requirements. There is considerable interest from
the private sector in investing in blue carbon projects. Motivation for this ranges from meeting
corporate stewardship responsibilities to seeking environmental offsets for business activities.

Scaling knowledge gaps

To effectively scale the sequestration potential of blue and teal carbon ecosystems requires better
quantification and tools to understand where the feasible areas to undertake projects are, and what
are the life cycle costs that will make them viable. Key knowledge gaps in carbon sequestration
potential of other lesser-understood blue carbon habitats such as seagrass and kelp and the
potentially significant sequestration potential of teal ecosystems require systematic investment.
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Understanding the opportunities for Indigenous engagement in blue and carbon research will lead to
multiple co-benefits but requires a comprehensive engagement strategy.

ENABLERS

* Innovative business models
* Better estimates of life cycle costs
* Estimates of feasible sequestration

Technical
Actual 2020-20 B e Economic potential
—

tential 2050
1.1 Mt per year POy, Unknown
3-4* Mt per year

TRL:9 CRL:3-4  Cost: $18-$30 per tonne  Length of storage: 25-100 years

Figure 10-1: Summary of blue carbon technology. *From Serrano et al 2019, assuming 10% restoration and 100%
avoidance. Actual sequestration reflects sequestration in Blue carbon - mangroves over the period 2010-2020,
as reported in Australia's annual national greenhouse gas inventory. Actual sequestration includes soil carbon
as well as living biomass, debris and soil.

10.2 Description and current uptake

Blue carbon is a term coined in 2009 to describe the ability of coastal wetlands including mangroves forests,
saltmarshes (or tidal marsh), seagrass meadows and tidally influenced floodplain forests (dominated by
Melaleuca and Casuarina species) to sequester high concentrations of carbon dioxide in their soils and
biomass. These coastal wetlands form interconnected and dynamic mosaics; saltmarshes and mangroves
occur in the upper intertidal zone, supratidal forests can occur landward and are often interspersed with
mangrove, while seagrass meadows extend across the lower intertidal zone to subtidal depths?.

Teal carbon, which has only recently entered the carbon colour nomenclature, refers to the carbon stored
in freshwater wetlands and includes surface waters — whether natural, modified, or artificial — that are

28 Kelp occurs abundantly around Australia (3.5—7.1 Mha) but is not formally recognised as blue carbon
because the permanence sequestered carbon is yet to be demonstrated and quantified (Hill et al., 2016;
Filboee-Dexter and Wernberg, 2020). Kelp, and other seaweeds can also be used indirectly as a feedstock for
other net emission technologies (NETs), such as BECCS (see chapter 13), as well as in the production of
biofuels and other high-value products (e.g., pharmaceuticals).
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subject to permanent, periodic, or intermittent inundation. They may be broadly classified as riverine
(having an open channel), lacustrine (large open water systems such as lakes) or palustrine (small vegetated
non-channel environments including billabongs, swamps, bogs, and springs) wetlands.

As with terrestrial forests, organic carbon sequestration in these coastal and freshwater wetlands occurs in
the above- and below-ground biomass of the plants, and in the soil (often termed sediment when applied
to aquatic ecosystems) in which they grow. The organic carbon in the soil can be acquired by the plants
themselves through photosynthesis (autochthonous), or it can originate elsewhere, transported into the
ecosystem by water or wind (allochthonous). Typically, the soil stores more organic carbon than the
biomass of the plants; around 90% in saltmarshes and seagrasses and 75% in mangroves (Alongi 2014). Blue
and teal carbon ecosystems store more carbon per unit area than most terrestrial ecosystems, and typically
sequester carbon at faster rates (McLeod et al., 2011). This is possible because the water which saturates
the soil reduces oxygen concentrations, creating anoxic conditions that slow rates of decomposition and
leads to the accumulation of organic matter. In tidally inundated coastal wetlands the salinity present
reduces the amount of methane produced (Al-Haj and Fulweiler 2020), but in teal carbon ecosystems
methane production can be high, and their effectiveness for GHG abatement requires further research
(Arias-Ortiz et al., 2021).

In Australia from about 1830 massive areas of coastal and freshwater wetlands — over 70% in some
southern states — were cleared to make way for agricultural development and drainage for flood
protection. Land reclamation through tidal restriction (e.g., sea walls, bund, drain) of coastal waterways
diminished the landward extent of mangrove and saltmarsh, while water resource developments, primarily
the building of dams, diversion of water and development of floodplains, significantly reduced the extent
and condition of freshwater wetlands. This resulted not only in large-scale and rapid GHG emissions but
also diminished their sequestration potential. While contemporary (from about 1990) clearing of these
wetlands is now significantly lower (~0.01-0.03 % yr!) than historical rates, ongoing agricultural, urban, and
coastal development, and a legacy of cumulative impacts from poor land-use practices further compromise
the extent, condition, and carbon sequestration potential of these wetlands (Rogers et al., 2016).

Coastal wetlands are formally recognised within Australia’s national greenhouse gas accounting guidelines,
under the Land Use, Land Use Change and Forestry (LULUCF) sector. Mangroves meet Australia’s definition
of forests and estimates of emissions and removals from mangroves are respectively reported under the
sub-sectors forests converted to settlements and wetlands converted to forests in the Australian
Government Emission Inventory System (AGEIS). Tidal marshes and seagrass meadows are reported as
subdivisions under wetlands remaining wetlands and forest land converted to wetlands. The recently
released National Ocean Account, Experimental Estimates (ABS 2022) also provides national carbon stock
and sequestration assessments of mangroves and seagrasses.

As with terrestrial ecosystems, sequestration methods for blue and teal carbon ecosystems depend on
recognised management practices that either: (1) prevent an activity that would otherwise cause
greenhouse gas emissions (termed avoidance), such as preventing vegetation clearing or threats that
impair habitat condition, or (2) lead to an increase in overall carbon accumulation through either direct
restoration (e.g., planting, seed dispersal) or indirectly, for example through the re-introduction of tidal
hydrology, or improved land management practices such as grazing exclusion of feral animals. Kelleway et
al.,, (2019, 2021) documented and analysed for the Australian Government he sequestration potential of
several proposed management activities encompassing both avoidance and indirect and active restoration.
They found that on a per area basis, (re)introduction of tidal flow resulting in the establishment of
mangrove and tidal marsh led to the highest sequestration of organic carbon.

Subsequently, the first accredited Emissions Reduction Fund (ERF) method for blue carbon— Carbon Credits
(Carbon Farming Initiative — Tidal Restoration of Blue Carbon Ecosystems) Methodology Determination
2022, hereafter the blue carbon tidal method) was developed and released in 2022. The basis for the tidal
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method is that the (re)introduction of tidal flows, by removal or modification of tidal flow restriction
devices, results in the rewetting of previously drained coastal wetland ecosystems, that over time can lead
to sequestration by both decreasing (termed avoidance) emissions of methane and nitrous oxide, and by
increasing carbon sequestration (termed removals) by promoting the growth of mangroves, saltmarsh, and
supratidal forests (but not seagrass). Sequestration is assessed relative to emissions and removals of the
landuse prior to tidal introduction (termed the baseline) and determines the number of Australian Carbon
Credit Units (ACCUs) that can be sold (Lovelock et al., 2021,2022). A regional model, BlueCAM, aligned with
the national GHG guidelines and using the best available Australian data, has been developed to assist
prospective projects implementing the blue carbon tidal method to estimate and track sequestration from
carbon sequestered in soils and biomass and avoided emissions from alternative land uses (Lovelock et al.
2022). To date, several projects are seeking accreditation for the blue carbon tidal method but given the
time to establish the restoration and realise the carbon sequestration this is like to be several years before
ACCUs are produced.

Other sequestration methods are being considered for possible inclusion in the ERF including excluding
feral and domestic ungulates from coastal and freshwater wetlands to avoid disturbance and grazing, and
the scaling up of seagrass restoration methods (see section 10.5). In addition to the ERF, several
international voluntary carbon standards have blue carbon methods that accredit eligible offsets under
Australia’s Climate Active Certification. The Verified Carbon Standard has multiple methods, including for
tidal wetland and seagrass restoration (VM0033), and avoiding unplanned wetland loss or degradation
(VMO0007). Plan Vivo's Standard V5 and Gold Standard both have methods for afforestation/reforestation
and sustainable management of mangroves. None of these methods has yet been applied in Australia.

The ability to apply tier 2 and 3 GHG sequestration and emission values to both National Emissions
inventory reporting of blue carbon habitats, and in the BlueCAM model, have been supported by studies
from around Australia that were initially collated under the CSIRO-led Carbon Cluster program (Serrano et
al., 2019). Subsequent studies by Australian researchers have further documented patterns of, carbon
stocks, GHG sequestration and emission rates, in relation to various local, regional, historical, climate and
anthropogenic factors, that globally represent one of the most detailed compendiums of blue carbon data
available (Costa and McCreadie 2022). However, data on methane fluxes from coastal wetlands in Australia
remains limited, and IPCC default emission factors are relied upon. In teal habitats, there hasn’t been a
similar level research, and as a result sequestration and emissions rates are much less resolved, with only a
few studies in southeast Australia (Carnell et al., 2018).

Seagrass
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Figure 110-2: Soil carbon sequestration rates (Mg C ha™ year™) in tidal marshes, mangroves and seagrass across
Australian climate regions. The four ranges of data (indicated by different colours) are based on the lower quartile,
median quartile, and upper quartile of available data. From Serrano et al (2019).

10.3 Sequestration potential

Estimate of sequestration Sequestration (Mt.yr ) Key evidence

Technical Potential

Avoided 2.1-3.1 Serrano et al., (2019) — estimates of current VCE
Restoration 1.15 losses.
Serrano et al., (2019) — Restoration on 10% of
damaged VCE’s

Economic potential by 2025

Economic potential by 2035
Economic potential by 2050

Table 110-2: Best estimates of blue and teal carbon sequestration potential

While there are now reasonably good area-based estimates for carbon accumulation and GHG emission
rates of different coastal wetlands across Australia’s region there are no reliable estimates of the national
carbon sequestration — technical potential or Economic potential — for blue and teal carbon in Australia.
Even with the release of ERF tidal restoration method, and the regionally based Blue CAM model (Lovelock
et al., 2021), there is no accompanying national estimate of what sequestration this method could
potentially, or feasibly, yield.

Such national sequestration estimates require improved mapping of the areal extent and assessment of
changes that are occurring in these blue and teal carbon habitats. While mangroves have been
systematically mapped with remote sensing since 1988 the national extent of saltmarsh and seagrass are
only estimates derived mainly from the aggregation of state-based data. Systematic mapping of these
habitats is however underway as part of the National Ocean Account, Experimental Estimates with
assessments of saltmarsh and kelp anticipated for release in November 2022. These national accounts are
also reporting the magnitude and change in carbon storage and sequestration of these coastal wetlands,
providing a useful baseline from which to estimate technical potential and Economic potential
sequestration; however they can’t presently discriminate whether they are the result of management
interventions, or the consequence of natural processes.

