Sent: Wednesday, 18 September 2024 9:42 AM

To: State Development

Cc: 'Scott Fairbairn’; 'Anthony Reid’; 'Russ Martin'

Subject: Email 1 of 3 - RE: Inquiry into post-mining land use — Post-hearing responses — 12
August 2024

Attachments: 1. Transcript - HIGHLIGHTED FOR QON - State Development - Post Mining — 12

August 2024_RM and CB responses - Copy.pdf; 2a. Aust Technologies for
Renewable Energy & Biochar_ANZBIG Tas Forum_Fnl2_CBagnall.pdf

Thank you again for the extension to provide this, it was very much appreciated and apologies for the delay. As
requested, please find attached the following, split over 3 emails due to file sizes:
1. Mycomments on the Transcript with corrections in comments as noted
- FYl Il have added these to Russ’s version for ease of reference, and renamed the file.
2. Further supporting Information/Evidence for the Committee as discussed (including items “taken
on notice”):
a) Negative Emissions Technologies (NETs) (carbon-negative) for Biochar Carbon Dioxide
Removal (BCR) - as taken on notice on page 54 of the Transcript. (see attached to email 1)

e Please find attached copy of presentation by Craig Bagnall in May 2024 at the
Tasmanian Forum for the Australian Biochar Industry 2030 Roadmap state forums
entitled: “Australian Technologies for Renewable Energy and Biochar Carbon
Removal”.

e This also includes some selected information on technologies from overseas too. It
also explains why and how BCR contributes as an Negative Emissions technology.

e Ifthere are any queries on this presentation for BCR technologies or any further
information is required, this can be provided upon request.

b) Copy of a global meta-analysis on decades of Biochar research (Joseph et al 2021) as
mentioned in my testimony on page 55 of the Transcript. (see email 2)

o “How biochar works, and when it doesn't: A review of mechanisms controlling
soil and plant responses to biochar”, prepared by some of the world’s most
renowned biochar and soil scientists.

c) V2.0 of the Australian Biochar Industry 2030 Roadmap (just released) (see email 3)

e Thisversion includes important government policy alighments at a national level to
address key challenges including Climate Change/Net Zero, Sustainability and
Circular Economy, Agriculture, Water/Drought Resilience, Energy / Storage,
Employment & Regional Resilience. | would imagine these alignments would be of
significant interest to the Committee.

d) Copy of presentation | gave last week on behalf of the ANZ Biochar Industry Group to the
Australian Bioeconomy Conference: (see email 3)

e “Circular and Regenerative Bioenergy: Pathways for CO, Removal and Renewable
Energy for Net Zero, via the Australian Biochar Industry 2030 Roadmap”

As also mentioned in the transcript SEATA would like to extend an invitation to any/all members of the
Committee to visit SEATA’s new pilot plant at our “Clean Energy & Carbon Sequestration R&D Centre”
located in Glen Innes NSW (New England Renewable Energy Zone). Please advise if there may be interest from
the committee to see it. @




Additionally, | note that on page 60 of the Transcript Russ noted that he is currently working on a ‘policy paper’
regarding decoupling pyrolysis and gasification to produce biochar <to separate> from linear combustion
technologies. We can confirm this work is underway and a draft is currently being finalised for review by the
Policy & Regulatory Working Group of the ANZ Biochar Industry Group. As soon as it is publicly available
(following approval by that working group and the Technical Advisory Board and Executive Board) it will be
provided to the Committee. We see that as a pivotal document for guiding climate-positive change by
government across Australia.

| trust this meets your needs, but if you have any queries at all please don’t hesitate to call. | am in a meeting
this morning but am free afterwards if needed.

Thanks again for the opportunity to contribute to this important inquiry, very much appreciated.

Kind regards,

Craig

Craig Bagnall
BE(Env)(Hons), CEnvP(IA Specialist)

Director, Environment and Regulatory

SEATA

Deconstructing the world’s problems
to create carbon negative solutions

W www.seatagroup.com.au

Please consider the environment before printing this e-mail and attachments
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Navigating available thermal teéhnologles for blochar and renewable energy
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Director, Partner — Catalyst Environmental Management
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Presentation Qutline

Why Biochar and Bioenergy? (several slides for those new to biochar)

How? - Biochar Bioenergy projects & technologies — Starting with the End in Mind

* What is the market gap/problem needing to be solved?

What/Which/When? Horses and Courses — Thermal Treatment Technologies Typically Used for Biochar
* Pyrolysis
* G@Gasification

Who?...Example Australian Technologies — Some example ANZBIG Member Technologies and OS Counterparts

Next Generation Technologies
* Beyond Syngas for Energy — Secondary Derivatives for Hydrogen, Biofuels and biochemicals.
* Why Biohydrogen?
“If your house is on fire, you don't tell the
fireman to just let it simmer, you want to put the

fire out ..we need carbon removal that actually
keeps the carbon out afterwards ”

Albert Bates



Why bioenergy and biochar?

Q: Is there a way to produce sustainable energy
and remove excess carbon from the sky that is
causing climate change, at the same time?

A: Yes, and the answer comes from nature....



Monthly mean CO, concentration

The Need for Carbon Removal

* Anthropogenic CO, added to the atmosphere lasts between 300 to 1000 years

Seasonal variation

from yearly average

* Even if all emissions stopped immediately, the earth is expected to continue to heat for decades,

and would take thousands of years to cool to pre-industrial levels. (source: Royal society, March 2020)

* Target limit 1.5 degrees by 2100 via Net Zero 2050, with half the reductions required by 2030

CO; fraction in dry air (L

BUT we’re currently tracking well above worst case modelling, potentially >>3.2 degrees

=>» Carbon removal is urgently needed in addition to emissions reduction

=>» Nature’s existing carbon sinks need “turbo-charging” — nature already indicates ways to do it
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https://royalsociety.org/topics-policy/projects/climate-change-evidence-causes/question-20/

The very definition of sustainable energy
..... >3 Billion years of photosynthesis, C & H cycles...

=» Takes CO, out of the atmosphere and combines it with hydrogen & 6CO. + 6H.O0 — C.H..O. + 60
oxygen to make carbohydrates (sugar building blocks) for plant growth Z Z 6" '12™~6 Z

* Photosynthesis

Carbon
Dioxide

-+

HOH,C

o mw mw
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OH OH H H HOH,C H HOH,C

* Glucose e Cellulose * Lignin




Biochar CO, Removal — priority climate action

Recent estimates “The deployment of CDR to

Over 99% of CO» captured indicate that biochar counterbalance hard to abate

could mitigate up to residual emissions is

i £ 6.6 Billion t f : :
by biomass re-enters our COne globally per unavoidable if net zero (CO,

atmosphere as part of the year by 2050'. This is and total GHG) is to be
indicatively equivalent achieved.”

natural carbon cycle. to the USA’s annul

GHG emissions
(1990-2019)-.
Pyrolysing wasted plant m.pci;ﬂ:::mg.f;é;;
MIESI0NS IIIP
biomass into biochar —
intercepts the CYCIe and . Biochar Carbon Removal (BCR
ConvertS Carbon intO 3 form ' capturing carbon, using, and storing it
that is typically stable for
transform tailored to carbon
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a stable form
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IPCC 6t Assessment Report April 2022




Biomass Feedstocks: Sustainable, Regenerative, Gt-Scale Drawdown

>> 50 Mtpa biomass is burned or landfilled in Australia alone (anzsic 2022)
(up to 80-110 Mtpa of biomass sustainably available, CSIRO 2016)

Biochar = Enhanced food production and security

Biochar bioenergy technologies = circular + regenerative
= A significant point of difference to historical linear
bioenergy using combustion/incineration
(combustion =‘last-century’ technology)

e.g. Bioenergy combustion + CCS (BECCS)




Re-thinking Carbon, Waste to Value — ‘Upcycling’

“Waste is a
waste”

Circular economy

Creates Resources

Linear economy

Creates Waste

Upcycling is the
process of
transforming
waste materials
into products of
better quality or
for better
environmental
value

- o Lo e N

NATURAL TAKE MAKE DISPOSE 2
RESOURCES

Upcycling otherwise wasted biomass resources into biochar can provide a source of
non-fossil carbon (with multiple co-benefits) for many sectors of the economy....



Carbon plays a key role in the food-energy-water nexus...

Harnessing this fact can help
steer bioenergy projects to
displace fossil carbon with
greener, circular, regenerative

carbon.

SUSTAINABLE

SUPPLY & RE-
USE OF WATER
& WASTEWATER

SUSTAINABLE RENEWABLE

CARBON ENERGY
BIOCHAR

SUSTAINABLE
MATERIALS &
PRODUCTS



Starting with the End in Mind...
“Chars ain’t chars”

|dentify target market/application needs in order to engineer biochar
properties to meet them, and which technologies/treatments achieve this

Biosolid

Credit: Dr G.Pan, 2020

* Biochar properties dictate (and limit) its potential uses
* Biochar properties are primarily a result of feed type(s), processing

High water

conditions (temp, RT/HR) and Treatments (pre/post; physical, High holding

surface capacity

chemical and biological) e
* Co-pyrolysis and/or blending to customise properties '
=> i.e. biochars can be designed and engineered

Fit For Purpose biochars are designed for intended applications functional group (-C0;

OH; -R-OH; —COO-

“Horses for Courses “

And many

O more uses!
Adapted from Patel et al 2020

=>» ANZBIG has established a Code of Practice (2021)
Which classifies 3x Grades of biochars to be fit for purpose....




Common commercial pyrolysis outputs

BIOCHAR

PROCESS OUTPUT
SOLID

GAS

CONVENTIONAL OR MICROWAVE
PYROLYSIS REACTOR

GRIND NG

= a - | LIQUID

HEAT




Modern systems can also achieve additional
revenue streams via carbon credits

Low value
) ECHO:
¥ biomass q Processor

residues

4 x Products

Low cost

CcO
é&ochar Wood [co) Remoi/al
_lo[ J Vinegar oe]:{d Certificates

The ECHO2 Process




Which Horse for the Course?
Choosing a suitable thermal technology

 Scale / Capacity? 100’s, 1000’s, 10,000’s, 100,000’s tpa?
* Mobile or Stationary?

* Batch or Continuous? Manual / Automated?

* Pyrolysis / Gasification / Other Thermal “It doesn’t take a
sledgehammer
* Moisture - Wet or dry feedstock? Or Both? (co-feeds) to crack a nut”

* What Primary Output(s) do you need? — biochar, bio-oils,
syngas, heat?

SOLID SILVER
. SLEDGE HAMMER

* Thermal Efficiency
* Mass & Energy Balance (MEB) performance
* Indirect Heating vs Direct Heating

* Do you need additional external energy (beyond startup)?

* Materials Handling (sizing/pre-treatments/post-
treatments) eg shredding, pelletisation?



Which Horse for the Course?
Choosing a suitable thermal technology

* Temperature Needs - high/low? heating rate? (flash/fast/slow)

* Location — rural/remote or “next door to a Child Care Centre”?
(e.g. emissions control contexts) , Climate (cold/wet vs hot/dry)

* Project Duration — days, weeks or years/decades?

* Maintenance — commercial ‘up time’ (%/hrs per year) “t doesn’t take a
- . sledgehammer
* Ancilliary needs - Water consumption? B A AT

* Wastes produced — (S/L/G emissions) — eg air emissions,
scrubber water wastes, oils. Particulates, D’s, F’s etc.

* Applicable Regulatory Frameworks - where/which state are you
operating AND where selling to? E.g. Emission control
requirements and much more

SOLID SILVER
. SLEDGE HAMMER

=» Bottom line: Choose ‘fit for purpose’ tech to do your specific
job, with an end-use/market focus (‘demand-pull’). After all
you are recycling carbon, and there is “no point recycling if
you are not buying recycled”




Less than

stoichiometric oxygen® | Absence of oxygen o
or steam as the steam

of oxygen* oxidizing agent Th erma I
800°C to 1200°C 800°C to 1200°C 350°C to 600°C Treatment /
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Heat,

Heat and Combustible liquid TEChﬂO'O les:

Combustible gas and Combustible gas

Greater than
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Incineration Vs
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DEPENDS ON HEAT AND OXYGEN :
Combustion Gasification
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Aim of the process

Operating conditions

Reaction
environment

Pollutants/unwanted
byproducts

Combustion

To maximize waste
conversion to
high
temperature flue
gases, mainly
CO: and Hgo

Oxidizing
environment,
excess
stoichiometric
oxygen

Air

850-1,200 °C

SO,, NOX, HCI,
PCDD/F,
particulates

Gasification

To maximize waste
conversion to
high heating
value fuel gases,
mainly, CO, H»,
and CHy4

Reducing, low
oxygen

Usually air, could
be oxygen
enriched, or
steam

500-1,500 °C,
depending on
specific process

Atmospheric

CO, H,, CO,, H,0,
CH,

H-S, HCI, NH3,
HCN, tar,
particulates

Pyrolysis

To maximize thermal
decomposition of
solid waste to gases

and condensed
phases

Zero oxygen

500-800 °C

Slight positive

CO, H,, CH4, and other

hydrocarbons

H,S, HCI, NH3, HCN,

tar, particulates

Thermal
Conversion:

Incineration Vs
Gasification Vs
Pyrolysis

NB: More gas =
higher energy
recovery but
more cleanup /
emissions control
(significant)




Biomass Typical Composition

Nitrogen _ Composition of Air
8%

H Carbon
B Hydrogen
Nitrogen
o 7 Sulfur
Carbon —— J j - ® Oxygen
Dioxide, e | e |
Water Oxygen
Vapour and 21%
other Gases
1%

Using Air to get Oxygen = ~80% waste (nitrogen!)
i.e. air = signif. more emission control costs (CAPEX)



Tvpes of Pyrolysis

Slow, Fast, Flash Pyrolysis — ‘common’ characteristics

Pyrolysis Operating Product Yield
Conditions

Slow Pyrolysis Temperature: 300-700 °C Bio-oil: ~30%wt
Vapor residence time: 10-100 min Biochar: ~35%wt
Heating rate: 0.1-1 °C/s Gases: ~35%wt
Feedstock size: 5-50 mm

Fast Pyrolysis Temperature: 400-800 °C Bio-oil: ~50%wt

Vapor residence time: 0.5-5 s Biochar: ~ 20%w
Heating rate: 10-200 °C/s Gases: ~30%wt
Feedstock size: 3 mm

Temperature: 800-1000 °C Bio-oil: ~75%wt
Vapor residence time: 0.5 s Biochar: ~12%wt
Heating rate: 1000 °C/s Gases: ~13%wt

Feedstock size: 0.2 mm




Gasification — Fixed Bed (Updraft & Downdraft)

Fixed Bed Gasification

)

2)

Notice where
air can enter

Notice where
product gas

Many kinds but updraft & downdraft most common
due to simplicity.

Bottom-up conversion = updraft
Top-down conversion = downdraft

Updraft can convert wetter feeds but typically lower
quality syngas (higher pyrolysis vapour content)

Downdraft needs drier fuels but makes a better
quality syngas

Emission control considerations (TO, Scrubbers)

=» Choice of gasifier depends on biomass type and
product needs.



Gasification —Moving/Fluidised Beds

* Far more efficient biomass carbon conversion than

Moving Bed Gasification ,
ixed bed

Gas

»  Can be fluidized * Higher quality syngas
beds, entrained flow,
vortex beds

* More scalable than fixed bed

* Typically more complex (than fixed)

This technology
allows South Africa
to produce all of its
fuels from coal

* Like all bioenergy technologies there are tradeoffs
depending on size and type of biomass resources and
amount and type/quality of product required




Syngas Uses - Bioenergy (electricity) and much more

Iron
Reduction

Fuel Cells |

Power Gen

Petrol

Ethylene Acetic Acid Formaldehyde Methyl Acetate@l Polyolefins




Syngas to Biohydrogen and Biofuels (incl rNG)

* Hydrogen and Carbon = chemical building blocks of
MANY other derivatives (biofuels, bioplastics / olefins
etc)

Diesel/Gasoline

* H:C ratios important for scale up (typically need 2:1,
leaving carbon behind in solid char helps this)

* Historically, syngas cleanup required

/Rh
i /

Ethanol

=» Clean/concentrated syngas helps facilitate scale

* Hydrogen separation via PSA (or WSR at scale)
* (rNG — Renewable Natural

Gas / biomethane)



ECONOMIC Incineration* Conventional Air-blown Gasification Conventional Pyrolysis

PERFORMANCE (full combustion, high excess (partial oxidation) (air-blown, high N,) (low/no oxygen)
Design Factors oxygen)

Economic Scalability & High Moderate
Throughput (>100's tph per module) (10’s tph per module)

Energy Efficiency Moderate (50-60%), Moderate (40-65%) Moderate (60%), with C capture

(thermal energy available for Using Rankine cycle Two-stage combustion, plus Rankine cycle High parasitic heat losses, only ~1/3 of the input

other processes, i.e., generagtion energy available for combustion as syngas, syngas can

of electricity) use in combined cycle gas engines after further
cleaning

Feedstock Moisture Content Moderate
Capability (Technical) Typically, 10-20%, max 50%
feedstock pre-drying required

Economy (biochar & liquids, syngas for immediate energy only)

Feedstock Compatibility / Moderate Moderate
Flexibility Limited feedstocks and particle sizing is important

Primary Reaction Temperature Moderate Low

in commercial systems 750—1000°C (airblown) 350-700°C

Atmosphere Partial Air Low /No Oxygen
S

Principle Outputs Products: Lean Syngas Char + Liquids + Rich Syngas (dirty)
(Products)

Gases: Combustible Lean Syngas Combustible Rich Syngas

Liquids: = No liquid products  (scrubber waste only) 0-20% Liquid product, Liquids (products & waste), (plus scrubber waste)
{plus scrubber waste)
Solids: Low char, High Ash waste High quality but expensive biochar
(char <10% of feed by mass) (~30% of feed by mass)
Principle Gas Components CO and Hz, Nz, €Oz, CHs, H:0, + Other minor gases CO and Hg, + hydrocarbons, H:0, COy, CHs + Other
minor gases including nitrogen compounds, dioxins
and furans
By-Products / Waste (throughput Tars, resins, oils, pyrolysis water
inefficiencies) (plus, syngas scrubber waste)
Moderate
Scalable with moderate off-gas cleaning
requirements
Moderate Moderate
High cost for gas scrubbing reagents and
disposal of the resulting waste streams

‘
|
‘
Linear Economy Vs Circular Circular ‘
i

Thermal
Treatment:

Incineration vs
Gasification Vs
Pyrolysis

Economic
Performance



ENVIRONMENTAL Incineration Conventional Air-blown Conventional Pyrolysis

PW (combustion, excess oxygen) Gasification (low/no Oxygen)
Design Factors (partial axidation)

(air-blown= high N) : Th e r m a I

et %= 2 (T
[ ]
— o —_— lreatment:

performance key advantage over combustion is lower {if blo-ods are dealt with correctly)
NOx formation
Linear / Circular Economy Linear, Poor LCA Circular
(Resource Recovery) syngas lingar due to didution with N, syngas linear due to tar contamination, some
marginal resource recovery as charcoal resource recovery as biochar, bio-oils difficult

[ ] [ )
it Incineration vs
Dispatchable Energy No - heat must be used immediately via Yes — via syngas storage and bio-oils, but I

steam cycle (base load) multiple units required to scale with, no
increase in thermal efﬁdencv

e s 0 Sification Vs

Carbon Abatement / High
Sequestration 10% carbon in feed converted to ~50% Carbon in feed reports to solid char °
charcoal, remainder to CO, Py ro yS l S

Harmful Pollutant Emissions Moderate Moderate

{Particulates, Heavy Metals, Lower off-gas volume to treat than Low off-gas volume to treat, syngas still
VOC’s, POPs, NOx, Dioxins & Incineration but still large, lower NOx contains tars, dioxins and furans. Hence

Furcns) specially designed combustion systems
required to destroy tars, dioxins & furans,

Environmental
Performance

Emission Control Systems Highly Dependent Highly Dependent
(ECS) on Pollution Controls on Pollution Controls
(Similar to incineration, but lower gas Syngas requires further pre-combustion
volume to treat and lower NOx) cleaning before use. ECS requirements scale
dependent. Complicated with halides and
dioxins and furans.

indirect cooling
Problematic Liquid Produced Yes
(Oils, Tars, Resins, Water) alot of tar and oil by-products, reported
beneficial wood vinegar,
plus scrubber water

Bottom & Fly Ash for No Ash
Disposal (Potentiolly Toxic Ash remains with the biochar
Sohd waste)

Low
Water consumed for capture of bio-oils and |



Comparlng options and technologies — how can you compare the

“apples, pears and bananas” out there?

1. Consult an expert

UNIVERSITY

2. RMIT BTAS Tool (under development)
— designed primarily for water utilities

and councils for biosolids/co-feeds
(FOGO etc)



Australian Pyrolysis and Gasification Technologies
commonly used for making biochar:

Some example ANZBIG members (and few from OS)



Available technologies — High level overview

TABLE 1 VARIOUS TECHNOLOGY RANGES FROM STOVES TO CONTINUOUS KILNS. A LINK TO ALL TECHNICAL
PROVIDERS OF BIOCHAR CURRENTLY CAN BE FOUND WITH INDICATIVE COST TO PURCHASE HERE

Stoves

Batch kilns
portable/tra
nsportable

Batch kilns
fixed

Continuous
kilns
protable/tra
nsportable

Continouous
kilns fixed

Examples

TerraPreta
developments, Earth
Systems TerraPee,
Biochar Energy
Systems,

Carbon Powered
Minerals Technology
and Products (CPMTP)

Pyrocal, Energy
farmers, Earth Systems

Rainbow BeeEater,
Envirochar, ARTIChar,
CPMTP,
Pyrocal,CoalTec, Earth
Systems,Pyreg,
Standard Bio, Syncraft,
Bejing Sanju

Feedrart
e in max
kg/hr

Feedstock Materi
type al size

Dry wood Chips,

and ag small

residues sticks,
shells

Wet and dry
wood and
ag residues

Wet and try
wood and
ag residues

Wet and dry 100-
wood and 300kg/hr
ag residues

Wet and dry
wood and
ag residues

3 cook
sessions
per
day

4-24hrs

Max biochar
out kg /24hrs

35-
1200kg/24hrs
running

35-
2400kg/24hrs
running

600-
2400kg/24hrs
running

600-
24,000kg/24hr
§ running

Heating
emmissions
: Internal
(IH) or
External
(EH)

IH and EH.
Low to
high, up to
> 5000ppm
CcO

IH and EH.
Low to high
100-
5000ppm
CO/Nox

IH and EH.
Low to
high. 100-
5000 ppm
CO/Nox

IH and EH.
Low fo high
100-
1000ppm
CO/Nox

IH and EH.
Low to high
50-1000
ppm
CO/Nox

HHT of
biocha
r°C

Production of
heat (th) and or
power (approx) e

2-10KWth

50-300KWth

50-600KWth

200-600kWth
Electricity 20-100
kWe

400kWthElectricit
y 50-100kWe

* More info via

ANZBIG

UEEE
resources
webpage



http://www.anzbig.org/

#1. (very) Small-Scale, Low Cost Systems
(commonly biochar only, no/limited co-recovery of other products)

4 (57 TR /¥ R
. " é q o N U '“&”‘_ i ‘ : Typlcally batch, but
- .. Se—————— , new ‘continuous’
| %*w' _..ﬁ-*‘ systems emerging



2. Mobile batch systems — air curtains
typically biochar only, waste management focus, no/limited co-
recovery of other products (syngas/wood vinegar




Available technologies — Australian commercial systems

FIGURE 13 CHARMAKER CONTINUOUS TECHNOLOGY DESIGNED AND BUILT BY EARTH SYSTEMS PROCESSES A RANGE OF
FEEDSTOCKS.




