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Appendix C.4: Horticulture Sector Technology
Assessment
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Technology Assessment

Electrification of Farm Machinery and Alternative Fuels

Electrification of farm machinery and alternative fuels refers to transitioning diesel-powered
on-farm equipment, such as tractors, harvesters, spray rigs and irrigation pumps, to electric
drive or low-carbon fuels (e.g. renewable diesel, biodiesel, biogas, hydrogen), thereby reducing
scope 1 carbon dioxide (CO;) emissions. In horticulture, near-term opportunities include
electrifying irrigation pumping and narrow-gauge/orchard tractors and small vehicles, while in
the longer-term, opportunities for heavier duty tasks could include alternative fuels or hybrid
solutions, and eventually high-power electric platforms. Electrification needs to be coupled with
efficiency to ensure emissions are not just shifted to scope 2.

1) Technical Annual Abatement Potential

Diesel use is a major on-farm emissions source for many horticultural enterprises. Replacement
of diesel-powered irrigation pumps with efficient variable-speed drive (VSD) electric pumps
powered from the grid or on-farm solar can result in ~100% abatement of the associated scope
1 CO; emissions. Similarly, for small orchard tractors and vehicles, electric drive can abate
~100% of fuel combustion emissions at point of use. Depending on feedstock and process,
renewable diesel and biodiesel have been reported to deliver 65% and 66-68% reductions in
lifecycle GHG emissions respectively when compared with petroleum diesel (AFDC, 2026; Huo
etal. 2009).

If on-farm diesel combustion were fully replaced by clean electricity and low-carbon fuels, a
technical abatement of ~210 - 421 kt CO,-e/yr is plausible, assuming on average 26.3% of
scope 1 horticulture sector emissions are diesel-related (DPIRD, 2024).
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2) Feasible Annual Abatement Potential

We estimate feasible abatement by applying a 100% technical abatement rate to the portion of
horticulture Scope 1 emissions attributable to on-farm diesel combustion (Et = 0.21-0.42 Mt
CO,-e/yr, based on total horticulture Scope 1 emissions of 0.8-1.6 Mt CO,-e/yr and a 26.3%
diesel share). Assuming these electrification options are applicable to most horticultural
enterprises (APdom = 0.80) and could reach 20-50% adoption over 10 years under constraints
such as equipment availability, grid access and capital costs (ADpot = 0.20-0.50), feasible
annual abatement is estimated at 33.6-168 kt CO,-e/yr. This estimate is highly uncertain due to
limited national disaggregation of diesel use by sub-sector and uncertainty around the
application domain and achievable adoption within 10 years.

3) Breadth of Application
Rating: High (sub-sector dependent)

Electrification of irrigation pumping (grid and solar-powered) and narrow electric tractors are
both broadly applicable across irrigated fruits, nuts, and vegetables, making broad adoption
plausible as incentives and available models expand. Renewable diesel potentially represents a
near-term drop-in for existing diesel-powered fleets, noting the supply chain is still developing,
and availability may be limited outside major urban centres (GrainGrowers, 2024; NSW
Government, n.d a). Limitations to electrification arise from high-horsepower broadacre tasks
(duty cycles, range, refuelling), grid capacity in some regions, and high upfront capital costs.
Overall, in the short-to-medium term, breadth is high across horticulture, but low-medium in
subsectors where high-horsepower platforms are essential - these subsectors will be
dependent on further maturation of alternative fuels and heavy electric platforms.

4) Co-Benefit Potential
Rating: Medium-High

Co-benefits of irrigation pump electrification, particularly when coupled with VSDs, include
lower operating and maintenance costs, reduced noise and local air pollution, improved pump
performance and precision, potential yield protection from steadier irrigation pressure, and
easier integration with automation functions (CottonInfo, n.d; Lorentz Australia, 2024; NSW
Government, 2016). Vehicle electrification co-benefits similarly include lower operating and
maintenance costs, noise reduction and improved local air quality (NSW Government, n.d b).
Electric machinery also integrates with on-farm solar/battery systems to improve energy
resilience and reduce exposure to diesel price volatility.

5) Barriers and Knowledge Gaps
Rating: High

Key Barriers to Electrification: High up-front capital costs; uncertainty about return on
investment; grid capacity, infrastructure limitations and upgrade costs; the early-stage of
technology development and rapidly changing technology landscape; servicing expertise
availability; recharging challenges; and farmer confidence in terms of performance over long
duty cycles (range, workload and reliability) (CottonInfo, n.d; GrainGrowers, 2024; AgriFutures
Australia, 2022). Behavioural evidence from the Netherlands shows policy uncertainty and
negative emotions can depress adoption intentions for electric tractors (Sok and Hoestra, 2023).
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There is general aspiration amongst horticultural producers to electrify further, but only when
doing so makes operational and economic sense. A common view is that further electrification
would require access to additional grid capacity and capability, or cost-sharing models to
extend viable service to outlying water infrastructure (Powercor, 2025).

Key Barriers to Alternative Fuels: Limited commercial-scale production, competition for
feedstocks, fuel supply and higher fuel cost relative to mineral diesel (GrainGrowers, 2024;
AgriFutures Australia, 2022).

As highlighted by AgriFutures Australia (2022), the agriculture sector will likely be a beneficiary
of the advances in technology and charging infrastructure established by the freight and mining
sectors, given similarities in diesel fuel demand and heavy freight and mining needs. However,
agriculture sector specific measures, such as targeted incentives, demonstrations, and advisory
support will also likely be critical to driving adoption.

6) Stacking Potential
Rating: Medium-High

Electrification stacks well with on-farm solar+batteries, automation/robotics and precision
agriculture.

7) Technology Readiness Level (TRL)
Rating: TRL 5-9 (component/setting dependent)

e Irrigation electrification/VSDs: TRL 9

e Battery-electric small tractors/UTVs & narrow orchard platforms: demo/early
commercial, Australian release cycles are anticipated to be for 2026+: TRL 6-8

o Renewable diesel as drop-in: TRL 9

e High-power electric harvesters and broadacre tractors remain at pilot/prototype: TRL
5-6

e Alternative fuels (hydrogen/ biogas) for off-road power units are TRL 5-7 in specific
applications.

8) Commercial Readiness Level
Rating: CRL 4-6 (component/setting dependent)

e Electric pumps + VSD retrofits: CRL 6 (established markets, utility rebates present).

e Battery-electric orchard/specialty tractors are at limited scale commercialisation: CRL
4-5 in Australia (pilots, early sales expected post-2026; distribution/servicing ramp
needed).

o Renewable diesel: CRL 5-6 globally

e High-power electric-powered platforms and hydrogen/biogas tractors are CRL 2-3
pending supply chains, standards and dealer servicing.

9) Enabling Potential
Rating: Medium

Electrification helps enable automation, precision agriculture (targeted spraying, variable rate
irrigation), data-rich machinery and robotics deployment, and clearer carbon accounting by
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eliminating scope 1 fuel use. It also complements adoption of distributed energy resources
(solar, batteries, microgrids).

10) Estimated Cost Range
Electric irrigation pumps with VSD: AU$3,300 - AU$27,000+ per pump (including purchase and
installation cost).

e Note: costs and payback periods can vary significantly from farm-to-farm depending on
the nature and scale of the irrigation system and site conditions.

Battery-electric orchard tractors (40-80 hp): AU$115,000-AU$150,000+ (indicative based on
early international pricing). Uncertainty high.

e Note: Purely battery-electric orchard tractors currently remain extremely limited in
local availability, with most expected to come to market in the next couple of years.

Renewable diesel: Depending on the feedstock and processing method, biofuels can cost
between 1.5 - 3 times more than petroleum-based fuels (AgriFutures, 2022). As of early 2025-
2026, renewable diesel (HV0100) in Australia carried a significant price premium, costing
almost $5 per litre, whereas conventional fossil diesel averaged at just under $2 per litre (BDO,
2025).

11) Estimated financial benefits

Electric irrigation pumps with VSD: Under the right conditions, electric pumps with VSD can
deliver significant combined energy and maintenance cost savings relative to single-speed
pumps, being most advantageous in highly variable demand situations where flow adjustments
are required during irrigation. Under these conditions, there are reports of average daily energy
usage dropping by 39%, delivering an energy saving of $4,000/year (NSW Government, 2016).

Battery-electric orchard tractors: Relative to diesel, battery electric-powered tractors will likely
face lower energy costs per hour vs diesel and lower routine maintenance costs. Substantial cost
benefits are anticipated for heavy freight to transition to electric vehicles (Electric Vehicle
Council, 2022). However, to what degree this will translate to agricultural machinery is
uncertain. Level of benefit will strongly depend on hours of use per year and the price of
electricity. Estimated benefit: $100-$300/ha/year in fuel and maintenance savings.

Renewable diesel: Estimated financial benefits uncertain. Benefits accrued from adoption of
renewable diesel and other alternative fuels will likely be tied to things such as potential carbon
credit income and market access advantages rather than direct fuel savings.

12) Level of Investment in R&D, Commercialisation and Industry Scaling
Australian investments

Research & Development:

e $50 million investment in sustainable agriculture research under a partnership between
Charles Sturt University and industry will, amongst other objectives, involve testing and
demonstration of dual-fuel hydrogen tractors. The investment will also examine how
hydrogen can be produced in regional areas, as well as test other new technologies such
as precision spraying and biogas conversion.
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e Federation University—CSIRO-Foton Mobility collaboration to develop simulations and
perform small-scale system-integration studies with the aim of retrofitting diesel
powertrains in tractors with a hydrogen fuel cell-electric system.

Commercialisation:

e John Deere autonomous battery-electric tractor Australian launch (expected in 2026)

e (CaseIH 75 hp e-tractor Australian showcases/early sales (2024-26)

o Powercor (an Australian electricity distribution company) 2025 customer engagement
program around farm electrification needs. Involved engagement with farmers from
across dairy, grain, animal husbandry, irrigation and fruit processing.

Precision Agriculture

Precision Agriculture (PA) optimises field operations and input use by reducing pass-to-pass
overlap, unnecessary machine movements and mis-application. In horticulture, controlled-
traffic farming (CTF) (enabled via guidance/autosteer systems and real-time kinematic (RTK)
positioning), precision irrigation and variable-rate/targeted input application can cut diesel
consumption and reduce direct soil N,O emissions via improved fertiliser and irrigation timing,
placement and rate.

1) Technical Annual Abatement Potential

In broadacre agriculture, CTF has the potential to reduce fuel consumption by 20% or more
compared to conventional traffic management (Gasso et al., 2013; Chen et al., 2015; Botta et al.
2007) and N0 emissions by 30-50% in fertilized soils (Tullberg et al.,, 2018).