Technical Potential sequestration

In assessing the biophysical potential of blue and teal ecosystems to achieve GHG sequestration the
regional variation in the extent, composition, biomass, and productivity, of different coastal and freshwater
wetlands habitats must be considered. Below, contemporary national extent and carbon sequestration,
and known emissions for these wetlands are summarised:

e Mangroves have been systematically mapped with remote sensing since 1988 the carbon sequestration
potential of mangroves is the best quantified of any blue and teal ecosystems (Lymburner et al., 2021).
Nationally mangroves occupy about 1 million hectares (Mha) and occur mainly in tropical regions (73%)
and are naturally latitudinally limited in their southerly distribution. From 2020 to 2021, mangrove
extent increased by 2.3% (0.023 Mha) to 1.07 MHa. In 2021 mangroves nationally stored 260 Mt CO,-e
and sequestered and estimated 8.6 Mt CO,e per annum (ABS 2022). Emissions from clearance of
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mangroves under the forest to settlement category in the AGEIS were 21 Mt CO,-e and show a year-on-
year decline over the last decade (103 Mt CO,-e in 2010) that are the result of reduced rates of
mangrove clearing. These are presumably from enforcement of stricter development regulations being
enforced and suggest there only relatively modest sequestration can be achieved (Commonwealth of
Australia 2021).

e Saltmarsh are estimated to occupy 1.37 -1.5 Mha occurring mainly in tropical regions (Queensland,
39%; the Northern Territory, 37%; Western Australia, 22%) and in temperate regions today they are
much reduced in extent from historical drainage land clearing and conversion. Detailed mapping and
estimation of carbon stocks and sequestration in saltmarsh is expected to be released in November
2022. Saltmarsh along with small mangroves and freshwater wetlands are considered generically under
the wetlands to settlements sub-category of AGEIS. Progressive reductions in emissions are reported to
have occurred over the last decade from 75 Mt CO»-e in 2010 to 9 Mt CO,-e in 2019 (Commonwealth of
Australia 2021).

e Teal wetlands occupy 33.9 Mha and are dominated by palustrine (18.2 Mha, 61%) and lacustrine (10.2
Mha, 34%) habitats. These freshwater wetlands occur mainly in northern Australia, with Queensland
alone representing almost a third (32%) of Australia’s freshwater wetlands, and in large temperate
drainage divisions including Lake Eyre (25%) and the Murray Darling (16%) basin (Bino et al., 2016).
Today, artificially constructed freshwater storage areas (e.g., dams, reservoirs, farm ponds) occupy a
significant area (0.69 Mha) of the national estate (Bino et al., 2016). First-order national sequestration
rates in the dominant (about 84%) palustrine and lacustrine habitats of teal carbon ecosystems are
respectively 125.4 and 70.7 Mt CO-e year™ which in aggregate give a baseline of about 196 Mt CO,-e
year™t. The only comprehensive survey of potential GHG sequestration is across Victoria’s ~ 5,000
temperate, alpine, and semi-arid wetlands (2370 Mha) where annual carbon sequestration is estimated
to be 3 Mt CO;-e (Carnell et al., 2021). Historically, drainage and loss of ~260 Mha of wetlands since
European settlement (~1834) is calculated to have released between 20 and 75 Mt CO-e.

e Seagrasses are estimated to cover between 2.56 to 3.06 Mha and are distributed across subtropical
(38%), tropical (32%), and arid (16%) regions of Australia, with more than two-thirds located in state
waters (notably South Australia) and a further one-third located in Commonwealth waters, mainly in
the Torres Strait. in 2021 between 289 and 341 Mt CO,.e were stored in seagrass meadows which
sequestered 4.9 to 5.6 Mt CO,.e (ABS 2022). However, given the large but unreliable estimates of
seagrass areal extent, Discrepancies in national estimates of seagrass carbon storage and
sequestration reported in various studies stem from assumptions made as to the extent of seagrass: a
seagrass extent of 9.3-12.8 Mh used by Serrano et al., (2018) and subsequently Young et al., (2021)
included recently discovered deep-water seagrass and is 3—4 times greater than the 2.6—3.1 Mha
reported by the National Ocean Accounts (ABS 2022) .

In summary, the distribution of coastal and freshwater wetlands in Australia are mainly in Northern
Australia and consequently Queensland, Northern Territory, and Western Australia may have greater
sequestration potentially sequestration potential than — apart from South Australia— many of the southern
states (Figure 10-3).

Australia’s Carbon Sequestration Potential | 103



5,000 Habitat
. Mangroves
I saltmarsh
. Seagrass

4,000

3,000

2,000

Sequestration (t tonnnes CO2-e/yr)

1,000

0 — .. N

Northern  Queensland New South  Tasmania Victoria South Western  Other Commo
Territory Wales Australia Australia nwealth

Figure 110-3. Soil carbon sequestration rates (thousands tonnes COz-e ha™! yr?) in tidal marshes, mangroves and
seagrass across Australian states, territories and Commonwealth waters.

In further refining what potential sequestration could be achieved in these wetlands from avoidance or
restoration methods the historical loss of these habitats from drainage and land-clearing, although poorly
documented, is a commonly used proxy for assessing potential sequestration and assumes that because
these habitats previously occurred, they can — with the right methods and conditions — be restored. In the
first national assessment of blue carbon in Australia, Serrano et al., (2019) estimated that greenhouse gas
emissions equivalent to 2.1-3.1 Mt CO,-e year™ had resulted from historical clearing and degradation of
blue carbon ecosystems. It was also estimated that restoring 10% of cleared blue carbon ecosystems in
Australia (0.57 Mha) would generate 1.15 Mt CO,-e year™ of sequestration in soil alone. While these are
the values have been adopted for this report (Table 11.2) as the range of in potential sequestration , they
must be treated with caution as they are generated from (a) uncertain estimates of the areal extent of
coastal habitats and of the rates of historical clearing (Rogers et al., 2016); (b) poor knowledge of the rate
and magnitude of emissions that occur, (c) sequestration rates from soil cores of varying lengths
extrapolated to 1-metre. Even the scale of assumed restoration seems daunting in terms of the absolute
spatial scale, land tenure and technological constraints and the decadal timeframes over which carbon
accumulation could be realised.

In relation to assessing the national potential of the tidal re-introduction methods, simple bathtub models
that calculate the highest astronomical tide (HAT), and sometimes include sea level rise (SLR) projections
(often assumed to be 0.7-1.0 m by 2100), have been applied in several regional studies to predict changes
in ecosystem extent and sequestration potential. For example, in Queensland:

e Across the Great Barrier Reef (GBR) region Costa et al., (2022) used the INVEST models and found that
by restoring tidal exchange in 0.9 Mha within the GBR catchments, restoration could sequester an
additional ~0.8 Mt CO;-e by the end of the twenty-five-year crediting period.

e jtis estimated (based on land drained for sugarcane and it current distribution and its elevation on the
flood plain,) that between 66,000 — 230,000 ha could be used by projects using the tidal blue carbon
method (Lovelock unpub.)

e In the Fitzroy catchment, Hagger et a, (2022b) identified 31,686 ha that could be suitable for
hydrological restoration to coastal wetlands. With the prediction of a +0.7 m or +1 m sea-level rise, this
increased to 60,142 ha or 67,097 ha, respectively.
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However, these studies have been hindered by generally poor quality of coastal elevation data for much of
the coast, limited spatial resolution of land use data, and inconsistent and incomplete data on the presence
of tidal barriers.

National hydrological models that can assess the extent and frequency of inundation of coastal and
habitats and improved delineation of the areal extent over which management interventions may feasibly
operate are required. The CSIRO, with BHP, is currently undertaking a national blue carbon project that will
develop some of this national hydrological capability which should be available in mid 2023. Preliminary
modelling results for southeast Australia (NSW, VIC, SA) indicate the area that could be inundated under
present sea level conditions is 15,600 ha resulting in an increase of 5600 ha of mangrove and about 10,000
ha of saltmarsh. Total carbon sequestration over 25 years from inundation of cropping, grazing and other
agriculture is estimated to be about 2 Mt CO,-e with the more that 50% of this sequestration occurring in
Victoria from transitioning grazing lands.

Future (nominally 2050, 2100) climate conditions must also be taken into consideration. Over the coming
century, projected sea level rise (SLR) is predicted to inundate low-lying coastal land across Australia
leading to landward migration of mangroves, saltmarsh, and to a lesser extent seagrass, increasing their
extent by 5-15% (0.38 — 0.92 Mha) under RCP 4.5 or 9-25% (0.45 — 1.06 Mha) under RCP 8.5; Whitt et al.
subm.). While the Northern Territory has the largest area available to accommodate coastal wetland
migration by 2050 under by 2100 NSW and Victoria are expected to have greater potential to increase
state-wide coastal wetland extents and this will also affect their rates of carbon sequestration and
accumulation (Young et al., 2021). In GBR studies of potential tidal reintroduction (Costa et al., 2021, 2022;
Hagger et al., 20224, b) projected increases in SLR to 2100 were estimated to significantly increase (by up to
90%) the carbon sequestration that would be achieved by tidal re-introduction alone.

Climate events such as droughts, floods, heatwaves, cyclones, and storms can result in significant actual
and future-potential carbon losses. For example, marine heatwaves resulted in large-scale dieback of
around 10,000 ha of mangroves in northern Australia’s Gulf of Carpentaria (Duke et al., 2017) and the loss
of more than 1100 ha of seagrass in Shark Bay, Western Australia, in 2010 is estimated to have resulted in
the loss of 2.0-9.0 Mt CO,-e (Arias-Ortiz et al., 2018). As such they can have significant effect on year-to-
year national emissions, but they also offer the potential for significant facilitated and active restoration.

Economic potential

Several large-scale regional projects in Australia) demonstrate that emissions reductions strategies such as
tidal introduction can yield substantial net sequestration (avoided emission). The models of Hagger et al.,
(20223, b) provide the best practice feasibility assessments using a multi-stage approach considering
stakeholder engagement, biophysical suitability, carbon sequestration, economic feasibility, and the
provision of co-benefits for biodiversity, fisheries, water quality, and coastal protection, as well as cultural
benefits. Within the Wet Tropics region of the GBR, 5,046 ha of historically cleared coastal wetlands on
sugarcane and grazing land were identified that if tidal flows were reinstated around 0.22 Mt CO-e yr
could be abated; 58% would be from carbon sequestration in vegetation and soils and 42% from avoided
emissions associated with conversion of the land use. Cost-benefit analysis over 25 years demonstrates
that at a carbon price of $25 per tonne CO;-e) over 90% of the area would be profitable under conventional
farm management practice (Hagger et al., 2022a). In the Fitzroy catchment, the presence of threatened
species, the Capricorn Yellow Chat, reduced the land area deemed suitable for restoration from an initial
31,686 ha identified as suitable for hydrological restoration to coastal wetlands to just 13,874 ha. This land
area could feasibly abate 0.16 Mt CO,-e per annum, of which 61% would be from carbon sequestration in
biomass and soils of restored wetlands and 39% from conversion of the grazing land use. At a carbon price
of AUD $40 per tonne CO,-¢, tidal restoration over a 25-year crediting period was considered feasible for
51% (7117 ha) of the potential area (Hagger et al., 2022b). But in temperate Western Australia, in the Peel
Harvey catchment, only 348 ha of potential and holdings were identified and would abate much less carbon
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per year (0.004 Mt CO,-e yr). However, none of the sites would be profitable, even when using the higher
carbon price, and this was due primarily to the initial restoration and maintenance costs in the first five
years, and because the sites are small with low carbon sequestration per site and poor economies of scale
(Hagger et al., 2022b).

The Yandina Wetlands Restoration Project on the Sunshine Coast, Queensland, is the only known study
demonstrating realistic sequestration (se case study 1). In 12 years since reinstatement of tidal inundation
carbon sequestration of 18.5 t CO2-e ha-! yr-! was achieved when sugarcane land transitioned to supratidal
forests, 11.0 t CO,-e ha-! yr-! when the land transitioned to mangroves, and 6.2 t CO,-e ha-! yr-! when the
land transitioned to saltmarsh (Iram et al., 2021).

A couple of studies have also started to look at the technical potential and economic feasible sequestration
from the exclusion of feral and domestic ungulates. In the Ord Catchment WA, Hagger et al., (2022b)
24,123 ha of land was identified as potentially restorable and though not eligible under the blue carbon
tidal restoration method, a conservative (0.3 COz-e ha yr'') estimate of 7,237 Mg CO-e yr' in avoided
emissions from reduced grazing pressure could be abated if a method that allows restoration of degraded
natural wetlands was developed. In freshwater wetlands in the Wimmera region of Victoria (~7 Mha)
exclusion of grazers was estimated to increase above-ground biomass and soil carbon stock by 0.55 Mt C
and could reduce emissions by 0.78 Mt COz-e yr! (Limpert et al., 2021).