Available technologies — Australian commercial systems

Mobile and Stationary systems

INTEGRATING BIOCHAR IWO AUSTRALIAN

FARMS & INDUSTRY &

N Energy Farmers



Available technologies — Australian commercial systems

FIGURE 14 CARBON POWERED MINERAL COMPLEX FACTORY. LARGER SYSTEM SET UP ALSO NOW
DEPLOYED.

i ."'.'

1 A

\_\" CPMTP
Ou FEg

- Aéa:&on Powered Minaral
Technology & Products




Available technologies — Australian commercial systems

Industry e.g. Surplus biomass
forestry, e.g. woodchips,
agriculture, rice husks,

poultry, etc. chicken litter, etc.

Combustor
/ boiler

Horticultural
co;

Process Overview

Pyrolyser Module

Carbon-rich
biochar

% Combustible
83|

Co-generation
(CHP) system

Wood
Vinegar

Electrical
Power

Construction
Material

Livestock Feed
Additive

Convert to
Activated Charcoal

High-Grade Fuel
(similar to charcoal)

Natural Pesticide

SDA

Engineering




Available technologies — Australian commercial systems

ECHNOLOGIES
HAT TRANSFORM.

METAMORE

Metamorf Engineering
[Incorporating SDA Engineering]

Metamorf Engineering ate experts in.green
and biochar technologies. We transform "
biomass into biochar, carbon credits and
energy. | ;

METAMODRF CHARCELL


https://metamorf.engineering/#section-1-1

Available technologies — Australian commercial systems
ALL THINGS BIOCHAR

. . I - 2
e é’ futurefoodsystem
r . W ssic »
. 5 Ll TN l.g | Russell Burnett All Things Biochar

(ANZBIG Biochar Hall of Fame)
Elmore Victoria

~ >
» - k\ \ R 4

The life force of soil is Carbon, and BIOCHAR is Carbon for life!


https://allthingsbiochar.com.au/all-things-biochar/
https://allthingsbiochar.com.au/all-things-biochar/

Australian Technologies: The New Black, Glen Huon Tasmania

THE WE STABILISE & =

NEW STORE CAF!BON ;

sequestering carbon for the long term.

= OUR PROCESS

A CLOSED LOOP.

The New Black Biochar uses a closed loop pyrolysis system to produce premium

grade biochar. The heat energy released in the process is used for drying timber, and

the gases created in the process are captured and fed back into the pyrolysis

chamber.

Our Feedstock:

» sawdust and waste wood * green waste

» agricultural waste



Available technologies — Australian commercial systems

PYROCAL

PTYLTD

FIGURE 9 DESIGN OF JEFFRIES COMPOST — PYROCAL CCT TWIN SYSTEM (EXTRACTED FROM PRESE
ANZBC18)

FIGURE BJEFFRIES PYROCAL SYSTEM OPERATING IN 2022

Pyrocal — Jeffries (SA) — design for 3000 tpa biochar



Available technologies — Australian commercial systems

Waste to Logan City Council
energy &

Case Study C ha r-g o g' b i@ & har‘-_ =

-~

Biosolids to bioenergy — Gasification Facility

Carbon neutrality of operations by 2022 . _“_'_‘;,-'_ — S PYROCA“I:

Inputs — Biosolids

Outputs — Gas, biochar, heat energy

Gasifcaton Energy Recovery
(Heat)

Pyrocal / Downer EDI -
Logan Water biosolids project
(an ARENA project)



Available technologies — Advanced commercial systems
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Syngas is combusted, forming a clean Burtherosis the An automated countercurrent pyrolysis

hot exhaust gas which heats the syngas and condenses systemisonvertsweod resdues intg B e e E ate r

Holla-Fresh glasshouse water circuit Wood Vinegar

clean cool syngas and biochar. Carbon
removal certificates are also generated.

FIGURE 6 THE SINGLE ECHO2 MODULE HAS A CAPACITY TO PRODUCE 2000 TONNES OF BIOCHAR AND
5000 CARBON DIOXIDE REMOVAL CERTIFICATES A YEAR. THIS CAPACITY IS EXPECTED TO INCREASE IN

2023
ECHO, difference o op l l AL

Conversion to
syngas, olis, tars &
biochar

FIGURE 7 ECHO2 BIOCHAR TECHNOLOGY DEVELOPED BY RAINBOW BEE EATER IS DUE TO BE
COMMISSIONED IN Q3 2023 AT KATUNGA FRESH, VICTORIA.
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Available technologies — Australian commercial systems

OUR TECHNOLOGIES

. . i

Wood Gasification Bio Char Hydrogen Energy

Gasification of wood residue is many times BioChar is the ancient technical solution to the Hydrogen gas via zero emission electrolysis of
more energy efficient than either solar or wind most pressing questions in a modern age. water from the Bio-Electricity. Bulk storage and
power — and makes valuable BioChar in the Energy and Environment transport of Hydrogen in the Bio Char.
process

N/~ H2BIOGEN

enewable Future



harTech

EKKO Carbonization Furnace

An environmentally friendly furnace for carbonization of raw
materials, using low speed pyrolysis, to produce high-grade
charcoal. Extra heat can be used for preliminary drying of the raw
material or for other purposes.

& ultra-high temperature
& Automated control systems
& Highly Efficient

& Low electricity consumption

Product Details .
Accessories

CharTech supplies a full range of accessories for the EKKO
Carbonization Furnace including:

THE YEARLY PRODUCTIVITY OF CHARCOAL in TONS, depending on the moisture content of the raw material in TONS € Pre:diyingichamber

& Preliminary dryer
Name and indicators of raw materials Moisture, % Output (tons/year) & Logistics elements eg trolleys, trestles, rails, tippers

Freshly sawn wood 55 165-220
Pre-dried wood 25 275-385

Pre-dried wood 15 330-495

Fuel briquettes 10 440-550

* Productivity depends on the density and size of the feedstock

obtained during pyrolysis process.


https://chartech.co.nz/
https://chartech.co.nz/

Some examples from Europe & US
(a few are now available here)



Available technologies — Some examples from Europe

Biochar manufacturing equipment

Examples for industrial equipment producing Biochar in EBC quality

(> SYNCRAFT" PYREG™

More info:

EBIC (European
Biochar Industry
Consortium)

Biochar manufacturing equipment

Further examples for industrial equipment producing Biochar in EBC quality

CARBONiXD




Available technologies (OS) — Polytechnik (Global, Austrian Base, NZ)
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GREEN CARBON PROCESS

Biomass Energy

Carbonisation Cogeneration

Heating or cooling

POLYTECHMIK

Biomass Energy




Available technologies (OS) — Polytechnik (Austria, NZ base)
HIGH-TECH PYROLYSIS PLANT

Polytechnik’s pyrolysis plants offer great flexibility — different types of
feedstock can be used to produce large amounts of high-quality charcoal
products. At the same time, the plant also produces carbon-neutral heat and
power (CHP).
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Available technologies (OS) — IRTC (Taiwan

Capacity
(Batch)
Yielding
rates
(Hot water)

Key features

100 - 150 Kg 150 - 300 Kg 150 - 300 Kg

200 L/h 500 L/h 500 L/h
45~60 °C for 4 hrs 45~70°C for 6 hrs 45~70°C for 6 hrs

Modular Customization Dependent On Various Materials
Energy Saving : <3 Kw/H

= High Yield For Biochar And Vinegar
« Easy Operation And Setup

Space-saving (space requirement for a type ICRC-C furnaces is
than 35 m?)

O One-Pot Reaction System

» Beneficial microorganisms

Amylolytic Proteolytic
activity activi
Py

Cellulolytic activity

F)
Sl
p‘

Phosphorus
dissolving activity
Pl

4

Lipolytic activity

One pot synthesis. Significantly reduce the
possibility of fermentation failure.

Digital control & Labor-saving design.
Maximum capacity is 450 L.
Pseudo-autoclave design (capable of
sterilization at 127 °C)

Liquid and solid products can be produced
simultaneously.

R.O.C and US patent is applying.

S
O Screening of Rhizosphere Microbes of Salt-tolerant Plants

Table. Physiological and biochemical assay results of beneficial
microorganism

Bacillus Bacillus Bacillus

Activity | Amyloliqu Megaterium Megaterium I

efaciens A
7 Amylolytic ] + |
Cellulolytic +
Proteolytic +
Lipolytic

Phosphorus

age e +
solubilizing

Commercialization

After testing Bacillus amyloliquefaciens has amylolytic activity, proteolytic
activity, cellulolytic activity test and phosphorus-dissolving activity.

Biochar and media are placed into the

Biochar fermenter Sterilization

Incubation sampling & testing Termination of Cultivation

Transportation and
storage of products




Drying technologies — Biodrying

BIODRYING

FORCETECH

adable material is rapidly heated through initial s
ently reduce Vera ht. This modular dry
1oisture from Biosolids while using 50% less energy compared to gas heated

systems like belt dryers.

7 Q

35 -50% /5%

kWh./ton Heat energy usage Volume Reduction

Bioforcetech (USA)

Installation at Redwood City, CA



Emerging Australian Technologies



What’s next?
Emerging Technologies in Rapidly Changing Times...

~30 years ago (1994) 2024 +30 Years (2054)

B

* Nokia
e Motorola etc




Emerging technologies — Pyroco (Biosolids / Co-feeds)

“Pyroco’ Technology being commercialized by RMIT in partnership with Victorian Water Utilities
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Hydrothermal (‘wet’ pyrolysis) systems — HTC/HTL

Temperature (300-1300 °C)
Inert atmosphere

(b) - Hydrothermal
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Temperature (100-250 °C)
Pressure (2-22 Mpa)

I

Hydrochar

7

‘Wet’ Wastes = “hydrochars”
High char yield

High pressure (scale challenges?)
Lower temp

Lower stability (short term)

Yet to be significantly
commercialized

Potential synergies with
conventional thermal pyrolysis fro
sludges/wet wastes (pre-step?)



Emerging Australian technologies: SEATA Group
Energy and beyond — Advanced systems for syngas derivatives
including hydrogen, biofuels, biochemicals, bioplastics etc.
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The next generation:

Chemical & Thermal Looping (CTL) —
Pyrolysis + Partial Gasification

=

b /AT

Going beyond burning syngas for heat
and energy.....for industrial scale




We deconstruct wasted biomass and other carbon sources into valuable
chemical building blocks for circular fuels, chemicals and materials

O | SEATA  seara rocess - mesctorschamat

Feedstock
(inputs)

Potential Derivatives®
Carbon Negative Hydrogen
Green Ammonia
Clean Green Methanol
syngas Blometha.ne \
(Outputs) Green On'eﬁr(::R{bropJasrrcs)

Renewable Energy/Heat

/7

/ Re-circulating catalyst

Solid Carbon
Product Biochar
(Outputs)

Concentrated syngas undiluted by atmospheric Nitrogen = economically
separable constituents (e.g. hydrogen via PSA/WSR)

HYDROGEN RICH - typically >50% by Volume, separable to high purity.
Remainder is mainly high purity CO, plus methane and water vapour.

Clean syngas also suitable for direct use in gas engines with min cleanup

Suitable H:C ratios in syngas for making chemical building blocks for many
biofuels & bioplastics

Direct heat transfer (very high thermal efficicency)
Industrial Sscalable design — scales by volume not by surface area,

designed 5 — 40tph

CARBON - typically ~50% by mass reports into solid biochar/biocarbon.



Why Bio-Hydrogen?

Cost of Energy Comparison

M Diesel
Petrol

LPG
Nat. Gas

Electricity
M Electrolysis-H2
Bio-H2

Energy Source

Ref: GlobalPetrolPrices.com, 23 Jan 2023.



‘Greener than Green’ - carbon negative hydrogen

M Diesel

Petrol

LPG

NG

Electricity (Coal)
W Electricity (PV)
M Bio-H2(+ Biochar

Carbon Negative
Energy Source (CO, Removal - CDR)




SEATA vs Conventional Industrial-Scale Gasification Plants (including Methanation)

No expensive ASU + No Power Plant + No High Pressure Air Argon

Separation ,
! Nitrogen
Chemical looping simplifies gasification Unit -

CO, stored at EPQ10, or EOR @ US$25/t

Reduced Thermal Process Energy Losses
No Air Separation Unit (ASU) - SSS very high CAPEX

No High Pressure Compressors
» SEATA at atmospheric pressure

CO,

Z

Electricity>

Power Plant

0]

{ﬁ

No slag water quenching

| I
* No wastewater (‘black water’) treatment plant \/ I|
|

Methane m

No Power Units

CO,

* Low power consumption Gasification

»w oM o< O

* Co-generation plant unnecessary Plant
High Pressure Vessel
High Temperature
Water Treatment Plant
Compressors +

Aux Equipment Scrubber+ Acid
CO
. : Gas Removal

Syngas

Credit: SB, 2020



Hydrogen Production Potential: Comparison with NSW targets

Equivalent tonnes of Megawatt
hydrogen* equivalent™

Year Gigajoule

2004+ 90,000 ° NSW Hydrogen Production Targets & Timing
@ 360,000 2l (OECC, NSW Treasury 2023)
2026 890,000 53
2027 1,780,000
2028 3,200,000
2029 5,330,000
2030-2044 8,000,000

* Assuming lower heating value of 120 MJ per kilogram of hydrogen
ted assuming 140 tonnes produced per year per megawatt of electrolyser capacity.
***The 2024 target will not be enforced and no penalty rate will be set.

Plant Infeed Size (DM): RDSM Pilot 5 tph Infeed Up to 40 tph Infeed SEATA Technology - Potential Hydrogen Production
<300 kg/h Commercial Plant Industrial Scale Plant

Locations SEATA R&D Centre, C&I Site (Elsewhere) Industrial Site (TBC) H H H 5
T e T Based on designs and piloting to demonstrate:

Potential Design Infeeds (DM) 2,250 tpa 37,500 tpa 300,000 tpa * 2025 NSW total H, production target could potentially be met by a

(@7,500 hrs/yr, ~“85% use) single 5 tonne per hour SEATA plant.

Potential Carbon Yield (@~25% ~560 tpa Up to ~9,400 tpa 75,000 tpa
vield per tonne of infeed) (current total Aust production

(can customize to <10 to >35%) <20,000 tpa) e 2030-2044 NSW annual production target (66,667 tonnes H,) could

indicative Drawdown Via Biochar potentially be met by around two 40tph SEATA plants (or multiple
(using plant biomass feeds only)

(+ ~25% more if CO, gas also sunk  (assuming net ~2.5 tCO,e per “assuming net “2.5tCO,e \ (assuming net ~2.5 tCOe per tonne distributed smaller pIa nts) 3
into CCUS (commercial scale) tonne of biochar after LCA) per tonne of biochar) of biochar)

Design H, Yield (as % of infeed) Flared Initially, 10% by mass . .
(R T BYIREES) o i pes e e S * When run on plant wastes (green waste, agricultural residues etc),

Potential Annual H, Yield Nil “ concurrent potential to provide very significant CO, Removal toward

(tpa, uncompressed) (no energy recovery)

genuine Net Zero targets (cheaper and far more per unit than DACCS).
* SEATA technology has potential to remove CO, from the atmosphere at very

significant rates to combat climate change whilst concurrently also significantly Direct Air Capture + CCS (DACCS) Context:
reducing/avoiding new emissions by assisting energy and fuel transition. Project Orca Iceland (operational) = 4,000 tpa (8 x 500 tpa units)
* Scenarios are theoretical potential pending approvals, funding and successful deployments. Project Mammoth (const) = 36,000 tpa (72 x 500 tpa units)

Bankable Feasibility Studies to be completed following pilot trials, ahead of commercial plant.



Complementary/Synergistic with Conventional Technologies:
Green & Blue Hydrogen & Conventional Renewables (solar/wind etc)

* “Nature’s Battery” - Night-time/dispatchable generation optimizes CAPEX for integrated systems for 24/7 continuous generation
* CO, Removal to assist genuine Net Zero for integrated systems with positive footprints.

» Feedstock carbon for battery storage technologies to support solar/wind renewables

Sodium-Carbon Batteries — potential to help turn desal brine wastes into resources to avoid ocean disposal (Zero Liquid Discharge)

* Biochar/H, to Enhance rNG/Biomethane production from Anaerobic Digestion (AD)
* Potential to further assist blue and grey hydrogen (no $S ASU unit needed, high purity CO, facilitates CCUS applications)
e Additional Revenue streams from co-benefit markets (carbon commodities & removal credits) to optimize CAPEX and OPEX

* Potential for further secondary sequestration via sinking high-grade CO, into emerging CCUS applications (in addition to providing

carbon dioxide removal (CDR) credits via biochar.)

* Provide additional “green” jobs, notably in rural and regional areas



SEATA Clean Energy & Carbon Sequestration R&D Centre
— Glen Innes NSW (New England REZ)

Field Pilot Demonstration Plant:
e ~1/10% commercial scale continuous run pilot R&D Scale Model (RDSM)

Objective: Provide high quality field data for client-commissioned feedstocks
enabling genuine bankable feasibility for commercial deployment elsewhere.
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* Operates on ‘campaign’ commission basis (24/7 when testing).

Fully approved (planning consent and EPA Licenced), commencing Q1 2024.
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* Approved for infeed up to 300 kg/hr, including co-feeds
* Approved range of ‘clean’ Biomass and Biosolids Feedstocks (no plastics etc)
* Feeds from within NSW only, outside the ‘Waste Levy Area’

* NSW EfW Policy compliance required syngas characterization then flared at this
stage (pilot proof of concept). Future mod required to recover energy onsite.

* Next Steps:
* Commence detailed testing campaigns of clean feed(s)

* Obtain engagement for commercial 5tph Plant(s)
* Dirty Feeds R&D Plant / Commercial Plant (concurrent with above)

* Approval modification to recover energy onsite at Glen Innes as soon as
innovation pathways established for such (concurrent with above).



Thankyou. Questions?

Craig Bagnall Partner,
Anthony Reid Partner, General Manager »

E: craig@catalystem.com.au , ) » R P o ¥ a8 b Y
anthony@catalystem.com.au ° , A o ot ' ~ R
M: (0408) 114242,

(0407) 556 897 “Wartime”.investment in carbon capture
must start now, researchers say

Environmental Management

What could wartime levels of emergency funding buy us in the fight against global warming?

“During WWII no-one asked, ‘Can we afford
to fight the war?’\We could not afford not to
fight it. The same goes for the climate crisis.”

Deconstructing the world’s problems] . ..
to create carbon negative solutions Joseph Stiglitz, 2019

Craig Bagnall - Director Environment & Regulatory
E: craig.bagnall@seatagroup.com.au
M: (0408) 114242
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How biochar works, and when it doesn't: A review of mechanisms
controlling soil and plant responses to biochar
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Abstract

We synthesized 20 years of research to explain the interrelated processes that deter-
mine soil and plant responses to biochar. The properties of biochar and its effects
within agricultural ecosystems largely depend on feedstock and pyrolysis conditions.
We describe three stages of reactions of biochar in soil: dissolution (1-3 weeks); re-
active surface development (1-6 months); and aging (beyond 6 months). As biochar
ages, it is incorporated into soil aggregates, protecting the biochar carbon and promot-
ing the stabilization of rhizodeposits and microbial products. Biochar carbon persists
in soil for hundreds to thousands of years. By increasing pH, porosity, and water
availability, biochars can create favorable conditions for root development and micro-
bial functions. Biochars can catalyze biotic and abiotic reactions, particularly in the
rhizosphere, that increase nutrient supply and uptake by plants, reduce phytotoxins,
stimulate plant development, and increase resilience to disease and environmental
stressors. Meta-analyses found that, on average, biochars increase P availability by a
factor of 4.6; decrease plant tissue concentration of heavy metals by 17%—39%; build
soil organic carbon through negative priming by 3.8% (range —21% to +20%); and
reduce non-CO, greenhouse gas emissions from soil by 12%-50%. Meta-analyses
show average crop yield increases of 10%—42% with biochar addition, with greatest
increases in low-nutrient P-sorbing acidic soils (common in the tropics), and in sandy
soils in drylands due to increase in nutrient retention and water holding capacity.
Studies report a wide range of plant responses to biochars due to the diversity of bio-
chars and contexts in which biochars have been applied. Crop yields increase strongly
if site-specific soil constraints and nutrient and water limitations are mitigated by
appropriate biochar formulations. Biochars can be tailored to address site constraints
through feedstock selection, by modifying pyrolysis conditions, through pre- or post-
production treatments, or co-application with organic or mineral fertilizers. We dem-
onstrate how, when used wisely, biochar mitigates climate change and supports food

security and the circular economy.

KEYWORDS

carbon sequestration, GHG mitigation, heavy metals, priming effect, resilience, rhizosphere
processes, soil carbon

350°C to over 750°C. Biochar properties vary widely, de-

Biochar is produced by thermal transformation of organic
matter in an oxygen-limited environment. Research interest
in biochar has grown markedly since 2000 (Figure S1), stim-
ulated by early studies of Terra Preta soils in the Amazon that
indicated potential for biochar amendment to simultaneously
improve a broad range of soil properties and thus increase
agricultural yields, while also contributing to climate change
mitigation (Glaser et al., 2002; Lehmann et al., 2006).

A wide range of biochar types produced from feedstocks
including woody residues, crop straw, animal manures, sew-
age sludge, and food wastes are pyrolyzed at temperatures
(highest treatment temperature, HTT) ranging from around

termined largely by feedstock, HTT, and residence time at
HTT, as well as treatments applied before and after pyrolysis
(Schimmelpfennig & Glaser, 2012). A review of 5400 stud-
ies (Ippolito et al., 2020) found that wood-based feedstocks
generally produced biochars with the highest surface area,
straw-based feedstocks gave the highest cation exchange ca-
pacity (CEC), and manure feedstocks produced biochars with
the highest N and P content. HTTs above 500°C produced
biochars that were more persistent in soil, with higher ash
contents and pHs.

Biochar trials have used a wide range of application rates
and formulations (Text S1; Table S1; Figure S2; Figure S3).
Higher rates (10-50 Mg ha™") have commonly been applied
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where low-nutrient biochar is used as a soil conditioner to im-
prove bulk soil chemical and physical properties, while lower
rates (<1 Mg ha_l) have been used as a nutrient carrier to
increase fertilizer use efficiency and decrease nutrient losses,
and in mechanized planting (Table S1). Economic analyses
suggest that formulations combining biochar with fertilizer
(biochar compound fertilizer [BCF]), applied at low rates, are
likely to be the most cost-effective approach for broadacre
cropping in higher income countries (Robb et al., 2020).

Studies report a wide range of effects of biochars on phys-
ical, biological, and chemical soil properties and functions,
and on plant growth. Reviews and meta-analyses show that
biochar generally lowers soil acidity and increases buffer-
ing capacity; increases dissolved and total organic C, CEC,
available nutrients, water retention, and aggregate stability;
and reduces bulk density (El-Naggar et al., 2019; Lehmann &
Joseph, 2015). Biochar can increase microbial activity, accel-
erate nutrient cycling, and reduce leaching and volatilization
of nitrogen (Lehmann & Joseph, 2015).