Precision nitrogen application involves tailoring the rate, timing, placement and formulation of
nitrogen fertilisers to match crop demand and site-specific conditions. Just looking at rate,
excessive application of nitrogen fertiliser appears to be a common occurrence in Australian
intensive vegetable production, with there being scope to reduce N,O emissions by anywhere
from 27% to more than 70% without compromising yield through better matching application
rate with crop requirements (Suter et al., 2021; Rashti et al., 2015).

Precision irrigation reduces denitrification risk and is seen as among the most effective
nitrogen-loss mitigations (Cameira & Mota, 2017; Ahmad & Khan, 2017). A global meta-analysis
found drip irrigation to reduce N2O emissions by 32% and 46% compared to furrow and
sprinkler systems, respectively (Kuang et al. 2021). This was used by Integrity Ag (2025) to
conservatively estimate a 30% reduction in fertiliser related emissions with micro-

irrigation /fertigation compared to basic practice. Conversion to drip irrigation also has the
potential to reduce on-farm energy-use emissions, particularly when replacing older inefficient
and energy-intensive systems, such as hand shift and roll-line sprinkler systems (Mushtagq et al,,
2013).

2) Feasible Annual Abatement Potential

We estimate feasible abatement from precision agriculture in horticulture by combining three
main components: (i) controlled traffic farming (CTF) to reduce diesel combustion emissions,
(ii) avoiding excessive nitrogen fertiliser application in intensive vegetable systems to reduce
fertiliser-derived N, 0, and (iii) precision irrigation to reduce denitrification-related N,O (and
associated energy-use emissions where irrigation systems are upgraded). Using the same
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horticulture Scope 1 baseline assumptions as above, we apply the relevant technical effects and
adoption constraints for each component:

e CTF (ABpot = 0.10 applied to diesel-related Et = 0.21-0.42 Mt CO,-e/yr; APdom = 0.90;
ADpot = 0.10-0.40) yielding 1.9-15.1 kt CO,-e/yr;

e Improved N-rate matching in intensive vegetables (ABpot = 0.485 applied to N,O-
related Et = 0.29-0.59 Mt CO,-e/yr; APdom = 0.26; ADpot = 0.40-0.70) yielding 14.6-
52.1 kt CO,-e/yr; and

e Precision irrigation (ABpot = 0.30 applied to Et = 0.28-0.54 Mt CO,-e/yr; APdom = 1.00;
ADpot = 0.10-0.20) yielding 8.4-32.4 kt CO,-e/yr.

o Summing these components gives a feasible abatement range of 24.9-99.6 kt CO,-e/yr
over 10 years, noting material uncertainty due to heterogeneity of horticultural systems,
equipment compatibility constraints and the extent to which precision irrigation has
already been adopted.

3) Breadth of Application
Rating: Medium

PA is generally applicable across many horticulture enterprises (orchards, vineyards,
vegetables) but equipment variability, farm scale and capital constraints temper universal
uptake. Regional constraints mainly affect communications coverage and service support for
smaller, remote growers. Guidance/autosteer systems and variable rate/targeted spraying are
widely relevant, while advanced autonomy may be niche initially. Incentives and training
broaden applicability.

4) Co-Benefit Potential
Rating: High

Adoption of PA has strong potential to lead to lower fuel and electricity costs, fewer labour
hours, reduced fertiliser and chemical input costs, reduced soil compaction, better water
productivity, and improved product quality and consistency through more optimised, consistent
applications. PA also facilitates inter-row sowing in perennial systems. As a specific example,
Maraseni et al. (2012) observed that conversion from hand-moved sprinklers to drip irrigation
in a lettuce production system in SE Queensland resulted in significant water savings of almost
2 ML/ha, as well as a halving in electricity consumption.

5) Barriers & Knowledge Gaps
Rating: Medium

In addition to the aforementioned barriers limiting feasible abatement potential, key barriers
include upfront costs, skills and service support for smaller enterprises, connectivity in regional
areas, and ROI uncertainty in complex horticulture operations and rotations. Capital and
training hurdles particularly face smaller enterprises. Targeted extension and rebates mitigate
these barriers.

6) Stacking Potential
Rating: High
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PA stacks well with most other emissions reduction options available to horticultural
producers, helping improve their performance and facilitate reductions in emissions from
multiple sources, including fuel-related CO2 emissions and N0 emissions from denitrification.
For instance, guidance/autosteer and variable application rate systems enable more precise
application of inhibitor-coated/slow-release nitrogen fertiliser, and more precise sowing of
cover crops.

7) Technology Readiness Level
Rating: TRL 9

Guidance/autosteer systems, RTK networks, variable rate application controllers, multi-sensor
drones and farm [oT telemetry are fully commercial and operational in Australian horticulture
with demonstrated field reliability across diverse crops and geographies. Numerous vendors
and integration pathways exist, with ongoing incremental advances in PA tools.

8) Commercial Readiness Level
Rating: CRL 6

PA tools and services are widely sold and supported, with market supply chains and service
networks in place, and uptake being supported by targeted grant programs. Adoption is
generally stronger in larger enterprises, with smaller businesses adopting more gradually due
to capital and skills constraints (McFadden et al., 2023).

9) Enabling Potential
Rating: High

PA acts as a platform for broader transformation, helping enable adoption of other emissions
reduction solutions available to horticultural producers, as well as enabling credible
monitoring, reporting and validation, improving certainty around Rol of other abatement
technologies.

10) Estimated Cost Range
Guidance/autosteer systems: AU$3,000 - AU$15,000 (excluding installation cost and GST). Price
range reflects cost variation between entry-level to advanced systems.

RTK positioning subscriptions: AU$480 - AU$1,800 per year (excluding GST). Subscription
prices vary with coverage quality, base station density, simultaneous vehicle connections, and
additional support offerings.

Drip/micro irrigation systems: AU$1,500 - AU$12,000 per hectare (figures reflect both
materials and professional installation costs, exclude GST). Prices vary greatly with farm size,
crop type, system sophistication, and level of engagement with professional service suppliers.

IoT moisture probes/telemetry: AU$1,000 - AU$3,000 per node plus AU$200-500/year service
cost (excluding GST).

Automated section control and VRA retrofit: AU$7,000 - AU$35,000 per boom/sprayer
(excluding GST). Cost depends heavily on existing cab electronics, GPS readiness, sprayer boom
width and number of sections, and choice of brand/platform.
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11) Estimated financial benefits

Adoption of PA has the potential to reduce production costs/increase revenue for horticultural
enterprises in a variety of ways. These include through cutting fuel, fertiliser, water, chemical
and electricity use, reducing the number of required labour hours, reducing maintenance costs
and improving product quality and consistency through more optimised, consistent
applications.

The extent that savings will be realised will likely vary significantly between enterprises
depending on factors such as farm size and crop type, and so specific estimates need to be
treated with caution. However, attempts can be made to arrive at general approximations for
some cost reductions.

Fuel savings from CTF: Limited data could be sourced, but fuel-use per hectare from tractor
operations equivalent to that for non-irrigated conventional tillage wheat crop (42.3 L/ha -
with this factoring in tillage, planting, fertilisation, spraying and harvest operations) (Maraseni
et al. 2015) would likely be very conservative compared to that of horticultural enterprises. In
this situation, a fuel-use saving from CTF of 5-10%, at a diesel price of $2/L represents a fuel
cost saving of $6.4 - $12.8/ha.

Nitrogen fertiliser input savings from better matching application rate with crop requirements:
Based on the findings of Rashti et al. (2015) and Suter et al. (2021), in Australian intensive
vegetable production systems, there is potential to reduce nitrogen fertiliser rates by at least
33% without compromising yield simply though avoiding excessive application.

Chemical input savings from targeted/variable rate spraying: Manandhar et al. (2020) found
variable-rate technology can reduce pesticide costs by as much as 67%. Costs associated with
pesticide applications (e.g., chemicals, equipment, labour) can account for 30% or more of the
annual operating costs for an orchard (Bechtel et al., 1995) or a vineyard (Sambucci et al.,
2014), suggesting significant savings can be achieved through adoption of targeted/variable
rate spraying.

12) Level of Investment in R&D, Commercialisation and Industry Scaling

Australia has substantive PA-relevant investments spanning R&D, commercialisation and
scaling, including federal/state programs and initiatives by the Rural Research and
Development Corporations. Globally, public agencies and private firms invest in sensors,
autonomy and targeted application. Representative investments are listed below.

Australian investments:

- AgriFutures Producer Technology Uptake Program - (total funding not publicly
disclosed) Designed to support producer groups in increasing the adoption of
technology and innovation solutions on-farm.

- NSW DPI Farms of the Future Grants Program - $7.5 million program which supported
NSW farmers with the purchase of approved connectivity solutions and cutting-edge
digital AgTech devices.

- On-Farm Connectivity Program - The Australian Government has allocated $53 million
across 3 rounds for the On Farm Connectivity Program to enable primary producers in
agriculture, forestry and fisheries to extend connectivity in their fields and take

8
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advantage of connected machinery and sensor technology. Rounds 1 and 2 of the
Program delivered over $30.5 million in rebates to help more than 2,900 primary
production businesses boost connectivity on their farms.

- DAFF Climate-Smart Agriculture Program - $45 million Partnerships & Innovation grant
stream (2024-28) funding trials/adoption of climate-smart tech suites including PA-
enabling tools.

- Hort Innovation investments:

o Project AS20007: Driving ag-tech adoption across Australia - This investment is
funding the establishment of a ‘Smart Farm’ that can be used to showcase
technology to the horticulture sector.

o Project AS23008: Automating the Nuts Industry in Australia: A pathway to
smarter orchards and labour optimisation

o Project AS23006: Digital remote monitoring to improve horticulture production
and environmental performance

o Project MT24013: Accelerating early access to emerging tech for vegetable
growers

o Project VG23003: Advanced vegetable mechanisation program to maximise
labour and cost efficiency

Global investments:

e US Federal agencies support PA adoption, research and development, education, and
training via financial assistance and loan programs, such as through payments for
implementing practices that provide a conservation benefit. USDA and the National
Science Foundation (NSF) have provided almost $200 million for PA research and
development funding in fiscal years 2017—2021.

Note: Many PA investments are embedded within broader sustainability/innovation programes,
with precise PA-only amounts not always being disaggregated.