In summary, Table 10-2 highlights the regional variability and some of the factors (e.g., variation in tidal
range, land-uses, hydrological modifications of the landscape, biodiversity and the presence of threatened
species) that may influence whether sequestration is feasible. Other factors, including current land-use,
tenure, and the regulatory environment vary regionally an significantly influence the results of cost-benefit
analyses (see table 10-2 and case studies 1 and 2).

Table 110-2. Economic potential sequestration for blue carbon project over 10, 25 and 30 years.

Economic Sequestration (Mt CO; e) Annual average

Sequestration Method
2050 (30y) 2030 (10y) 2045 (25y) (MtCO; eyr?)

Tidal Inundation

Queensland

Whole GBR (Costa et al 2022) 8.8816 3.1720 7.9300 0.32 900
Wet Tropics (Hagger et. al 2022a) 6.1882 2.2101 5.5252 0.22 5.046
Fitzroy Catchment (Hagger et al 2022b) 4.5410 1.6218 4.0545 0.16 13.874

South East Australia

New South Wales (CSIRO unpub.) 0.28 0.01 1.906

Victoria (CSIRO unpub.) 1.1 0.04 10.521

South Australia (CSIRO unpub.) 0.51 0.02 3.174

‘Ff‘;eeft:;'r‘vg;‘s(f_":gger - 0.1207 0.0431 0.1078 0.004  1.762
Exclusion of Grazing

Ord Catchment (Hagger et al 2022b) 0.2026 0.0724 0.1809 0.007 24.123

Wimmera Catchment (Limpert et al 2021) 19.5 0.78 7000
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Case Study 1: Tidal Reinstatement in Sugar cane lands of the GBR Wet Tropics (Hagger et al., 2022a)
Average greenhouse emissions from sugar cane cropping (CO2 from soil carbon loss, N20 from fertiliser N
mineralisation and leaching, and CH4 from flooded drains and burning) and removals and emissions after coastal
wetland restoration from reinstatement of tidal flows (CO2 removals in aboveground biomass and soil carbon and
CH4 emission from brackish water flooding.

BEFORE RESTORATION

N,O €O, CH,

(22.62 CO,-e hatyr?) (5.36 CO,-e hatyr?!) (0.04 CO,-e hatyr?)

Highest Astronomical Tide|

Farm gross margin $417-817 hat yr?

AFTER RESTORATION

CH, co,

(2.92 CO,-e hatyr?) (28.27 CO,-e hatyr?)

= Highest Astronomical Tide|
Farm gross margin plus:

Up to AUS307 ha yr! (Australian carbon price $13 Mg CO,-e) or
Up to AUS806 ha yr! (higher carbon price $25 Mg CO,-e)

Case Study 2: Yandina Wetlands Restoration Project (Iram et al., 2021).

The Yandina Wetlands Restoration Project is part of the Blue Heart initiative that aims to restore and protect
~5000 ha wetlands on the Sunshine Coast, mainly to manage flooding, but also to improve water quality, enhance
carbon sequestration, increase biodiversity, and provide recreational opportunities. The site was originally a
supratidal forest composed of Melaleuca spp. that was cleared and drained in the 1990s for sugarcane
production. In 2010, tidal inundation was reinstated, and a mosaic of coastal vegetation (tidal marshes,
mangroves, and supratidal forests) emerged. Carbon abatement of 18.5 t CO,-e ha-'yr-! was achieved when
sugarcane land transitioned to supratidal forests, 11.0 t CO,-e ha-'yr-! when the land transitioned to mangroves,
and 6.2 t CO,-e ha-tyr-!when the land transitioned to saltmarshes. Carbon abatement was due to tree growth,
soil accumulation, and reduced N,0 emissions due to the cessation of fertilization. Coastal wetland restoration in
this subtropical setting effectively reduces CO, emissions while providing additional co-benefits, notably water
quality improvement.

u Water Wet soil Green vegetation Dry vegetation Bare soil

80% -+ REFERENCE- Supratidal forest RESTORED-
Tidal reinstallation Supratidal forest, mangroves

CONVERTED- Sugarcane
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Figure 10-2: Blue carbon case study

10.4 Technology Readiness Potential and Commercial Readiness

Technology Readiness $/t CO2e Key Evidence

9 18-40 McKinsey global blue carbon report estimates potential
sequestration would be viable below US $18 (AUD $26)
per tonne CO; (McKinsey 2022). However, based on
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results from Hagger et aal we estimate this is more
likely to be above AUDS40.

For implementing the tidal restoration method
hydrological restoration involves mainly
earthworks for modification of drains/bunds, and
costs can range AUDS 8,591 ha™ for saltmarsh up
to AUDS 71,363 ha! for mangroves. If there is a
requirement to undertake hydrological this could
cost AUDS 20-40,000. Given natural recovery
requires minimal maintenance, AUDS 750 ha™ yr*
for the first five years of the project can be
assumed (Waltham et al., 2021). Ongoing MRV
costs might be required approximately every 5
years.

Commercial Readiness Key Evidence

34 Some established restoration projects such as Blue Heart and Mungalla
wetlands in Queensland and Hexham Swamp Hunter Valley have a higher level
of commercial readiness and are seeking ERF accreditation and are applying
for funding including through the Australian Government Blue Carbon
Ecosystem restoration fund. Other green field sites have a low level of
commercial readiness with up-front project development costs and complex
approval processes constraining activity scaling.

10.5 Scalability, Length of storage, Measurement and Verification

Scalability

Projects in coastal wetlands face several challenges, including relatively high implementation costs
complexity of legal rights in the coastal zone, and uncertainties related to species choice, ecological
processes and climate change and extremes.

Several studies that have consulted with government, industry and private sector stakeholders have
identified issues such as aggregation across landholdings and different types of tenure, cumbersome
permitting, lack of appropriate policy frameworks, and lack of formal recognition of derived benefits as
constraints to restoring coastal wetlands at-scale (e.g., Steven et al., 2021; Hagger et al., 2022b; Saunders
et al., 2022).

Land tenure is a key constraint on the scalability of tidal restoration as much of the potential land is
privately held (i.e., freehold) and suitable land is often in relatively small parcels (<100 ha), such that
several farm-scale properties may need to be aggregated to achieve the scale of project required (Bell-
James and Lovelock 2019; Bell-James et al., 2020; Shumway et al., 2021).

Technologically, the restoration methods available for reintroducing tides and planting mangroves are well-
established and can increasingly be scaled with emerging technologies, such as the use of drones for seed
dispersal. For seagrass, methods of planting or seeding are less mature though in some cases (e.g., SA, WA)
modest successes of several hectares of cover through replanting are being achieved. Other methods using
genetic, microbial and/or biogeochemical manipulation to increase carbon sequestration or reduce GHG
emissions are also being developed.
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Length of storage

The principle of permanence requires that the net GHG reductions achieved in carbon sequestration
projects must not be reversed. The term durability is also sometimes used for blue carbon projects because
it allows the longevity of different carbon stocks, which can endure for centuries, or millennia to be
compared.

The risk of reversal tends to be lower for blue carbon ecosystems because they are less susceptible to some
of the risks that terrestrial ecosystems are prone to, such as fire. However, they are other risks associated
with severe climate events such as marine heat waves which in 2010/11 resulted in the large-scale loss of
seagrass in Shark Bay and in 2015/16 dieback of mangroves in Gulf of Carpentaria (Duke et al., 2017; Arias-
Ortiz et al., 2018). Mitigation measures should be put in place to address risk of reversal and ensure
durability over the longest timescale possible.

For the ERF blue carbon tidal method, project proponents can choose either a 25- or 100-year permanence
period although it is anticipated that blue carbon projects would continue for 100 years, even if landholders
initially enter into a 25-year agreement. A sequestration buffer is applied to sequestration estimated for
tidal (re)introduction, instead of the permanence period discount and risk of reversal buffer that usually
applied in other ERF sequestration methods.

Measurement and Verification

Across all blue and teal carbon habitats more comprehensive measurements are required to better
quantify rates of accumulation and long-term storage carbon, and the patterns of flux and net emissions of
methane and nitrous oxide under different conditions (e.g., salinity, nutrient concentrations, geology,
livestock, and feral animal disturbance). The data that has been collected to date has been mainly from
individual research projects rather than systematic, government-initiated collection of this information.

Considering both the dearth of such information available for freshwater wetlands, and their large extent
across Australia, prioritizing studies on the storage, sequestration, and fluxes and across Australia, are
required to assess their sequestration potential.

More affordable methods for soil carbon measurement such as mid infra-red spectroscopy can be applied
in coastal and marine environments, and the use of automated sensors for quantify fluxes and the
development of earth observation proxies is also an active area of research. That will potentially assist in
scaling and meeting measuring and verification needs.

More comprehensive and readily available mapping and change detection of blue and teal habitat extent
and condition is required. Investments made recently under the national environmental accounting
initiatives for saltmarsh and seagrass will provide greater certainty as to their potential for sequestration.
However, greater ability to discriminate and attribute the cause of changes and to observe these at higher
spatial and temporal resolution are required. The use of drones, coastal lidar and affordable access to high-
resolution imagery is needed.

A key motivation for the development of modelling tools like BlueCAM is that they don’t require costly field
measurements, ensuring consistency and reducing the costs borne by project proponents. However, for
assessing the potential for inundation national hydrological models that can assess the extent and
frequency of inundation of coastal and habitats and improved delineation of the areal extent over which
management interventions may feasibly operate are also required.
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10.6 Social, environmental impacts, risks and co-benefits

Social impacts and risks

Coastal restoration, conducted either generally or specifically for the purpose of carbon sequestration, can
lead to multiple social and economic benefits, including ongoing and even enhanced delivery of ecosystem
services, social well-being, and support of livelihoods (Steven et al., 2021).

Where current agricultural use is of marginal value, carbon sequestration activities that result in the
generation of ACCUs can be beneficial to landholders, particularly when coupled with other biodiversity
and cultural benefits that blue carbon habitats provide.

First Nations people are the traditional owners and custodians of significant areas of blue carbon habitats.
Free prior and informed consent (FPIC) involving meaningful and culturally appropriate consultations with
stakeholders is considered best practice and must be the first step for any blue carbon project. Although
Indigenous land tenure mapping is being developed, this information is often sensitive particularly where
land tenure determination is still being resolved. A strategy for engagement and alignment with the values
traditional owners hold for these habitats is required and there are long-term benefits from projects that
are co-designed and led by traditional custodians, providing cultural benefits including ensuring the
protection of cultural sites and maintaining Indigenous food systems and providing livelihood opportunities
particularly for on-country maintenance and restoration of these habitats (Hagger et al., 2022b; Saunders
et al., 2022).

Environmental impacts and risks

Blue and teal carbon ecosystems are subject to a range of external stressors which may undermine the
ongoing provision of ecosystem services and limit opportunities for GHG sequestration. The likelihood and
consequence of such external stressors affecting blue and teal carbon ecosystems need to be considered
in the design of sequestration projects and appropriate mitigations actions implemented.

Poor condition of coastal and teal wetlands in Australia can be the result of a legacy of poor management
of soil and vegetation condition often resulting in accelerated soil erosion, acid sulphate soils while high
densities of feral animals such as pigs, cattle, and buffalo continue to disturb soil and vegetation in blue
and teal habitats particularly over large areas of northern Australia (Creighton et al., 2015; Waltham &
Schaffer, 2021).

Depending on the setting, organic carbon pools and fluxes may be vulnerable to the impacts of short-term
stressors such as cyclones and hurricanes or shifts in hydrology and marine heatwaves. In the medium
term, rates of sea-level rise may enhance organic carbon burial in some parts of Australia, but in other
regions, losses are anticipated to reduce sequestration (Young et al., 2021).