In terms of plant performance, biochars can affect seed
germination, plant growth, flowering, resistance to disease,
and acclimation to abiotic stresses. Many studies report that
biochar increases plant productivity, with an average yield
increase of 10%-42% (Table 1), although negative effects
have also been recorded (Jeffery et al., 2017; Macdonald
et al., 2014; Ye et al., 2020). Studies reporting positive re-
sponses have commonly used biochar application rates of
5-20 Mg ha™! (Table 1); however, applications of biochar—
fertilizer mixes at low rates (<1 Mg ha™! biochar) have also
increased yields, particularly when applied as a band near the
seed (Table S1). The effects of biochar on crop yields are
discussed further in Section 4.

Besides agronomic benefits, biochar contributes to cli-
mate change mitigation: Biochar C persists in soil for one
to two orders of magnitude longer than unpyrolyzed organic
residues, providing long-term C sequestration when applied
to soil. In addition, biochar can increase soil C levels by de-
creasing mineralization of existing soil organic matter (SOM;
Wang et al., 2016) and newly added plant C (Weng et al.,
2017). Furthermore, biochar can reduce emissions of the
greenhouse gases (GHGs), nitrous oxide and methane (Van
Zwieten, Kammann, et al., 2015).

The large body of literature that has accumulated over
the last two decades has greatly increased our observational
database of the effects biochar can have on soil properties
and crop performance. In-depth mechanistic studies have
brought focus to the importance of the rhizosphere in these
effects. The objectives of this review are to synthesize the last
20 years of research on biochar to elucidate the underlying
biochar—soil—plant processes, and mechanisms that lead to
plant responses to biochar, and to provide recommendations
for optimizing the use of biochar to increase plant yield, soil
health, and climate change mitigation.
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We first describe biochar—soil-plant interaction mecha-
nisms, focusing on rhizosphere processes and implications
for plant growth, concentrating on biochar applied to annual
crops. Use of biochar in annual crops has been the most com-
monly studied application to date and is anticipated to be the
most widespread future application of biochar. Subsequent
sections review the implications of biochar for food secu-
rity, climate change mitigation, and the role of biochar in the
circular economy. We conclude with a summary of key pro-
cesses, knowledge gaps, and recommendations for optimal
biochar use.

2 | MECHANISMS OF BIOCHAR
EFFECTS ON SOIL AND PLANTS

We consider the interactions between biochar, soil and plants
in the context of the annual crop cycle:

- Stage 1: Short-term (1-3 weeks) reactions of biochar
in soil, and effects on seed germination and seedlings

- Stage 2: Medium-term (1-6 months) creation of reactive
surfaces on biochar, effects on plant growth and yield
from seedling to harvest

- Stage 3: Long-term (>6 months) interactions as biochar
“ages” in soil, and its effect on subsequent crop cycles.

Biochar is commonly applied at sowing or 1-3 weeks be-
fore sowing. Mechanisms involved when biochar is applied
in conjunction with mineral and/or organic fertilizers, and as
a BCF comprising biochar, fertilizer, minerals (e.g., gypsum,
dolomite, diatomite, rock phosphate) and binder (e.g., clay,
starch) are examined.

2.1 | Stage 1: Short-term reactions
(1-3 weeks)

2.1.1 | Biochar reactions in soil

Chemical effects

The general properties of biochars are described in Text S2.
After application to soil, water entering biochar pores dis-
solves soluble organic and mineral compounds on biochar
outer and inner surfaces (Figure 1). These solutes increase
dissolved organic carbon (DOC), cations, and anions in the
soil solution (Silber et al., 2010), which increases the elec-
trical conductivity and pH and reduces Eh (Joseph et al.,
2015) The extent of changes in soil solution composition
depends on the specific biochar and soil (Mukherjee &
Zimmerman, 2013; Schreiter et al., 2020). Release of DOC
and nutrient ions from biochar (Kim et al., 2013) is rapid
over the first week and much slower over the following
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Biochar compound fertiliser granules
(BCF) applied as band beside the seed

(b)

KEY
Dissolving £ Dissolving biochar
fertiliser compound fertiliser
Nutrients/small

‘ pieces of biochar
leave the granule

Movement of soluble organic
and mineral compounds

“4n Biochar compound
fertiliser

Biochar acts like an RC
circuit that can release and
store organic/inorganic
nutrients and electrons
when the plant needs them

4
Biochar pores §E,T Movement of
with nutrient o i -t soluble organic and

mineral compounds

Worms ‘/:.‘: Bacteria @/Mycorrhizae i@% Shell of biochar
5 -

compound
fertiliser

FIGURE 1 Summary of the processes that occur when biochar is applied to soil, based on two modes of application: (left) biochar and

fertilizer applied together and incorporated through the soil prior to sowing, and (right) biochar compound fertilizer (BCF) comprising biochar

mixed with fertilizer, minerals and a binder, granulated, applied to the soil as a band near the seed. (a) Stage 1: dissolution of biochar, interactions

with seedlings; (b) Stage 2: reactive surface development on biochar, interactions with growing plants. RC, resistor and capacitor in parallel

weeks (Mukherjee & Zimmerman, 2013). Initial rapid dis-
solution can occur via dissolution of salts, ion exchange,
submicrometer particle detachment, and preferential dis-
solution at crystal imperfections (Wang et al., 2020). After
the initial rapid dissolution stage, continued dissolution is
faster in acidic (Silber et al., 2010) and low-nutrient soils
(Wang et al., 2020).

When biochar is applied in the form of BCF that com-
bines biochar, minerals, and N and P compounds (e.g., urea,
ammonium sulfate, diammonium phosphate), the physical
and chemical reactions that occur during the production of
the granules slow the rate and extent of dissolution of N
compounds compared with dissolution of mineral fertilizers
(Chen et al., 2017; Shi et al., 2020).

Fresh biochar typically has a low CEC, as the high tem-
peratures during pyrolysis reduce the concentration of func-
tional groups (e.g., —-OH, -COOH, —CH, and —C=0). CEC of
biochar is more difficult to measure than CEC of soils, due to
its pH-dependent variable charge properties and the presence
of soluble salts (Graber et al., 2017; Munera-Echeverri et al.,
2018). Using methods considered suitable for biochar, CEC
ranges from approximately 50 to 200 mmol kg_1 (Graber
et al., 2017; Mitchell et al., 2013), and anion exchange ca-
pacity (AEC) is typically also less than 200 mmol kg_1
(Lawrinenko et al., 2017). As CEC of fresh biochar is rel-
atively low compared with CEC of many soil components,
applying biochar typically does not increase the soil CEC
immediately (Kharel et al., 2019). However, the CEC and
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AEC of biochar increase over time as additional functional
groups form on biochar surfaces (see Section 2.3), increasing
its ability to sorb and retain cations and anions (Hagemann,
Joseph, et al., 2017; Hagemann et al., 2017; Rechberger et al.,
2017; de la Rosa et al., 2018; Wang et al., 2019).

Low-temperature biochars (HTT < 450°C) and biochars
produced in facilities with incomplete separation of pyrolysis
vapors (Buss & Masek, 2014; Buss et al., 2015) generally have
higher contents of water-soluble organic compounds, particu-
larly low molecular weight neutrals (alcohols, aldehydes, ke-
tones, phenolics, karrikins), polyphenols/polyphenolic acids,
and complex macromolecules, whereas high-temperature
biochars (HTT >450°C) have relatively lower levels of water-
soluble compounds that are dominated by low-molecular
weight acids and low-molecular weight neutrals (Graber
et al., 2015; Reynolds et al., 2018; Taherymoosavi et al.,
2018). Low-temperature biochars can be hydrophobic ini-
tially due to accumulation of aliphatic compounds in pores
and on the surface; such compounds are usually lost during
pyrolysis at higher temperatures. Hydrophobicity can inhibit
water uptake by biochar particles (Gray et al., 2014), but this
effect dissipates over time.

Most biochars are alkaline, with acid-neutralizing capac-
ity up to 33% of agricultural lime (Van Zwieten, Kimber,
Morris, Chan, et al., 2010) due to their carbonate, oxide, and
hydroxide content. Biochar is a reductant, and therefore low-
ers soil redox potential (Joseph et al., 2015). An exception
is flooded rice soils, where biochar application can increase
Eh due to the release of O, from roots. Chew et al. (2020),
Joseph et al. (2015), and Pignatello et al. (2017) detail the
range of reactions that can take place on the external surfaces
and in the pores of biochar (see also Section 2.2). Except in
flooded soils, oxygen will diffuse into the pores and react
with redox-active organic molecules (e.g., quinones; Yu &
Kuzyakov, 2021) and minerals, particularly Fe and Mn. In
acid soils, excess H' reacts with basic minerals such as cal-
cite and dolomite present within the C lattice of the biochar
(Amonette & Joseph, 2009).

Biochars (especially those made at >400°C) can have a
high content of free radicals, which can lead to the forma-
tion of reactive oxygen species (Pignatello et al., 2017; Ruan
et al., 2019; Yu & Kuzyakov, 2021) and strongly accelerate
oxidation reactions. This acceleration leads to oxidation not
only of biochar itself but also of SOM and plant residues (Du
et al., 2020) and is especially intensive in soils with fluctuat-
ing water level (Merino et al., 2020) or with high content of
iron (oxyhydr)oxides (Merino et al., 2020; Yu & Kuzyakov,
2021).

Physical effects

Biochars commonly increase soil water holding capacity,
particularly in coarse-textured soils, decrease bulk density,
and increase porosity, with greater effects observed at rates
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exceeding 40 Mg ha™! (see Section 3; Quin et al., 2014).
Biochar can also impact water infiltration into soils, for ex-
ample, moderating the reduction in infiltration rate that oc-
curs during high-intensity rainstorms in soils prone to surface
sealing, as seen at 2% w/w by Abrol et al. (2016). Reduced
sealing leads to lower runoff and erosion rates. The effects
were attributed to a biochar-related increase in soil solution
Ca and decrease in Na, leading to decreased sodium adsorp-
tion ratio (Abrol et al., 2016).

Biochar particles have low density and are easily crushed
(Abdullah & Wu, 2009). Cultivation and ingestion by soil
fauna result in fragmentation and fracturing, creating very
small particles (approximately <100 pm). These small parti-
cles are more mobile and can have higher reactivity, surface
charge, radical content (Das et al., 2020; Yu & Kuzyakov,
2021) and surface area than larger particles (Yang et al., 2020),
which can increase reactivity and nutrient availability (Wang
et al., 2020). High mineral ash biochars and engineered bio-
chars used in BCF generally contain high quantities of small
mineral particles <100 pm (especially silica, alumina, Fe/O
and CaCOj;, CaHPO,, and Mg compounds) in or on the C
matrix that are easily fragmented from the biochar and are
mobile in soil.

2.1.2 | Effects on seed germination and early
seedling growth

Reported impacts of biochar on germination and seedling
growth range from inhibition to stimulation. Hormesis is
commonly observed, that is, high rates of biochar can have a
detrimental effect, while low rates can be stimulatory. Below
we discuss the mechanisms likely to contribute to the range
of effects on seed germination and early seedling develop-
ment reported in the literature.

Seed germination begins with water imbibition and ends
when the radicle emerges from the seed coat. The following are
the main factors that determine whether biochar impacts seed
germination: (i) release of salts from biochar to the soil solution;
(ii) release of phytotoxins; (iii) release of germination-inducing
hormones or karrikins; (iv) change in water holding capacity
and porosity of the soil. These biochar-related factors are the
reason that biochar feedstock, production HTT, and application
amount have a range of impacts on germination speed and rate.
The specific sensitivity of seeds of different plant species to
salinity, toxins, hormone-like compounds and water availability
also results in very variable results. For example, wood biochar
(HTT 620°C) at 80 Mg ha~'ina pot trial inhibited germination
of tomatoes, while biochar made from paper sludge and wheat
husk (500°C) or sewage sludge (600°C), and applied at the
same rate, had no effect on lentil, tomato, cress, cucumber, and
lettuce seeds (Gascd et al., 2016). Other studies that applied a
range of woody and manure biochars at rates of 1040 Mg ha™!
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found positive or nil effect on germination (Das et al., 2020;
Gasco et al., 2016; Khan et al., 2014; Mete et al., 2015; Van
Zwieten, Kimber, Morris, Downie, et al., 2010). Some studies
(e.g., Uslu et al., 2020) that reported negative effects of biochar
on germination at very high rates (120 Mg ha™") applied bio-
char directly to seeds in a petri dish, in the absence of soil or
other media, which is unlikely to reflect the effects of biochar in
the field environment, where charged clay minerals, microbes,
and organic compounds interact with biochar, and are likely to
modify and buffer the response. Germination rates were not af-
fected by the addition of BCF at <700 kg ha™" in pot or field
trials, while seedling growth was the same or greater than with
NPK fertilizer alone (Joseph, Graber, et al., 2013; Liao et al.,
2020; Qian et al., 2014; Zheng et al., 2017). Aqueous extracts
of some biochars have been found to stimulate germination and
seedling growth (Taek—Keun et al., 2012).

Seed germination and early seedling development can be
influenced as a result of the effects of biochar on soil physi-
cal properties (Section 2.1.1). For instance, by reducing soil
bulk density and increasing soil aeration, biochar can provide
oxygen for seed germination and improve seedling growth
through lower resistance to root penetration and seedling
emergence. These effects typically increase with higher bio-
char rates (Obia et al., 2018).

Chemical impacts of biochar on soils and soil water solu-
tion can also affect seed germination and early seedling de-
velopment. For example, by raising the pH, alkaline biochars
alleviate Al and heavy metal toxicity that can reduce root
growth in acidic soils (Lauricella et al., 2021; Shetty et al.,
2020; Van Zwieten, Rose, et al., 2015). At high application
rates, biochars with high levels of soluble salts could inhibit
germination and seedling growth through osmotic stress.
Certain soluble organic compounds released from biochars
can stimulate germination and plant growth (Sun, Drosos,
et al., 2017). Kochanek et al. (2016) showed that biochars
containing karrikins, a class of water-soluble organic mol-
ecules associated with plant response to fire, can accelerate
germination and early growth of plants. These authors at-
tributed the response to signaling molecules that stimulate
plant development. The quantity of karrikins and germina-
tion response varied widely between biochars studied by
Kochanek et al. (2016). French and Iyer-Pascuzzi (2018)
found evidence that stimulation of the gibberellin pathway
contributes to the observed promotion of germination and
seedling growth by wood biochar in some tomato genotypes.
Similarly, phenols and polyphenols released from biochar
(Reynolds et al., 2018) can break seed dormancy, leading to
germination, and also promote seedling growth (Mu et al.,
2003; Stoms, 1982). Yet, some organic molecules released
can be phytotoxic, so applying biochar a few weeks in ad-
vance of sowing supports seedling growth through the de-
velopment of a beneficial rhizosphere microbiome (Jaiswal
et al., 2018).

At very high rates of application (>50 Mg ha™"), biochars
derived from contaminated sludges or feedstock grown in
contaminated soils can release heavy metals that inhibit ger-
mination (Das et al., 2020). Biochars contain polycyclic aro-
matic hydrocarbons (PAHs; Gascé et al., 2016; Weidemann
et al., 2018), organic pollutants formed during incomplete
combustion, that can inhibit germination at high rates.
However, PAHs in biochar are generally of little or no con-
cern for plant growth due to their strong binding by biochar,
and furthermore, their concentration is usually below regula-
tory limits if biochar is made under slow pyrolysis conditions
(Buss et al., 2015; Hale et al., 2012; Hilber et al., 2017).

At high biochar application rates in the absence of soil
(volumetrically equivalent to >40 Mg ha™', in a petri dish),
free radicals from biochar inhibit germination and seedling
growth (Liao et al., 2014). However, at low biochar rates, low
levels of free radicals could be beneficial, as reactive oxygen
species can interact with plant hormones that trigger germi-
nation (Gomes & Garcia, 2013). Furthermore, free radicals
associated with biochar have been found to degrade certain
organic and inorganic pollutants (Ruan et al., 2019) which
in turn could enhance germination and seedling growth. In
addition, biochar can lower the production of reactive oxy-
gen species by plants: Natasha et al. (2021) showed that the
production of reactive oxygen species was lower, on average,
by 33% in plants grown in soils contaminated with trace ele-
ments where biochar was applied (2%—10% w/w).

In summary, most biochars and biochar formulations do
not inhibit germination and early growth of plants in soil un-
less applied at very high rates (e.g., >40-50 Mg ha™"), and
can promote germination and seedling growth at moderate
rates. The mechanisms for the positive effects largely involve
water-soluble organic compounds that stimulate germination
and seedling growth, or reactions that deactivate inhibitory
factors such as heavy metals and phytotoxic organic com-
pounds. These effects vary between biochars: low tempera-
ture biochars have a higher content of water-soluble organic
molecules that can promote germination and early growth at
low application rates; these biochars are also likely to cause
inhibition if applied at high rates. Negative effects on germi-
nation can result where high rates are applied due to release
of soluble salts or phytotoxic levels of organic compounds,
where biochar is contaminated, and where soil is absent.
Biochars with high levels of soluble mineral compounds can
also cause inhibition at high application rates.

2.2 | Stage 2: Medium-term reactions
(1-6 months)

The effects of biochar in later periods differ from the first
stage which is dominated by dissolution of compounds from
biochar. In stage 2, plant roots intercept and interact with
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biochar. Root hairs enter biochar pores, roots wrap around
biochar (Joseph et al., 2010; Prendergast-Miller et al., 2014),
and very small biochar particles can attach to root surfaces
(Figure 1; Chew et al., 2020). Biochar affects the abundance
of specific microorganisms especially in the rhizosphere, and
the interactions between biochar, soil, plants, and the micro-
biome affect plant growth and health (Anderson et al., 2011;
Jaiswal et al., 2015).

2.2.1 | Physical and chemical reactions in soil
The physical and chemical properties of biochar surfaces
change significantly in Stage 2 through a range of biotic and
abiotic processes that take place in the pores exposed after
the rapid dissolution phase ends (Joseph et al., 2010). The
surface area and porosity increase (Schreiter et al., 2020),
and a fine layer of organic matter with a high concentra-
tion of C—O and C-N functional groups forms around the
external and some of the internal pore surfaces of the bio-
char and BCF. This fine layer adsorbs cations (including
heavy metals), anions, nanoparticulate minerals, and or-
ganic compounds through a range of binding mechanisms
that include cation and anion exchange, ligand exchange,
covalent bonding, complexation, chelation, precipitation,
redox, and acid-base reactions, that together result in for-
mation of organo-mineral layers (Hagemann, Joseph, et al.,
2017; Joseph, Van Zwieten, et al., 2013). These layers are
redox-active and mesoporous. Surfaces in nanopores bind
molecules more tightly than larger pores (Pignatello et al.,
2017). Some of the nutrients released from fertilizer, espe-
cially N and P, can react with the biochar pore surfaces and
organo-mineral layers (Haider et al., 2020; Hestrin et al.,
2019; Joseph et al., 2018; Kammann et al., 2015). Biochar
pores may become filled with organic matter and miner-
als, protecting organic matter from microbial decomposi-
tion (Pignatello et al., 2017) and reduces availability of
nutrients.

Microagglomerates that form on internal and external bio-
char surfaces, consisting of nanoparticulate minerals bound
with organic molecules, have a significant concentration of
—C-0, -C=0, —COOH, or —NH functional groups (Joseph
et al., 2010). Recent research indicates that many of the re-
actions described above related to biochar occur on or in the
microagglomerates.

Gases such as NH;, N,O, and CH, produced through bi-
otic and abiotic reactions of fertilizers in soils and/or through
chemical reactions on the surfaces of the biochar can diffuse
into the nanopores (<50 nm), where they can react with ox-
idants and reductants, especially if the pores contain water,
which reduces N loss and GHG emissions (Section 4.3; Chiu
& Huang, 2020; Quin et al., 2015).
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Microbial responses

Meta-analyses have shown that biochar increases microbial
biomass and activities (Pokharel et al., 2020), particularly in
high-N soils (Zhang et al., 2018) and with biochars produced
at low temperature from nutrient-rich feedstocks (Li et al.,
2020). Biochars, particularly those made at low temperature
from crop residues, cause shifts in microbial community
composition, increasing the ratios of fungi to bacteria, and
gram-positive to gram-negative bacteria (Zhang et al., 2018).
The meta-analysis by Pokharel et al. (2020) identified that bi-
ochar increased microbial biomass C and the activities of the
enzymes urease, alkaline phosphatase, and dehydrogenase by
22%, 23%, 25%, and 20%, respectively, with greatest effects
in acidic fine-textured soils. This increase in enzyme activi-
ties as well as the shift in microbial community diversity and
activity (Jaiswal, Elad, et al., 2018) are directly dependent
on (i) pH increase after biochar addition, as soil acidity is
the main factor regulating microbial composition (Rousk
et al., 2010); (ii) increased aeration, and consequently, bet-
ter conditions for fungi and aerobic bacteria, as well as oxi-
dative enzymes; (iii) changes in metabolic needs due to the
prevalence of large organic compounds, and consequently,
shift in the community toward K-strategists (Cui et al., 2020),
decrease in gram-negative bacteria, shift toward saprophytic
fungi, and increase in peroxidases; and (iv) strong increase in
hydrophobic compounds in soil that favors activity of fungi
(Deng et al., 2021; Xia et al., 2020).

Li et al. (2020) noted a negative effect of high biochar
rates (>50 Mg ha™") on microbial diversity, and suggested
the following potential causes: (i) introduction of toxic com-
ponents that inhibit some species; (ii) increase in the C:N ra-
tios of SOM that limits microbial C utilization, possibly only
in the short term and only to the extent that the organic C is
metabolized; and (iii) disruption of microbial microenviron-
ments. Note also that C:N ratio does not influence microbial
metabolization of biochars (Torres-Rojas et al., 2020).

Fungi and bacteria inhabit the larger nutrient-rich pores
of biochar (>2 pm) where they mine the nutrients in the bio-
char and those that have been absorbed from fertilizers. The
adsorption of root exudates, microbial metabolites, and mi-
crobial necromass increases SOM levels and thus increases
soil organic carbon (SOC; see Section 4.2). Small biochar
particles can migrate to the root surface and can alter the
abundance of specific root-associated bacteria (Chew et al.,
2020; Kolton et al., 2011).

In low P soils, arbuscular mycorrhizal fungi (AMF) invade
the pores of biochar, especially biochars with high P content
on the pore surface, which can increase plant P uptake (Gujre
et al., 2020; Solaiman et al., 2019; Vanek & Lehmann, 2015).
Blackwell et al. (2015) found that a phosphorus-enhanced
BCF increased root colonization to 75% compared with 20%
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in mineral fertilizer and unfertilized control and increased P
uptake efficiency.

Adsorption of microbial signaling molecules (especially
acyl-homoserine lactone) on biochar surfaces can disrupt soil
microbial communication, which could reduce the effects of
pathogens (Gao et al., 2016; Masiello et al., 2013). Biochar
can also adsorb pathogenic enzymes and toxic metabolites
exuded by soil-borne pathogens, thus reducing the concentra-
tion of virulence factors in the root zone and lowering disease
severity (Jaiswal et al., 2018).