Nitrification Inhibitors

Nitrification inhibitors (NIs) are compounds that, when added to nitrogen fertilisers or soils,
slow the microbial conversion of ammonium (NH,*) to nitrite (NO27) and nitrate (NOs~)
through depressing the activity of ammonia and nitrite-oxidizing microorganisms. This can
reduce direct nitrous oxide (N,0) emissions from the growing medium during crop growth due
to less feedstocks being available for its production. There are at least eight compounds
recognized commercially as NIs, with the most commonly used and best understood being
DMPP (3,4-dimethylpyrazole phosphate) and DCD (dicycandiamide). NIs suppress microbial
activity for a few days to weeks depending on concentration, soil moisture and soil type and
there are differences among them in the way they are deployed (Fertilizer Australia, 2023).
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1) Technical Annual Abatement Potential

For perennial production systems, a meta-analysis by Gu et al. (2019) found application of NIs
reduced N,O emissions by 73% on average compared to conventional nitrogen fertilisers. For
annual intensive vegetable production, Australian-based field studies have mostly observed Nls
to reduce N,O emissions during the cropping phase by between 20 - 76% compared to standard
commercial practice while achieving equivalent yields (Scheer et al., 2014; Lam et al,, 2015;
Scheer et al,, 2016; Riches et al. 2016; Scheer et al,, 2017; Porter et al., 2017), with global meta-
analyses arriving at average reductions of between ~35 - 40% (Yang et al,, 2019; Pan et al,,
2024). However, reductions can be offset by N,O emissions during the fallow phase after crop
residues are incorporated into the soil (with 70-90% of seasonal N,O emissions being observed
to occur during this phase) (Scheer et al., 2014; Scheer et al., 2017). This is due to NIs leading to
the storing of nitrogen in the soil profile that is then available to soil microbes during residue
decomposition. There is scope to successfully address these post-harvest emissions through the
timely application of NIs before residue incorporation (Scheer et al., 2016), though the
effectiveness of this strategy can vary depending on the biochemical characteristics of the
residues being incorporated (Rashti et al., 2017). Hence the use of NIs in annual vegetable
systems has to be treated carefully and fertiliser rates need to be adjusted to avoid an
oversupply of nitrogen during the post-harvest phase (Scheer et, al, 2017).

2) Feasible Annual Abatement Potential

We estimate feasible abatement for nitrification inhibitors by applying an emissions reduction
effect (ABpot) to the portion of horticulture emissions attributable to fertiliser-derived N,O
(Et), then constraining by the technical application domain (APdom) and a plausible 10-year
adoption extent (ADpot). Given the absence of a single, public national line item for vegetable
horticulture Scope 1 N,O, Et is treated as a key data gap and the estimate is provided as an
order-of-magnitude bound. Using a central abatement effect of 40% (within a 30-60% band),
assuming applicability across 60-80% of relevant systems and regions (APdom = 0.6-0.8), and
assuming 40-60% adoption where economics, supply and advisory capacity support uptake
(ADpot = 0.4-0.6), the resulting feasible abatement is modest but potentially material at
national scale. As an illustrative calculation (to be refined when vegetable-specific Et is
available), if direct vegetable-sector N,O were ~0.3 Mt CO,-e/yr, then feasible abatement would
be approximately 0.40 x 0.3 x 0.7 x 0.5 = 0.042 Mt CO,-e/yr (~42 kt CO,-e/yr). This figure is
provisional and should be refined when disaggregated horticulture N,O emissions totals are
available.

3) Breadth of Application
Rating: Medium

NIs are widely commercially available (e.g., ENTEC, eNpower) and can be applied across many
vegetable crops and some orchards using ammonium//urea sources, in both temperate and
subtropical regions. However, efficacy does vary with crop type (less effective for root
vegetables vs other vegetable types), residue management, and soil pH, organic carbon content,
texture, temperature, wetness (Yang et al. 2019; Scheer et al., 2014; Scheer et al,, 2017; Rashti et
al, 2017; Pan et al.,, 2024; Barth et al,, 2001; Menendez et al., 2012). In general, NIs are more
effective in sandy soils, or soil low in organic matter and under low temperatures (Fertilizer
Australia, 2023). Logistics (product availability, coating options, fertigation compatibility) and
regional advisory capacity further constrain uptake, and create a case for fit-for-purpose and
context applications evidence.

10



OFFICIAL

APPENDIX C.4: Priorities for Low Emissions Agricultural Solutions Investment

4) Co-Benefit Potential
Rating: Medium

The primary co-benefits of the use of Nls in horticultural production systems appear to be
reduced nitrate leaching and improved nitrogen use efficiency (NUE). A global meta-analysis of
the impact of enhanced-efficiency fertilizers (EEFs) on vegetable productivity by Pan et al.,
(2024) found that, compared to conventional urea, leaching decreased by 30.8% and NUE
increased by 23.9% under application of NIs (DMPP, DCD). However, resulting impacts on yield
have been variable. While Pan et al. (2024) found that NI-coated fertiliser on average
statistically significantly improved vegetable yield by 7.5%, most Australian studies have
observed no such effect. The effectiveness of NIs strongly depends on a range of environmental
and management factors (Abalos et al., 2014), however this lack of yield response is likely due
to the standard practice for many Australian horticultural producers entailing applying nitrogen
fertiliser at rates in excess of the crop requirements, resulting in nitrogen not being a limiting
factor to yield. This is supported by the results of Scheer et al. (2014), Riches et al. (2016) and
Porter et al. (2017), as well as by the meta-analysis of Pan et al. (2024), with the analysis
observing the yield-enhancing effectiveness of NIs tended to be more significant at lower
nitrogen application rates.

Positive impacts on yield from the use of NIs are most likely in situations where background
levels of mineral nitrogen are not in excess of plant demand and where the potential N,O
nitrogen losses are high. As Riches et al. (2016) conclude, given the high nitrogen application
rates that are typically used in Australian intensive horticulture production, seeking to increase
yields via NIs relative to current farm practices is unlikely to result in an outcome. As
highlighted by Rose et al. (2018), in many situations the question should not be about whether
EEFs such as NIs can increase yields, but rather, to what extent EFFs can allow for reduced
nitrogen application rate without loss of yield, and whether this is economically viable given
typical EEF price premiums.

The global meta-analysis by Pan et al. (2024) observed that EEFs (DMPP, DCD, polymer-coated
urea) allowed for a reduction in nitrogen application rate by 15.6% without causing any
decrease in yield, as compared to the use of traditional urea. Not only does this have potential
direct financial benefits, but it could also lead to soil fertility benefits via reduction in the rate of
nitrate leaching-induced soil acidification (Rose et al., 2018).

5) Barriers & Knowledge Gaps
Rating: Medium

Barriers include:

e Variable abatement efficacy of Nls across climates, crop types and nutrient sources (i.e.
inorganic fertilisers vs manures), with N,0 reduction during the cropping phase ranging
from 20 - 75% and 0 - 76% in Australian trials in sub-tropical and temperate intensive
vegetable production systems respectively. Moreover, abatement effectiveness between
NIs can noticeably differ, with Riches et al. (2016) finding DCD to be ineffective relative
to DMPP. This leads to uncertainty around the level of emissions benefit that will be
derived from the use of NIs, which would be expected to negatively impact adoption by
producers.

11
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o Elevated post-harvest N,O emissions in vegetable systems which impact on achievable
net emissions abatement.

e Price premiums for NI-containing fertilisers and insufficient evidence and guarantee of
economic benefits in terms of yield and reduced fertiliser requirements. The economics
of NI use depend on either yield gains or reductions in required nitrogen application
rate to offset their additional cost.

e The use of NiIs leading to higher ammonia (NH3) volatilisation in some contexts, with
Pan et al. (2024) finding NIs increased NH3 volatilisation in vegetable fields compared
to traditional urea by on average by 32.4%. This can reduce NUE and lead to increased
indirect N,O emissions unless managed via NH3 mitigation measures such as urease
inhibitors.

Knowledge gaps include:

1. Further studies are required on the use of Nls in Australian horticultural production
systems to provide greater certainty around their abatement efficacy and impact on NUE
under various management and environmental conditions.

2. The evidence base on Nls in Australian horticulture is largely confined to intensive
vegetable production systems in Queensland and Victoria, with it being unclear how
reflective these systems are of vegetable production in other parts of Australia, as well
as for other forms of horticulture. Future work should consider N0 emissions from
other production environments and settings, including perennial production systems
and greenhouse production.

3. Further trials are needed to evaluate to what extent and under what conditions nitrogen
fertiliser application rates can be reduced without yield penalty in horticultural
production systems when using NIs, and to analyse the economic costs and benefits
associated with their use. This will enable tools to be developed that allow producers to
make more informed decisions around the adoption of NIs.

4. More research is needed on effective and economical strategies to reduce post-harvest
N>0 emissions in intensive vegetable production when utilising Nls.

6) Stacking Potential
Rating: High

In addressing N2O emissions, Nls can be stacked well with controlled/slow release nitrogen
fertilisers (Fan et al. 2022; Wang et al. 2025) though seemingly less so with urease inhibitors
(Pan et al. 2023; Zhao et al., 2017) (but which can also reduce NHj volatilisation). NIs can also
be combined well with 4R nutrient stewardship (right rate/timing/source/ placement),
precision irrigation/fertigation, cover crops, and residue management practices (e.g., delayed
incorporation).

7) Technology Readiness Level (TRL)
Rating: TRL 8-9
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NIs such as DMPP have undergone extensive laboratory and field validation, with operational
deployment in Australian agriculture, particularly in broadacre grains production. In Australian
vegetables, multiple peer-reviewed studies have validated mitigation performance during the
cropping phase, though the need for further region and system-specific fine-tuning remains. It
should be noted there are efforts underway to develop next-generation NI formulations.

8) Commercial Readiness Level (CRL)
Rating: CRL 6

NI-containing fertilisers (e.g., ENTEC® DMPP-coated products) are fully commercialised and
widely available via major suppliers. Supply chains, product labels and QA are established.
Market penetration in horticulture is likely uneven due to cost premiums, management
complexity, and variable efficacy.

9) Enabling Potential
Rating: Low-Medium

Beyond direct mitigation, adoption of NIs supports broader optimised nutrient stewardship and
can encourage adoption of precision agricultural practices. Wider-spread uptake of NIs can also
potentially aid in the development of more accurate emissions factors for these types of
nitrogen fertilisers.