Co-benefits

Blue carbon ecosystems provide multiple co-benefits, including biodiversity, fisheries enhancement,
pollutant removal, coastal protection and can reduce pest incursions (Barbier et al., 2011). They are
culturally important to Indigenous people who rely on them for a variety of materials and resources (Clarke
et al.,, 2021).
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Trade-offs among carbon sequestration and these co-benefits are generally negligible, and hotspots can be
identified where multiple benefits can be bundled to attain higher carbon prices for restoration projects, or
to undertake projects under emerging markets, such as for biodiversity. As these ecosystem services vary
regionally and locally, relevant, systematic data collection and the development of modelling tools are
required.

Prioritising sites by cost-effectiveness and co-benefits can achieve multiple ecosystem services and higher
carbon prices might be achieved by bundling (combining) or stacking (selling benefits separately) different
ecosystem services. There is a substantial appetite for these kinds of units and the development of
methods for quantification and valuation of these co-benefits — as well as for natural capital accounting —is
a priority in Australia.

10.7 Barriers to implementation:

Figure 10-4 conceptualises many of issues to be considered in developing blue carbon projects and some of
these are briefly discussed further below (Stewart-Sinclair et al., 2021).

ECONOMIC
Financing
Insurance and ENVIRONMENTAL
risk management . Land conversion
Hydrological medification
Water quality
POLITICAL { Pest species
Land tenure and trade-offs j Overexplonatlop
Policy and governance Ot.her human disturbances
i Climate change and
extreme events
SOCIAL
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cultural value > ¢ TECHNICAL

Public perception
Community engagement
and civil unrest

Site selection
Capacity and knowledge

Figure 110-4 Blue carbon benefits and risks

10.1.1 Policy and regulatory environment

Australian legislation and policies do not uniformly integrate nor recognise all ecosystem services provided
by blue and teal ecosystems. Under the Australian constitution, states and territories hold the legislative
power to regulate coastal environmental policy and planning, which in turn shapes the management
options available for implementing carbon sequestration programs.

Issues of land tenure and rights to carbon sequestration are also complex in the coastal zone and vary
among jurisdictions: who has the right to the land on which the project is located and for how long, and in
turn, who has the right to carbon credits flowing from the project. On leasehold land, the lease term and
purpose are required to meet the duration of the blue carbon project. On freehold land, landowners may
need to be granted use of land below the tidal boundary, which is generally owned by the state (Bell-
James & Lovelock, 2019). Activities including (re)introduction of tidal flow and land-use planning for sea-
level rise may initiate shifts in tidal boundaries, which further complicate rights to carbon (Bell-James and
Lovelock, 2021).
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Multi-agency approval processes can be time- and cost-prohibitive and are considered nationally to be a
major barrier to projects across Australia (Saunders et al., 2022). Such approvals usually fall into two
categories: development permits intended for infrastructure projects, and research permits usually for
short, pilot projects. Altering leases and negotiating carbon rights and seeking regulatory approvals for the
installation or removal of structures adds additional administrative burden and costs. In Queensland for
example, fish barrier remediation, which is similar to tidal restoration, incurred $45,000 in approval fees
and required expertise to complete the approval documentation (Hagger et al. 2022b).

For certain blue carbon projects demonstrating additionality presents unique challenges, particularly
because of the overlap between blue carbon ecosystems and declared marine protected areas, national
conservation priorities, and sustainable coastal wetland management where protections may focus on
fisheries management rather than maintaining blue carbon ecosystems.

Thus, regional variation in policy pertaining to coastal restoration will be an important factor to consider
when assessing the feasibility of sites for blue carbon projects. The permit and approval process from
state governments could be streamlined for tidal restoration projects, and clearer articulation of steps to
gain approvals would help reduce the barrier to project implementation (Saunders et al., 2022). Clear
policies to support tidal restoration of coastal wetlands, could increase the attractiveness of coastal
wetland restoration, particularly if administrative processes were simpler and easier to negotiate.

10.1.2 Technology performance variability

The performance of blue and teal carbon projects around Australia may vary depending on regional
ecosystem type, condition and performance, and the prevailing policy setting. At a project level,
proponents' technical understanding of basic ecological and physiological requirements (e.g., low tide
exposure) and their adoption of emerging technologies will affect the project's success. Costs of entry, long
(decadal) timeframes for a return on investment, and ongoing monitoring reporting and verification (MRV)
requirements are further factors that will influence the success or otherwise of projects.

Data deficiencies for predicting the feasibility of blue carbon projects, including the resolution of tidal
planes, accurate income data from different land-uses, accurate costing of restoration, and mapping of
hydrological modifications. Increasing the range of case study regions would further help understand the
extent of tidal restoration opportunities and limitations across Australia.

Models such as the Australian Land Use Trade-Off model (LUTO) used to assess carbon sequestration in
terrestrial vegetation and soils could also be used to examine feasible sequestration in mangroves and
saltmarsh by incorporating changes in land-use and drainage as well as economic and tenure
considerations.

10.1.3 Financial proposition and costs and access to capital

The studies of Hagger et al., (2022a, b) summarised in section 11.2 provide regional insight into the factors
determining the profitability of blue carbon projects and demonstrate that carbon prices in Australia are
too low for many projects to achieve profitability (although the current spot price for ACCUs is higher than
the threshold for profitability in some of their scenarios) and that bundling or stacking of other co-benefits
is the most viable medium-term solution (Hagger et al., 20223, b).

Up-front project establishment costs can be high and include regulatory approvals, hydrological modelling,
capital outlays to remove or emplace structures and to conduct earths works. Maintenance and meeting
ongoing MRV requirements must also be factored into assessments of the financial viability of any
proposed projects. Studies from forest carbon projects have shown that costs of monitoring and
verification can exceed the revenue from carbon credits and that cost is a critical component in the
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development of forest carbon methods that provide incentives (Kohl et al., 2020). A key motivation for the
development of modelling tools like BlueCAM is that don’t require costly field measurements of
sequestration and so reduce the costs borne by project proponents.

For projects in Australia that involve a direct restoration of habitat, the high cost of labour and logistics
generally makes restoration-based activities comparatively more costly than in many other countries,
though they are generally comparable to the USA and Europe. The best available cost estimates from a
global review of restoration (Bayraktarov et al., 2015) found that for developed nations, the median cost
per hectare of mangroves, saltmarsh, and seagrass restoration in 2010 AUD dollars (1 USD = 1.46 AUD)
were: mangroves, $ 71,000; saltmarsh, $293,000; and for seagrass $575,000. However, many of the
estimates used were from research studies, which are not likely to reflect reliably the costs incurred by
restoration practitioners. In the case of seagrass restoration (transplanting or use of seeding methods),
engaging professional labour results in a total restoration cost that is 2.7 to 3.6 more costly than using
volunteer labour Irrespective of the labour used — the operational costs of boat and car hire,
accommodation if the site is remote, and material costs for transplantation can be around AUD $7,000 per
ha (Rogers et al. 2021).

As data on the costs of implementing blue carbon projects become available over coming years, a more
accurate assessment of the costs and benefits will emerge. Certainly, the most cost-effective investments
at present are larger-scale, volunteer-based restoration projects.

10.1.4 Industry supply chains and skills

The translation of blue carbon science into policy and practice will increasingly require transdisciplinary
collaborations to overcome uncertainties in social, governance, financial and technological dimensions
(Macreadie et al. 2022). In many parts of Australia, and increasingly nationally, they are networking and
collaborating amongst themselves and with regulatory and funding agencies to implement such projects at
scale (Saunders et al., 2022).

10.1.5 Market opportunities or market creation

The potential to mobilize climate and adaptation finance to support scaling of blue carbon projects is
growing internationally. Coalitions of actors are collaborating to establish financial guidance, novel fit-for
purpose investment products sand funds that can be accessed by project proponents and investors in blue
carbon projects (Vanderklift et al., 2019, 2022; WEF 2022).

There is considerable interest from the private sector in investing in blue carbon projects, the motivations
for which range from meeting Corporate Stewardship Responsibilities (CSR), seeking recognition of their
investments as environmental offsets for their business activities, or revenue streams from verified
crediting of various ecosystem services (e.g., carbon, biodiversity).

The multiple benefits that blue carbon projects offers is drawing significant interest among investors,
sellers, and buyers who seek to build resilience, reduce biodiversity loss, and capture and sequester carbon
(WEF 2022). Their development will require consideration of issues such as additionality, permanence,
fungibility, and methods to verify and validate outcomes — all aspects that buyers are likely to demand.
Stacking is likely not a viable option for most benefits in the near term because the market infrastructure to
validate, verify and trade them is not yet developed.

10.8 Scaling knowledge gaps

Scaling knowledge gaps that need to be addressed include:
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Where are the potential and feasible areas for blue and teal carbon projects? Improved mapping and
change detection of the areal extent of blue and teal ecosystems is required for assessment of overall
carbon sequestration potential at the national scale. National-scale hydrological models are needed for
better estimation of potential areas of inundation and need to be informed by data and mapping of
infrastructure, including tidal barrier structures that may impede ingress. Furthermore, mapping the
condition of coastal wetlands would enable exploration of restoration activities to enhance condition,
which would increase carbon sequestration and co-benefits.

What are the life cycle costs for Blue and teal carbon projects? Regional data on restoration costs
including approval, capital, and maintenance costs for restoration activities would also improve
assessments of economic feasibility.

What is the carbon sequestration potential of other lesser understood Blue and Teal Ecosystems? For
subtidal seagrass better mapping, monitoring and research are required to understand fluxes and rates
of carbon accumulation and long-term sequestration pathways. Given the areal extent of damaged
freshwater wetlands, there could be considerable potential in restoration of teal carbon as a potential
sequestration method. Prioritizing studies on the carbon storage, sequestration and GHG fluxes with
these habitats and across Australia, are required to assess their potential.

What are the sequestration and emission rates of GHG and permanence of storage? More information
is needed on the patterns of flux and net emissions of methane and nitrous oxide under different
circumstances (e.g., salinity, nutrient concentrations, geology, livestock and feral animal disturbance),
and the temporal patterns of change in net emissions with restoration. Long-term measurement
programs within situ instrument deployments are required. Emissions might be considerable in some
teal carbon ecosystems, in which low salinity and nutrient enrichment may enhance methane and
nitrous oxide emissions. Emission factors for activities like kelp restoration and seabed trawling are yet
to be developed.

o What are requirements and opportunities for Indigenous engagement? ldentification of cultural
heritage values would allow explicit inclusion of cultural heritage in the co-benefits of blue and teal
ecosystems. Development of an Indigenous blue carbon strategy that is action-orientated and
regionally specific to ensure collaboration with Traditional Custodians in planning of blue carbon
restoration programs.
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11  Pyrolysis Biochar Systems

Emission Type Abated Negative
Enabling Capture Technology Biological Engineered
Enabling Storage Technology Biological Engineered

Table 11-1: Pyrolysis biochar technology type

11.1 Summary

Description and current uptake

Pyrolytic carbon capture and storage (PyCCS) describes the process of using biomass growth
(photosynthesis) to capture atmospheric carbon dioxide (CO3) and pyrolysis technologies (thermal
decomposition) to lock a portion of that carbon into biochar.

Biochar is a charcoal-like material produced during the thermal breakdown of organic biomass under
oxygen limited conditions. Feedstocks for the process include forestry and crop residues, and food, green
or municipal organic waste. It is valued for its stable porous structure, high surface area, sorption
characteristics (reversible adherence) for metals and ability to accelerate (catalyse) biochemical reactions.

Under Australia’s Emissions Reduction Fund (ERF), the application of biochar to agricultural soil is an eligible
activity. However, application to soils remains low due to high costs of biochar (>5500 per t), uncertainty in
agronomic benefit (Section 11.6.3), availability and logistical challenges in transport and application.

Sequestration potential

Biochar has high sequestration potential and global sequestration potential is estimated at 0.7-1.3 Gt CO;
per year. The theoretical sequestration potential for biochar and bioenergy in Australia is estimated to be
30-60 Mt carbon dioxide equivalents (CO,-e) per year. This wide range reflects uncertainties in annual
biomass availability under climate variability and competing uses of biomass resources. Estimating
economic sequestration is challenging and faces additional constraints related to logistics and economics.