2.2.3 | Plant responses
Nutrient responses
Much of the N within the biochar C matrix (e.g., heterocy-
clic-N) is unavailable to plants (Clough et al., 2013; Torres-
Rojas et al., 2020), whereas most K in biochar is present in
soluble forms, released in the short term after application to
soil (Silber et al., 2010), and is readily available to plants.
Meta-analyses have found that biochar application com-
monly increases P availability, particularly when applied to
acidic or neutral soils, and for biochar produced from low
C:N feedstocks (e.g., manure, crop residues), and produced
at low temperatures (Gao et al., 2019; Glaser & Lehr, 2019).
However, P availability can be low in Ca-rich and K-poor
feedstocks such as sewage sludge (Buss et al., 2018, 2020;
Torres-Rojas et al., 2020; Wang et al., 2019) because py-
rolysis can convert plant-available organic P into inorganic
P that is less available in the short term (Buss et al., 2020;
Rose et al., 2019). The opposite has also been observed,
with pyrolysis increasing plant-available P although decreas-
ing water-extractable P (Wang et al., 2014; Zwetsloot et al.,
2015, 2016). The effect of biochar on P availability is de-
termined by microscale effects on soil pH and soil solution
composition, especially Ca content (Buss, Assavavittayanon,
et al., 2018; Buss et al., 2018). Biochar can retain nutrients,
especially N, released as fertilizers dissolve, and nutrients al-
ready present in soil, reducing loss through leaching (Haider
et al., 2020). For example, meta-analysis found that bio-
char reduces N leaching on average by 26%, though it can
increase ammonia volatilization at biochar application rates
>40 Mg ha™! and with biochar pH > 9 (Haider et al., 2020;
Liu, Zhang, et al., 2018). While the stimulation of micro-
bial activity by easily-mineralizable components of biochar
can reduce N availability through microbial immobilization
(Clough et al., 2013), it also accelerates the mineralization
of organic matter and nutrient cycling, and AMF root colo-
nization, which can increase N and P uptake by plants, as
discussed above (Solaiman et al., 2019) and can also improve
root growth under water stress (Mickan et al., 2016).
Adsorption of root exudates by biochar may cause disso-
lution of mineral compounds in biochar pores (Wang et al.,

2020), which can increase nutrient availability, and can re-
sult in additional adsorption sites for organic molecules
(Prendergast-Miller et al., 2014).

In flooded paddy soils, biochar and BCF particles can be
encapsulated in an organo-mineral layer (Chew et al., 2020)
on the root surface. BCF attached to the root or located in
the rhizosphere of rice grown in flooded soils was observed
to significantly alter the pH and Eh around the root, the root
membrane potential (the potential difference between the in-
side of the root and the soil), and the abundance of specific
microorganisms that increase nutrient availability (Chew
et al., 2020). Thus, when biochar is in contact with root hairs,
in the presence of microbes, it has the capacity to store and
release nutrient ions and electrons (Chew et al., 2020; Sun,
Levin, et al., 2017). The change in root membrane potential
can facilitate uptake of nutrients when required by the plant.
Chew et al. (2020) have represented these reactions as an RC
circuit (Figure 1). Biochar directly mediates electron transfer
by functioning as an electron shuttle and indirectly transfers
electrons from the valence band to the conduction band in
the Fe minerals by generating electron—hole pairs producing
reactive oxygen species (0,7, H,O,, HO’) by Fenton and
Fenton-like reactions (Yu & Kuzyakov, 2021).

Chemolithotroph bacteria can grow on the surfaces of mi-
croagglomerates of clay and Fe nanoparticles and make S and
Fe more available to plants (Ye et al., 2017). Microbes can
form biofilms on biochar surfaces, and establish corrosion
cells that increase the solubility of metal species (e.g., insol-
uble Al,O; to soluble Al; Joseph, Van Zwieten, et al., 2013).

Effects on heavy metal uptake

Many studies have shown that biochar can reduce uptake of
heavy metal(loid)s by plants. A meta-analysis found bio-
char addition to soils resulted in average decreases in plant
tissue concentrations of Cd, Pb, Cu, and Zn by 38%, 39%,
25%, and 17%, respectively (Chen et al., 2018). Studies
showing significant reduction in bioavailability of heavy
metals have often applied high rates of biochar, in excess
of 10 Mg ha™! (Chen et al., 2018; Wang et al., 2020). The
surface O-functional groups on biochar can immobilize
heavy metals through ion exchange, precipitation, cation
and anion metal attraction, reduction, electron shuttling,
and physisorption (Figure 2; Ahmad et al., 2014; Ding
et al., 2014; Liu, Xu, et al., 2018; Tan et al., 2015; Zheng
et al., 2020). Alkalinity from biochar (the liming effect) in-
creases pH of acid soils, increasing the negatively charged
exchange sites on clay particles, attracting cationic met-
als (Figure 1). Manure biochars commonly contain higher
Ca than plant-derived biochars, and thus can immobilize
cationic heavy metals (e.g., Cd** and Cu®") through ion
exchange (Lei et al., 2019). Stable precipitates formed in
biochars with high P can immobilize Pb through the forma-
tion of B-Pbg(PO,)s, whereas higher alkalinity and calcite
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FIGURE 2 Postulated mechanisms of biochar interactions with heavy metals and metalloids (adapted from Ahmad et al., 2014)

in biochar facilitate the formation of insoluble hydrocerus-
site Pb;(CO;),(OH), (Cao & Harris, 2010; Li et al., 2016).
Particles on the surface of biochars consisting of carbon-
coated minerals are particularly effective in reducing
bioavailability of heavy metals (Kumar & Prasad, 2018).
Incorporation into organo-mineral microagglomerates can
reduce Cr(VI) to Cr(IIT) through interaction with reduced
Fe, organic compounds, and free radicals (Odinga et al.,
2020), including through electron shuttling (Xu et al.,
2019), reducing their availability to plants (Kumar, Joseph,
et al., 2018; Kumar et al., 2020).

High-temperature willow biochar was found to adsorb
heavy metals from sewage sludge through both physisorption
and the mechanisms described above (Bogusz et al., 2019).
Even feedstocks that contain high contents of heavy metals
can reduce the bioavailability of some heavy metals in some
soils. For example, sewage sludge biochar decreased the bio-
accumulation of As, Cr, Co, Cu, Ni, and Pb, but increased
that of Cd and Zn in an acidic paddy soil (Khan et al., 2013).

Biochar can increase the mobility of anionic metal-
loids such as As (e.g., AsO3, AsOi‘; Igalavithana et al.,
2017) through a decrease in positively charged sites, which
decreases the binding sites for As as soil pH increases
(Vithanage et al., 2017). Engineering biochars through add-
ing magnetite nanoparticles can increase AEC and thus ad-
sorb As (Wan et al., 2020).

Plant health

Besides the impacts of biochar on plant growth and develop-
ment, it has been observed in numerous pathosystems that bi-
ochar can elicit systemic resistance in plants against diseases
(Frenkel et al., 2017). Biochar in the growing medium can
“prime” plants (Ton & Maunch-Mani, 2003) for rapid up-
regulation of defense-related genes (Elad et al., 2010; Jaiswal
et al., 2014, 2015, 2017, 2020; Jaiswal, Elad, et al., 2018;
Kolton et al., 2017; Kumar et al., 2021; Mehari et al., 2015;
Meller Harel et al., 2012). Plants in a primed state display
faster and stronger activation of cellular defense responses,
such as earlier oxidative burst and stronger upregulation of
defense genes, upon encountering biotic stresses (Conrath
et al., 2006). This effect has been observed also for abiotic
environmental pressures such as salt, heat, cold, toxins, and
drought (Ton & Maunch-Mani, 2003).

A range of biochar—rhizosphere mechanisms are po-
tentially responsible for these in planta responses (Graber
et al., 2014), involving biochar's varied direct and indirect
influences on the soil/rhizosphere/pathogen/microbiome/
plant system. Some of these include: release of Si from bio-
char (especially straw and rice husk biochars), reported to
increase disease resistance and plant growth (Wang, Wang,
et al., 2019) by suppression of initial infection and pathogen
access to plant tissues; adsorption by biochar of extracellular
pathogenic enzymes and toxins (released by soil pathogens
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to dissolve and poison roots) lowering their concentrations
in the root zone (Jaiswal, Frenkel, et al., 2018); induced sys-
temic acquired resistance through upregulation of genes and
pathways associated with plant defense and growth (Jaiswal
et al., 2020); and adsorption and deactivation of plant sig-
naling molecules that induce germination of parasitic weed
seeds (Fizenberg et al., 2017).

The impact of biochar on plant disease is a function of
biochar dose and type (physical/chemical characteristics, as
discussed above; Frenkel et al., 2017; Poveda et al., 2021;
Rogovska et al., 2017). Generally, no impact is found at low
rates (<2 Mg ha™"), positive impacts are seen at moderate
rates (2-20 Mg ha™'), and negative impacts at relatively high
rates (>50 Mg ha™"). This response pattern has been observed
in studies of plant growth and disease caused by Rhizoctonia
solani in common beans (Jaiswal et al., 2015) and cucumber
(Jaiswal et al., 2014), and in other plant—soil-borne pathogen
(Graber et al., 2014) and plant—foliar pathogen (Elad et al.,
2011) systems. However, the optimal rate for disease sup-
pression does not always coincide with the optimum rate for
growth response. Rates that are beneficial for plant growth
in non-diseased systems can result in disease promotion in
pathogen-infected systems (Jaiswal et al., 2015).

Few studies have examined in planta responses to biochar
when faced with environmental pressures. Under sufficient
and drought water conditions, Chenopodium quinoa and
maize both grew significantly better in biochar treatments,
which was attributed to improved plant traits (lower pro-
line content and less negative osmotic potential) rather than
to increased root zone water content (Ahmed et al., 2018;
Kammann et al., 2011). Improved pepper plant productivity
in biochar-treated plots in a multi-year trial conducted under
extreme environmental pressures (high evaporation demand
and vapor pressure deficit, high daytime temperatures (heat
stress) at planting and low nighttime temperatures at fruiting,
brackish water irrigation) was attributed to biochar-elicited
acclimation responses in the plants (Kumar, Elad, et al.,
2018). Tests with heat stress and biochar in Arabidopsis in-
dicated early microstresses primed the plants to cope better
with subsequent acute heat stress. Early microstresses elic-
ited improved energy production and utilization mechanisms,
while the acclimation mechanism against the acute heat was
related to lower levels of reactive oxygen species. The ability
of biochar to induce an early acclimated state to basal mi-
crostresses and to prime the plant for coping with subsequent
acute stresses was postulated to explain biochar-mediated im-
provements in plant health, flowering, and growth due to fac-
tors other than nutrition, water, or soil structure (Elad et al.,
2011).

In addition to in planta responses discussed above, bio-
chars buffer pH and poise (equilibrate) Eh (Husson, 2013;
Joseph et al., 2015) which can create and maintain conditions
in the rhizosphere that support plant growth and resilience

to a range of environmental pressures, such as drought, heat,
pathogens and pollutants (Husson et al., 2018). Biochar
can rapidly transfer charge (Sun, Levin, et al., 2017; Yu &
Kuzyakov, 2021), which could also enhance plants’ capacity
to cope with oxidative stress (Husson et al., 2018).

In summary, biochar can create conditions in the rhizo-
sphere that increase nutrient supply and uptake; immobilize
or deactivate phytotoxic organic and mineral substances;
release bioactive compounds that stimulate growth and de-
velopment; promote beneficial organisms; and inhibit patho-
gens. Thus, biochar can support plant growth, health, and
resilience to disease and environmental stressors.

2.3 | Stage 3: Long-term reactions

Several studies have examined the longer term interactions
as biochar “ages” in soil, investigating effects on bulk soil
properties and plant growth where biochar has been applied
in previous crops, or examining biochar particles extracted
from the soil. Disturbance through cultivation, exposure to
wetting—drying and freeze—thaw cycles, and ingestion by soil
fauna can lead to further fragmentation of biochar particles
and oxidation of biochar surfaces exposed through detach-
ment of microagglomerates (Wang et al., 2020).

Two studies identified the formation of porous organo-
mineral heterogeneous microagglomerates with mineral
phases consisting of Fe, Al, Si oxides, phosphates (Ca/Fe/
Al), carbonates (Ca/Mg), and chlorides (K, Na), and dimen-
sions from 1 to 50 nm, bound together by organic compounds
and bonded to the biochar surface (Archanjo et al., 2017;
Rafiq et al., 2020). Simultaneous occurrence of Fe(II) and
Fe(IIl) present as magnetite and hematite could make N and
P more available through redox cycling of Fe (Haider et al.,
2020). This could contribute to long-term increase in P avail-
ability in response to biochar application, such as identified
in the meta-analysis of Glaser and Lehr (2019), who reported
enhancement lasting up to 5 years. Aged high-temperature
wood biochar particles retain plant-available N as nitrates
and ammonium, adsorbed onto the organo-mineral micro-
agglomerates (Haider et al., 2020). The formation of micro-
agglomerates increases the surface area, CEC and AEC, but
the pore volume generally decreases compared to the fresh
biochar after multiple crop cycles, for example, Dong et al.
(2017). Rhizodeposits are protected in soil microaggregates
and Fe (oxyhydr)oxides (Jeewani et al., 2020), and a decadal
study indicates potential for this mechanism to provide long-
term stabilization of newly added plant C (Weng et al., 2017).
Biochar particles can also be protected within the soil micro-
aggregates (Figure 3).

The biochar-enriched anthropogenic Terra Preta soils
associated with pre-Columbian settlements in the Brazilian
Amazon (Steiner et al., 2009) provide evidence of very
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FIGURE 3 Fragment of biochar coated with nanoparticles that

have a high concentration of Si, Fe, Al, Ti (see Figure S4) embedded
in a soil microaggregate. Nanoparticles are the small spherical and
ovoid particles on biochar lattice. Sample of biochar removed from a
9-year field trial of greenwaste biochar (Weng et al., 2017). Mineral
nanoparticles on the biochar surface can play a key role in the
formation of microaggregates that protect biochar from decomposition.
The energy-dispersive X-ray spectroscopy (EDS) spectrum of this
image is shown in Figure S4

long-term reactions of biochar in soil. Observations of Terra
Preta soils identified that a substantial fraction of the biochar
remained in particulate form, protected by Fe and Al oxides
(Glaser et al., 2000).

Colloidal aged biochar particles consisting of microag-
glomerates and fragments of the C matrix may be more mo-
bile in soil than fresh biochar (Wang, Zhang, et al., 2019).
These particles can have higher negative charge on the sur-
face compared with fresh biochar due to the higher con-
centration of C—-O functional groups (Wang, Zhang, et al.,
2019), further increasing CEC and capacity to adsorb organic
molecules.

The bioavailability of heavy metals has been observed
to increase or decrease as biochar ages in soil (Wang et al.,
2020). For example, the reduction in uptake of Cd and Pb
from a highly contaminated soil was sustained over 3 years
after a single application of wheat straw biochar (Bian et al.,
2014). Potentially, adding a small amount of biochar in a band
every year could ensure heavy metals remain immobilized.

In their meta-analysis, Ye et al. (2020) reported an in-
crease in crop yield over multiple years after a single bio-
char application, where fertilizer was applied. Rafiq et al.
(2020) found that moderate rates (2—-6 Mg ha_l) of rice husk
(high ash) biochar applied with fertilizer gave a residual
benefit for pasture yield, lasting at least 3 years, associated
with enhanced microbial activity and diversity. Kumar, Elad,
et al. (2018) observed increased fruit yield and quality, and
resistance to the pathogen causing powdery mildew and the
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arthropod pest broad mite, over three seasons in fertilized,
irrigated peppers after application of greenwaste and woody
biochars. Crop growth on Terra Preta soils is approximately
double that on adjacent unamended soils, providing evi-
dence that biochar can increase soil fertility over centuries
(Lehmann et al., 2003).

There is a substantial body of literature examining biochar
reactions over multiple years based on one-time application
of biochar at high rates (e.g., 20-30 Mg ha™! or 2-3% wiw),
often in pots (e.g., Burrell et al., 2016), but there are few stud-
ies of biochar or BCF applied at low (commercially viable)
rates, as single or repeated applications. Slow release of P
from BCF and biochar can increase P-use efficiency in tropi-
cal soils over the medium- to long-term (Lustosa Filho et al.,
2020), possibly through (i) input with high P biochars such as
those made from manure or sewage sludge; and (ii) reduced
P sorption due to DOM released from biochar (Schneider &
Haderlein, 2016).

In summary, aging through interactions of biochar with soil
minerals and microbes generally leads to functionalized sur-
faces consisting of organo-mineral microagglomerates, which
can increase nutrient-holding capacity. Microagglomerates
and portions of the C matrix can detach, and colloidal-sized
particles can migrate through the soil profile. Aggregation
can protect biochar and newly added organic matter, stabiliz-
ing new C for long periods in soil. Residual effects of single
application of biochar on pH have been recorded, and some
residual yield benefits have been observed.

3 | BIOCHAR'S ROLE IN
SUPPORTING FOOD SECURITY

Over 1700 studies published between 2010 and 2020 (Web
of Science) describe the effects of biochar on plant produc-
tion. Meta-analyses have found yield responses of annual
crops and trees of 10%—42% and identified site and biochar
features giving greatest responses (Table 1).

Sandy soils and soils with CEC below 100 mmol, kg™
or organic C content below 20 g kg_1 are most responsive
(Dai et al., 2020; Ye et al., 2020). Soil pH is consistently
identified as a key variable (Dai et al., 2020; Jeffery et al.,
2011): Responses were greatest in acidic soils, because of
the liming effect of biochar and a concomitant decline in
available Al (Van Zwieten, Rose, et al., 2015). Importantly,
Ye et al. (2020) identified that yield responses were greater
in the third year after a single application, when fertilizer
was applied with the biochar. This response most likely
reflects the physicochemical and microbial changes that
improve soil health as biochar ages (Section 2.3), rather
than a simple soil pH response. A meta-analysis by Glaser
and Lehr (2019) found availability of P increased on aver-
age by a factor of 4.6 in response to biochar application.
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They noted that biochar increased P availability by a fac-
tor of 5.1 and 2.4 in acidic and neutral soils, respectively,
but it had no effect in alkaline soils or at application rates
below 10 Mg ha™' or with biochars produced at HTT <
600 °C (Glaser & Lehr, 2019). The optimal biochar dose
differed between studies (Table 1) and is dependent on the
biochar characteristics, soil properties, and the constraint
being addressed. Biochar may have no effect on yields
when low-nutrient biochars are applied without fertilizer,
or when biochar is applied to nutrient-rich soils (Ye et al.,
2020). Negative effects can result from reduction in soil
N and P availability (Nielsen et al., 2014; Prommer et al.,
2014) especially at high rates of high temperature biochars
(Kammann et al., 2015) through binding mechanisms de-
scribed in Section 2.2.

A meta-analysis of the impacts of biochar on rice produc-
tion (Awad et al., 2018) showed a net yield increase of 16%,
with greatest response at 11-20 Mg ha™! and with biochars
produced at 400-450°C. The co-application of biochar with
N fertilizer tended to provide the greatest yield increase, sup-
porting previous evidence (Van Zwieten, Kimber, Morris,
Chan, et al., 2010) that biochar can increase fertilizer N-use
efficiency, and suggesting that biochar addition could main-
tain crop N uptake at lower doses of fertilizer N. Similarly, in
two studies using BCF, N partial factor productivity increased
by 37%—74% (Joseph, Graber, et al., 2013; Qian et al., 2014).

Biochars are generally found to increase soil water-holding
capacity, which would enhance resilience of agricultural sys-
tems to drought, especially under climate change (Edeh et al.,
2020) and may further explain the positive effects of biochars
in sandy soils especially in arid and semiarid areas. Grass and
straw biochars increase water-holding capacity to a greater
extent than woody biochars (Burrell et al., 2016; Kroeger
et al., 2020). Meta-analyses have shown increases in plant
available water content of 33%—45% in coarse-textured soils
and 9%-14% in clay soils (Edeh et al., 2020; Omondi et al.,
2016; Razzaghi et al., 2020), with greatest response at 30—
70 Mg ha™'. Using X-ray p-tomography, Quin et al. (2014)
observed increases in total soil porosity, connectivity of pore
space and number of fine pores across soils of different tex-
ture, explaining the results of Edeh et al. (2020) and Razzaghi
et al. (2020).

The average 27% increase in photosynthetic rate in C;
plants (but no effect on C, plants) observed in the meta-
analysis of He et al. (2020) associated with increased stoma-
tal conductance, transpiration rate, and chlorophyll content
was attributed to the combined effects of biochar on water
availability and N nutrition.

Heavy metal pollution in arable land significantly impacts
plant growth and food safety (Luo et al., 2018) especially in
developing countries (Hou et al., 2020). Application of bio-
char to contaminated soils could reduce heavy metal bioavail-
ability via (1) direct interactions between biochar and heavy

metals, and (2) indirect interactions that immobilize heavy
metals through modification of soil properties (see Section
2.2.3), and could contribute to the yield benefits of biochar
particularly in acid soils, as soil pH is a key property gov-
erning the speciation and mobility of heavy metals. Increase
in soil CEC following biochar application can also reduce
the bioavailability of cationic heavy metals (Mohamed et al.,
2017). Biochar application can also alter soil Eh, impacting
the speciation, mobility, and bioavailability of anionic heavy
metalloids such as As (Yuan et al., 2017).

Heavy metals may be present in biochar produced
from feedstocks such as sewage sludge and treated timber.
Although the pyrolysis process concentrates most heavy met-
als, some metals such as Cd and Zn (Dong et al., 2015) and
As (Zhang et al., 2020) can be partly volatilized during py-
rolysis resulting in lower concentrations than the feedstock.

Application of biochar is a promising approach to mit-
igate heavy metal contamination; however, the remediation
efficacy depends on the type of biochar, biogeochemical
properties of soil, plant species, and the specific heavy metal
(Albert et al., 2020; Palansooriya et al., 2020). Therefore, se-
lecting the appropriate biochar type to address heavy metal
contamination, suited to the soil properties, type of plant,
and specific heavy metal, can result in effective remediation
while safeguarding food quality.

Improved understanding of the key edaphic properties that
constrain plant production and heavy metal uptake, and that
can be addressed by biochar, enables design of “bespoke bio-
chars” engineered for specific applications (Crombie et al.,
2015) to contribute to food security.

4 | BIOCHAR'S ROLE IN CLIMATE
CHANGE MITIGATION

Biochar has been recognized as a negative emissions technol-
ogy (de Coninck et al., 2018; Cowie et al., 2020), in addition
to reducing GHG emissions from soil, as reviewed below.
Among carbon dioxide removal strategies, biochar is sug-
gested as a preferred method due to comparatively low cost
and large environmental benefits (Smith, 2016).

4.1 | Persistent carbon in biochar

Unlike other forms of biomass that are rapidly decomposed
in soil, the majority of C in biochar has a mean residence time
in the range of hundreds and thousands of years (Schmidt
et al., 2011; Wang et al., 2016). Due to this high persistence,
biochar can contribute significantly to long-term C seques-
tration (Lehmann, 2007). Sequential additions of biochar to
soil will continue to build SOC stocks, whereas additions of
unpyrolyzed organic matter (plant litter, compost, manure)
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will be rapidly mineralized, and will increase SOC stocks
only until an equilibrium is reached where inputs equal de-
composition rate (Figure 4).