10) Estimated Cost Range

The price premium for NI-containing fertilisers over conventional urea/compound fertilisers is
thought to range between ~10-20%. This translates to a $75 - $149/ha and $19 - $38/ha
premium for annual and perennial horticultural production systems respectively, based on
typical nitrogen application rates. These calculations were based on the following:

. 415kg-N/ha application rate for intensive vegetable production (the average of standard
nitrogen application rates used by several Australian studies - noting that not all N was
supplied by urea or in the form of ammonium in every case)

. 105kg-N/ha application rate for orchard production (the average of standard rates
referenced by AHR (2016) and Vilarrasa-Nogué et al. (2020), again noting that not all N
was supplied by urea or in the form of ammonium in every case).

. Urea price of $1,804/t-N (AU$1.8/kg-N), and a resulting NI premium of $180 - $361/t-N
($0.18 - 0.36/kg-N).

Note: NI fertiliser costs vary with formulation (coated compound vs. NI added in solution), rate,
logistics and season, with local supplier quotes being required for high-accuracy cost estimates.

11) Estimated financial benefits

While direct yield gains in intensive horticultural systems resulting from the use of Nls are
inconsistent at nitrogen fertiliser application rates at or above recommended, which are
commonly applied in Australian horticulture, there is potential for financial benefits to be
accrued via reduced fertiliser requirements due to NIs enabling greater NUE. Where Nls enable
lower application rates without yield loss, their net cost can potentially be neutral or even
negative.
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Assuming nitrogen application rates (in the form of ammonium) in intensive horticultural
systems can commonly be reduced by 15% without yield penalty through the use of Nls (Pan et
al., 2024), at a nitrogen fertiliser price of $1.5-2.0/kg-N and employing the same standard
nitrogen application rates as used in the calculations above, savings of $93 - $125/ha and $24 -
$32/ha for annual and perennial horticultural production systems respectively are conceivable,
more than fully offsetting the estimated lower to mid-end NI premiums.

In terms of studies investigated net financial benefits for specific horticultural crops/systems,
when comparing yield benefits against fertiliser costs, Fan et al. (2022) observed that, in the
production of Chinese cabbage, applying urea at a rate of 320kg-N/ha with DMPP at 1kg/ha had
an average net benefit over 2-years of USD$861 /ha versus application of standard urea at
conventional rate (400kg-N/ha), though there was significant variation in net benefit over the
2-years (USD +$1,869 vs USD -$147).

Additional potential financial benefits from the adoption of NIs are a reduction in lime costs due
to reduced soil acidification from application of less nitrogen fertiliser, and the ability to make
ESG claims which may enable price premiums to be obtained.

Note: In some situations there may be nitrogen loss trade-offs from the use of Nls (via increased
NH3 volatilisation) without management intervention. This also needs to be factored in when
making an assessment of net financial benefits.

12) Level of Investment in R&D, Commercialisation and Industry Scaling

Australia has had sizable, multi-year public investment in R&D into NIs within horticulture and
broader agriculture as part of broader R&D initiatives, both historical and current. There has
also been ongoing commercial investment by fertiliser companies in product development,
registration and market development.

Note: Many NI investments are embedded within broader sustainability/innovation programs,
with precise NI only amounts not always being disaggregated.

Australian investments:
Research and Development

e National Agricultural Nitrous Oxide Research Program (NANORP) - $50 million dollar
initiative which operated between 2012-2016. The program funded R&D to developed
and delivered effective and practical strategies for reducing N0 emissions while
maintaining crop and pasture productivity, with it funding projects across multiple
sectors including horticulture.

e More Profit from Nitrogen Program (MPfN) - $15.5 million initiative between
Australia’s four most intensive users of nitrogenous fertilisers: cotton, dairy, sugar and
horticulture which operated for 5-years from 2016-2021. The program funded a range
of R&D to increase nitrogen use efficiency across the four sectors whilst improving
profitable and sustainable use.

o ARC Research Hub for Innovative Nitrogen Fertilisers & Inhibitors (Smart Fertilisers) -
$5 million investment by Australian Research Council (ARC) to establish a collaborative
research hub to develop the next generation of ‘smart’ fertilisers that will support
sustainable agricultural intensification, farm profitability, and the health of soils and the
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environment. This includes developing next-generation NIs suitable for intensive
agriculture under Theme 2 of the Hub.

e University of Melbourne GRDC project - $17.3 million 4-year national research program
examining enhanced efficiency fertilisers (EEFs) across a range of climates, soils and
cropping systems, so as to provide Australian grain growers with clear
recommendations regarding which EFFs best suit their situation, and thus a greater
capacity to improve their nitrogen use efficiency and reduce on-farm GHG emissions.

Commercialisation

e Ongoing supplier investment in NI-coated fertilisers (e.g. ENTEC® by Incitec Pivot).
Exact investment figures not disclosed publicly.

Global investments:

e Multi-decadal global academic/industry R&D across a range of Nls, including DMPP and
DCD, with numerous field trials and meta-analyses conducted.

e Multinational fertiliser companies have brought coated products to market globally;
detailed financials are proprietary.

Slow/Controlled-Release Nitrogen Fertilisers

Slow/controlled-release nitrogen fertilisers (SRF/CRFs) are products that release nitrogen in a
more gradual fashion compared to conventional fertilisers. They include coated urea (using
either polymer or sulfur coating) and chemically bound nitrogen formulations that slow
nutrient dissolution/mineralisation. SRF/CRFs reduce emissions by better synchronising soil
mineral nitrogen availability with crop demand, lifting NUE, and reducing lost via volatilisation,
leaching and denitrification (GRDC, 2025).

1) Technical Annual Abatement Potential

In horticultural soils, SRF/CRFs have been observed to reduce fertiliser-induced N0 emissions
by between 19 - 41% compared to conventional inorganic N fertilisers (such as urea,
ammonium sulfate, and ammonium nitrate) applied at an equivalent rate while achieving
comparable yield (Cheng et al. 2002 - from Pan et al. 2022; Yang et al., 2019; Fan et al. 2022;
Pan et al. 2024; Wang et al. 2025), with a recent meta-analysis by Pan et al. (2024) arriving at an
average reduction of 24.4% for polymer-coated urea used in vegetable cropping systems. Trials
with SRF/CRFs have also reported reductions in NH; losses of between 61 - 83%, lowering
indirect N,O emissions (Shan et al. 2015).

Results vary with soil pH, nitrogen application rate, soil organic carbon content and soil
texture. Therefore, selection of an appropriate application strategy based on the environmental
conditions is important (Pan et al. 2023).

2) Feasible Annual Abatement Potential

We estimate feasible abatement for slow/controlled-release nitrogen fertilisers by applying a
representative abatement effect for polymer-coated/controlled-release products (ABpot = 0.25)
to the portion of horticulture Scope 1 emissions attributable to fertiliser-derived N,O (Et =
0.29-0.59 Mt CO,-e/yr, based on total horticulture Scope 1 emissions of 0.8-1.6 Mt CO,-e/yr
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and an assumed 36.8% N,0 share). We then constrain to the likely application domain (APdom
= 0.70), recognising that SRF/CRFs fit most granular fertiliser programs (vegetables, orchards,
vineyards) but are less compatible where fertigation relies on fully soluble, rapidly available
nitrogen sources, and that logistics and product availability vary by region. Assuming 20-50%
adoption over 10 years under current constraints (ADpot = 0.20-0.50), feasible annual
abatement is estimated at 10.2-51.6 kt CO,-e/yr. This range is uncertain and sensitive to price
premiums, variability in efficacy and the degree to which fertigation dominates nitrogen
delivery in specific subsectors.

3) Breadth of Application
Rating: Medium

SRF/CRFs are generally applicable across vegetables, orchards and vineyards that use granular
nitrogen fertiliser, but have limited applicability where fertigation predominates or in short
growing-season crops which require frequent spoon-feeding such as some vegetable crops
(Chahal et al., 2021). Regional suitability is broad, though noting that performance of polymer-
coated options declines under both high and low soil pH conditions and in soils with high SOC
levels (Pan et al,. 2024; Li et al. 2018).

4) Co-Benefit Potential
Rating: Medium-High

Co-benefits from the application of SRF/CRFs typically include higher NUE and reduced
nitrogen losses, particularly from volatilization, with a meta-analysis by Pan et al. (2024)
observing that compared to conventional urea, under the application of polymer-coated urea,
NUE increased by 27.3%, leaching decreased by 28.7% and volatilization declined by 74.5%.

Yield or quality benefits are context-specific but have frequently been observed to be neutral-to-
positive (Pan et al. 2024; Yang et al. 2019; Li et al. 2018; Hyatt et al. 2010). As highlighted by the
findings of Li et al. (2018), positive yield benefits are most likely to occur in situations where
nitrogen is applied at below conventional rate.

Adoption of SRF/CRFs also has the potential to reduce costs through reduced nitrogen fertiliser
requirements and through reduced labour/fuel requirements through enabling one-time pre-
plant application as opposed to split application throughout the growing season (Chahal et al.
2021; Hyatt et al. 2010).

5) Barriers and Knowledge Gaps
Rating: Medium-High

Barriers include:

e Price premiums for SRF/CRFs over standard fertilisers mean they are currently largely
limited to high value systems, such as amenity horticulture (GRDC 2025). Like with NIs,
the economics of SRF/CRF use depend on either yield gains or reductions in required
nitrogen application rate to offset their additional cost.

¢ Insufficient evidence of their mitigation effectiveness and guarantee of economic
benefits in terms of yield and reduced fertiliser requirements in Australian horticultural
production systems.
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e Compatibility with fertigation systems.

e Asnoted by Fertilizer Australia (2023), there are concerns about the fate of polymer
coatings from SRF/CRFs in the environment.

Knowledge gaps include:

e Itappears that very few studies have been conducted to-date on the use of SRF/CRFs in
Australian horticultural production systems. More Australian, crop-specific cost-
effectiveness data would aid scaling.

e Lietal. (2018) suggested that further research is needed to better understand the post-
harvest fate of nitrogen applied through polymer-coated fertilisers.

e Biodegradable coating materials for polymer-coated SRF/CRFs (e.g., lignin-, natural oil-,
cellulose-based) need to be developed and trailed in the vegetable systems (Pan et al.
2024).

6) Stacking Potential
Rating: High

In addressing N20 emissions, SRF/CRFs can be stacked well with Nls, with several studies
observing emissions reduction to be greatest when SRF/CRFs and NIs were combined together
(Wang et al. 2025; Wang et al. 2024; Fan et al. 2022). Like with NIs, SRF/CRFs can also be
combined with urease inhibitors, and combine well with 4R nutrient stewardship (right
rate/timing/source/ placement), precision irrigation/fertigation, cover crops and residue
management practices (e.g. delayed incorporation). The combinations address multiple loss
pathways simultaneously without inherent conflicts, supporting additive mitigation.