Technology readiness potential and commercial readiness

The technology readiness of pyrolysis technologies for producing biochar is generally proven and ready for
full commercial deployment. There are several commercial biochar producers across Australia, but
information on their scale of production, commercial propositions and associated technical and financial
performance is difficult to obtain.

In Queensland, Logan Water has established a $28 M biosolids gasification facility to drive the Councils
carbon neutral ambitions. The project is expected to reduce carbon emissions by 6000 tonnes per year,
save $1 M in waste management operational costs, and create new revenue streams from biochar sales.
The produced biochar is likely to be used in land applications to support crop productivity and carbon
sequestration and provides an exemplar of waste-to-energy solutions with multiple benefits.

The international biochar market is projected to be USS$3.1 billion by 2025. Several companies are aiming to
leverage capital investment and international interest to produce biochar at the industrial scale in Australia.
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Scalability, length of storage, measurement and verification

The global biochar industry tends to have many relatively small producers, although larger-scale operations
are emerging. Centralised pyrolysis biochar facilities and networks of smaller-scale units have been
proposed as ways to address scalability issues. Co-locating pyrolysis facilities with other biomass and/or
waste management facilities can also help scale biochar production.

Carbon as biochar can remain stable in the environment for many years: mean residence times typically
range between 300 and 600 years and can be over 1,000 years. By contrast, raw biomass generally
decomposes in less than 10 years. The ratio of hydrogen to organic carbon is used for measuring the carbon
sequestered in biochar. This test is available through commercial analytical laboratories.

Social, environmental impacts, risks and co-benefits

Social considerations for biochar relate to issues of food security (possible tension between land used for
food production or biomass generation), community acceptance (environmental impacts, acceptability of
centralised location of biomass or waste facilities) and possible risk to human health (possible irritant to
lungs and eyes, may contain harmful components).

Potential environmental hazards arise from biochar’s structure and particle size, possible harmful
components (such as heavy metals, dioxins, polycyclic aromatic hydrocarbons) and possible biochemical
interactions. There are existing standards, credentialling systems, and risk frameworks suitable in managing
many of these risks. It would be valuable to strengthen methods and guiding frameworks to protect
vulnerable environments and ensure a social license to operate.

Many co-benefits can be derived from biochar, depending on the type of biochar produced and its end-use.
Biochar can be used as a soil amendment to improve soil condition and as a supplement in animal feed to
moderate the impact of high nutrient loads. It can be added to composting systems and used in landscape
management and remediation. Biochar embedded in carbon-based composite materials can enhance
mechanical properties and durability.

Barriers to implementation

Australia’s ERF currently does not provide a mechanism to credit the stable carbon within biochar itself.
There is a need for broader policy incentives to drive industry investment and development beyond soil
application alone. Accounting for carbon capture and storage (CCS) potential at the point of production,
considering end-use, could provide a cost-effective approach towards incentives.

Pyrolysis biochar systems are gaining acceptance to gain value from biomass, capture carbon and support a
range of place-specific co-benefits. Social licence and acceptance of biochar is intrinsically linked to that of
bioenergy. In bioenergy cropping, trust has been identified as the key variable in gaining social licence to
operate.

The pricing of biochar has been variable over the past decade and end-use markets for biochar are still not
well established. However, with very low production rates, current demand for biochar in Australia
outstrips supply and there are significant opportunities for creating new, low carbon industries and jobs
around pyrolysis biochar systems.

Scaling knowledge gaps

There has been considerable fundamental research into how different types of biochar behave in the
environment and how it can be used to support agricultural productivity, land remediation or industrial
applications. However, techno-economic and social research within a whole of systems context is under-
represented. As the value proposition of pyrolysis biochar systems is place dependent, this should play an
important role in focusing Australian research efforts for informing economic sequestration potential,
quantifying relevant co-benefits and garnering social licence.
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ENABLERS

* Innovative business model

* Policy incentives to drive industry investment
and development

* Industry uptake of credentialing

* Better estimates of life cycle costs

* Estimates of economic sequestration

* Integrated place based solutions to counter
transport costs and barriers

Actual 2021-22

0.04 Mt per year

BARRIERS

¢ Cost and complex logistics and supply chains
¢ Competition for land use and biomass
* A need for social licence

Technical

potential 2050
30-60 Mt per year

CO-BENEFITS

* Pollutant removal
¢ Soil amendment and improvements to soil health
* Additives to composting systems and or fertilisers

* Integrated place based solutions to counter
transport costs and barrier

Economic

potential 2050
Unknown

RISKS AND IMPACTS

* Potential human health impacts (fine dust)
* Reduced efficacy of agricultural chemicals
* Ecotoxicity to crustaceans

TRL:9 CRL:2-4 Cost: $82-$119 per tonne  Length of storage: >500 years

Figure 11-1: Summary of pyrolysis biochar.

11.2 Description and current uptake

Biochar is a stable, carbon-rich, charcoal-like material that is produced during the thermal decomposition of
organic biomass under oxygen limited conditions. The organic biomass used as feedstocks include forestry
and crop biomass, and food-, green-, or municipal- wastes.

Biomass is converted to energy (gas), liquids (bio-oils, water soluble components), and biochar through
thermal technologies such as pyrolysis, hydrothermal carbonisation, gasification, or torrefaction (Table 11-
1). The yield, stability, and appropriate end-use of biochar is dependent on the biomass used, production
technology and operating conditions (temperature, residence time). In the context of carbon offset
technology, pyrolytic carbon capture and storage (PyCCS) describes the process of using biomass growth
(photosynthesis) to capture atmospheric CO; and pyrolysis technologies to lock a portion of that carbon
into a stable biochar (Schmidt et al 2019). PyCCS aims to optimise the process to favour the production of
long-term stable carbon as biochar and highly aromatic bio-oils. As a guideline, slow pyrolysis between
450°C and 700°C is considered optimal for PyCCS, with biochar conversion efficiencies (30-50%). In
comparison, fast pyrolysis (>700°C) has low biochar yields, high energy expenditure, and is less suited to
carbon sequestration.

THERMOCHEMICAL TECHNOLOGY TEMPERATURE PRODUCTS

Slow Slow-rate heating of biomass in the 450 - 700 °C

Pyrolysis absence of oxygen and requiring (~10°C/min)
residence periods of > 5 minutes.

Fast Pyrolysis High-rate heating of biomass in the 600 — 1000 °C Liquids, gases, smaller portions of
absence of oxygen, requiring relatively dry biochar.

Biochar, with smaller portions of
liquid, gases.
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biomass (<10% moisture), and residence
times in the range of seconds.

Hydrothermal Heating biomass in water under high 180 —-250°C Hydro-char, gases.

carbonisation pressure for several hours.

Gasification Heating in the presence of steam and high 700 — 1200 °C Liquid, gases, smaller portions of
pressure to achieve partial oxidation of biochar.
biomass

Torrefaction incomplete pyrolysis of biomass at 200 —-300°C Gases, Liquids, smaller portions of
atmospheric pressure biochar.

Table 11-1: Description of thermochemical technologies used to convert biomass to non-condensable gases (e.g.
CO,, CO, CH.), liquids (bio-oils and water soluble components) and biochar (solid) products.

To ensure the permanence of PyCCS offsets, the end-use application of biochar must maintain its
permanence. Figure 11-3 depicts a simple linear pyrolysis biochar value chain with end-use application in
soil. Used as a soil amendment, biochar-carbon remains stable and can bring agronomic co-benefits such as
improved soil condition and plant growth (see 11.6.3). Early research evaluating the use of biochar in soils
was dominated by single, surface broadcast applications of 5 — 50 tonnes per hectare (t.ha') incorporated
through ploughing (Schmidt et al 2021). These studies support an understanding of the potential co-
benefits on soil condition (e.g. soil structure, nutrient cycling), but often raise criticism from a practical and
economic perspective. Current advise for surface broadcast and incorporation is typically 5 t per ha, which
is comparable to typical rates of chicken litter application. However, there are examples of lower rate
application (~200 kg/ha), in-furrow banding (Blackwell et al 2010), and industry development towards
biochar granules that are suited to air-seeder application. An industry drive towards biochar enhanced
granular fertilisers (mineral or organic) has potential to increase the practical feasibility of soil application
with annual application of low doses as slow-release fertilisers (Wang et al 2022).
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BIOMASS CROP OR WASTE PYROLYSIS: ENERGY & BIOCHAR SOIL AMENDMENT

Figure 11-2: Schematic depicting a simple linear pyrolysis biochar value chain where: a) plants capture CO: in
biomass; b) pyrolysis technologies convert biomass to energy and stable carbon (biochar); c) carbon is stored in the
environment where it is very slow to break down (>500 years) but brings co-benefits through soil improvement or
remediation.

The value of biochar as a soil amendment is based on the stable porous structure, high surface area,
sorption characteristics (reversible adherence) and ability to accelerate (catalyse) biochemical reactions.
These behaviours make biochar useful in a broad range of environmental and industrial applications
including in combination with composts or fertilisers, in animal feeds, as a sorbent for remediation, and in
composite materials or industrial applications (11.5.3).

Variation in properties and behaviours of biochar produced from different biomasses and under different
conditions poses both challenges and opportunities for the industry in developing end-use markets.
Increased understanding of varying biochar behaviour supports recognition of a broader range of
environmental and industrial applications. Consequently, a complex system view of pyrolysis biochar value
chains has developed (Figure 11-4) recognising a range of valorisation opportunities. A complex systems
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view recognises dependencies on the place-based context that drives available biomass and valued end-
use. The broader value chain is and often referred to the pyrolysis biochar systems (PBS) and includes
transport, and infra-structure associated with end-use application. In the context of PyCCS, where offsets
are dependent on long-term storage, the permeance of biochar across non-soil applications is less well
established.

£3
B i

WL

Q

NATURE BASED C CAPTURE SUPPORTING NEW LOW CARBON INDUSTRIES WITH NET ZERO REGIONS WITH DIVERSE
DIVERSE MULTI-FUNCTIONAL LANDSCAPE MULTIPLE VALUE-ADD OPPORTUNITIES OPPORTUNITIES AND COMMUNITIES

Figure 11-4: Schematic depicting a complex systems view of the pyrolysis biochar supply chain with multiple points
of valorisation. Unlocking the full potential of PyCCS as an offset tool will require consideration of the entire value
chain, including local supply and demand logistics, targeted end-use opportunities and associated job opportunities,
and gaining social license.

Durability (or permanence) of biochar is dependent on how it was produced, and where it is used. Long-
term durability (>500 years) and a range of co-benefits have been demonstrated in agricultural,
environmental, and manufacturing applications. Extensive research on environmental applications includes:

a) asasoil amendment, or an additive to fertilisers / amendments (composts, lime, clay, biologicals)
to improve plant productivity, optimise the rate of nutrient release, or support soil health (Schmidt
et al 2019, Guo et al 2020);

b) as a sorbent for remediation of soils and water contaminated with organic pollutants (e.g.
herbicides, or heavy metals (Ogura et al 2021, Liang et al 2021);

c) incorporation into biomaterials, polymers, and construction materials, with demonstrated value-
add benefits associated with strength, durability, or electrical conductivity (Bartoli et al 2022).

Emerging areas of interest for the use of biochar include use as animal feeds to improve health and/or
reduce enteric methane production (Man et al 2021) and in catalysing anaerobic digestion (Zhao et al
2021). Biochar is defined as having an end-use in environmental applications, however, the charcoal
produced from pyrolysis does attract broader end-use in industrial, biorefinery and energy storage
applications (Ramos et al 2022). When the charcoal is used for energy purposes (i.e. burned) there are
obviously zero biochar CCS benefits and only benefits in displacement of fossil fuels.