The very slow decomposition of biochar in comparison
to unpyrolyzed biomass is attributed to its aromatic struc-
ture, which results from chemical transformations of biomass
during carbonization. Wood biochars pyrolyzed at tempera-
tures above 450-500°C have a mean residence time of hun-
dreds to a thousand years, compared with decades for manure
biochars (Kuzyakov et al., 2014; Kuzyakov & Gavrichkova,
2009; Singh et al., 2012, 2015; Wang et al., 2016; Table 2).
Kuzyakov et al. (2009) suggested that mean residence times
calculated from incubations (Table 2), which maintain opti-
mal conditions for decomposition, are around 10 times lower
than under field conditions (Kuzyakov et al., 2009), although
Rasse et al. (2017) found a similar rate of decomposition of
Miscanthus biochar between laboratory and field conditions
over a 90 day incubation period. The kinetics of formation
of the fused aromatic C structure depend on the rate of heat-
ing, the ratio of lignin to cellulose and hemicellulose, time
at the HTT, and mineral content (Budai et al., 2014; Leng
& Huang, 2018; Rawal et al., 2016). The initial process of
drying and depolymerization is endothermic and takes place
between ambient temperatures and approximately 250°C.
This is followed by an exothermic phase where most of the
volatile gases are released, up to a temperature of approxi-
mately 350°C. The largely amorphous structure of biochars
pyrolyzed at temperatures in excess of 400—450°C has been
found to be persistent. Further heat converts the C matrix to
a highly persistent three-dimensional nanographitic structure
at around 600°C (McDonald-Wharry et al., 2016). Minerals
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present in biochar, especially Si and P, can increase per-
sistence of biochar-C (Xu et al., 2017).

Estimating potential C sequestration through the use
of biochar requires prediction of its persistence in soil.
Temperature thresholds identified in the transformation pro-
cesses can indicate persistence. Using hydrogen pyrolysis to
assess relative chemical stability, McBeath et al. (2015) esti-
mated, across a wide range of feedstocks, that <20% of the
biochar is persistent at pyrolysis temperatures <450°C, with
>80% persistent at 600-700°C. These findings are consistent
with the structural changes observed by McDonald-Wharry
et al. (2016).

While pyrolysis temperature is a convenient measure to
obtain predictions for broad trends in persistence, and ade-
quate for national GHG inventories (Ogle et al., 2019), ma-
terial properties are a more rigorous approach to estimate
biochar persistence for project-level GHG accounting and
research applications. The elemental ratio of hydrogen to or-
ganic C expressed as H/C,,, has been identified as a simple
and reliable parameter for characterizing biochar persistence
and recommendations for conservative thresholds have been
provided (Budai et al., 2013). These thresholds are being re-
fined as more data become available (Lehmann et al., 2015)
and other methods, such as spectral and thermal methods and
chemical oxidation, offer additional insights (Leng & Huang,
2018; Li & Chen, 2018).

Biochar properties are the key determinant of its per-
sistence in comparison to mineralization of unpyrolyzed bio-
mass, but edaphic and climatic factors are also influential. As
discussed in Section 2.2, the formation of microaggregates
through interaction of biochar with minerals and native SOM
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FIGURE 4 Accumulation of soil organic carbon (SOC) stocks with sequential biochar additions, due to (i) the highly persistent carbon

in biochar, (ii) biochar-induced negative priming, and (iii) additional C input from plant roots through retention of rhizodeposits (A Root C),

compared with limited SOC stock increase with addition of unpyrolyzed organic matter. Conceptual example for a scenario where biochar is added

every 3 years and decomposes at 3% per year, compared with annual additions of unpyrolyzed biomass, of which 90% decomposes each year
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can reduce the mineralization of biochar-C; thus, persistence
is likely to be greater in soils dominated by minerals that
form stable aggregates (kaolinite and sesquioxides), such as
Oxisols and Ultisols (Fang et al., 2015; Fungo et al., 2017,
Weng et al., 2017). There is some evidence that biochar per-
sistence decreases as ambient temperature increases (Fang
et al., 2017). The movement of biochar through the soil pro-
file can increase persistence in some soil types (Singh et al.,
2015).

4.2 | Priming effects

Change in the mineralization rate of SOM induced by organic
or mineral amendments is known as “priming” (Kuzyakov
et al., 2000). Historical addition of pyrogenic organic matter
has been shown to slow SOM mineralization and enhance
native soil organic C (SOC) stocks (Borchard et al., 2014;
Downie et al., 2011; Hernandez-Soriano et al., 2016; Kerré
et al., 2016; Liang et al., 2010). The direction of priming
can be positive or negative, with an increase or decrease of
SOM mineralization, respectively. Priming effects of biochar
are reviewed in more detail in Text S3. Meta-analyses show
that biochar application commonly induces positive priming
initially (for 20 days: Maestrini et al., 2015; 2 years: Ding
et al., 2018), followed by negative priming, of 3.8% on aver-
age (Wang et al., 2016). Wang et al. (2016) further identi-
fied that biochar decreased SOM mineralization by 20% with
crop residue biochars, 19% with fast pyrolysis biochars, 19%
with low temperature biochars (200-375°C), and 12% with
low biochar application rates (0.1%—1% w/w) but increased
SOM mineralization by 21% in sandy soils. Ding et al. (2014)
found that the magnitude of negative priming increased with
increasing pyrolysis temperature, time following biochar ap-
plication, and soil clay content >50%, but decreased with an
increasing C:N ratio of soil.

Mechanisms for biochar-induced positive priming in-
clude direct effects from: (1) greater microbial activity
and enzyme production fueled by the addition of the eas-
ily mineralizable C from biochar (Luo et al., 2013; Singh
& Cowie, 2014; Section 2.1), and (2) microbial nutrient
mining (e.g., N and P); and indirect effects such as (1)
amelioration of acidity by biochar that promotes microbial
activities (Luo et al., 2011), (2) amelioration of nutrient
constraints (Mukherjee & Zimmerman, 2013), (3) en-
hanced microbial habitat (Luo et al., 2013; Pokharel et al.,
2020) and soil faunal activity, and (4) much better aeration
because of increased size and stability of macroaggregates
and lower soil bulk density, all leading to increased micro-
bial activities.

Biochar can cause negative priming directly by (1) sub-
strate switching where the easily mineralizable C from
biochar may be preferentially consumed by microbes

to temporarily replace the use of SOC (DeCiucies et al.,
2018; Kuzyakov et al., 2000) and (2) a dilution effect of
substrates where added biochar temporarily reduces the
mineralization of the more readily mineralizable C in soil
(Whitman et al., 2014) and indirectly from (3) the sorp-
tion of organic compounds by biochar (DeCiucies et al.,
2018; Kasozi et al., 2010), (4) improved organo-mineral
protection and stable aggregation slowing down the min-
eralization of SOC within the organo-mineral complexes
(Fang et al., 2018; Weng et al., 2017, 2018), and (5) in-
hibition of microbial activity by polyaromatic toxic com-
pounds (Zhang et al., 2018). Biochar amendments reduced
the activities of soil enzymes associated with C cycling by
6% (Zhang et al., 2019), improved C-use efficiency (Liu,
Zhu, et al., 2019, 2020), increased soil microbial biomass
(Li et al., 2020), and lowered the metabolic quotient by
12%-21% (i.e., respiration rate CO,-C per unit of micro-
bial biomass C) compared with the unamended soils (Zhou,
Zhang, et al., 2017), the latter attributed to improved mi-
crobial habitats and alleviation of environmental stresses
including acid soil constraints. Negative priming is found
to result mainly from substrate switching (Ventura et al.,
2019) and dilution (DeCiucies et al., 2018) in the short
term, with adsorption being more important after several
weeks.

Biochar can affect new additions to soil of plant-derived
C, and these rhizodeposits can also prime and act as a source
of SOC. In a subtropical pasture on a Rhodic Ferralsol, a
13C-depleted hardwood biochar (450°C) initiated positive
priming up to 0.15 Mg C ha™! over 62 days, switching to
negative priming after 188 days in the presence of plants
(Weng et al., 2015). Biochar builds SOC through soil ag-
gregation processes that stabilize new C (i.e., rhizodepos-
its), by 6%—16% (Ventura et al., 2019; Weng et al., 2015,
2017), as well as by reducing priming caused by plant C
input (Whitman et al., 2014). In a 6-year field experiment
where woody biochar was applied to corn and bioenergy
crops, SOC stocks increased by 14 Mg C ha™', twice the
quantity of C added in the biochar, as a result of negative
priming (Blanco-Canqui et al., 2020). Figure 4 illustrates
how biochar application can lead to accumulation of SOC
stocks through biochar-induced negative priming and en-
hanced retention of rhizodeposits.

43 | Effect on GHG emissions

The complex soil microbial communities that produce
and consume N,O and CH, in soil and the interrelated
biotic and abiotic processes that take place, make pre-
dicting GHG emissions from soil extremely challenging.
Microbiological N transformations are the main source
of N,O emissions from soil, with autotrophic nitrification
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and heterotrophic denitrification being the main N,O for-
mation pathways. Biochar can lower denitrification (the
reduction of NO; to N,) by: (i) facilitating the last step
of denitrification (the transformation of N,O to N,), and
(i1) decreasing total denitrification activity (Cayuela et al.,
2013; Weldon et al., 2019). Biochar can facilitate the re-
duction of N,O to N, via: (i) increasing pH in acid soils
(Obia et al., 2015) thus enhancing the nosZ gene (Harter,
Guzman-Bustamante, et al., 2016); (ii) changing the rela-
tive abundance and composition of N,O-reducing micro-
bial communities (Harter, Weigold, et al., 2016); and (iii)
facilitating extracellular electron exchange (Chen et al.,
2014) or directly donating electrons to denitrifying bac-
teria (Pascual, Sanchez-Monedero, Cayuela, et al., 2020).
The decrease in denitrification may result from decrease
in availability of NO;~ and bioavailable C substrate
(Fiorentino et al., 2019; Hagemann, Kammann, et al., 2017,
Heaney et al., 2020). Abiotic processes, in particular with
biochars containing high Fe and Mn content (see Section
2.2.1), can directly catalyze the reduction of N,O to N,. It
has also been shown that N,O can be transformed to NHj,
pyridine, or pyrrole compounds on biochar surfaces, thus
decreasing N,O emissions (Quin et al., 2015).

Several meta-analyses have synthesized the results of
studies on effects of biochar on soil GHG emissions, and
sought to explain the differences between individual studies.
Although there are gaps in process understanding, and identi-
fication of best management practices, there is solid evidence
that biochar can mitigate soil N,O and CH, emissions from
soil, at least in the short and medium term (Borchard et al.,
2019; Cayuela et al., 2014, 2015; Fan et al., 2017; Jeffery
et al., 2016; Liu, Liu, et al., 2019; Liu, Zhang, et al., 2018;
Verhoeven et al., 2017).

Early meta-analyses on N,O emissions showed very high
mitigation (around 50% reductions) of N,O with biochar
(Cayuela et al., 2014, 2015). These studies included labora-
tory experiments performed under controlled conditions, and
with very high biochar application rates (>100 Mg ha™'). A
direct correlation between application rate and N,O decrease
was found (Cayuela et al., 2014), with lower N,O mitiga-
tion (average 27%) under more realistic rates equivalent to
10-20 Mg ha™'. Most experiments included in these meta-
analyses were carried out under high moisture conditions
favoring denitrification, where biochar is most effective in
decreasing N,O emissions (Cayuela et al., 2013; Weldon
et al., 2019).

Later meta-analyses including a larger number of field
studies and more realistic biochar application rates found
lower average reductions, of 12% (Verhoeven et al., 2017)
considering only field studies, and 38% (Borchard et al.,
2019) including laboratory and field studies. This contrasts
sharply with other (unpyrolyzed) organic amendments. For
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example, a meta-analysis on manure application to soil found
an average increase of 33% in N,O emissions compared to
synthetic fertilizer (Zhou, Zhu, et al., 2017). Even high C:N
amendments that tend to immobilize N in soil have been
found to increase N,O emissions. For instance, Xia et al.
(2018) found an average increase of 22% in N,O emissions
when straw was applied. Therefore, although the averaged
numbers differ between meta-analyses depending on the cri-
teria for the inclusion of studies and the methodology used,
there is strong evidence that biochar amendment reduces (on
average) direct N,O emissions from soil particularly when
compared to other organic amendments.

Biochars produced by slow pyrolysis, with high degree
of carbonization, high pH, and high surface area, are most
effective in suppressing N,O emissions (Borchard et al.,
2019; Cayuela et al., 2015; Weldon et al., 2019). A dose of
10-20 Mg ha™" has been found to significantly reduce N,O
emissions (Borchard et al., 2019; Cayuela et al., 2014). The
effect of biochar might diminish with time, as biochar ages
in soil (Borchard et al., 2019; Fungo et al., 2017; Liu, Zhang,
et al., 2018). Nevertheless, the mitigation provided initially
can be substantial, and repeated applications may maintain
the mitigation benefit.

The impact of biochar on CH, fluxes has been widely
evaluated in paddy and non-flooded soils. Whereas non-
flooded soils mostly act as a sink of atmospheric CH,,
paddy soils can be a significant source of CH,. Several meta-
analyses found that, on average, biochar mitigates CH, emis-
sions from flooded soils, particularly from acidic soils, but
decreases the CH, sink of non-flooded soils (Jeffery et al.,
2016). Ji et al. (2018) cautioned that the co-application of
biochar with nitrogen fertilizers substantially decreased the
effectiveness of biochar in reducing soil CH, emissions from
paddies, however, their meta-analysis also showed that the
biochar-induced decrease in CH, uptake by non-flooded soils
was lessened when N fertilizer was also applied. Further, a
recent study demonstrates the relevance of biochar proper-
ties to the effect on soil CH, uptake rates: biochars with high
electrical conductivity and ash concentrations decreased CH,
sink capacity whereas biochars from woody materials pyro-
lyzed at high temperatures and with high pore area increased
soil CH, uptake rates (Pascual et al., 2020). Qian et al. (2014)
found a decrease in N,O and CH, emissions from paddy soil
when a range of biochar-based BCFs was compared with
NPK fertilizers.

43.1 | GHG intensity and yield-
scaled emissions

To avoid overlooking potential trade-offs with crop yields,
studies report GHG intensity (GHG per unit crop yield)
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(Mosier et al., 2006) or yield-scaled emissions for N,O
(i.e., N,O emissions in relation to N uptake of the above-
ground crop) (Van Groenigen et al., 2010). Analyses of
specific cropping systems show a decrease in GHG in-
tensity with biochar application in vegetable fields (Fan
et al., 2017) and in wheat-rice rotation systems (Wu et al.,
2019). One of the first studies summarizing results on
yield-scaled N,O emissions was performed by Verhoeven
et al. (2017) who found that biochar decreased yield-
scaled N,O emissions across the majority of the studied
cropping systems, although a meta-analysis could not be
carried out due to the low number of field studies and ex-
cessively high variance between studies. Later, Liu, Mao,
et al. (2019) were able to incorporate a larger number of
studies and showed an overall reduction of GHG intensity
by 29% after biochar amendment, with higher reductions
in non-flooded soils (—41%) compared to paddy fields
(=17%). A meta-analysis focusing on vegetable fields in
China also found that biochar application decreased yield-
scaled N,O emissions by an average of 35% (Gu et al.,
2020).

432 | Potential trade-offs between C
sequestration and non-CO, GHG emissions

In order to evaluate the full net GHG balance of biochar in
soil, the fluxes of CH, and N,O and the changes in SOC
stocks need to be jointly assessed. Usually, CH, and N,O
emissions are expressed in CO,-equivalents using 100-
year global warming potential. In non-flooded soils, the
relationship between SOC changes and N,O emissions
usually regulates the net GHG emission, since agricultural
soils are often weak CH, sinks. One of the greatest dif-
ficulties for the comprehensive analysis of the balance be-
tween C sequestration and N,O emission lies in the need
for long-term studies to measure changes in SOC reserves
(Smith et al., 2020) and the laborious nature of direct
measurements of N,O, which makes long-term N,O stud-
ies (>10 years) very rare.

An increase in SOC is often associated with higher N,O
emissions, which could counteract the mitigation benefits de-
rived from C sequestration (Davies et al., 2020). However, it
is precisely in these trade-offs where biochar might have the
greatest advantage compared to other soil amendments and
other SOC sequestration strategies. Although a comprehen-
sive meta-analysis on these trade-offs has not been published
yet, results from separate meta-analyses on C sequestration
(Bai et al., 2019) and N,O emissions (Borchard et al., 2019;
Liu, Liu, et al., 2019) point to a strong synergy between C
sequestration and mitigation of N,O emissions with biochar,
which is much less evident for other SOC sequestration strat-
egies (Guenet et al., 2021).

5 | BIOCHAR'S ROLE IN THE
CIRCULAR ECONOMY

The circular economy concept aims to conserve resources,
and minimize inputs and waste. Biochar can support the de-
velopment of a circular economy at regional and farm scale
by improving nutrient recovery and nutrient use efficiency.
The economic case for biochar production is strongest for
biochar made from residue materials, especially when the
residues contain high concentrations of nutrients, such as
animal manures and sewage sludge. Concerns that these
feedstocks may contain contaminants restrict their beneficial
reuse. Fortunately, most organic contaminants are destroyed
with high efficiency during pyrolysis, by thermal degrada-
tion and volatilization followed by destruction during vapor
combustion. This has been shown for PAHs (Zielinska &
Oleszczuk, 2015), polychlorinated biphenyls (Bridle et al.,
1990), per- and polyfluoroalkyl substances (PFAS; Kundu
et al., 2021), microplastics (Ni et al., 2020), antimicrobials
(Ross et al., 2016), antibiotics (Tian et al., 2019), antibiotic
resistance genes (Kimbell et al., 2018), and hormones (estro-
gen; Hoffman et al., 2016).

While incineration destroys organic contaminants with
similar efficiency to pyrolysis (Baukal et al., 1994), unlike
incineration, pyrolysis retains a large portion of the feed-
stock C (typically around 50%), and most nutrients, in the
biochar. In addition, pyrolysis gases can be captured for use
as a renewable energy product (see Text S4). Of the main
plant nutrients, P and K are fully retained in biochar at typi-
cal pyrolysis temperatures (300°-700°) (Bridle & Pritchard,
2004; Buss et al., 2016). Nonetheless, 50%—-80% of N can be
lost (Hossain et al., 2011; Ye et al., 2020; Yuan et al., 2018)
depending on the N content of the feedstock (Torres-Rojas
et al., 2020), with greater loss at high pyrolysis temperature.
A meta-analysis found N, P, and K concentrations in biochars
of 1.0%, 0.4%, and 1.9% (wood-derived biochars), 1.5%,
0.8%, and 4.1% (crop residue biochars) and 2.4%, 2.6%, and
2.5% (manure/sewage sludge biochars), respectively (Ippolito
et al., 2020).

Notably, some sewage sludge biochars contain as much
as 6%—20% total P (Faria et al., 2018; Roberts et al., 2017,
Shepherd et al., 2016; Zhang et al., 2015). However, only
a fraction of the total nutrients in biochar is available for
plant uptake (in the short-medium term), in the order
K>P>N. A meta-analysis found that, on average, the fol-
lowing percentages of the N, P and K present in biochar
were bioavailable: 0.5%, 3%, and 9% (wood-derived bio-
char), 0.4%, 6%, and 22% (crop residue biochar) and 5%,
5%, and 17% (manure/sewage sludge biochar), respectively
(Ippolito et al., 2020).

Biochar P availability can be increased by selecting low
Ca feedstocks or doping feedstock with K, leading to pref-
erential binding of P with K instead of Ca, Mg, Fe, or Al,
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Carbon flux

FIGURE 5 Biochar systems utilize organic residues, including forest, crop, and horticultural residues, to produce biochar that is used as a soil

amendment directly, and indirectly via feeding to livestock. Pyrolysis gases and process heat, co-products of biochar production, can be used to

supply renewable energy

forming highly soluble salts (Buss et al., 2020). Biochars can
be optimized to sorb P or N from wastewater and hence be
loaded with extra nutrients that are accessible to plants (Mood
et al., 2020; Shang et al., 2018; Shepherd et al., 2016, 2017),
reducing wastewater P and N concentrations, preventing eu-
trophication, and returning nutrients to agricultural land.

Controlled release biochar-fertilizer combinations can
be produced from low-nutrient biomass mixed with mineral
or organic nutrients before pyrolysis and/or organic nutri-
ents after pyrolysis, or by composting to enrich with nutri-
ents (Buss et al., 2019, 2020; Dong et al., 2019; Hagemann,
Joseph, et al., 2017; Schmidt et al., 2015) and these can be
effective at low application rates when applied in a band near
the seed/plant (Qian et al., 2014; Schmidt et al., 2015; Yao
et al., 2015; Zheng et al., 2017).

The use of biochar in composting of organic residues such
as manures can reduce N losses through volatilization and
leaching, reduce GHG emissions, increase C persistence,
and reduce availability of heavy metals (Agyarko-Mintah
et al., 2017; Akdeniz, 2019; Oldfield et al., 2018; Sanchez-
Monedero et al., 2018).

Biochars, including BCFs and biochar used as a compost
additive, thus improve nutrient recovery from organic resi-
dues, facilitate use of residues in soil amendment, and re-
duce environmental impacts of waste management. Biochar
systems (Figure 5) thereby contribute to building a circular
economy.

6 | CONCLUSION AND
RECOMMENDATIONS

Soil and plant responses to addition of biochar can be nega-
tive, positive, or neutral, depending on many variables, in-
cluding feedstock and pyrolysis temperature, application

rate and method, and application context (crop, soil type,
and environmental and biological stresses). Considering
the heterogeneous nature of biochars and the complexity of
the physical, biochemical, and microbiological processes
underpinning the effects of biochars, reviewed above, it is
not surprising that studies report a wide range of responses
to biochar application. Results are also strongly influenced
by experimental design aspects; studies that do not include
plants, or are undertaken in soil-less media, or based on pot
trials cannot readily be extrapolated to field situations.

Scientific understanding of the biochar—soil-plant pro-
cesses and interactions has evolved over the last decade,
providing the basis to interpret the divergent results in the lit-
erature and identify optimal uses of biochars. The following
encapsulates current knowledge, as reviewed in this paper.
Biochar catalyzes microbial and abiotic processes in the
rhizosphere, decreasing the activation energy for biotic and
abiotic reactions, which can increase nutrient mineralization
and facilitate nutrient uptake by plants. Higher microbial ac-
tivities lead to accelerated turnover of organic matter which
enhances nutrient supply. Biochar reduces the availability of
heavy metals, increases plant resistance to disease, and im-
proves resilience to environmental stressors. The microscale
processes on the biochar surface and in the rhizosphere me-
diate the macro responses of plants to biochar. The catalytic
ability of biochar changes as it ages in soil through oxidation
and interactions with minerals, microbes, soil fauna, and or-
ganic matter.

Significant yield increases occur where site-specific soil
constraints, nutrient and water limitations are addressed by
appropriate biochar formulations applied at an optimal appli-
cation rate. Meta-analyses of crop responses to biochar show
average yield increases of 10%—42%, with greatest responses
in acidic and sandy soils where the biochar has been applied
with organic and/or mineral fertilizers. On average, biochars
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increase P availability by a factor of 4.6, decrease plant tis-
sue concentration of heavy metals by 17%-39%, build SOC
through negative priming by 3.8% (range —21% to +20%),
and reduce non-CO, GHG emissions from soil by 12%-50%.