7) Technology Readiness Level
Rating: TRL 9

SRF/CRFs are mature globally and in Australia for use for a range of crops. A wide variety of
products are commercially available and used operationally (Fertilizer Australia, 2023). It
should be noted efforts are underway to develop new and improved engineered coatings for
SRF/CRFs.

8) Commercial Readiness Level
Rating: CRL 6

SRF/CRF products are sold and used in Australia but are likely not ubiquitous across
horticulture due to price, distribution, and system fit (fertigation vs granular).

9) Enabling Potential
Rating: Low-Medium

Beyond direct mitigation, adoption of NIs supports broader optimised nutrient stewardship and
can encourage adoption of precision agricultural practices. Wider-spread uptake of SRF/CRFs
can also potentially aid in the development of more accurate emissions factors for these types of
nitrogen fertilisers.
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10) Estimated cost range (on-farm)

Robust public price series for SRF/CRFs are limited. Coated urea typically commands a
premium over standard urea, with Fertilizer Australia (2023) noting that an additional expense
is associated with adding a coating to a fertiliser particle, which can almost double the cost of
the fertiliser. Local quotes from suppliers are recommended.

11) Estimated financial benefits

Potential financial benefits arise from NUE gains, reduced need for re-applications of nitrogen
during the growing season (meaning lower labour/fuel costs), and potential yield/quality
stability through improved N synchrony.

12) Investment in R&D and commercialisation

Australia has active R&D on “smart fertilisers” (coatings, stabilisers), national nitrous-oxide
programs, and grains-sector initiatives. Explicit funding amounts for horticulture-specific
SRF/CRF are not consolidated publicly.

Australian investments:
Research and Development

e National Agricultural Nitrous Oxide Research Program (NANORP) - $50 million dollar
initiative which operated between 2012-2016. The program funded R&D to developed
and delivered effective and practical strategies for reducing N.O emissions while
maintaining crop and pasture productivity, with it funding projects across multiple
sectors including horticulture.

e More Profit from Nitrogen Program (MPfN) - $15.5 million initiative between
Australia’s four most intensive users of nitrogenous fertilisers: cotton, dairy, sugar and
horticulture which operated for 5-years from 2016-2021. The program funded a range
of R&D to increase nitrogen use efficiency across the four sectors whilst improving
profitable and sustainable use.

e ARC Research Hub for Innovative Nitrogen Fertilisers & Inhibitors (Smart Fertilisers) -
$5 million investment by Australian Research Council (ARC) to establish a collaborative
research hub to develop the next generation of ‘smart’ fertilisers that will support
sustainable agricultural intensification, farm profitability, and the health of soils and the
environment. This includes developing a new class of fertiliser with engineered coatings
to enable controlled release of nutrients and inhibitors in a range of soil types, climatic
conditions and diverse agricultural settings and land uses under Theme 2 of the Hub.

e University of Melbourne GRDC project - $17.3 million 4-year national research program
examining enhanced efficiency fertilisers (EEFs) across a range of climates, soils and
cropping systems, so as to provide Australian grain growers with clear
recommendations regarding which EFFs best suit their situation, and thus a greater
capacity to improve their nitrogen use efficiency and reduce on-farm GHG emissions.

Cover Cropping
Cover crops in fallow windows (or inter-rows in orchards/vineyards) scavenge residual NO3~,
increase soil microbial biomass and structure, and moderate moisture dynamics (Gu et al., 2019;
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Cameira et al., 2021). Evidence shows lower N,0 emissions on average, particularly with
non-legumes, alongside reduced NO3~ leaching and event-based emissions linked to rainfall,
mowing, or residue incorporation (Muhammad et al., 2019; Steenwerth & Belina, 2010). In
vineyards, cover crops reduce fertiliser-induced emission factors relative to tilled systems and
concentrate emissions into short, manageable pulses (Marques et al., 2018; Wolff et al., 2018).

Legume cover crops tend to increase soil N,O emissions because of added reactive N inputs,

whereas non-legume cover crops typically reduce N,O by scavenging soil mineral N

(Lietal, 2024). A meta-analysis of fruit orchards found that effects of cover cropping on N,O
outcomes depend on cover species, mulch material, and management through effects on soil
water and nutrient availability (Gu et al., 2019).

1) Technical Annual Abatement Potential

Technically, cover crops can reduce fertiliser-related soil N,O emissions by ~20-35% on
treated hectares, with higher abatement where non-legume or mixed covers are retained on the
soil surface. Vineyard systems show particularly strong reductions in emission factors.

Meta-analyses show that, on average, cover crops reduce soil N,O emissions relative to bare
fallow, but outcomes vary sharply by species and termination practice (Muhammad et al., 2019;
Guetal, 2019). Non-legume covers reduce emissions by scavenging mineral N and delaying N
release, thereby decoupling N availability from periods of high soil moisture that favour
denitrification (Li et al., 2024).

In contrast, legume-dominant covers often increase N,0O emissions due to additional biologically
fixed N and rapid residue mineralisation, especially when residues are incorporated or
terminated under wet conditions (Gu et al., 2019). Vineyard studies show resident cover crops
reducing fertiliser-induced emission factors from ~0.57% to ~0.23% of applied N—around a
60% reduction—compared with tilled systems (Marques et al., 2018). Retaining residues on the
surface consistently lowers emissions relative to incorporation by limiting anaerobic microsites
(Steenwerth & Belina, 2010).

2) Feasible Annual Abatement Potential

Feasible abatement from cover cropping in Australian horticulture is modest but real

(~0.006 Mt CO,-e yr™), with uncertainty driven mainly by adoption levels, crop calendars, and
species choice.

A midpoint abatement factor of ~25% is consistent with the reported 20-35% technical
reduction range observed in meta-analyses and field studies where non-legume or mixed cover
crops dominate, driven by reduced mineral N availability and dampened denitrification peaks
following fertiliser application or rainfall (Muhammad et al., 2019; Li et al., 2024). Meta-analysis
evidence indicates that non-legume covers generally reduce N,O emissions relative to bare soil,
while legume-dominant systems show neutral to positive emissions responses unless carefully
managed (Gu etal,, 2019).

Because disaggregated Australian horticulture fertiliser-derived N,O emissions data are not
available, feasible abatement is presented as an illustrative upper-bound, based on assumptions
that cover crops are agronomically feasible on approximately 60% of relevant horticultural area
and could reach around 50% adoption under favourable policy, advisory, and incentive settings.
Adoption constraints linked to short vegetable crop rotations, late-harvest windows, and
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competition for irrigation water are consistently identified as limiting factors in horticulture
reviews (Cameira et al,, 2021; Guetal,, 2019).

Field evidence from perennial systems indicates that where cover crops can be maintained
between fertiliser applications—particularly in vineyards—direct N,O emission factors are
substantially reduced compared with tilled systems, supporting the plausibility of abatement on
treated hectares (Steenwerth & Belina, 2010; Marques et al., 2018). However, multiple vineyard
and orchard studies also demonstrate that event-driven emissions associated with mowing,
residue incorporation, or rainfall can temporarily offset reductions, reinforcing the need for
conservative feasible assumptions (Garland et al., 2014; Wolff et al., 2018).

The largest sources of uncertainty in the feasible estimate therefore relate not to the direction of
the mechanism, which is well-established, but to the extent and consistency of implementation,
particularly the proportion of systems using legume species and the capacity to avoid high-risk
termination under wet conditions (Gu et al., 2019; Cameira et al., 2021). Taken together, the
evidence supports a modest but defensible feasible abatement estimate, subject to refinement
as Australian-specific emissions and adoption data become available.3) Breadth of Application

Medium: with strong relevance in orchards and vineyards and more variable feasibility in
annual vegetable systems.

3) Breadth of Applications
Rating: medium

There is strong suitability in much perennial horticulture and more constrained applicability in
intensive annual vegetable systems.

Perennial systems (orchards and vineyards) offer consistent inter-row space and temporal
separation from main crop fertilisation, enabling cover crops to intercept residual mineral N
and reduce background N,O risk across seasons (Steenwerth & Belina, 2010;

Marques et al., 2018). In contrast, annual vegetable systems face tight crop calendars, high soil
disturbance, and frequent incorporation of residues, increasing the likelihood of N,O pulses
when termination coincides with irrigation or rainfall (Gu et al., 2019; Cameira et al.,, 2021).
Meta-analysis evidence confirms that these management differences largely determine
observed emission responses, supporting a medium breadth rating rather than broad
applicability (Muhammad et al., 2019).

4) Co-Benefit Potential

Co-benefit potential is High, with consistent evidence of improvements in soil carbon, soil
structure, erosion control, and nitrate leaching reduction across horticultural systems. These
benefits are robust to management variation and frequently observed even where emissions
outcomes are neutral or modest.

A large body of experimental and synthesis literature shows that cover cropping reliably
increases soil organic carbon stocks and improves soil physical condition through added
biomass inputs, enhanced aggregate stability, and increased biological activity

(Muhammad et al., 2019; Cameira et al.,, 2021). Meta-analyses report average increases in soil
organic carbon and total nitrogen under cover cropping relative to bare fallow, with particularly
consistent effects in perennial systems where soil disturbance is limited (Gu et al., 2019).
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Improvements in soil structure—manifested as greater aggregation, infiltration capacity, and
surface protection—translate into reduced erosion risk, especially in irrigated horticulture and
sloping vineyard systems (Steenwerth & Belina, 2010; Cameira et al., 2021). These structural
effects are widely reported across climates and crop types and are not contingent on species
choice to the same degree as emissions outcomes.

Cover crops also consistently reduce nitrate leaching by scavenging residual mineral N during
fallow or low-uptake periods, lowering nitrate concentrations in the soil profile and drainage
water (Gu et al.,, 2019; Muhammad et al,, 2019). Leaching reductions are reported across both
legume and non-legume systems, although the magnitude depends on biomass production and
termination timing. Reviews of irrigated horticulture identify cover cropping as one of the most
reliable practices for nitrate loss reduction, even where greenhouse gas responses are mixed
(Cameira etal., 2021).

While trade-offs can occur—such as short-term increases in N,O emissions following
incorporation or wetting events—the co-benefits associated with soil carbon accumulation,
improved physical condition, erosion control, and nitrate retention are structural and
persistent, supporting a High co-benefit rating overall (Steenwerth & Belina, 2010;

Guetal, 2019).

5) Barriers and Knowledge Gaps

Barriers to adoption are Medium and arise primarily from operational complexity and risk
management, rather than from uncertainty about the underlying mechanisms. The main
constraints relate to opportunity costs, timing conflicts, event-sensitive emissions responses,
and gaps in Australian-specific guidance and benchmarking.