Biochar is included on the IPCCs short-list of negative emissions technologies (NETS) that could provide
significant sequestration impact. It is an attractive NET because it relies on the most effective (and lowest
cost) method to capture CO, from the atmosphere (photosynthesis, growth of biomass) combined with a
proven technology (pyrolysis) to convert biomass carbon to one of the most stable organic carbon-forms
known to persist in the environment for more than 500 years. The offset potential arises directly from the
stabilisation of carbon in biochar, and indirectly from its impact on GHG emissions, displacement of fossil
fuel use, and carbon sequestration in the end-use environment.

Under Australia’s ERF, biochar application to agricultural soil is an eligible activity, representing an avenue
for indirect offsets through soil carbon sequestration. Within the ERF proponents must demonstrate an
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increase in soil carbon over and above the biochar-C added. In 2021 the Australian New Zealand Biochar
Industry Group (ANZBIG) provided feedback on this requirement and other method modifications which
could be used to support industry development and uptake independently of costly soil carbon verification
requirements. Adoption of biochar remains low due to high biochar costs (> $500/t), uncertainty in
application outcomes, ability to scale to meet demand, and logistical challenges with transport and
emerging value chains.

Biochar is currently listed on voluntary carbon markets (e.g. organisations such as Verra, Puro.earth, Nori,
Carbon Future) where biochar-C offsets can be bought and sold. Biochar is expected to garner greater
market share owing to comparatively lower uncertainties around the long-term permanence relative to
other carbon offset methods. Due to demand for these high-quality carbon credits, biochar-based credits
are currently being pre-sold on the voluntary market.

11.3 Sequestration potential

Estimate of sequestration Sequestration (Mt/yr) Key evidence

Technical Potential 30-60 ANZBIG 2020 as below

Economic potential by 2025 Defendable estimates are difficult as discussed
below

Economic potential by 2035

Economic potential by 2050

Table 11-2: Best estimate of biochar sequestration potential

11.3.1 Technical sequestration

Biochar has high technical sequestration with Global sequestration potential estimated at 0.7 — 1.3 Gt CO,
per year (Smith 2016). Many global estimates combine biochar with other NET categories, for example with
bioenergy carbon capture and storage (BECCS), or with soil carbon. However, encompassing biochar within
soil carbon NETs is problematic as the mechanisms of carbon sequestration, technology considerations,
scalability, carbon permanence, and verification pathways differ.

The Australian and New Zealand Biochar Industry Group (ANZBIG) recently estimated the theoretical
potential for biochar and bioenergy sequestration in Australia to be:

- 30-60 million metric tonnes of CO,e removal per year (negative emissions)
- 15-30 million metric tonnes of biochar produced per year
- S$1.5and $3.0 billion value in carbon credits

These estimates are based on redirecting 50-100 million metric tonnes of organic residues and wastes from
burning and landfill to pyrolysis, and a carbon credit value of ~AUD $48/t CO,e and ~3 t CO,e per tonne
biochar as per voluntary market Puro.Earth CORCs June 2020. The wide estimate range (30-60 Mt/y)
reflects uncertainty in annual biomass availability under variable climate, and uncertainties in competing
uses of biomass resources.

Estimates of indirect carbon sequestration and/or reduced N,O emissions from use as a soil amendment
are more uncertain and often difficult to quantify. Biochar has demonstrated potential to enhance the
process of carbon stabilisation in tropical iron-rich soil types (Ferrosols) by forming microstructures with
soil minerals and slowing mineralisation of fresh carbon inputs from plant roots (Weng et al 2017).
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However, the quantitative importance of this soil-specific mechanisms, and ability to verify small changes
at the landscape-scale are difficult to determine.

11.3.2 Economic sequestration

Providing defensible estimates of economic sequestration of pyrolysis biochar systems is challenging.
Feasibility constraints relate to the availability, logistics, economics, associated with a complex, yet
unstable supply chains. Techno-economic assessment of the potential of pyrolysis biochar systems at
appropriate regional scales in Australia would generate valuable information to define where in Australia
biochar can contribute most effectively towards sustainable low carbon industry development.

11.4 Technology Readiness Potential and Commercial Readiness

11.4.1 Technology Readiness

Technology Readiness $ per tonne COze Key Evidence

9 82-119 See discussion below

Table 11-3:Technology readiness assessment for pyrolysis biochar technology

Explanation: The TRL level of pyrolysis technologies used to produce biochar are commonly rated at 9.
There are a range of pyrolysis technologies operating at various scales globally, but these tend to be
dominated by small to medium scale operations. There are several operational producers in Australia,
including trading on the voluntary carbon market through Puro.earth carbon removal certification. The
value proposition is not however dependent on carbon credits, with several producers gaining sufficient
returns without engagement in the voluntary market. Production quantities across Australia are difficult to
ascertain, but there is growing interest in expanding to use a wider range of biomass sources.

11.4.2 Commercial Readiness

Commercial Readiness Key Evidence

2-4 While there have been trials to date no widespread scaling has occurred

Table 11-4: Commercial readiness assessment for pyrolysis biochar technology

Explanation:

There are a number of commercial biochar producers across Australia, but it is difficult to gain information
on the scale of production, the commercial propositions, and the associated technical and financial
performance. The biochar industry body (ANZBIG), established in 2020, recognises these challenges and will
play an important role in improving visibility of industry impact and gaining broader social licence.

In Queensland, Logan Water has established a $28 M biosolids gasification facility to drive the Councils
carbon neutral ambitions. The project is expected to reduce carbon emissions by 6000 tonnes per year,
save $1 M in waste management operational costs, and create new revenue streams from biochar sales.
The produced biochar is likely to be used in land applications to support crop productivity and carbon
sequestration and provides an exemplar of waste-to-energy solutions with multiple benefits diverting
29,000 tonnes of organic waste from regional landfill, removing 48,000 tonnes of carbon, and generating
600 MWh of renewable energy.
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The international biochar market is projected to grow to US$3.1 b by 2025. There are several companies
(e.g. PureBiochar, Incept Group) aiming to leveraging international interest and capital investment to
become major players in biochar production at industrial scale within Australia within the next few years.
For example, PureBiochar aim to open commercial scale be Australia’s first industrial scale biochar
producer with active commercial operations by end of 2023.

11.5 Scalability, Length of storage, Measurement and Verification

11.5.1 Scalability.

Globally, the biochar industry tends to have many relatively small producers, although larger-scale
operations are emerging in China, the US, and Europe. Centralised pyrolysis biochar facilities are proposed
as a key solution in scalability and broad adoption. The European Commission Circular Economy Strategy
(2015) note that biochar fits well into a circular bioeconomy approach. Pyrolysis units are available from
small-batch-scale (~2000 oven dried tonnes per annum) to large-scale continuous flow (~185,000 oven
dried tonnes per annum) operations.

Industrial scale pyrolysis plants have significant logistical and economic advantages but demand continuous
high volume biomass supply, and large -scale storage infra-structure. Many biomass resources have
seasonal availability, while large-scale purpose specific biomass plantations pose trade-offs with food
production, biodiversity, and other sustainable development goals. Co-locating pyrolysis facilities with
other biomass and/or waste management facilities provides opportunity to scale biochar production by
developing cascading use of biochar within broader circular economy strategies (Schmidt et al 2017).

Networks of smaller-scale units are suggested as a potential pathway that can be effectively integrated as a
desired and purposeful co-product of agriculture, aligning with diversified land use (e.g. agro-forestry, silvo-
pasture, and perennial cropping). Smaller-scale networks trade-off against logistics, operating costs, and
market reach but are proposed suitable where available biomasses are geographically distributed, or
seasonally variable.

11.5.2 Length of storage

Biochar-C can remain stable in the environment for several hundred years, with mean residence times
typically ranging between 300-600 years (Joseph et al 2021) or as long as >1000 years (Lehman et al 2015).
For simplicity, we refer to biochar residence as more than 500 years. The stability of biochar is primarily
dependent on production technology, temperature and residence times, and the biomasses used.
Compared to the raw biomass that decomposes on the annual to decadal timescale (<10 years), biochar is
significantly more stable and represents one of the few biomass-derived materials with permanence of >
100 years.

11.5.3 Measurement and Verification

The ratio of hydrogen to organic carbon (H/Corg) is broadly accepted as suitable for quantifying the stable
carbon sequestered in biochar. This test is available through commercial environmental and mining
analytical labs. High-quality stable biochar has a H/Cor; of <0.4 and a mean residence time of >1000 years
(Lehman 2015). Comparatively plant biomass such as wood or crop residues typically have a H:C ratio of is
1.5, while coal ranges 0.4 to 0.8 depending on its quality and source.

To account for potential decomposition of biochar in the environment, the European Biochar Certificate
(EBC) applies an average degradation rate of 0.3% per year (exponential) for biochar in soils. The EBC
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approach is considered conservative given that many studies demonstrate a small labile pool lost within the
first year, followed by persistence of the dominant stable pool.

11.6 Social, environmental impacts, risks and co-benefits

11.6.1 Social impacts and risks

The main social considerations relating to scaling of biochar pyrolysis systems relate to:

Food Security: in a similar manner to bioenergy, biochar pyrolysis systems should be designed in a
manner that does not jeopardise food security by creating tension between land used for food
production and for biomass generation. This risk is less likely where waste biomass materials or
industrial algal sources used.

Community Acceptance: large-scale pyrolysis biochar systems will need to navigate societal issues
relating to perceptions of land use tension for source biomasses and environmental impact,
acceptability of centralised location of biomass or waste facilities, and associated impact on local
economy, complementary or competing industries.

Human Health: biochar is an irritant to the respiratory system and to eyes and can also contain
harmful components as described below (11.6.2). Consequently, risks to human health exist in
handling biochar at the point of production through to application. Risks are highest with dry, fine,
biochar dusts and can be reduced in post-production processing, such as incorporation into pellets,
granules, or composite materials.

11.6.2 Environmental impacts and risks

Potential environmental hazards of biochar have recently been reviewed (Xiang et al 2021) and are
summarised below. These potential hazards arise from biochar structure and particle size, the presence of
harmful components (e.g. heavy metals, polycyclic aromatic hydrocarbon, dioxins, and perfluorochemicals),
and biochemical interactions in the environment. However there are Clear risk assessment frameworks that
facilitate risk identification and mitigation are needed to build targeted use and industry trust.

Contamination: there are potential risks associated with the use of waste biomass resources that
can pose complex regulatory issues and testing. The composition of waste resources can be highly
variable but hazards associated with potential contaminants can be managed through existing risk
mitigation activities, Australian standards for incineration and handling waste-resources. The IBI
provide guidance and standards for the composition of biochar and acceptable limits for use as a
soil amendment.

Soil Security: where crop residues are used as the biomass resource for pyrolysis, there is a danger
that the land from which this is removed becomes carbon depleted. Crop residues protect the
landscape from erosion and drive short term nutrient cycling. Returned to the soil, biochar will
perform different functions to crop residues and therefore will not replace the functions of crop
residues.

Effectivity of agrochemicals: as a sorbent, fresh biochar can render agrochemicals (e.g. herbicides,
pesticides, mineral fertilisers) less effective. This risk is greatest where high rates of fresh biochar
are surface applied to soils and can be effectively reduced by low rate, beneath-seed banding,
and/or pre-loading biochar with nutrients. For example, used in composting or as a mineral-biochar
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composite, the active sites on biochar become saturated prior to application reducing the risk of
unintended sorption effects.

Environmental fate: There are potential risks associated with migration of biochar to non-target
environments. Biochar is a sorbent for metals, organic, and inorganic pollutants, and is also mobile
in the environment subject to wind and water erosion. There are potential risks in it carrying
contaminants into non-target environments where they could have toxic impact on sensitive
species. While the risk in most environments is likely to be low, improved understanding of the
long-term fate of biochar in the environment could be valuable.