To enable widespread adoption, biochar needs to be read-
ily integrated with farming operations, and be economically
viable. Formulations that combine biochar with mineral and/
or organic fertilizers and minerals are likely to have high nu-
trient use efficiency and be the most cost-effective. Such for-
mulations are the major focus of commercialization, but they
have received limited attention in research studies, and very
few field trials have been undertaken.

Knowledge gaps remain regarding biochar—soil—plant
interactions in the field over the longer term, including lon-
gevity of yield response and reduction of N,O emissions;
the direction, magnitude, and duration of organic matter
priming; and long-term effects of repeated applications.
Research is needed on processes that influence the capture
and release of heavy metals in the long term to determine
optimum scheduling of re-application of biochar. Further
research on the effects of biochar properties on root mem-
brane potential and microbial nutrient cycling will inform
the development of optimal formulations to increase nutri-
ent uptake efficiency.

We recommend that guidelines on selecting and pro-
ducing biochar formulations to meet specific soil and en-
vironmental constraints and increase farm profitability be
developed, based on the findings of this review. Biochars can
be tailored for specific applications through feedstock selec-
tion; by modifying process conditions; through pre- or post-
production treatments to adjust pH, increase nutrient level
and availability, carbon persistence and adsorptive proper-
ties; or co-application with organic or mineral fertilizers. Use
of biochar in waste management, such as co-composting of
animal manures and pyrolysis of sewage sludge, can capture
nutrients and reduce GHG emissions.

This review presents strong evidence that biochar can
contribute to climate change mitigation through carbon se-
questration and reduction in soil GHG emissions, and that
significant benefits to plant production are possible, par-
ticularly where site-specific soil constraints and nutrient
and water limitations are addressed by appropriate biochar
and fertilizer applications. Biochar has the greatest poten-
tial to increase crop yields in low-nutrient, high P-fixing
acidic soils, common in the tropics and humid subtropics,
and in sandy soils, particularly in dryland regions that are
likely to be increasingly affected by drought under climate
change. Biochar can also mitigate heavy metal pollution,
that impacts food production and food safety in many de-
veloping countries, and enhance resource use efficiency.
Thus, biochar can play a key role in addressing climate
change and supporting global food security and the circu-
lar economy.
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Foreword

The Australian Biochar Industry Roadmap is a call to
action. It demonstrates and explains the huge potential
for growth of biochar production and use in Australia.
Making this potential real will deliver major economic,
environmental and social benefits.

Better utilisation of currently wasted and residual biomass
resources for biochar production can provide valuable
inputs into agriculture and industry. In agriculture, biochar
can improve soil fertility and increase moisture retention.
Fed to cattle or sheep, biochar can improve digestion so
that more feed is converted into increased meat, milk and
other animal products, and less methane is released. In
industry, biochar can provide a renewable source of inputs
that would otherwise be drawn from coal, oil or gas and
contribute to carbon emissions. It can contribute this value
while capturing and storing for long periods the carbon
that has been absorbed from the atmosphere by plants. The
long-term storage of carbon as biochar is recognised as a
secure source of negative emissions.

The Australian Biochar Industry 2030 Roadmap comes at an
important time, when we need to lower emissions quickly,
and to develop new sources of economic growth.

The production of the Roadmap is a tribute to ANZBIG, the
peak body of the growing biochar industry. The Roadmap
embodies the results of extensive participant consultation.
This not-for-profit group has attracted members and
supporters from biochar producers, biochar users, capital
providers, research scientists, engineers, and citizens with
an interest in climate change action. ANZBIG's Roadmap
will inform the community and illuminate the case for new
policies from all Australian governments.

ANZBIG's Roadmap is especially timely. The 2020s are the
critical decade, in which people with influence now will
take decisive steps towards stopping the trend to higher
global temperatures, or leave future generations with an
impossible task.

Australia has the resources to strengthen its economy
through developing net zero targets, while removing
its own emissions and contributing substantially to net
zero emissions in the rest of the world. Biochar can make
significant additions to these important outcomes in the
years to 2030, and much more after that.

The ANZBIG Roadmap demonstrates the contribution
biochar can make to Australian economicand environmental
goals. Community understanding of the Roadmap will drive
removal of barriers to increased development of this new
industry. High levels of investment will follow introduction
of policies that recognise the value of innovation in a
burgeoning industry that has potential for large expansion,
and the value of removing carbon dioxide from the
atmosphere.

| look forward to working with you in making progress in
the directions defined by the Roadmap. And | look forward
to the biochar industry making a major contribution to the
emergence of Australia as a Superpower of the net zero
world economy.

Ross Garnaut AC
Patron, ANZBIG, May 25, 2023
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Executive Summary

Biochar provides Australia with an important economic,
social and environmental opportunity if scaled success-
fully. Over 50 million tonnes a year of commercially
accessible sustainable biomass residues are currently
being burned, landfilled, or under-utilised. This Road-
map, produced by the peak body for biochar in Austra-
lia, ANZBIG, outlines the approach required to success-
fully seize this opportunity by 2030.

The Australian biochar industry has world-leading biochar
technologies, research and significant residual biomass
resources. The industry is ready for scale-up, requiring a
concerted effort from industry, research, government and
capital investment to deliver on this opportunity.

Biochar has been identified as a key source of non-fossil
carbon with the potential for many important applications
in our society including as an enhancement to land and
agriculture, and as an important additive for industrial
applications.

Biochar productionis one of the carbon dioxide (CO2) removal
methods, also known as negative-emissions technologies
(NETs), recognised by the United Nations’Intergovernmental
Panel on Climate Change (IPCC) as an effective method for
climate change mitigation.

Successful implementation of this Biochar Roadmap by
2030 has the potential to reduce Australia’s net carbon
emissions by 10-15%, provide up to 20,000 permanent jobs
(especially in regional and rural areas), improve soil health
and agricultural productivity and return degraded lands to
a higher value.

The production of biochar provides a sustainable and
climate-friendly opportunity to convert millions of tonnes
of wasted organic resources into valuable carbon products
and renewable energy for a circular and regenerative new
carbon economy.

The outlined Roadmap Actions will assist in scaling the
current biochar industry to a multibillion dollar per year
industry by 2030 (estimated to be at least $1-$5 Billion per
annum) that sustainably drives economic efficiency and
climate change mitigation in Australia.

The roll out of the Roadmap will require strong collaboration
across Australia from industry, government, research and
capital. The resourcing of the Roadmap should be a strong
priority for the organisations that will benefit from a thriving
biochar industry.

The implementation of the Roadmap Actions over the 2023
to 2030 period will provide a firm basis for a successful
biochar industry in Australia and contribute substantially
and economically to Australia’s climate change mitigation
obligations.

Nigel Murphy
Chairman, ANZBIG, June, 2023
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An Introduction to the Roadmap

Why produce a Roadmap?

A biochar industry Roadmap is necessary to catalyse the
sector. Whilst there has been significant development and
growth in the sector over the last couple of years there are
still many hurdles and obstacles to overcome to enable the
industry in Australia.

ANZBIG as the peak body for the biochar industry has
developed the Roadmap and is seeking an inclusive and
consensus driven approach to growing the industry.
Following industry consultation which noted key differences
and needs, a separate roadmap for the biochar industry in
New Zealand will also be developed.

Who is ANZBIG?

ANZBIG is a not-for-profit association that assists companies,
governments and institutions in the effective production
and use of biochar. The industry group facilitates and
streamlines biochar education, research, collaboration and
commercialisation activities to provide better outcomes for
the biochar sector in Australiaand New Zealand. ANZBIG has
developed the Code of Practice for the Safe and Sustainable
Production and Use of Biochar in Australia and New Zealand.

What is biochar?

Biochar is a charcoal-like product made by heating any
form of organic matter (biomass) in a controlled process
with limited oxygen, called pyrolysis. This product is called
biochar when it is used as a soil amendment, or for other
uses that store the carbon in a durable form.

The carbon content and properties of biochar vary depend-
ing on feedstock, but biochar can be more than 90% carbon.
Biochar is characterised by distinct physical, biological and
chemical properties and can have a positive effect on phys-
ical and biochemical processes. It is a non-fossil source of
carbon. For more info, see video here

What are the uses of biochar?

There are many uses for biochar as a valuable solid
carbon product which can be used in many soil and
non-soil applications, many of which can provide carbon
sequestration that is stable in the long term.

The many uses of biochar are well documented and

supported in scientific literature including:

e Agricultural amendment for improving soils through
physical and chemical interactions with soils, nutrients
and water.

® Industrial agent for improving physical and chemical
properties of materials including concrete, asphalt,
industrial inks/paints and resins (e.g. bioplastics).

® Feed additive for livestock to improve health and
condition.

e A non-fossil, concentrated carbon source that can
substitute for carbon black, activated carbon and other
carbon feedstocks used in various industries

See Figure 1. Appendix A for example uses and applications.

Itis important to note that any use of biochar which involves
combustion or oxidation does not provide CO2 removal from
the atmosphere, importantly however it can still reduce new
emissions where fossil fuels are displaced/avoided by its use.
Co-products of biochar production also have many uses as
an energy source and pyroligneous acid / wood vinegar is a
valuable biostimulant in the agricultural industry.

To ensure industry sustainability and benefit, systematic
consideration of highest value use of feedstocks, biochar
and co-product end uses should be a priority. This includes
consideration of climate benefits among many other factors
through processes such as triple bottom line assessment
(environmental, economic and social).
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Recent estimates
indicate that biochar
could mitigate up to
6.6 Billion tonnes of
COze globally per
year by 2050'. This is
indicatively equivalent
to the USA’s annual
GHG emissions
(1990-2019)>.

(1) IPCC 6th Assessment Report,
March 2022;

(2)UNEP Emissions Gap
Report, 2020.
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An Introduction to the Roadmap

continued

The UN Sustainable Development Goals (SDG's) are
globally recognised by government, non-government and
industry organisations to help guide such consideration.
Sustainability for the Australian Biochar Industry is a core
value of the ANZBIG Code of Practice and the development
of further detailed guidance forms part of the initiatives and
actions of this Roadmap.

How can biochar be beneficial to
mitigating climate change?

Plants grow via photosynthesis using atmospheric CO.
When plant biomass is turned into biochar, up to half the
carbon contained within the feedstock is converted into
a solid form of carbon (biochar) which is stable in the long
term, effectively removing it from the natural carbon cycle as
illustrated in Figure 2. CO2 Removal (CDR), also referred to as
‘drawdown; plays a critical role in combating climate change.
When biochar is added to soil it can store carbon in a stable
form, locking it away for hundreds or even thousands of
years whilst also helping to regenerate degraded soils, with
co-benefits. Soil applications typically represent a very high
value use of biochar, and in cases such as enhancement of
food production can represent the highest value use.

Non-soil applications of biochar also contribute to CO:
drawdown where the biochar is embodied within long-lived
materials and products (e.g. roads, concrete) that will not be
combusted or decompose in the short term.

The Biochar Industry in Australia

The Australian biochar industry is in an early growth phase
which is seeing the emergence of biochar production
facilities in almost all States and Territories of Australia.
These include a range of production facilities from small
scale to multi-million-dollar investments. Australian biochar
equipment companies are also exporting their technologies
to Europe, Asia, and the Middle East.

The biochar industry includes the valuable co-products of
biochar production including bio-oils, syngas, heat energy
and wood vinegar. It also includes the suppliers of biomass
and equipment, logistics, value-adding, carbon removal
certificate generation, and the end use customers in the
biochar industry supply chain.

Biochar scientific research in Australia is active with a
number of universities and research institutions actively
contributing to global knowledge. There are a number of
start-ups and some mature companies actively innovating
in the biochar sector.

Current industry estimates indicate that the size of the
industry is $50 - 100 million, with successful scale up
expected to increase the industry at least ten fold over the
next eight years. This is consistent with overseas trends
where industry growth rates of 50% to 60% are being
experienced and forecast in the near future.

Current Australian biochar production is at a low level but
is growing rapidly. As of 2020 it was estimated at 10-20,000
tonnes per annum, with many projects under way and
emerging to significantly increase this in the short term.
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Alignment with Multiple

Government Policy Objectives

Carbon plays a central role in so many areas of our economy
andin government policy objectives.The production and use
of biochar can contribute positively toward multiple policy
objectives concurrently, including (but not limited to) the
following Commonwealth objectives below. State and Local
government objectives are similarly assisted. Supporting
the biochar industry to contribute to these important areas
can leverage government investment toward achieving the
targeted outcomes.

Climate Change / Climate Resilience /
Net Zero

® Net Zero Plan (Net Zero by 2050). Biochar can provide
significant contributions toward all six sectoral plans to
achieve net zero:
- Agriculture and Land; Built Environment ;
Electricity and Energy
- Transport & Infrastructure ; Industry ; Resources.

® 43% Emissions Reduction by 2030 (Climate Change Act,
2022, Paris Agreement)

e National Climate Resilience and Adaptation Strategy
2021 - 2025

® Net Zero in Government Operations Strategy

- Australian Public Service Net Zero Emissions by
2030

- Partnership in the (international) Net Zero
Government Initiative

e National Strateqy for Disaster Resilience

e Australian Disaster Preparedness Framework / Sendai
Framework

e Australian Carbon Credit Unit (ACCU) Scheme - a cross
industry working group including ANZBIG has lodged
an EOI for a new method for Biochar Carbon Dioxide
Removal.

e Bid to Co-Host COP31 (2026) - Enhancement of action
supporting COP31 with the Pacific

® National Science and Research Priorities

Circular Economy / Sustainability / Waste

e National Wate Policy (NWP) (2018) and NWP Action
Plan (2019)
- 50% reduction in organic waste to landfill by 2030

(Target 6)
- Recover 80% of all waste by 2030 (Target 3)
- Significantly increase the use of recycled content
by governments and industry (Target 5)

e National Circular Economy Framework

e (ircular Economy Ministerial Advisory Group (CEMAG)
— Priority action areas:
- Built Environment and Net Zero
- Innovation and Skills
- Food, Resources and Regions
- Circular Design & Consumption of Products

e 2030 Agenda for Sustainable Development and the
Sustainable Development Goals

e Australian Sustainability Reporting Standards — (draft)
Disclosure of Climate Related Financial Information
(EDSR1).

® Remade in Australia - circular carbon that concurrently
also provides climate action.
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- Environmentally Sustainable Procurement Policy &

Reporting Framework
e National Science and Research Priorities

Agriculture (Production / Climate
Resilience)
e Delivering AG2030: Australian Agricultures vision for a
$100 Billion Industry by 2030
- Production (output/yield); Biosecurity; Land
Stewardship
- Water and infrastructure; Innovation & Research

- Human Capital - rural and regional skills and
employment

- $100B in agricultural production by 2030
- Halve Food Waste by 2030

- 20% increase in water use efficiency for irrigated
agriculture by 2030

- Produce more from existing land - maintain
Australia’s total farmed land at 2018 levels
e National Soil Strategy (2023-2028) and National Soil
Action Plan
® (Carbon Farming Outreach Program

e Australian government commitments to the UN.
Convention to Combat Desertification (UNCCD)

® (Climate Resilient Agricultural Development and Food

Security Program
e National Science and Research Priorities
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https://www.dcceew.gov.au/environment/protection/waste/publications/national-waste-policy-action-plan
https://www.dcceew.gov.au/environment/protection/waste/publications/national-waste-policy-action-plan
https://www.dcceew.gov.au/environment/protection/circular-economy
https://www.dcceew.gov.au/environment/protection/circular-economy/ministerial-advisory-group
https://www.dfat.gov.au/aid/topics/development-issues/2030-agenda-sustainable-development
https://www.dfat.gov.au/aid/topics/development-issues/2030-agenda-sustainable-development
https://aasb.gov.au/news/exposure-draft-ed-sr1-australian-sustainability-reporting-standards-disclosure-of-climate-related-financial-information/
https://aasb.gov.au/news/exposure-draft-ed-sr1-australian-sustainability-reporting-standards-disclosure-of-climate-related-financial-information/
https://www.dcceew.gov.au/environment/protection/waste/consumers/remade-in-australia
https://www.dcceew.gov.au/environment/protection/waste/sustainable-procurement/environmentally-sustainable-procurement-policy
https://www.dcceew.gov.au/environment/protection/waste/sustainable-procurement/environmentally-sustainable-procurement-policy
https://www.industry.gov.au/publications/national-science-and-research-priorities-2024#:~:text=The%205%20national%20science%20and,a%20secure%20and%20resilient%20nation.
https://www.agriculture.gov.au/agriculture-land/farm-food-drought/ag2030
https://www.agriculture.gov.au/agriculture-land/farm-food-drought/natural-resources/soils
https://www.agriculture.gov.au/sites/default/files/documents/National-Soil-Action-Plan-2023-28.pdf
https://www.agriculture.gov.au/sites/default/files/documents/National-Soil-Action-Plan-2023-28.pdf
https://www.dcceew.gov.au/climate-change/emissions-reduction/agricultural-land-sectors/carbon-farming-outreach-program
https://www.dcceew.gov.au/environment/international/UNCCD
https://www.dcceew.gov.au/environment/international/UNCCD
https://www.dfat.gov.au/development/topics/development-issues/climate-resilient-agricultural-development-food-security
https://www.dfat.gov.au/development/topics/development-issues/climate-resilient-agricultural-development-food-security
https://www.industry.gov.au/publications/national-science-and-research-priorities-2024#:~:text=The%205%20national%20science%20and,a%20secure%20and%20resilient%20nation.
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Alignment with Multiple Government Policy Objectives ROADMAP
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Water Efficiency / Drought Resilience e Powering the Regions Fund - decarbonising existing

industries, developing new clean industries, Carbon Capture,

* National Water Initiative; Utilisation and Storage (CCUS), and driving ACCUs.

e Resilient Rivers Water Infrastructure Program — 450GL

target for water for the environment, including urban, : m Strate
industrial, mining, and on/off farm water efficiency. —gy_gy
® Murray Darling Basin Plan (efficiency measures), ¢ Aus‘trallas Future Gas Strategy Carbon plays a central
Sustainable Rural Water Use and infrastructure Program, * National Hydrogen Strategy role in so many areas
& Restoring our Rivers Act (2023) - “increase ways to - Hydrogen Headstart Program - Biohydrogen of our economy and
deliver water for the environment to reduce reliance on * Capacity Investment Scheme to encourage investment in in government policy
buybacks” renewables and storage ob,echves.
®  First Nations Water Policy (access to water) e Towards a Renewable Energy Superpower Report
e National Science and Research Priorities e National Energy Transformation Partnership with the states
® Unlocking Australia’s Low Carbon Liguid Fuels (LCLF)
Energy / Storage / Fuels (Including Opportunity (Future Made in Australia)
Batteries / Hydrogen / Biofuels e National Science and Research Priorities

®  Powering Australia
- commitments to support agriculture and carbon

Employment, Economic and Regional Resilience

farming, transport and energy e Future Made in Australia Agenda - enhancement of both
- 43% emissions reduction by 2030; Net Zero by major streams of the agenda: Net Zero Transformation Stream,
2050; 82% renewable electricity target and Economic Resilience and Security Stream.

e National Reconstruction Fund - priority areas for Renewables
& Low Emission Technologies, Agriculture, Forestry and Fisheries,
Transport, Resources and Advanced Manufacturing.

f_‘.;'_f.‘ﬁ‘l"i.} * Regional Investment Framework for strong and sustainable
regions
e Boosting Supply Chain Resilience Initiative
2@ Q e National Freight and Supply Chain Strategy
_ — ¢ |ndo-Pacific Carbon Offsets Scheme - $100M support to
anireong e pore— climate action in the region
environment e T e Australian government programs and partnerships for % E
8B Cimate Retent Agscutualevels : ll'INHMHNI\IIWHIH
Qi e (limate Resilient Agricultural Development and Food Securit i ﬂ‘“ H [ Il H" “H"“““ ‘ Al'l H“ ﬂm H H«Hl M"M mmm w 1 l
Program &

Supporting . . . ey

heathyand e National Science and Research Priorities
rivin;

communifies

The overlapping nature of the National Science and Research Priorities.
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https://www.dcceew.gov.au/water/policy/policy/nwi
https://www.dcceew.gov.au/water/policy/programs/open/rrwip
https://www.dcceew.gov.au/water/policy/mdb-plan
https://www.dcceew.gov.au/water/policy/mdb/programs/basin-wide/srwuip
https://www.dcceew.gov.au/water/policy/restoring-our-rivers-act
https://www.dcceew.gov.au/water/policy/first-nations
https://www.industry.gov.au/publications/national-science-and-research-priorities-2024#:~:text=The%205%20national%20science%20and,a%20secure%20and%20resilient%20nation.
https://www.dcceew.gov.au/energy/strategies-and-frameworks/powering-australia
https://consult.dcceew.gov.au/powering-the-regions-fund
https://www.industry.gov.au/publications/national-battery-strategy
https://www.energy.gov.au/energy-and-climate-change-ministerial-council/working-groups/first-nations-engagement-working-group/first-nations-clean-energy-strategy
https://www.minister.industry.gov.au/ministers/king/media-releases/australias-future-gas-strategy
https://www.dcceew.gov.au/energy/publications/australias-national-hydrogen-strategy
https://www.dcceew.gov.au/energy/hydrogen/hydrogen-headstart-program
https://www.dcceew.gov.au/energy/renewable/capacity-investment-scheme
https://ministers.dewr.gov.au/oconnor/launch-towards-renewable-energy-superpower-report
https://www.energy.gov.au/energy-and-climate-change-ministerial-council/national-energy-transformation-partnership
https://www.infrastructure.gov.au/have-your-say/consultation-future-made-australia-unlocking-australias-low-carbon-liquid-fuel-opportunity
https://www.industry.gov.au/publications/national-science-and-research-priorities-2024#:~:text=The%205%20national%20science%20and,a%20secure%20and%20resilient%20nation.
https://treasury.gov.au/publication/p2024-526942
https://www.industry.gov.au/news/national-reconstruction-fund-diversifying-and-transforming-australias-industry-and-economy
https://www.infrastructure.gov.au/territories-regions-cities/regional-australia/regional-investment-framework
https://www.dfat.gov.au/trade/for-australian-business/boosting-supply-chain-resilience
https://www.freightaustralia.gov.au/what-is-the-strategy/why-we-need-action
file:///\\10.8.0.1\seata\ANZBIG\ANZBIG\Regulatory\
https://www.dcceew.gov.au/climate-change/international-climate-action
https://www.dfat.gov.au/development/topics/development-issues/climate-resilient-agricultural-development-food-security
https://www.industry.gov.au/publications/national-science-and-research-priorities-2024#:~:text=The%205%20national%20science%20and,a%20secure%20and%20resilient%20nation.

Biochar soil applications

and markets

Figure 1.
Biochar Soil Applications and
Markets (Australia/NZ)

Source: Catalyst Environmental
Management with support from South

East Water Expanded on an original Volume
concept by Ithaka Institute (Draper.K, The Value
Readiness

Biochar Displacement Strategy,
The Biochar Journal, 2016)
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Atmospheric CO;

Over 99% of CO2 captured Taure 2
TGt Bils by biomass re-enters our e,
atmosphere as part of the

natural carbon cycle.

Pyrolysing wasted plant
biomass into biochar
intercepts the cycle and
converts carbon into a form
that is typically stable for

Syn-Gas

centuries to millennia.
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Figure 3.