Economic and operational barriers include the opportunity cost of land and irrigation water,
seed and establishment costs, and conflicts with short and intensive vegetable rotations, where
insufficient fallow windows limit safe establishment and termination (Cameira et al., 2021;

Gu et al,, 2019). In perennial systems, while inter-row cover crops are widely feasible, concerns
persist around pest and disease carry-over, vineyard floor trafficability, and interference with
machinery access during critical operations (Steenwerth & Belina, 2010; Wolff et al., 2018).

A key emissions-specific barrier is the risk of increased N,0 emissions from legume-dominant
cover crops, particularly where biologically fixed nitrogen and low C:N residues accelerate
mineralisation and denitrification (Gu et al., 2019; Li et al., 2024). Multiple studies show that
N,O responses are highly event-sensitive, with emissions responding strongly to rainfall,
irrigation, mowing, or residue incorporation. This requires careful coordination of termination
timing, residue placement, and water management to avoid short-duration emission spikes
(Steenwerth & Belina, 2010; Garland et al., 2014; Muhammad et al., 2019).

Beyond direct costs, an important practical constraint is increased management and labour
intensity, including the need to anticipate weather events, align fertiliser timing with cover crop
nitrogen dynamics, and manage termination operations precisely. Reviews note that these
requirements can deter adoption even where agronomic benefits are recognised

(Cameira et al,, 2021). Risk aversion also plays a role in systems where growers perceive
potential impacts on yield, harvest operations, or spray access, contributing to uneven uptake
across regions and crop types (Gu et al., 2019; Wolff et al., 2018).
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Key knowledge gaps include the lack of Australian-specific cost-benefit benchmarks, limited
area-weighted adoption data for horticulture, and insufficient species- and climate-specific
guidance on cover crop mixtures and termination practices optimised for emissions outcomes
(Gu et al,, 2019; Cameira et al., 2021). These gaps constrain confidence in scaling estimates and
reinforce the need for conservative feasible-abatement assumptions

6) Stacking Potential
High

Stacking potential is High. Cover crops interact synergistically with nitrogen and water
management practices, strengthening their effectiveness across multiple nitrogen loss pathways
and reducing the risk of trade-offs when interventions are implemented in isolation.

Cover crops function as a foundational practice that stabilises soil mineral nitrogen pools and
moderates soil moisture dynamics, creating conditions under which other nitrogen
management interventions perform more reliably. Reviews of irrigated horticulture identify
strong complementarities between cover cropping and irrigation scheduling, split fertiliser and
fertigation strategies, and the use of nitrification or urease inhibitors, as these combinations
narrow the temporal overlap between high mineral N availability and periods of high soil
moisture that promote N losses (Cameira etal., 2021).

By scavenging residual nitrate during fallow or low-uptake periods, cover crops reduce
background nitrate levels, enhancing the effectiveness of slow-release fertilisers and inhibitor
technologies that depend on controlled N availability rather than surplus pools

(Muhammad et al., 2019; Cameira et al., 2021). Precision residue management—particularly
maintaining residues on the soil surface rather than incorporating them —further reduces the
risk of denitrification hotspots, reinforcing the benefits of stacked practices (Steenwerth &
Belina, 2010).

In orchard and vineyard systems, cover crops complement inter-row mulches and reduced
tillage by maintaining continuous ground cover, reducing soil disturbance, and supporting more
stable nitrogen and moisture regimes between fertiliser applications (Steenwerth &

Belina, 2010; Wolff et al., 2018). These stacked configurations address multiple nitrogen
pathways simultaneously, including nitrate leaching, ammonia volatilisation, and nitrous oxide
emissions, while also improving operational control of nutrient timing and placement

(Guetal, 2019; Cameira et al., 2021).

Synthesis studies consistently show that combined practices outperform single interventions,
both in reducing N losses and in managing variability associated with weather or irrigation
events, supporting a High stacking potential rating for cover crops within integrated nitrogen
management strategies (Muhammad et al., 2019; Cameira et al., 2021).

7) Technology Readiness Level (TRL)
TRL 9: cover cropping is a proven practice with well-understood emission mechanisms.

Cover cropping has been used for decades across horticultural systems, and its effects on soil
nitrogen cycling and N,O production have been repeatedly demonstrated. Variability in
outcomes reflects management choices rather than technology performance (Steenwerth &
Belina, 2010; Guetal., 2019)
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8) Commercial Readiness Level (CRL)
CRL 6: adoption is widespread, but emissions-targeted use is uneven.

While cover crops are commonly adopted for agronomic reasons, their deliberate use to manage
emissions depends on advisory support, operational capacity, and incentives focused on
fertiliser and termination practices (Cameira et al., 2021).

9) Enabling Potential

Enabling potential is Medium-High. Cover crops function as an enabling practice by stabilising
soil nitrogen dynamics and improving infiltration and moisture buffering, which increases the
reliability and effectiveness of a range of downstream nitrogen management strategies.

Cover crops reduce short-term variability in soil mineral nitrogen—particularly nitrate—by
scavenging residual N during fallow or low-uptake periods and releasing it more gradually
following termination. This damping of nitrate variability improves the predictability of
sensor-guided irrigation, precision fertigation, and nitrification or urease inhibitor strategies, all
of which rely on tighter synchrony between nitrogen availability and crop demand to perform
effectively (Cameira etal., 2021).

Improvements in soil structure and infiltration associated with continuous ground cover
enhance the performance of irrigation management by reducing surface runoff and improving
water distribution through the soil profile. This, in turn, lowers the likelihood of anaerobic
conditions developing immediately after irrigation or rainfall, which supports more stable
nitrogen transformation pathways and reduces the risk of episodic losses (Cameira et al., 2021;
Steenwerth & Belina, 2010).

Cover crops also support nutrient budgeting and model-based decision tools by reducing
background noise in soil nitrate levels, making nitrogen dynamics more responsive to
management inputs rather than residual effects from previous seasons. Reviews of irrigated
horticulture highlight this stabilising role as a key reason cover crops are commonly
recommended as part of integrated nitrogen management frameworks, even where their direct
emissions impact is context-dependent (Cameira et al., 2021).

10) Estimated cost range (on-farm)

Indicative on-farm costs for cover cropping are moderate and system-dependent, typically
ranging from ~A$100-450 ha™! yr™* across horticulture. Costs are lowest in vineyards,
moderate in orchards, and highest in intensive vegetable systems. Australian-specific datasets
are limited; ranges below are plausible orders of magnitude derived from reported cost
components and management practices.

Indicative annual cost ranges (illustrative)

Vegetables (intensive rotations): ~A$250-450 ha™*
Orchards (inter-row covers): ~A$150-300 ha™
Vineyards (inter-row covers): ~A$100-250 ha™

Across the reviewed literature, the main cost components consistently identified for cover
cropping are seed, establishment (sowing), termination, and—where irrigated—additional
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water and labour (Cameira et al., 2021). Indicative seed costs commonly reported are ~A$30-
150 ha™* for cereal covers, with higher costs for mixed species, brassicas, or legume-dominant
blends, reflecting higher seed prices and establishment complexity (Cameira et al., 2021).

Vegetable systems tend toward the higher end of the range due to more frequent establishment
and termination, short fallow windows, and greater likelihood of mechanical incorporation,
which increases both operational cost and management effort (Gu et al., 2019). Orchards and
vineyards generally incur lower costs because covers are established less frequently,
maintained as inter-row vegetation, and often terminated by mowing rather than incorporation,
reducing fuel and labour inputs (Steenwerth & Belina, 2010; Wolff et al., 2018).

In irrigated systems, water use represents an opportunity cost, particularly where cover crops
compete for limited allocation; this is highlighted as a constraint in irrigated horticulture
reviews but is rarely costed explicitly (Cameira et al., 2021). Net costs can fall where growers
capture operational offsets (e.g. reduced weed pressure or erosion remediation), but the
literature does not provide consistent Australian $/ha estimates by crop, reinforcing the
illustrative nature of these ranges.

11) Estimated financial benefits

Financial benefits from cover cropping are indirect, variable, and context-specific, with
typical net benefits ranging from slightly negative to moderately positive depending on
system and management quality. Benefits are most consistently realised in vineyards and
orchards, and least consistently in intensive vegetable systems.

Indicative net financial outcomes (illustrative)
e Vegetables: ~-A$100 to +A$100 ha ' yr™*
e Orchards: ~A$0 to +A$200 ha ' yr™*
e Vineyards: ~A$50 to +A$250 ha™* yr™*
Evidence.

The literature does not report systematic yield gains attributable solely to cover cropping in
horticulture. Instead, financial benefits arise through avoided losses and operational
efficiencies, including reduced nitrate leaching, improved nitrogen utilisation, stabilised
inter-row conditions, and reduced erosion-related damage (Gu et al., 2019;

Cameira et al,, 2021). Vineyard studies show that lower fertiliser-induced emission factors
under cover cropping imply improved nitrogen efficiency, but fertiliser rate reductions are
contingent on management and are not automatic (Marques et al.,, 2018; Wolff et al., 2018).

In vineyards, improved trafficability after rainfall, reduced erosion on slopes, and more stable
inter-row surfaces are repeatedly cited as economically meaningful benefits, supporting modest
positive net outcomes in many systems (Steenwerth & Belina, 2010; Wolff et al., 2018).
Orchards show similar but more variable benefits, depending on water availability and
floor-management strategy (Cameira et al., 2021).

In vegetable systems, benefits are more uncertain. While reductions in nitrate leaching and
improved nutrient retention are well documented, additional management effort and timing
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conflicts can offset gains, resulting in net outcomes that range from slightly negative to modestly
positive (Gu et al., 2019; Cameira et al., 2021). Reviews therefore emphasise that financial

performance depends less on the practice itself and more on how effectively cover crops are
integrated with fertiliser, irrigation, and termination practices.

Overall, the evidence supports plausible net benefits in perennial horticulture, and conditional,
management-dependent benefits in vegetable systems, but highlights a persistent gap in
Australian, crop-specific $/ha datasets suitable for aggregation or policy appraisal

(Cameira et al., 2021).

Breakdown of benefits and justification

replacement or cause downstream impacts.
Effects are robust across systems even
where emissions responses are mixed.