Ecotoxicity: Ecological effects have been widely studies, with generally low risks identified.
However, biochar can cause stress effects, including mortality, in some organisms. Ecotoxic impacts
occur when biochar contains toxic compounds (e.g. heavy metals, polyaromatic hydrocarbons),
when it sorbs signal molecules key to organisms physiology and growth, or when it changes
available resources such as water and nutrients. For example, there are some limited reports of
negative ecotoxicological impact in aquatic organisms, highlighting the importance of quality
standards and testing.

Methods for controlling against many of these risks relate to selecting appropriate biomass and biochar
types, considering how it will behave in the application environment, and whether there are risks of offsite
migration. Frameworks to guide risk assessment in the use of biochar in differing environments, improved
understanding of when offsite movement could be problematic, and the ecotoxic impacts in non-target
aquatic environments would be valuable for environmental protection and ensuring social license.

11.6.3 Co-benefits

The co-benefits from biochar are dependent on the type of biochar produced and context specific factors
associated with its end-use. Co-benefits are summarised according to application use below.

Soil Amendment: co-benefits of improved soil condition and function. Benefits depend on the soil-
specific constraints that are limiting plant growth and can include direct provision of nutrients, acid
neutralising effects, improvement of physical structure and associated moisture use, and changed
biological nutrient cycling.

Additive to composting systems and/or fertilisers: co-benefits arise from nutrient retention and
reduced emissions of greenhouse gases during composting, reduced time to maturity, and slow-
release characteristics that bring benefit to plant growth. Combination with mineral fertilisers has
demonstrated slow-release characteristics that can improve fertiliser use efficiency.

Supplement for animal feed: co-benefits have been studies across cattle, goats, pigs, poultry, and
fish, and include improved feed conversion to biomass/eggs, immunity, pathogen resistance and
toxin removal, and reduction in enteric methane production. Benefits extend beyond the animal
itself and into the manure/faecal ‘deposit’ environment, moderating the impact of high nutrient
loads. Use of biochar in the animal sector is expected to increase. In Australia there are examples of
growers feeding biochar to cattle for economic benefit (Doug Pow WA), and of commercially
available biochar enhanced animal feeds (e.g. SoftAgriculture).

Landscape management: eradication of invasive weeds, or manage forestry fuel loads to mitigate
wildfire risks, have been suggested co-benefits possible where mobile pyrolysis units are feasible
and integrated within a broader pyrolysis biochar systems approach. One Australian biochar
producer developed their mobile pyrolysis technology with view to eradicate woody weeds (willow)
in Victoria and have since expanded their scope and product range.
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¢ Remediation & environmental protection: through use as a sorbent to immobilise heavy metals,
inorganic, and organic pollutants and contaminants in terrestrial and aquatic environments.

e Carbon-Based Composites: embedding biochar into composite materials can enhance mechanical
properties and durability in a range of composites including plastics and construction materials. The
global carbon composite market is projected to reach a value of US$130 by 2015.Recognising this
application Verra allow non-soil applications that include use in cement and asphalt.

e Other: landfill avoidance associated with re-direction of waste resources, value from waste,
biosecurity such as elimination of invasive species.

11.7 Barriers to implementation:

11.7.1 Policy and regulatory environment

The Emission Reduction Fund (ERF) currently recognises the use of biochar as an eligible activity within the
“measurement of soil carbon sequestration in agricultural systems method”. The method credits new
carbon sequestered in the soil resulting from biochar application. The mechanism of biochar-stimulated
carbon sequestration has been demonstrated only in iron-rich soil types (Ferrosols) and is unlikely to
happen in lighter textured sandy soils or soils without reactive clay minerals. Current government policies
do not provide a mechanism to credit the stable carbon within the biochar itself. Biochar offsets within
voluntary markets are in high demand due to a lower risk profile associated with the long-term durability of
biochar-carbon compared to other credit types (e.g. soil carbon).

A recent ANZBIG scoping paper (2021) highlights the need for broader policy incentives to support
mechanisms to drive industry investment and development beyond soil application alone. Accounting for
carbon capture and storage potential at the point of production, with eligible end-use activities that are
discounted according to the likely permanence/durability could provide an alternative cost-effective
approach towards incentives to support C capture and biochar industry development and uptake.

11.7.2 Social licence and stakeholder acceptance

In the last decade attitudes towards biochar have been highly divided across many Australian communities.
Biochar has suffered legacy perceptions associated with under substantiated claims, over-promise, and
unreliable application outcomes generated in emergent years. However, several important developments
over this period include the establishment of an industry body (ANZBIG) alongside improved technology,
fundamental understanding of biochar behaviour, and demonstrations of how to achieve practical on-farm
applications with multiple economic and production outcomes. Alongside emerging carbon markets,
pyrolysis biochar systems are gaining acceptance as an integrative pathway to gain value from biomass,
capture carbon in a stable form, and support a range of place-specific co-benefits for the environment and
communities.

Social licence and acceptance of biochar is intrinsically linked to that of bioenergy, with additional
considerations associated with biochar end-use. In bioenergy cropping, trust has been identified as the key
variable in gaining social licence to operate and is an under-represented factor in socio-ecological studies of
the topic (Baumer et al 2018). Similarly, research to better understand attitudes towards biochar and
developed place-based scenarios that help to build evidence and trust will be important to the future of the
biochar industry.
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11.7.3 Technology performance variability

Slow pyrolysis is an established technology, where performance is dependent on biomass and production
parameters. Theoretically slow pyrolysis can be optimised to meet the BECCS based benchmark of 90%
carbon sequestration efficiency, but at high economic and environmental costs (Smith et al 2015). Carbon
sequestration efficiencies of 70-80% are considered realistic for slow pyrolysis between 450°C and 700°C
(Schmidt et al 2019).

11.7.4 Financial proposition and costs and access to capital

Globally the pricing of biochar has been variable over the past decade largely owing to availability of raw
materials. End-use markets for biochar are still not well established leading to considerable uncertainty as
to future process. In Australia biochar currently be sourced for about $500/tonne

There is a lack of peer-reviewed published studies on the financial feasibility of biochar. An ANZBIG report
on the value of biochar (2019) demonstrates the financial feasibility of several Australian and New Zealand
case studies. Acknowledging that the case studies are place and context specific, the report highlights
positive financial propositions across farming scenarios including use as an animal supplement,
horticultural orchards, potatoes and zucchini production (below). Although carrying varying uncertainties,
the case studies demonstrate the type of financial propositions that can be developed at a relatively small-
scale.

Case study User net benefit NPV per tonne User cost Payback
(NPV) biochar

Beef Grazier, WA. $12,000 $1,700 $S1000 <1 year

[60 head herd] per 60 head herd

Avocado Orchard, WA  $20,000 S400 $5,040 4 years

[1 hectare, 400 trees, 7 per hectare Per hectare [first fruiting]

years]

Potatoes, Ballarat $8,000 $53,400 S160 <1 year

NSW per hectare per hectare

[20% fertiliser

substitution]

Zucchini $2,400 $730 $1,000 <1vyear
[13 tonnes biochar per

hectare]

Table 11-5: Case studies of net costs and benefits for biochar projects. Collated from ANZBIG 2019. Where NPV =
net present value

11.7.5 Industry supply chains and skills

With very low production rates, current demand for biochar in Australia outstrips supply. Small to medium
scale providers dominate production, with products commonly targeted to garden and horticulture markets
or use as animal feed supplements. Larger-scale interest and production capacity are growing in Australia,
with several industry-scale projects seeking capital investment. Recognising limited supply, some large-
scale companies aim to secure early market share in multiple biochar end-use applications by importing
biochar in the short term, while establishing their own production capabilities over longer timeframes (e.g.
Incept holdings).

As the Australian biochar industry matures from a linear model (Figure 11-3) towards an integrated system
(Figure 11-4), supply chain approaches will become increasingly important in building interconnectedness
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across the stages of production, logistics and end-use. Supply chain analysis will be useful in setting the
frameworks for evaluating the economic, social, and environmental dimensions of biochar as a product.
Coordinating and managing the flow of materials, information, and finances will be required for an effective
and efficient large-scale biochar industry.

11.7.6 Market opportunities or market creation

Globally the biochar market was estimated at USS$1.3 billion in 2018 and estimated to reach US$3.1 billion
by 2025. In Australia, there are significant opportunities to create new low carbon industries around
pyrolysis biochar systems, supported by approved protocols and standards such as International Carbon
Reduction and Offset Alliance (ICORA). The International Biochar Initiative (IBI) developed a 2014
standards, certification, and carbon protocols for biochar was not approved by ICORA. Further
developments are likely to recognise that not all biochar has equal value, and future standards reflect this.

Biochar cardon credits are currently traded on voluntary markets. For example, Puro.earth currently lists 29
carbon removal suppliers, of which 23 are based on biochar. Although dominantly based in Europe and the
US, two Australian companies are trading (Jeffries Biochar Operations, ECHO2) with revenue generated
from sales being invested in new biochar-based products, expanding production capabilities, and targeting
new biomass sources to meet anticipated demand. Similarly, Carbon Futures list 17 carbon suppliers,
dominated by biochar producers.

11.8 Scaling knowledge gaps:

There has been considerable fundamental research on how different biochar behaves in the environment
and how it can be used to support agricultural productivity, remediation, or industrial applications.
However, techno-economic and social research is under-represented and could play an important role in
focusing Australian research efforts towards informing economic sequestration potential, quantify relevant
co-benefits, and garnering social licence. Scaling knowledge gaps include:

1. Based on geographic knowledge of biomass availabilities, how do techno-economic considerations
influence sequestration potential and what are the most valued application appropriate to regions
and their communities?

2. What are the regionally appropriate supply chain scenarios that allow industry scaling and
optimisation to achieve feasible and resilient pyrolysis biochar industry models for the Australian
economy.

3. Inremediation applications, to what extent is offsite migration of biochar to aquatic environments
an issue, and what are the potential impacts of biochar in non-target environments?

4. What is the durability/permanence of biochar-carbon in emerging non-soil-based applications, such
as composite materials, industrial catalysis, and in energy storage?

5. How can social licence learnings from other industries (e.g. mining) be used to inform pathways to
navigate multiple stakeholder values, balance benefits and trade-offs, and build trust and
acceptance of bioenergy and biochar industries.
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12  Geological Storage

Emission Type Avoided Negative
Enabling Capture Technology Biological Engineered
Enabling Storage Technology Biological Engineered

Figure 12-1: Geological storage technology type

Geological storage of CO; is described as the process of transporting and injecting the CO; into suitable
geologic reservoirs, typically around 2000m below surface. The technology is typically referred to as carbon
capture and storage (CCS). This report is focused on geological storage only, however, as most literature
refers to CCS as a whole, the term CCS is generally used throughout the text. It is important to note that the
“S” in both BECCS and DACS (discussed elsewhere in this report) stands for the geological storage of CO2 as
described herein chapter 12. BECCS and DACS require permanent storage of the CO2 produced or captured
as part of their processes and geological storage remains the most viable option.

Recently, the term CCUS has been widely used. The U stands for Utilisation and refers to either the direct of
use of CO2 (such as in food preservation and beverages) or indirect use where the CO2 is converted or used
to produce other high value goods. For example, CO, can be combined with reactive minerals to form solid
products useful for construction or mine rehabilitation. There are also several other utilisation options,
including conversion into fuels, plastics and other products. Not all of these products provide permanent
storage but may have the secondary benefit of displacement of their fossil carbon-based equivalents. A
discussion of these options is out of scope for this report.

In many other countries, including the USA and Canada, CO; is injected into depleted oil reservoirs for the
purpose of producing more oil, a technology called enhanced oil recovery (EOR). During EOR, the CO; is
injected into the reservoir, mixes with the oil and carries it up to the surface. Once at the surface, the oil is
separated, and the CO2 is re-injected producing a cyclic, closed system. EOR projects are not designed for
CO2 storage, however, a portion of the CO2 will remain trapped in the reservoir. The volume of CO2
trapped varies for each reservoir but is generally considered to be 30-40% (Whittaker and Perkins, 2013).
EOR technology is not currently used in Australia. However, the decades of experience and expertise gained
from CO; transport, injection, and monitoring in EOR fields are applicable to geological storage and
demonstrates the maturity of the technology. Utilisation of CO, in EOR or applications other than geological
storage are not currently eligible to generate ACCUS (Australian Carbon Credit Units).