Australian biochar

can contribute to many
of the world’s climate
and sustainability
objectives, including
many of the

UN Sustainable
Development Goals
(SDGs).
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Innovation
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Markets
(including Commercial
Demonstrations)
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Partnerships

Encourage
Recognition
and Policy
Support

Facilitate
industry
scale up
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Harmonise
Regulatory
Frameworks

Support

Establish
Standards and

Certification
for industry
production
and usage.
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Initiative |

Launch the
Australian
Biochar Industry
2030 Roadmap
and fund industry
scale up

Context: The Biochar Industry 2030
Roadmap will be a catalyst for growth
in the biochar sector. Launching and
resourcing the Roadmap’s path s
critical to build momentum and bring
together all key participants. Working
groups will be convened Australia-wide
to drive and open out the Roadmap.

DECENT WORK AND gmmmwm A4 SUSTANABLECITIES
ECONOMIC GROWTH ANDINFRASTRUCTURE AND COMMUNITIES

& " ; Em

12 RESPONSIBLE 1 CLIMATE 17 PARTNERSHIPS
CONSUMPTION ACTION FOR THE GOALS
AND PRODUCTION

O || &

Action 1.1 Begin nation-wide Roadmap
launch and establish forums and working
groups across the country

Objective: Co-ordinate and streamline development of the
Australian biochar industry

Key Performance Indicators

e Roadmap launched

e Strong pledges of nation-wide support for the Roadmap

Action 1.2 Resource Roadmap

management, implementation and

governance

Objective: Ensure sufficient resources and systems are in place

to deliver the Roadmap

Key Performance Indicators

e Roadmap adequately funded. Proportion of Roadmap
funding progress targets achieved (% of targets)

e Tracking system established and annual reporting achieved

® Aligned industries, government and non-government
organisations contributing to Roadmap initiatives (finan-
cial and in-kind)

Action1.3 Identify complementary
funding opportunities and resources to

support scale up

Objective: Ensure sufficient financial resources are available

to deliver the Roadmap. Align and compare the Roadmap with

current public policy on climate change, agricultural produc-

tivity, circular economy, and waste strategy, and advocate for

new policies as needed

Key Performance Indicators

®  Amount of complementary funding

e Demonstrated incentives, initiatives and policy that support
industry scale up
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Action 1.4 Measure, monitor

and evaluate the scale and growth of

the biochar sector

Objective: Understand the success of initiatives to roll out the
Roadmap initiatives and actions

Key Performance Indicators

e Deliver annual report on the state of the biochar industry
sector in Australia

e Develop and document a monitoring system for measur-
ing performance of Roadmap initiatives and actions

s ?

AI i g ns Wi ) h Facilitate

industry

Priority scale up
Themes

@



https://anzbig.org

Initiative 2

Improve
stakeholder
awareness
and education
of biochar uses
and benefits

Context: Engaging with stakeholders
and increasing awareness of biochar
is an essential component for the long-
term growth of the Australian Biochar
Industry. Stakeholders can inform the
development of initiatives to ensure the
Australian Biochar Industry is taking
a targeted and strategic approach to
proiressing the interests of the industry.
As the industry is rapidly expanding, it
is also important to continuall up(?afe
stakeholders on recent developments
in biochar technology, regulations,
products and benefits.

Action 2.1 Refine biochar sector
stakeholder mapping and

communications strategy

Objective: Identify key stakeholder required for the expansion

of the Australian biochar industry and facilitate connections

between these stakeholder and the industry

Key Performance Indicators

® Integration and further stakeholder support

e Stakeholder engagement and communications materials
developed/leveraged

Action 2.2 Develop fact/data sheets,

videos and other visual communications

for biochar and co-products, including

applications

Objective: Enable greater access to suitable and relevant

resources on the Australian biochar industry and the uses

of biochar and co-products. Collaborate with national and

international associated groups to accelerate reciprocal

knowledge-sharing opportunities and platforms

Key Performance Indicators

e Development of fact/data sheets, videos, and resources for
expanding the Australian biochar industry

® |dentification of existing resources nationally/globally that
can be leveraged or adapted to assist and engage with
participants

Action 2.3 Engage with stakeholders
regarding biochar and co-product value
proposition, including development of
technical working groups by industry
sector to aid engagement and awareness
Objective: Grow the stakeholders network, and to provide and
receive feedback from participants to expand the Australian

biochar industry in alignment with participants’ expectations
and needs
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Key Performance Indicators

® Breadth, number and regional extent of stakeholder
forums, workshops and events

e Media interest and participants engagement via website,
email and other forms of communication

Action 2.4 Grow awareness of ANZBIG
Code of Practice for the Sustainable and
Safe Production and Use of Biochar and
other approved standards

Objective: Ensure awareness of relevant biochar standards for

the safe and sustainable production and use of biochar

Key Performance Indicators

® Incorporation of the ANZBIG Code of Practice and other
standards in communication with participants

® Training workshops on biochar standards and the Code of
Practice

® Engagement with state government agencies across
Australia to identify individual requirements additional to
the Code of Practice to develop “bridging” guidance and to
facilitate ease of industry participation and scale up
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Initiative 2

continued

Improve
stakeholder
awareness
and education
of biochar uses
and benefits

DEGENT WORK AND INDUSTRY, INNOVATION
ECONOMIC GROWTH ANDINFRASTRUCTURE

il

12 RESPONSIBLE 13 CLIMATE 17 PARTNERSHIPS
CONSUMPTION ACTION FOR THE GOALS
ANDPRODUCTION

O || &

Action 2.5 Develop tools to demonstrate/
evaluate and promote the co-benefits
of biochar (including triple-bottom line

value)

Objective: Increase the use of biochar products and technol-

ogy by supporting stakeholders to apply them efficiently and

effectively

Key Performance Indicators

® Guidelines for the application and use of biochar for
differentusesincluding horticulture, cattle feed, broadscale
agriculture and industrial applications

e Published cost benefit analyses of biochar applications

Action 2.6 Integrate Indigenous land

knowledge and practices e.g. fire

management, into educational and

awareness materials

Objective: Acknowledge and support Indigenous knowledge

and land practices that relate to biochar use and application

Key Performance Indicators

® Research and document Indigenous land practices related
to biochar application and use

e Work with Indigenous groups to exchange knowledge and
land practices around biochar use

e Support of Indigenous participation in the biochar industry

Action 2.7 Research industry and

community attitudes to biochar

Objective: Understand the success or otherwise of initiatives

to improve stakeholder awareness and education

Key Performance Indicators

e Yearly report on stakeholder knowledge of, and attitudes
to, the Australian biochar sector

Focus
Innovation
and Research
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Collaborate
and Enhance
Partnerships

Encourage
Recognition
and Policy
Support

AI i g ns Wi ) h Facilitate

industry

Priority scale up
Themes

Funding and
Resourcing
Support

Establish
Standards and
Certification
for industry
production
and usage.
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Initiative 3

Integrate
and optimise
industry and
regulatory
frameworks

Context: Establishing the reliability
of the production and use of biochar
and co-products across all uses can
accelerate the growth of the Australian
Biochar Industry. The relatively novel
nature of large-scale manufacturing
and use of biochar and biochar
co-products means existing regulations
require review and revision as
the industry grows and the range
of potential biochar applications
increases.

gmlsmmovmw AA SUSTAINABLE CITIES

AND COMMUNITIES

RESPONSIBLE

1 CLIMATE 1 PARTNERSHIPS
CONSUMPTION ACTION FORTHE GOALS
AND PRODUCTION

O || &

Action 3.1 Identify existing barriers

and potential regulatory approaches

to harmonise and facilitate safe and

sustainable operation across the

Australian biochar industry

Objective: Optimise the regulatory and procedural

framework for biochar to maximise benefits and reduce risks

Key Performance Indicators

®  Conduct mapping exercise with stakeholders and
partners which identifies requlatory and procedural
barriers, and identifies remedies or alternative strategies

Action 3.2 Develop sustainability

assessment guidance, including higher

order use, for biochar feedstocks and

end-use applications

Objective: Ensure feedstocks for biochar production are

suitable for use

Key Performance Indicators

e Development of biochar feedstock sustainability
assessment guidelines to integrate with the Biochar Code
of Practice

Action 3.3 Consult with federal and

state government departments and key

stakeholders to address biochar barriers

and market uncertainties

Objective: Engage with key stakeholders to ensure barriers

are reduced and incentives increased to scale up sustainable

biochar production and use

Key Performance Indicators

e |dentification and consistent engagement with key
government and non-government stakeholders
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Priority
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Initiative 4

Support biochar
commercial
demonstrations
and trials

Context: The results of commercial
demonstrations and trials can increase
confidence in the industry and open
avenues for potential investment and
scale up. Such activities can assist
in the development of regulation,
certification schemes, and qpph'cation,
or manufacture methodologies.

8 DEGENT WORK AND
ECONOMIC GROWTH

Collaborate
and Enhance
SUSTAINABLE CITI Partnerships

Focus
1 Innovation
= and Research

13 foiov

O

Facilitate

Aligns with i
Priority sealoup
Themes

Funding and
Resourcing
Support

Establish
Standards and
Certification

for industry
production
and usage.

Action 4.1 Demonstrate broad acre soil

applications at a significant scale

Objective: Increase economic confidence in large-scale

agricultural applications of biochar within Australia

Key Performance Indicators

e Qutline criteria and seek expressions of interest for broad
acre demonstration partners

® Establishment and documentation of broad acre trials and
demonstrations

Action 4.2 Demonstrations to regenerate

marginal /degraded land, including mine

site rehabilitation

Objective: Increase economic confidence in the use of biochar

as a remediation technology within Australia

Key Performance Indicators

e Qutline criteria and seek expressions of interest from reha-
bilitation / remediation demonstration partners

®  Establishment and documentation of rehabilitation / remedi-
ation demonstrations

Action 4.3 Support commercial-scale
demonstration projects for non-broad

acre soil applications of biochar

Objective: Increase economic confidence in many other

soil applications of biochar, and to showcase the diversity of

Australian soil-based industries with their potential to benefit

from biochar and co-products

Key Performance Indicators

e Qutline criteria and seek expressions of interest for poten-
tial demonstration partners

® Establishment and documentation of demonstration and
trial projects
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Action 4.4 Support commercial scale
demonstration projects for non-soil

industrial applications

Objective: Increase economic confidence in non-soil based

applications of biochar and showcase the diversity of

Australian industries with potential to benefit from biochar

and co-products

Key Performance Indicators

e Qutline criteria and seek expressions of interest for poten-
tial demonstration partners

e Establishment of demonstration projects

Action 4.5 Support co-pyrolysis

demonstrations of plant biomass,

biosolids, forestry residues, agricultural

residues and food organics / garden

organics (FOGO).

Objective: Increase economic confidence in utilising

co-pyrolysis as a waste to value/resource management

strategy to benefit from biochar and co-products

Key Performance Indicators

e Qutline criteria and seek expressions of interest for poten-
tial demonstration partners

e Establishment of co-pyrolysis demonstration projects
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Initiative 5

Leverage carbon
emission reduction
and CO. removal
opportunities

Context: The growth of the Australian
biochar industry can be rapid if
approEriafely encouraged. Initiatives
must be strategic, and opportunities
taken to maximise benefits and optimise
both emission reduction (ER) and CO:2
removal (CDR).

DECENT WORK AND
ECONOMIC GROWTH

INDUSTRY, INNOVATION
ANDINFRASTRUCTURE

R,

Collaborate
and Enhance
Partnerships

1 CLIMATE
ACTION

O

A I i g ns Wi t h Facilitate
Priority sEaloup

Themes

Funding and
Resourcing
Harmonise Support
Regulatory
Frameworks

Establish
Standards and
Certification
for industry
production

CLENTELTTN

Action 5.1 Promote inclusion of

recognised accounting methods for

biochar in national greenhouse gas

emissions (GHG) inventories

Objective: Enable immediate contribution of biochar to

national GHG emission inventories by using readily available

IPCC accounting methodology for biochar' in the calculations

Key Performance Indicators

e Adoption of biochar in Australia’s national GHG emissions
inventory

e Adoption of biochar in national GHG emissions inventories

of other countries
(i) intergovernmental Panel on Climate Change (IPCC), 2019, Refinement to the
2006 IPCC Guidelines for National Greenhouse Gas Inventories; Volume 4: Agricul-
ture, Forestry and Other Land Use; Appendix 4: Method for Estimating the Change
in Mineral Soil Organic Carbon Stocks from Biochar Amendments

Action 5.2 Develop biochar
methodologies under Australia’s
Emissions Reduction Fund (ERF) for all

soil uses and non-soil/industrial uses

Objective: Align biochar methodologies with the Australian

ERF to support accreditation of emissions reduction and CO,

removal using biochar

Key Performance Indicators

e [dentification of the appropriate expert teams capable of
developing biochar application methodologies for both
soil, and non-soil/industrial uses, in accordance with the
Australian ERF

e Developmentandimplementation of work plansto prepare
biochar application methodologies for soil and non-soil/
industrial uses

e Acceptance of biochar production and use methodologies

in soil and non-soil/industrial applications under the ERF
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Action 5.3 Support development of a

biochar method for feed chars to reduce

methane from livestock under Australia’s

Emissions Reduction Fund (ERF)

Objective: Use biochar to accelerate climate action on critical

livestock emissions in agriculture

Key Performance Indicators

e Support research initiatives showing the effect of feed
chars on methane reduction

e Use positive research to develop methodology for this
biochar application

Action 5.4 Collaborate with stakeholders
with net zero or other carbon reduction
targets to raise awareness of biochar’s

potential role in carbon drawdown

Objective: Build confidence in the Australian biochar

production industry as a net zero technology

Key Performance Indicators

®  Provision of biochar net zero awareness workshops

® Engagements with industry, promoting emission reduc-
tion and carbon drawdown initiatives

Action 5.5 Support biochar inclusion into

Integrated Assessment Modelling

Objective: Facilitate the endorsement of biochar as a pillar

technology in international strategies to combat climate

change

Key Performance Indicators

e  Support of existing efforts to include biochar in the Inte-
grated Assessment Modelling domestically and abroad
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Initiative 6

Encourage beneficial
use of residual or
waste biomass

Context: Large quantities of residual
or waste biomass are being sent to
landfill or are being burned leading to
increased global GHG emissions. Over
3% of global GHG emissions are derived
from agricultural residues. Much of this
waste biomass could be diverted to the
biochar industry for change into biochar
and co-products, reducing the potential
for the release of harmful GHGs into the
atmosphere.

DECENT WORK AND 9 INDUSTRY, INNOVATION
ANDINFRASTRUCTURE

ECONOMIC GROWTH

12 RESPONSIBLE 13 CLIMATE
CONSUMPTION ACTION
AND PRODUCTION

Action 6.1 Support the diversion from
landfilling and uncontrolled burning of

clean biomass

Objective: To utilise biomass residues more productively

in Australia through conversion to biochar

Key Performance Indicators

® The amount of biomass diverted from landfill and not
burned in an uncontrolled environment

® The continued development and commercial application
of Australian technology for biomass residue conversion to
biochar

® Policy developments that encourage use of biomass
residues for biochar production and use

Action 6.2 Further encourage circular

production of residual biomass to biochar

Objective: Incentivise through both emissions reduction

methodologies, and penalties for uncontrolled burning, the

transformation of waste and residual biomass to biochar

Key Performance Indicators

® Assessments and studies on the viability of further
incentivising the circular production of residual biomass in
Australia

e Establishment of emission reduction methodologies for
biomass conversion to biochar

Action 6.3 Enhance and maintain biomass
availability assessment tools to aid
industry capacity to grow by reliably
quantifying and sourcing sustainable
biomass

Objective: Identify reliable biomass feedstocks that can
facilitate biochar industry growth

Key Performance Indicators

® Quantification of residual biomass opportunities for

biochar in every state and territory of Australia-
® (Create industry specific biomass assessment tools
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Action 6.4 Create a grading

system for residual waste biomass to

improve economic evaluation, and the

safe use and production of biochar

Objective: To categorise potential biomass feedstocks to facili-

tate safe and sustainable use for biochar production

Key Performance Indicators

e Consultation with industry stakeholders including residual
biomass producers, to establish a suitable grading system
for residual biomass

e Establishment of a guideline on assessing suitability of
residual biomass for biochar production

Encourage
Recognition
and Policy
Support

A I i g ns Wi t h Facilitate

industry

Priority IR

Themes
Establish
Standards and
Certification

for industry
production
and usage.
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Initiative 7

Drive beneficiation
and increased value
of biochar products
and co-products

Context: Carbon is a very valuable
component of our society and has
many different uses. Much of this
carbon including carbon black and
activated carbon is derived from fossil
carbon sources. Biochar can provide
an alternative high value component
for many uses.

DECENT WORK AND 9 INDUSTRY, INNOVATION
ECONOMIC GROWTH

ANDINFRASTRUCTURE

12 RESPONSIBLE 13 CLIMATE
CONSUMPTION ACTION
AND PRODUCTION

Action 7.1 Fund research into beneficial
upgrading of biochar products

Objective: Increase biochar value by identifying specialty

biochar products and uses

Key Performance Indicators

® Number of new biochar-related products entering the
market
Number of biochar-related patents being registered by
Australian companies, organisations, and individuals

Action 7.2 Research and evaluate biochar

substitution in traditional carbon markets
Objective: Facilitate the establishment of biochar as a replace-
ment material for fossil derived carbon markets

Key Performance Indicators

e Uptake of biochar in traditional fossil carbon markets

Action 7.3 Drive technical and economic
outcomes of co-products from biochar
production (e.g. energy, hydrogen and

wood vinegar)

Objective: Optimise the economic and environmental benefits

of biochar production in Australia through development and

commercialisation of co-technologies and products

Key Performance Indicators

®  Number of new biochar related co-products entering the
market

®  Number of biochar co-product patents being registered by
Australian companies, organisations, and individuals

Action 7.4 Establish sequestration
and downstream emissions avoidance
potential for different applications of

biochar using different feedstocks

Objective: Maximise the carbon drawdown potential of biochar

through establishing strong frameworks for understanding

carbon sequestration potential of different applications

Key Performance Indicators

e Number of industry-accepted papers and guidance
materials on carbon sequestration potential for different
applications and feedstocks
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Encourage

Recognition
and Policy
Support

A I i g ns Wi 'l' h Facilitate

industry

Priority scale up
Themes

Accelerate
Markets
(including Commercial
Demonstrations)

Funding and
Resourcing
Support

Establish
Standards and
Certification
for industry
production
and usage.
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Initiative 8

Safeguard
responsible use
and production
of biochar

Context: To build a strong biochar
industry it is crucial that there are
appropriate safeguards to ensure that
the production and use of biochar
is done safely and sustainably. The
industry should help drive those
standards and regulations to ensure the
necessary safeguards are developed
and certified, resulting in strong
economic, social and environmental
protections.

DECENT WORK AND glﬂ)IISIKV.IIIIJVA“ﬂI A SUSTAINABLE CITIES
ECONOMIC GROWTH ND COMMUNITIES

AND INFRASTRUCTURE

12 RESPONSIBLE 13 CLIMATE
CONSUMPTION ACTION
AND PRODUCTION

Action 8.1 Fast-track the implementation
of the ANZBIG Code of Practice and

biochar certification for particular uses

Objective: Develop and implement the Code of Practice for the

Safe and Sustainable Production and Use of Biochar in Australia

Key Performance Indicators

e (ertified biochar production sites using the Code of
Practice

e C(Certification of safe and sustainable biochar production
linked to biochar-based emissions trading

e Development of branded certified biochar in Australia

e Recognition of the Code of Practice by regulatory
authorities

Action 8.2 Provide support for integration
with other standards for sustainable

sourcing and use of biomass

Objective: Ensure sustainable biomass sourcing by linking with

other existing programs and initiatives identifying sustainable

biomass production and use

Key Performance Indicators

e |dentification and verification of existing biomass certi-
fication schemes for applicability to biochar production
and use

e Support for biochar producers in sustainable feedstock
procurement through provision of suitable information

Action 8.3 Develop guidance for rate-
based application of biochar in soil
applications including supporting
research and demonstration

Objective: Ensure consumers receive maximum benefit from

biochar in soil applications

Key Performance Indicators

e Development of guidance material for biochar application
rates for different soil and use applications
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Action 8.4 Develop a long-term self-
funding mechanism for safeguarding
the ongoing development of the biochar

sector such as through a certification levy

Objective: Safeguard the economic future of the Australian

biochar industry to ensure sustained future industry

collaboration and growth

Key Performance Indicators

e Undertake annual progress reviews of long-term funding
needs and strategies to self-sustain the support and
growth of the biochar industry

Focus
Innovation
and Research

A I i g ns Wi 'I' h Facilitate

industry

Priority SEACT
Themes

Harmonise
Regulatory
Frameworks

Establish
Standards and
Certification
for industry
production
and usage.



https://anzbig.org

Version 2.0
August 2024

2030
ROADMAP

Initiative 9

SUPPOI‘" Action 9.1 Identify and promote
replacement or for fossil derived carbon
g overnmen I. Objective: Ensure that biochar is considered for suitable
[ X KJ . . . . . .
public and industrial applications and as a substitute or
.l’ I.I I “.Y an d replacement for fossil fuel derived carbon
iNn d U sl‘ry Key Performance Indicators
e  Number of alternate uses and new applications for biochar
Procu rement e Total biochar use in different industry and government
M applications
p ra cll.l ces e Number of policy initiatives implemented by governments

to support industry scale up such as incentives, grants

fodnte)’(t: Australian gc;);/ern'mﬁnfs: and levies

ederal, state, territory and local, have . . . H H Facilitate
enormous influence );n procurement ACt'Qn 9'2, Establish biochar geodsiars All;?i':,srn"th i
through tendering and procurement specifications for key procurement RS s Th Y

practices. Governments are also and use opportunities and identify emes

custodians of many biomass resources carbon sequestration potential of these

and collection services. The benefits applications

of biochar for circular economy and

. e . Objective: Establish biochar specifications for key procurement
climate change mitigation should be ! P yP

Establish

. .. and use opportunities and identify their carbon sequestration standards and
encouraged In suitable opportunities otential Caritcation
d existing barriers removed P Setiaton
and existing : Key Performance Indicators and usage.

e Development of biochar specifications and guidelines for
use in different public and industrial use

Action 9.3 Develop biochar case studies

and a biochar reference library for

DEGENT WORK AND INDUSTRY, INNOVATION

reoonceeonms | 9 nonenssocure | 11 Mocomkunts government and industry

Objective: Ensure that government agencies and industry are
aware of how best to use biochar in a range of applications
Key Performance Indicators

1 2 T 1 3 P 1 S ® Biochar case studies generated per year

ﬁ:ﬁgﬂ:ﬂgﬁw AcTION FORTHE GOALS e Use of case studies and library visits measured by down-

m @ @ loads and site visits
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Initiative 10

Drive export
of Australian
biochar
innovation
internationally

Context: The Australian biochar
industry is making a strong contribution
to the global biochar industry in
production technologies, applications
and biochar research. Tﬁe further
growth of the industry has the potential
to increase Australia’s contribution to
UN Sustainable Development Goals
including climate action.