Area of Justification (mechanism) Indicative costed Source

benefit benefit (A$ ha ' yr™) information

Improved Cover crops scavenge residual nitrate during | ~$20-80 (orchards, Gu etal. (2019);

nitrogen fallow or low-uptake periods and dampen vineyards); $0-40 Muhammad

efficiency / post-fertiliser nitrate peaks, improving (vegetables, etal. (2019);

avoided N alignment between N availability and crop conditional) Marques

losses demand. Vineyard and orchard studies show etal. (2018);
reduced fertiliser-induced emission factors, Cameira
implying improved N use efficiency without etal. (2021)
automatic rate cuts.

Reduced Scavenging of soil NO;™ by cover crops ~$10-60 (all systems; Gu etal. (2019);

nitrate lowers nitrate concentrations in the soil higher in Muhammad

leaching and profile and drainage water, reducing irrigated /perennial) etal. (2019);

nutrient loss nutrient losses that would otherwise require Cameira

etal. (2021)

Erosion control

Continuous ground cover reduces soil loss,

~$20-100 (orchards,

Steenwerth &

herbicide use

particularly in perennial systems. Less
consistent in vegetables due to crop
turnover and residue constraints.

/ avoided surface runoff, and inter-row erosion, vineyards); ~$0-40 Belina (2010); Wolff
remediation particularly in sloping vineyards and (vegetables) etal. (2018);
irrigated horticulture. Benefits accrue as Cameira
avoided soil replacement, levelling, and field etal. (2021)
repair costs over time.
Weed Competition and surface residue from cover | ~$15-60 (orchards, Steenwerth &
suppression / crops suppress inter-row and winter weeds, | vineyards); $0-30 Belina (2010); Wolff
reduced reducing herbicide requirements and passes, | (vegetables) etal. (2018); Gu

etal. (2019)

Improved
trafficability
and
operational
reliability

Improved soil structure and surface stability
allow earlier machinery access after rainfall,
reducing delays to spraying, harvest, or
maintenance and lowering compaction risk.
Frequently cited as a practical benefit in
vineyards.

~$20-100 (vineyards);
~$10-50 (orchards);
marginal in vegetables

Steenwerth &

Belina (2010); Wolff
etal. (2018);
Cameira

etal. (2021)
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12) Investment in R&D and Commercialisation
Australian investments

Australian investment relevant to cover cropping in horticulture is best characterised as
moderate but diffuse, embedded within broader nitrogen and systems programs rather than
targeted funding lines.

1. Hort Innovation (Horticulture RDC): VG16068 - Optimising cover cropping for the Australian
vegetable industry

Focus: Cover crop species selection, establishment, termination, impacts on soil structure,
nitrogen dynamics, weeds, and risks in intensive vegetable systems.

Relevance: Core Australian applied research on cover cropping in horticulture; underpins much
of the practice-focused evidence base.

Delivery partner: Applied Horticultural Research (AHR).

Funding: Hort Innovation using vegetable R&D levies + Australian Government co-investment;
project-level $ not publicly itemised.

Outputs: Final report (2020), extension materials for growers.

Multiple Hort Innovation soil / nutrient efficiency projects (portfolio-level)

Focus: Soil health, nutrient recycling, N efficiency, irrigation-nutrient interactions in
horticulture.

Relevance: Cover crops frequently evaluated as nitrogen scavengers and soil-conditioning
practices, though not always the primary intervention.

Funding: Levy-based with government co-investment; cover crop spend not disaggregated.

2. Cotton RDC (CRDC) - with horticulture linkage

More Profit from Nitrogen (MPfN) (cross-RDC program), Focus: Nitrogen use efficiency across
cotton, dairy, sugar, and horticulture, including fertiliser timing, enhanced-efficiency fertilisers,
and N retention practices (incl. cover crops).

Funding:

A$5.89 m Australian Government (Rural R&D for Profit)

A$9.76 m cash + in-kind from RDCs and research partners

Total ~ A$15.6 m

Relevance: Major national investment where cover crops are treated as a nitrogen-buffering
mechanism, particularly in irrigated systems.

3. Grains RDC (GRDC) - relevant but mostly non-horticultural

GRDC projects are not horticulture-specific but strongly influence the methods and models
applied to cover cropping, N cycling, and emissions accounting used nationally.

National N-cycling and loss projects (APSIM / DNDC / RZWQM)

Examples:

Predicting nitrogen cycling and losses in Australian cropping systems

Systems approaches to nitrogen management

Focus: Mineralisation, denitrification, fertiliser fate, residue effects.

Relevance: These projects inform how cover crop residues affect N pools and N,O risk, even
though they are grain-system centred.
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Funding: Multi-million dollar national GRDC investments; project-specific totals public but
cover-crop share not isolated.

Enhanced Efficiency Fertiliser national project (urease / nitrification inhibitors)
Investment: A$17.33 m, 4-year GRDC project led by University of Melbourne.

Relevance: Highly relevant to stacking and enabling logic—these technologies are routinely
assessed in combination with cover crops in systems studies.

4. Sugar Research Australia (SRA)

Focus: N use efficiency, residue management, soil cover in irrigated cane systems.
Relevance: While crop-specific, SRA projects contribute to Australian evidence on cover and
residue effects on N losses and N0, often cited in synthesis.

Funding: Levy + government co-investment; cover crop components not costed separately.

5. Dairy Australia

Focus: Nutrient budgeting, pasture cover, soil N dynamics.

Relevance: Cover crops sometimes evaluated as part of forage and rotation strategies; informs
mixed farming / peri-horticulture regions.

Funding: Levy based; project values vary and are generally public only at program level.

6. Cross-cutting / System-level investments

Zero Net Emissions Agriculture CRC (ZNE-Ag CRC)

Focus: Low-emissions plant solutions, whole-farm systems, mixed enterprises (including
horticulture).

Relevance: Cover crops appear as component practices, especially in mixed and irrigated
systems, but no explicit cover-crop funding line.

Funding: CRC-scale (Commonwealth + industry partners).

Global investments (contextual comparison)
e United States (USDA)
The USDA, through NRCS and affiliated agencies, has invested heavily in cover cropping
as part of nitrogen and greenhouse-gas mitigation research.
o Example: a US$1.2 million USDA grant to the University of Maryland to develop a
Cover Crop Nitrogen Calculator, integrating satellite data to quantify nitrogen
uptake and N, O outcomes from cover crops.
o Significant additional funding through Conservation Innovation Grants (CIGs)
targeting measurement and optimisation of cover crop nitrogen dynamics.
Practice Incentives / Scaling (international)
e USDA EQIP and Inflation Reduction Act (IRA)
o Cover crops are one of the most heavily funded conservation practices under the
USDA EQIP program.
o Between 2018-2022, EQIP allocated ~US$449 million to cover crop practices;
additional IRA funding is projected to bring total cover-crop-related spending
above US$2 billion by 2026.
o These funds support on-farm adoption, not commercial product development.
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Urease Inhibitors

Urease inhibitors (Uls) are compounds that can be added to urea-based fertilisers to inhibit the
action of the enzyme urease, which converts urea into ammonia. This can reduce the loss of
nitrogen via ammonia volatilisation. While principally applied to mitigate gaseous emissions of
ammonia, Uls can also reduce nitrous oxide emissions, both directly and indirectly (Freemen et
al,, 2020). Under certain soil moisture/temperature regimes, Uls help prevent rapid ammonium
and nitrate surges after fertiliser events, resulting in reduced direct N,O formation. When
ammonia is emitted to air, it is deposited elsewhere and nitrification and N,O emission can
follow.

1) Technical Annual Abatement Potential

The effect of Uls on direct nitrous oxide emissions is dependent on a range of factors such as soil
pH, water-filled pore space and temperature. Certain Uls may reduce nitrous oxide emissions by
up to 86% under suitable soil conditions (Abalos et al., 2012), but effects can be neutral or
variable in wet or acidic soils (Sanz-Cobena et al. 2016; Fan et al. 2018). Freeman et al. (2020)
concluded that while use of Uls is an effective mitigation measure for ammonia emissions,
efficacy for GHG mitigation is uncertain and probably low. Factoring all this in, a technical
abatement potential of 10-30% where urea is surface applied is assumed.

2) Feasible Annual Abatement Potential

We estimate feasible abatement for urease inhibitors by applying a conservative emissions
reduction effect (ABpot = 0.05-0.15) to the portion of horticulture Scope 1 emissions
attributable to fertiliser-derived N,O (Et = 0.29-0.59 Mt CO,-e/yr, based on total horticulture
Scope 1 emissions of 0.8-1.6 Mt CO,-e/yr and an assumed 36.8% N,0O share). We assume broad
technical applicability where urea is surface applied (APdom = 1.00), but constrain achievable
uptake over 10 years given that many horticulture systems fertigate or incorporate nitrogen
fertiliser (reducing the need for Uls), and given variable efficacy and ROI (ADpot = 0.20-0.30).
On this basis, near-term feasible abatement is estimated at 2.9-26.6 kt CO,-e/yr.

3) Breadth of Application
Rating: Medium

Uls are widely commercialised in Australia and their applicability is broad across horticultural
production systems where surface broadcasts of urea occur (open-field vegetable production,
some orchards). However, their applicability is limited in fertigated and covered/protected
systems or where ammonium nitrate/liquids dominate. Regional suitability also depends on soil
pH and climate (volatilisation risk). In conclusion, Uls are generally applicable across
enterprises but their adoption is constrained by prevailing fertiliser delivery methods and site
conditions.

4) Co-Benefit Potential
Rating: Medium

Strong, consistent ammonia loss reductions from the use of Uls of up to 90% (Freemen et al.
2020) improves nitrogen use efficiency (NUE), supporting yield reliability and reducing offsite
environmental impacts. Meta-analysis shows NUE & yield gains (~12% & ~10% on average)
with Uls, most pronounced on coarse textured, irrigated alkaline soils (Abalos et al., 2014),
which are common in parts of horticulture.
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5) Barriers & Knowledge Gaps
Rating: Medium - High

Efficacy of Uls for nitrous oxide abatement is variable (strongly dependent on soil moisture and
pH) and sometimes neutral (Freemen et al. 2020; Fan et al. 2018; Sanz-Cobena et al. 2016).
Adoption also faces marginal on-farm ROI in some production systems, supply/logistics
constraints regarding access to treated product (Freemen et al. 2020), and data gaps for
Australian horticulture, with few Australian studies having investigated the impact of Uls on
nitrous oxide emissions in irrigated systems (Grace et al. 2023). Safety concerns are low but
residue/handling considerations exist (Freemen et al. 2020).