12.1 Summary

Description and current uptake

Geological storage is the final part of the carbon capture and storage (CCS) process. Once captured, carbon
dioxide (CO,) is transported and injected into permeable rock layers. Transport is usually by pipeline or
ship. At injection sites, the CO; is compressed into a supercritical fluid (with density less than water but
greater than gas) and pumped into a suitable geological formation. The storage reservoir (typically a
sedimentary rock, such as sandstone) is overlain by sealing rocks (typically low permeability mudstone or
shales).
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Among the reservoirs suitable for CO, storage, two types most applicable for Australia are depleted oil or
gas fields and saline aquifers. There are currently several projects in different stages of development
around Australia, including Australia’s only operating CCS project, Gorgon, which started operation in
August 2019 and has stored more than 6.6M in that time. Based on publicly available data, the combined
Australian projects have an announced total capacity of ~¥30 Mt CO, per year. Santos’ South Australian
Moomba Project is scheduled to begin injection in 2024, with planned storage volumes of 1.7 Mt per year
and a 25-year crediting period (Santos, November, 2021).

Sequestration potential
Technology readiness potential and commercial readiness

Development of oil and gas resources has resulted in extensive and detailed knowledge of both the
subsurface and fluid migration, accumulation and containment. All of this technological expertise can be
applied to geological storage.

Subsurface fluid accumulations such as oil, gas and CO; are known to occur naturally and to have been in
place for many millions of years. The subsurface storage of fluids is a mature and well understood
technology.

CCS projects have reached the operational stage in several places around the world. In 2021, the combined
pipeline of global CCS projects were estimated to total 111 Mt per year. CCS is often termed a “failed
technology”, however there are a range of reasons a project does not or may no longer match the business
needs of the proponent. This is not failure, it is part of the standard decision-making process. For example,
some previous “failures” of CCS projects have been associated with the significant costs associated with
retrofitting existing coal fired power stations. There is no documented evidence of the storage component
of these projects being the deciding reason the projects did not go ahead. Some projects have been
abandoned due to lack of social license (Germany) and considerations of cost and risk (BP, offshore
Vlaming). In addition, proposed projects may be deemed to be non-economic but become economically
viable as market forces change.

There is one example of the storage component causing a project to stop prematurely, the In Salah project
in Algeria. During injection injecting into the thin low permeability reservoir, the lower caprock show
evidence of fracturing, noting that the whole caprock sequency was 950m thick. Although the conclusion
was that the formation can sustain a breakdown of lower caprock units without compromising the overall
storage integrity, this halted CO2 injection and the project.

Scalability, length of storage, measurement and verification

Saline aquifers generally have a much larger storage capacity than needed for a particular project;
consequently, a storage facility may be able to expand cost effectively if additional CO, sources come online
at a later date. Hence, storage is highly scalable. The length of storage is the same for the natural
accumulation of hydrocarbons, which is known to be for millions of years. Monitoring and verification of
injected CO; uses standard engineering tools and techniques and is highly precise.

For geological storage, the major costs are associated with compressing and transporting CO; to the
storage site. There are additional costs with identifying a suitable geological storage site. For example saline
aquifers this will require seismic surveys and to drill at least one well; in contrast depleted fields may not
need additional seismic but existing wells and infrastructure may need expensive recompletion or
remediation. Because of these, CCS is better suited to large or multiple emission sources as a hub.

Social, environmental impacts, risks, and co-benefits
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Geological storage is managed by applying rigorous, well established methods and regulations. However,
some social concerns remain: CCS is seen by some as enabling and prolonging the use of fossil fuels and
delaying the uptake of renewable energy; communities worry about issues of well integrity, groundwater
contamination and emissions leaking from pipelines. Any onshore development in Australia needs to
consider Traditional Owners and all other stakeholders.

The risk of environmental impacts from geological storage of CO2 is very low. Project sites are selected to
avoid loss of CO; and any interaction with groundwater resources. Due to the depth of storage, the
likelihood of injected CO; reaching the surface is very low. The surface footprint of storage projects is very
small (wellheads, well pads and access roads) but pipelines may be required to run over several hundred
kilometres. While hazardous at high concentrations, CO2 is not a toxic substance and is common in our
everyday lives.

There is considerable discussion about low emission industrial hubs. These hubs may include CCS along
with hydrogen and manufacturing industries supported by renewable energy. The combined social and
environmental impacts, risks and co-benefits of each hub and the industries it contains will be an important
factor in their development.

Positioning Australia as a clean energy supplier and/or storage site for regional CO, emissions may have a
range of socio-economic and geopolitical co-benefits. There are local employment opportunities for many
industries at all stages of project development, for industry specialists (such as geologists and engineers)
and general service providers (such as restaurants, hotels and local retail).

Barriers to implementation

There are a number of regulatory bodies involved in CO; transport and geological storage (both onshore
and offshore) and barriers to implementation are not technological. However, stakeholder acceptance and
social licence are important considerations. While the technology may be perceived to support the fossil
fuel industry, there are also arguments that it may have positive economic aspects and may help abate
emissions from industries where sequestration is difficult. Australia is one the largest global exporters of
liquified natural gas (LNG) and there is a growing imperative to account for the Scope 3 emissions
associated with these exports.

Currently, CCS is capital intensive. The highest risk associated with CCS is the economic risk that once
investment occurs, the storage container is either too small or the injectivity is insufficient to justify the
capital investment. New business models are exploring how to offset costs and generate revenue by
providing a storage service for multiple emitters delivering CO, to a single ‘hub’.

The CER Carbon, Capture and Storage Method allows a crediting period of 25 for CCS projects to recognise
the very large upfront and ongoing costs, and the fact that they are not expected to generate any revenue
other than ACCUs.

Scaling knowledge gaps

The technological challenges for deployment of geological storage are associated with finding ways to
reduce costs by optimising storage capacity. A second challenge is reducing the time taken to characterise a
potential storage site to a sufficient confidence level for regulators, project operators and communities.

A summary of CCS technology is provided in Figure 12-2.
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ENABLERS

* Investment in exemplars
* Reduction in permitting complexities

Development of innovative business models
Reduction of costs and timeframes for development
Improved efficiency of M&V

Technical Economic
potential 2050 MM potential 2035
227 Gt per year 24 Mt per year

Actual 2021-22
1.7* Mt per year

TRL:9 CRL:5-6 Cost: ¥$20 per tonne  Length of storage: >million years

Figure 12-2: Summary of geological storage. *estimated for the Gorgon project since commencement in 2019.

Case study: Northern Lights Project, Norway

The Norwegian Northern Lights project is a full-scale CCS project called "Longship". The full-scale
project includes capture of CO2 from industrial sources in the Oslofjord region (cement and waste-to-
energy) and shipping of liquid CO2 from these industrial capture sites to an onshore terminal on the
Norwegian west coast. From there, the liquified CO2 will be transported by pipeline to an offshore
storage location subsea in the North Sea, for permanent storage. Phase 1 includes capacity to
transport, inject and store up to 1.5 million tonnes of CO2 per year. The facilities are scheduled to be
operational in 2024.

12.2 Description and current uptake

Geological storage of CO; is described as the process of transporting and injecting the CO; into suitable
geologic reservoirs, typically around 2000m below surface. The technology is typically referred to as CCS,
carbon capture and storage. This report is focused on geological storage only.

The CO; is captured either from stationary sources (such as coal or gas fired power plants, cement
production or steel manufacturing), including bioenergy facilities (see BECCS, Section 1313) or more
recently, directly from the atmosphere (Direct Air Capture (DAC), see Section 14).

Once captured, the CO; is transported to the injection site. Transport can be either by pipeline or ship.
Transport by truck is possible, but the volume is too small to be economically viable. At the injection site
the CO; is compressed and pumped into the subsurface via an injection well. Before injection, the CO; is
dehydrated and compressed into a supercritical fluid. Injection as a supercritical fluid enables the maximum
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amount of CO; to be stored at the storage site while still maintaining injectivity. The most significant costs
associated with storage are related to the costs of compression, dehydration and transport (Figure 12-8).
Therefore, minimising the distance between the “source” of CO, and the “sink” is a primary goal of
geological storage.

The storage container consists of a reservoir, typically a sedimentary rock (such as sandstone) overlain by
sealing rocks, typically low permeability mudstones or shales. The CO; is stored in the pore spaces between
the grains in the sandstones and prevented from moving vertically by the impermeable seal rocks. The
extent and distribution of the plume of CO; in the subsurface is monitored by an array of downhole and
surface monitoring tools for the purposes of both assurance and verification. The injection lifetime of a
project is typically of the order of 30 years and the volumes of CO; between 1-5 Mt per year. Monitoring
and verification will continue for several decades, post injection.

The selection of a suitable site is the first step and the most critical part of any project development. For
example, proximity to groundwater or other hydrocarbon resources may eliminate a prospective site.
Faults are of particular importance as they can act either as barriers to constrain the size of the container,
hence limiting the capacity, a conduit to another reservoir, or have no impact at all. Faults are common
geological features and for the most part, are small with no impact. Faults and fault behaviours are well-
studied for their influence on subsurface fluid flow. Very few provide potential pathways to surface and
those that do are easily detected with standard exploration tools. Consequently, consideration of faults are
a key consideration when siting CCS projects. Wells (injection, monitoring and legacy) are a recognised risk
of vertical migration of small volumes of CO,. Selection of a site includes detailed consideration of the risks
posed by wells. In Australia there are extensive regulations around construction, monitoring and mitigation
strategies.

There are several types of reservoirs suitable for storage, but there are two that are most applicable to
Australia. The first is storage in depleted hydrocarbons fields where secure containment of hydrocarbons
has been maintained by the geological structures for many millions of years. These projects have the
advantage of the vast amount of geological knowledge acquired through the production of the oil or gas
that was originally in place. They also have existing infrastructure, some of which may be suitable for
repurposing for CO,. However, this also represents an additional risk as the infrastructure in some cases will
be old and no longer fit-for-purpose.

The second option is saline aquifers. These are reservoirs with no economic resources, such as oil, gas or
water. Saline aquifers have vast amounts of storage potential, however, are largely unexplored. This makes
their development potentially more costly due to the greater uncertainty of finding suitable storage
intervals.

Once injected, the CO, will remain in place for many millions of years. The permanent storage of the
injected CO, can be compared to the accumulation and containment of other fluids in the subsurface,
including naturally occurring CO,. For example, the Buttress Field in Victoria contained a natural
accumulation of CO; for many millions of years before being produced at surface and processed into food
grade CO;. There are several fields in Victoria and other parts of Australia and the world where C CO; has
accumulated and been stored for many millions of years.

There are a number of projects in different stages of development in Australia. These are described in Table
12-2 and the locations are shown in Figure 12-3 . Generally, for geological storage, global uptake is
increasing (GCCSI, 2021).

12.3 Sequestration potential

Estimate of sequestration Sequestration (Mt.yr 1) Key evidence
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Technical Potential 227 Gt Compiled by GA from publicly available data, Table
12-2

Economic potential by 2025

Economic potential by 2035 ~24 From estimates of projects under development
Table 12-2 below.

Economic potential by 2050 >50 Is an estimate based on doubling the 2035
estimate.

Table 12-1: Best estimate of geological sequestration potential

Australia has significant geological storage potential due to the suitability of our geological basins for CO,
storage, many of which are close to industries that emit highly concentrated streams of pure CO,. There is
more than enough theoretical capacity to account for Australia’s emissions and potentially those of the
region.

Since 2009, there have been several assessments of Australia’s CO, storage potential at the national, basin
and specific storage site scale. A national and basin scale assessment of Australia’s potential and capacity to
transport and store CO, was completed in 2009 for the Carbon Storage Taskforce (under the National Low
Emissio