6) Stacking Potential
Rating: High

Uls stack well with:

e Nitrification inhibitors (dual inhibitor blends) for broader nitrogen-loss pathway
control

e Precision irrigation & fertigation timing

e Best practice nutrient stewardship

7) Technology Readiness Level (TRL)
Rating: TRL 9

NBPT-based Ul coatings are fully commercialised, widely tested across crops and climates, and
integrated into fertiliser supply chains in Australia (e.g., Green Urea NV®) and globally
(AGROTAIN™). Numerous field trials, guidelines and product labels exist, demonstrating that
Uls are proven and operational.

8) Commercial Readiness Level (CRL)
Rating: CRL 6

In Australia Uls are available and adopted, but usage is situation specific (broadcast urea, high
volatilisation risk). Penetration is meaningful in grains/pasture, but more limited in horticulture
due to prevalence of the use of fertigation and use of a range of nitrogen fertiliser types other
than urea. This aligns with CRL 6: established supply with initial penetration and scope to
expand via targeted guidance and bundling with nitrification inhibitors/precision irrigation.

9) Enabling Potential
Rating: Medium

Uls support broader nitrogen management by stabilising surface applied urea, enabling flexible
timing ahead of rain/irrigation and enabling operational windows. They do not transform
systems alone, but enable targeted fertiliser strategies and can act as a stepping stone to
adoption of dual urease-nitrification inhibitor products or precision irrigation suites. In certain
systems, Uls may play an important role in facilitating adoption of nitrification inhibitors by
helping to address the increase in ammonia volatilisation which can occur in some contexts with
their use (Pan et al,, 2024).
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10) Estimated Cost Range (on-farm)

The incremental cost of NBPT-treated urea over standard urea is typically ~A$5-20 per hectare
per application (rate dependent), or a premium per tonne of treated urea. Vendor examples
show ~A$5.50-6 per hectare at 50 kg N/ha. Costs vary with coating rate, logistics, and number
of applications per crop (Incitec Pivot, 2022).

11) Estimated financial benefits

Avoided ammonia losses through use of Uls can save fertiliser nitrogen and/or improve yield
reliability. Trials in southern Australia measured ~70-80% ammonia loss reduction (Incitec
Pivot, 2025), though efficacy is site and season dependent.

Based on a urea cost of A$2.5-3/kg N, at just 10% nitrogen loss avoided on 50 kg N/ha, the
nitrogen saved equates to A$12 15/ha. Versus an additional fertiliser cost of ~A$5-6/ha for Ul
treated urea, this would represent a positive ROI (Incitec Pivot, 2022).

12) Investment in R&D, Commercialisation & Industry Scaling (Australia & Global)
Australia Invewstments- R&D

e GRDC-University of Melbourne EEF Program (2024-2028): A$17.33m national trials on
EEFs (incl. urease inhibitors) for efficacy, economics, and GHG outcomes. (R&D),

o PICCC EEFs project (project #264): lab & one field trial on NI/UI; NHz -40-70% with UI;
variable N,0 outcomes. (R&D; amount n.a.)

Australian investments - Commercialisation / Industry Scaling

e Incitec Pivot Fertilisers (Green Urea NV®): decadelong product development, national
sales and agronomy program; amounts not disclosed. (Commercialisation; Scaling),

o Fertiliser retailers & distributors (AIRR, others): market availability across regions;
amounts not disclosed. (Scaling)

Global - R&D & Commercialisation

e Koch Agronomic Services (AGROTAIN™/ANVOL™): >25 years of trials & global
deployment; investment undisclosed; extensive third-party reviews (EDF/NutrientStar).
(Commercialisation; Scaling),

Soil Microbial Inoculants

Soil microbial inoculation refers to introducing or encouraging beneficial soil microbes, such as
arbuscular mycorrhizal fungi (AMF), to enhance plant nitrogen uptake and/or alter soil nitrogen
cycling, thereby lowering scope 1 nitrous oxide (N,0) emissions from horticultural soils. AMF
form symbioses with most crop roots and can reduce N,O formation by (i) competing for
ammonium, nitrate, and carbon substrates in microsites and (ii) recruiting ‘hyphosphere’
bacteria with complete denitrification capacity, yielding N2 as the end product of denitrification
instead of N,0. Evidence for N,0 mitigation is strong in microcosm-based studies, growing in
mesocosm-based studies and emerging from field studies, but field-scale horticulture evidence
remains limited and context dependent.
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1) Technical Annual Abatement Potential

The presence of AMF is estimated to have the technical potential to reduce N,0 emissions by
20-50% (micro/mesocosm upper bounds) (Li et al. 2023b), noting there is significant
uncertainty in these figures, with abatement potential expected to vary widely with crop.

e AMF reductions of 20-50% are drawn from lab/mesocosm and hotspot studies
(upperbound technical). Vineyards show much lower N,0, limiting potential.

e AMF mechanisms & reductions: microcosm/mesocosm reductions and hyphal
competition/recruitment (Storer et al. 2018; Li et al. 2023).

2) Feasible Annual Abatement Potential

We estimate feasible abatement for soil microbial inoculants (e.g., AMF) by applying an
indicative technical effect (ABpot = 0.20-0.50) to fertiliser-derived N,0O emissions (Et = 0.29-
0.59 Mt CO,-e/yr) and then constraining for both the proportion of horticulture where AMF
inoculation is biologically and operationally relevant (APdom = 0.20, reflecting non-mycorrhizal
crops and management constraints) and a plausible 10-year adoption extent given cost, logistics
and variable field efficacy (ADpot = 0.20-0.30). On this basis, near-term feasible abatement is
estimated at 2.3-17.7 kt CO,-e/yr, with considerable uncertainty driven by field performance
variability, crop compatibility and the degree to which high phosphorus regimes suppress
colonisation.

3) Breadth of Application
Rating: Medium

Potentially broad across many horticultural crops that form AMF symbioses (most fruit trees,
vines, many vegetables). However, key horticultural groups (Brassicaceae, Chenopodiaceae) are
nonmycorrhizal, protected cropping/hydroponics is less suited, and high phosphorous
inputs/fungicide regimes can suppress colonisation (Ghorui et al. 2025). Hence, breadth is
Medium - generally applicable but constrained by crop biology and management practices.

4) Co-Benefit Potential
Rating: Medium-High

AMF often increase phosphorous uptake, root growth, water relations, and stress tolerance,
with frequent yield gains. Soil biota and aggregation benefits are common. However, co-benefits
are context-specific and product/strain-dependent (Li et al. 2025; Arcidiacono et al. 2024).
Overall Medium-High with upside in low phosphorous soils and organic/biological systems.

5) Barriers & Knowledge Gaps
Rating: High

Major barriers include variable field performance (strain x host x soil), suppression by high
phosphorous levels and some fungicides, product quality/shelf-life, formulation and delivery
challenges, and limited replicated field data on N,0 abatement in horticulture (Ghorui et al.
2025; Storer et al. 2018). Furthermore, regulatory categories and standards for bio-
stimulants/biologicals are still evolving (Ghorui et al. 2025). Large, real-farm studies
quantifying N,O reductions in Australian horticulture are scarce, representing a high knowledge
gap for emissions outcomes.
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Key uncertainties & data needs

e Field-scale N,O abatement quantification in Australian horticulture (vegetables,
orchards, vines) under commercial practice

e Durability of AMF effects under high phosphorus regimes and standard plant protection
programs

e Standardised QA/QC for propagule counts, compatibility claims, and shelf-life
e Economic performance (multiyear ROI) across enterprise types.

No publicly accessible, large budget Australian field programs isolating AMF inoculants
specifically for N,O mitigation in horticulture.

6) Stacking Potential
Rating: High

AMF inoculants stack well with (i) improved nitrogen fertiliser timing/rates, (ii) cover
crops/organic returns that build AMF networks, and (iv) precision irrigation. They are
complementary (not substitutive) to nitrification inhibitors.

7) Technology Readiness Level (TRL)
Rating: TRL 8-9

AMF inoculants are commercially available and widely used in specialty, orchard and nursery
systems. Core biological principles are validated, with products existing for multiple delivery
modes (seedling dips, granules, coatings). Presence of multiple Australian suppliers and on-
label rates indicates operational maturity and repeated real-world use. Remaining technical
work focuses on strain matching, formulation stability, and performance consistency across
soils/climates.

8) Commercial Readiness Level (CRL)
Rating: CRL 5

Active sales channels, established brands, and grower use in high-value crops indicate CRL 5
(limited scale commercialisation). Adoption is uneven (crop compatibility, perceived variability
in benefit, and ROI uncertainty). Broader market penetration (CRL 6) is constrained by mixed
field evidence on N, 0 outcomes, price-performance questions, and limited advisory capacity for
biologicals.

9) Enabling Potential
Rating: Low

AMF inoculants can enable lower nitrogen fertiliser inputs (via improved NUE), potentially
simplifying compliance with nutrient loss targets and enhancing the value of soil health
programs.

10) Estimated Cost Range (on-farm)
Cost depends on crop and application method. Indicative cost per hectare examples:

32



OFFICIAL

APPENDIX C.4: Priorities for Low Emissions Agricultural Solutions Investment

e Broadcast surface application (vegetables) at ~2.5kg/ha and ~$79/kg (Newwave
Biotech AMinoc biological inoculant powder) = AUD$198/ha

11) Estimated financial benefits

Financial benefits are uncertain and system specific. Potential gains include fertiliser savings
(lower required inputs on responsive soils), improved yield/quality (field studies show positive
effects; tomato example +27% under specific AMF species), resilience in stress years, and
possible premium marketing (biologicals) (Arcidiacono et al. 2024; Li et al. 2025; Ghorui et al.
2025). Where N, 0 crediting is available, abatement revenue could supplement ROI, but
measurement/verification pathways remain nascent for AMF-driven N, O reductions.

12) Level of Investment in R&D and Commercialisation

Australia: Australian horticulture is actively investing in innovation/biologicals, but few
targeted investments are traceable to AMF N, O abatement trials. Specific, disclosed AMF N,0
R&D in horticulture is limited publicly.,,

Global: Significant strategic investments in biologicals platforms (e.g., Corteva acquiring
Symborg/Stoller), active product development (Novonesis/Novozymes). Many amounts
undisclosed.

Australian investment

1. $60m Hort Innovation Venture Fund (2024) - focus on horticulture
innovation including biotechnology; classification: Industry scaling /
commercialisation enabler.

Global investments

1. Corteva acquisitions of Symborg & Stoller (2023) - positions as biologicals
leader; classification: Commercialisation/industry scaling (amount undisclosed).
Amount bracket: unknown.,

2. Novozymes/Novonesis BioAg portfolio (e.g., B360 biostimulant) - ongoing
product development; classification: R&D & commercialisation; amounts not
disclosed.
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