DEGENT WORK AND gmmlmuvmuu A4 S S 12 RESPONSIBLE
CONSUMPTION
AND PRODUCTION

ECONOMIC GROWTH AND INFRASTRUCTURE

1 CLIMATE 1 LIFE

ACTION ONLAND 16 PEACE AND 17 PARTNERSHIPS

JUSTICE FOR THE GOALS

Action 10.1 Link with Australian federal

and state trade export and overseas

collaboration initiatives

Objective: Ensure the Australian biochar industry has a strong

international network and is well placed for international trade

opportunities

Key Performance Indicators

® Interaction with Australian and overseas trade initiatives
and establishment of collaborative initiatives

e Successful export of Australian biochar technology and
expertise

Action 10.2 Link with other global

biochar initiatives such as IBI, EBIC, USBI

and BNZ to exchange information and

influence policy

Objective: Bring a co-ordinated and streamlined approach to

the development of the global biochar industry reflecting the

Australian perspective

Key Performance Indicators

e Attendance and presentations at global biochar forums
and gatherings

e Strong participation as a member of 1B, an affiliate of EBIC
and a supporter of BNZ

Action 10.3 Identify biochar production

and use as part of Australia’s global climate

change contribution

Objective: Ensure that the actions and activities that are

contributing to biochar carbon drawdown in Australia and

through Australian activities elsewhere are articulated both

domestically and internationally to key stakeholders

Key Performance Indicators

e Number of international climate change forums where the
Australian biochar industry is prominent

e Number of publications, papers, presentations, and
website hits related to biochar carbon drawdown activities
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AI i g ns Wi i h Facilitate
Accelerate

industry
Markets

o Priority scaloup
Demonstrations) T h e m e s

Harmonise
Regulatory
Frameworks
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Concluding Remarks

The Australian Biochar Industry Roadmap identifies the
actions required to scale up rapidly from an Australian
industry valued in excess of $50 million today to a
multibillion dollar industry in 2030 (estimated to be at
least $1 - $5 billion per annum).

By doing this we will turn wasted resources into valuable carbon and energy
products for agriculture and industry and in the process generate jobs, economic
opportunities and sequester carbon.

The growth of the Australian Biochar Industry is in a pivotal alignment with rapidly
increasing global action on climate change, both in reducing or avoiding new
emissions and critically removing excess CO:z already built up in the atmosphere.

Successful implementation of this Biochar Roadmap by 2030 has the potential to
reduce Australia’s current net carbon emissions by 10-15 % provide up to 20,000
permanent jobs (including in regional and rural areas), improve soil health and
agricultural productivity and return degraded lands to a higher value.

This significant scale up is achievable and indeed necessary to generate the climate
change and circular economy needs of our society.

A concerted effort in all parts of the economy whether it be industry and its
affiliates, land management, capital, all levels of government and from research
will collectively achieve, and benefit from, the implementation of this Roadmap.

Delivering this Roadmap will enable Australia to make a significant contribution
to an emerging global industry and help us deliver our global climate change
commitments.

Be a part of the growing
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biochar industry in Australia

Join The Australian Biochar Pledge at

anzbiq.org/biochar-industry-2030-roadmap

e

“We pledge to build a safe and sustainable

biochar industry in Australia.

We know that valuable Australian biomass
resources are being wasted each year which could
be converted to energy and bioproducts that count

towards Australia’s Net Zero Economy.

We know that a scale up of the sustainable

production and use of biochar will boost the

Australian Net Zero Economy significantly.

We pledge to support ANZBIG in delivering
the Australian 2030 Biochar Industry Roadmap

for all Australians.”

&

e

ANZBIG welcomes new members through
our portal at www.anzbig.org/membership
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https://anzbig.org/biochar-industry-2030-roadmap/
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APPENDIX A

Other Non-Soil Uses of Biochar and Biocarbons

Volu
Value
Readiness
. . . Volume
Figure 1. Biochar Non-Soil Value STABILISATION & DUST
Readiness SUPPRESSION - Dirt Roads

ROADS
(Asphalt wearing courses, hot
and cold mixes)

Applications and Markets
(Australia/NZ) - Industrial /

Roadbase and Embankments
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Volume
Value
Readiness

FILTRATION & PRE-FILTRATION (AIR/GASES, WATER/WASTEWATERS)
(Pseudo Activated Carbons, biofilms)
metals, organics, odour, nutrients

Volume
Carbon Tech Volume Value
) Value BIO-COMPOSITES Readiness
Source: Catalyst Environmental Readiness CONCRETE @ (BIOPLASTICS / BIOPOLYMERS)
Management with support from South (Non-Structural /
East Water Expanded on an original Structural) @[‘%
. Volume
concept by Ithaka Institute (Draper.K, o—lo oo  INDUSTRIAL Value
. . o N
The Biochar Displacement Strategy, Volume T CATALYSTS Readiness
. vall
The Biochar Journal, 2016) . TEXTILES INDUSTRIES _ ()
(engineered fabrics, Iy COMMERCIAL PET / ANIMAL CARE
filtration)
(e.g. Animal Litters using industrial grade chars. Potential
I O C H for carbon cascades in other non-soil uses)
INDUSTRY GROUP ryr— INDUSTRIAL Volume
Value
Value PIGMENTS, DYES & Readiness
Readiness FILLERS
BUILDING & ENERGY STORAGE
CONSTRUCTION (Batteries, Supercapacitors,
xollume MATERIALS Fuel Cells) Vokmne
R:;:’ei“ess (e.g. Insulation, Tiles, Vﬂ"::_
Lightweight Aggregates) (Technical/Engineered Carbons) =
‘ Industrial\Grade Chars
/ D PRINTING
Volume COSMETICS 3;[1) . MANUFACTURING
Value
Readiness ‘ Volume
> Value
Volume PACKAGING . ’ Readiness
Value
Readiness
WASTEWATER SANITATION / BIOGAS SOIL REMEDIATION / STABILISATION
(Filtration, enhanced AD biogas, septic and (Contaminated Soils e.g. metals, organics)
transpiration trenches, effluent polishing) incl ?'N'NG &dQU_ARRY'dNCT
((including remediation and closure) Volume
Volume
The permanence of CDR in non-soil applications Value Volume Valug
is variable across the wide range of uses. Readiness Value Readiness
This can be tested and assessed on a case by case basis. Readiness L
Expanded upon on an original
concept by Ithaka Institute 2016
“Chars Ain’t Chars”.... (Draper,K: The Biochar Displacement Strategy,
. Legend
Please note: this document Low Biochars for Non-Soil Applications are engineered to be Fit for Purpose. They
- - Low-Medium
is intended for printing and Medium should be sustainably sourced and consider optimal use of available biomass resources and optimal

Medium-High
High or Immediate

viewing in A3 landscape format use of land (including biomass cropping).

www.anzbig.org
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Other Non-Soil Uses of Biochar and Biocarbons

Figure 2. Charcoals/Biocarbons

for Combustion Uses and Fossil
Fuel Displacement

Source: Catalyst Environmental
Management with support from South
East Water Expanded on an original
concept by Ithaka Institute (Draper.K,
The Biochar Displacement Strategy,
The Biochar Journal, 2016)

Please note: this document
is intended for printing and
viewing in A3 landscape format

APPENDIX A

BIOENERGY FUEL
(ELECTRICITY CO-GENERATION)
(including co-firing)

DOMESTIC HEATING Value
Readiness

Volume

Value

Readiness

Volume

DISTRICT HEATING
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LIQUID FUEL ADDITIVE / ENHANCEMENT COMMERCIAL Volume
(including biodiesels, NOx reduction, HEATING / BOILERS Vﬂ'“*’:
substitute for other fuel additives) Readiness
Volume
Value
Readiness
OTHER METALLURGY (including Alloys)
(heating fuel, reductants, PCI Carbon) B DOMESTIC OUTDOOR [N
ja— COOKING / BBQs Value
Volume ® (heat beads) Readiness
Value
Readiness
SILICON/FERROSILICON SMELTING 5 K g " v COMMERCIAL BBQ /
(reductants, PCI Carbon, heating fuel) 14 28086 ¢ g i 2 v - CATERING Vol
- \ ' 'olume
Volume si Value
Value i Readiness
Readi Silicone
eadiness
COPPER SMELTING / SLAGS ‘- ALUMINIUM
(reductants, PCI carbon, heating fuel) feMﬁ::‘-::;NSIs(siztrlgg nf c;rnl;z;t:;te
Volume STEEL MAKING / IRON pyr—
Value (reductants, PCI Carbon) Value
Readiness (not typically for BDBs) Readiness
Volume
** No atmospheric CO, Removal (CDR) benefits from these uses ;a";e_
eadiness e .
(typically no CDR (‘drawdown’) when chars are burned/oxidized). Expanded upon on an original concept by Ithaka Institute 2016
However, potentially significant reductions in additional/new emissions may be achieved (Draper,K: The Biochar Displacement Strategy, the Biochar Journal Nov 2016)
via displacement of fossil carbon (i.e. avoided fossil emissions), pending LCA.
“Chars Ain’t Chars”....

Legend

Low

Low-Medium
Medium
Medium-High
High or Imnmediate

Biocarbons used to displace fossil fuels are typically tailored Fit for Purpose. They should be
sustainably sourced, and should consider optimal use of available biomass resources and
optimal use of land (including biomass cropping).

www.anzbig.org
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APPENDIX B

Australian Biochar Industry 2030 Roadmap - Key Initiatives and Supporting Actions Summary Table

Scaling Biochar and Carbon Sequestration in Australia to a Multi Billion Dollar Industry by 2030

Aligned | Aligned Roadmap TIMING KEY BENEFITS

UN SDGs Priority Themes Regulator | User ESD/ | Economic | Social
Short Term | Mid Term | Long Term
Confidence | Confidence| Climate | Value | Licence

KEY INITIATIVES & SUPPORTING ACTIONS OBJECTIVES KEY PERFORMANCE INDICATORS

Launch the Australian Biochar Industry 2030 Roadmap and fund industry

1
scale up
Coordinate and streamline devel t of the Austral 1. Roadmap launched.
1.1 Begin nation-wide Roadmap launch and establish forums and working groups across the country. oo "2 ¢ and streamiine development of the Australian oacmaplaunchec, 8 DECENT WORK AND
biochar industry. 2. Strong pledges of nation-wide support for the Roadmap. ECONOWIC BROWTH v v v v v v v
1. Roadmap adequately funded. Proportion of Roadmap funding progress targets achieved (% of targets). 2
Ensure sufficient resources and systems are in place to 2. Tracking system establishment and annual reporting achieved. ""“"""“" X
1.2 Resource Roadmap and AND INFRASTRUCTURE Benefits
successfully deliver the Australian Biochar Industry Roadmap 3. Aligned industries, and contributing to Roadmap initiatives (financial
and in-kind). v v v v v v v v v
Ensure sufficient financial resources are available to deliver the
X . i :
1.3 1tentify complementary funding opportunities and sources to support scle up. Roadmap. Align and compare the Roadmap with current policy 1. Amount of complementary funding. .l
on climate change, agricultural productivity, circular economy, 2. Demonstrated incentives, initiatives and policy that support industry scale up CONSUMPTION
waste strategy and advocate for new policies as needed. v v
Understand the success of initiatives to roll out the Roadmap 1. Deliver Annual report on the state of the biochar industry sector in Australia. m
1.4 Measure, monitor and evaluate the scale and growth of the biochar sector. e —
initiatives and actions. 2. Develop and document a monitoring system for measuring performance of Roadmap initiatives and actions ‘| Rt cons
v v v v v v v v v
2 Improve stakehol and ion of biochar uses and
benefits
Identify key stakeholders required for the expansion of the
1. Integration and further stakehold; it
2.1 Refine biochar sector stakeholder mapping and communications strategy. Australian Biochar Industry and facilitate connections between " | o/ 2- o1 @N€ TUTher stakeholder suppor Communicate
2 and materials [ v v v v v
these stakeholders and the industry. o
8 oauscrom Benaiis
Enable greater access to suitable and relevant resources on
the Australian Biochar Industry and the uses of biochar and co- 1. Development of fact/data sheets, videos, and resources for expanding the Australian Biochar Industry. T o
22 Develop data sheets and videos on biochar and co-product applications. products. Collaborate with national and 2. i of existing resources nationally/globally that can be leveraged or adapted to assist and engage with 9 AND INFRASTRUCTURE. Enhance
associated groups to accelerate reciprocal knowledge-sharing ~ stakeholders. Partnerships
opportunities and platforms
Encourage v v v v v v
Grow the stakeholder network, and to provide and receive Recognition &
53 EnBage with stakeholders regarding biochar and co-product value proposition, including feedback from stakeholders to expand the Australian biochar 1. Breadth, number and regional extent of stakeholder forums, workshops and events. ‘Iz RESPONSIBLE Policy Support
" development of technical working groups by industry sector to aid engagement and awareness.  industry in alignment with stakeholder expectations and 2. Media interest and stakeholder engagement via website, email and other forms of communication CONEIRTIOh
p g groups by v 828! By p 828! AND PRODUCTION v v v v v v v
1. Incorporation of the ANZBIG Code of Practice and other standards in communication with stakeholders. m
2. Trai ksh Biochar standards and the Code of Practice.
Grow awareness of ANZBIG Code of Practice for the Sustainable and Safe Production and Use of  Ensure awareness of relevant biochar standards for the safe e e S~ e "
24 ! Ny 3. Engagement with State government agencies across Australia to identify individual requirements additional to the
Biochar and approved standards and sustainable production and use of biochar. P : . . PARTNERSHIPS
Code of Practice to develop “bridging” guidance where required to faciltate ease of industry participation and scale | [ | SUAUESOM
up. v v v v v v v v
Increase the use of biochar products and technology by 1. Guidelines for the application and use of biochar for different uses including horticulture, cattle feed, broadscale
Develop tools to demonstrate/evaluate and promote the co-benefits of biochar (including triple-
25 | ttom line value) facilitating stakeholders to efficiently and correctly apply agriculture and industrial applications.
D e e 2 e s e e e s e e e e v v
1R hand d tind land practices related to biochar application and use.
Integrate indigenous land knowledge and practices (e.g. fire management) into biochar Acknowledge and support Indigenous knowledge and land sl BB UL sl S L B R L S DO D
26 2. Work with indigenous groups to exchange knowledge and land practices around biochar use.
educational and awareness materials. practices that relate to biochar use and application.
3. Support indigenous participation in the biochar industry. v v v v
Focus
Understand th the f biochar initiatives t Crmseeiem (3
2.7 Research industry and community attitudes to biochar. nerstand the success or otherwise ot blochar Inftiatives 1oy ye, . renort on stakeholder knowledge of, and attitudes to, the Australian biochar sector. am——
improve stakeholder awareness and education v v v v v v
3 and imise industry and y ks
9 INDUSTRY, INNOVATION )
3.1 'dentify existing barriers and potential regulatory approaches to harmonise and facilitate safe and Optimise the regulatory and procedural framework around 1. Conduct mapping exercises with stakeholders and partners which identifies regulatory and procedural barriers, AND INFRASTRUCTURE Communicate
** sustainable industry operation across Australia. biochar to maximise benefits and reduce risks. and identifies remedies or alternative strategies. Y
Benefits v v v v v v v
3.2 Develop sustainabilty assessment guidance (including addressing higher order use) for biochar ¢ eyl e e for use, L Development of biochar feedstock sustainabilty assessment guidelines to integrate with the iochar Code of 12 RESPONSIBLE e
feedstocks and end-use applications. Practice. 0 PRGN Enhance v
Partnerships
Consult with federal and state EEEEEy to address biochar B8 With key stakeholders to ensure barriers are reduced m Encourage
33 and incentives increased to scale up biochar productionand 1. and consistent with key and Recognition &
barriers and market uncertainties. PARTNERSHIPS Policy Support
use. FORTHE GOALS
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KEY INITIATIVES & SUPPORTING ACTIONS

Support biochar commercial demonstrations and trials

Support for broadacre soil

at a significant scale.

Support demonstrations to regenerate marginal or degraded land, including mine site
rehabilitation.

Support commercial scale projects for broadacre soil of biochar.

Support commercial scale demonstration projects for non-soil industrial applications of biochar.

Support co-pyrolysis demonstrations of plant biomass, biosolids, forestry residues, agricultural

residues and food organics / garden organics (FOGO).

Leverage Carbon

and CO, opportunities.

Promote inclusion of recognised accounting methods for biochar in National GHG Emissions
Inventories

(IPCC-2019" recommended method for estimating change in mineral Soil Organic Carbon Stocks from biochar
amendments).

Develop biochar methodologies under Australia’s Emissions Reduction Fund (ERF) for all soil uses
and non-soil/industrial uses.

Support development of a biochar method for feed chars to reduce methane from livestock
under Australia’s Emissions Reduction Fund (ERF).

Collaborate with stakeholders with Net Zero or other carbon reduction targets to help raise
awareness of biochar's potential role in carbon drawdown.

Support biochar inclusion into the Integrated Assessment Modelling.

Encourage beneficial use of residual or waste biomass

Support the diversion from landfilling and uncontrolled burning of clean biomass.

Further incentivise circular production of residual biomass to biochar.
Enhance and maintain biomass availability assessment tools to aid industry capacity to grow by

reliably quantifying and sourcing sustainable biomass.

Create a grading system for residual biomass to improve economic evaluation, and the safe use
and production of biochar.

APPENDIX B

OBJECTIVES

Increase economic condfidence in large-scale agricultural
applications of biochar within Australia.

Increase economic condfidence in the use of biochar as a
rehabilitation and remediation technology within Australia

Increase economic confidence in many other soil applications
of biochar, and to showcase the diversity of Australian soil-
based industries with potential to benefit from biochar and co-
products.

Increase economic confidence in non-soil based applications of
biochar and showcase the diversity of Australian industries
with potential to benefit from biochar and co-products.

Increase economic confidence in utilising co-pyrolysis as a
waste to value/resource management strategy.

Enable immediate contribution of biochar to national GHG
emission inventories through inclusion of the readily available
IPCC accounting method for biochar in the calculations.

Align biochar method(s) for soil and non-soil/industrial uses
with the Australian ERF to support crediting of both emissions
reduction and CO2 Removal provided through production and
use of biochar.

Use biochar to accelerate climate action on critical livestock
emissions in agriculture

Increase economic, public and industry confidence in the
Australian biochar production industry as a Net Zero
technology

Facilitate the adoption of biochar as a pillar technology in
international strategies to combat climate change.

To utilise biomass residues more productively in Australia
through conversion to biochar.

Incentivise through both emissions reduction methodologies
and penalties for uncontrolled burning, the transformation of
waste and residual biomass to biochar.

Identify reliable biomass feedstocks that can facilitate biochar
industry growth.

To categorise potential biomass feedstocks to faciltate safe
and sustainable use for biochar production.

KEY PERFORMANCE INDICATORS

1. Outline criteria and seek expression of interest for potential broadacre demonstration partners.
2. of broadacre

1. Outline criteria and seek expressions of interest for potential rehabilitation / remediation demonstration partners 8 DEGENT WORK AND
2 of ECONOMIC BROWTH

1. Outline criteria and seek expressions of interest for potential demonstration partners.
2. Establishment of demonstration and trial projects.

1. Outline criteria and seek expressions of interest for potential demonstration partners.
2. Establishment of demonstration projects

1. Outline criteria and seek expressions of interest for potential demonstration partners
2. of co-pyrolysis projects.

1. Adoption of biochar in Australia's National GHG Emissions Inventory
2. Adoption of biochar in national GHG emissions inventories of other countries

1. Identification of the appropriate expert team capable of developing biochar methods for soil uses in accordance m

with the Australian ERF.

2. Identification of the appropriate expert team capable of developing biochar methods for non-soil/industrial uses in

accordance with the Australian ERF.

3. Development and implementation of work plans to prepare biochar methods for soil and non-soil/industrial uses

4. Acceptance of biochar soil use and non-soil/industrial use methodologies under the ERF.

1. Support research initiatives to characterise the effect of feed chars on methane reduction.
2. Use research, if favourable, to develop a suitable methodology for this application of biochar.

1. Provision of biochar Net Zero awareness workshops.
2. Engagements with industry initiatives promoting emission reduction and carbon drawdown.

1. Support of existing efforts to include biochar in the Integrated Assessment Modelling domestically and

abroad

1. The amount of biomass diverted from landfill and not burned in an uncontrolled environment.

2. The continued development and commercial application of Australian technology for biomass conversion to

biochar.
3. Policy developments that encourage use of biomass residues for biochar production and use.

1. Assessments and studies on the viability of further incentivising the circular production of residual biomass in

Australia.
2. Establishment of emission reduction methodologies for biomass conversion to biochar

1. Quantify residual biomass opportunities for biochar in every state and territory of Australia.
2. Create industry specific biomass assessment tools.

1. Consultation with industry stakeholders including residual biomass producers to establish a suitable grading

system for residual biomass
2. Establishment of a guideline on assessing suitability of residual biomass for biochar production
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KEY INITIATIVES & SUPPORTING ACTIONS

Drive beneficiation and increased value of biochar products and co-
products

Increase biochar value by identifying specialty biochar

Fund research into beneficial upgrading of biochar products. products and uses.

Facilitate the

APPENDIX B

Research and evaluate substitution of biochar in traditional carbon markets.

Optimise the economic and environmental benefits of biochar
production in Australia through development and
commercialisation of co-technologies and products.

Drive technical and economic outcomes of co-products from biochar production (e.g. energy,
hydrogen and wood vinegar).

Maximise the carbon drawdown potential of biochar through

Establish sequestration and downstream emissions avoidance potential for biochar used in

material for fossil fuel derived carbon.

KEY PERFORMANCE INDICATORS

1. Number of new biochar related products entering the market.
2. Number of biochar related patents being registered by Australian companies, organisations and individuals.

1. Uptake of biochar in traditional fossil fuel carbon markets.

1. Number of new biochar related co-products entering the market.
2. Number of biochar co-product patents being registered by Australian companies, organisations and individuals.

1. Number of industry accepted papers and guidance materials on carbon sequestration potential for different

i
different applications and with different feedstocks e

d ible use and pr of biochar

Fast track the implementation of the ANZBIG Code of Practice and the certification of biochar for Develop and implement the Code of Practice for the Safe and
Sustainable Production and Use of Biochar in Australia.

particular uses.

Ensure that biomass is sustainably sourced by linking in with
Provide support for integration with other standards for sustainable sourcing and use of biomass. other programs and initiatives that already identify
sustainability of biomass production.

Develop guidance for rate-based application of biochar in soil applications including supporting

research and demonstration. -
soil applications,

Develop a long term self funding mechanism for safeguarding the biochar sector such as through

a certification levy. growth

Support government, utility and industry procurement practices

Ensure that biochar is considered for suitable public and
industrial applications and s a substitute or replacement for
fossil fuel derived carbon.

Identify and promote r or procurement opportunities for biochar.

Establish biochar specifications for key procurement and use opportunities and identify carbon  Ensure that suitable biochar s used for specific applications in
government and industry.

potential of these

Develop procurement and carbon sequestration biochar case studies and a biochar reference
library for government and industry.

sequestration potential of different applications.

Ensure consumers receive maximum benefit from biochar in

Safeguard the economic future of the Australian Biochar
Industry to ensure sustained future industry collaboration and

Ensure that government agencies and industry are aware of
how best to use biochar in a range of applications.

and

1. Certified biochar production sites using the Code of Practice.
2. Certification of safe and sustainable biochar production linked to carbon credit eligibility.
3. Development of branded certified biochar in Australia

4. Recognition of the Code of Practice by regulatory authorities

1. Identification and verification of existing biomass certification schemes for applicability to biochar production and
use.
2. Support for biochar producers in sustainable feedstock procurement through provision of suitable information.

1. Development of guidance material for biochar application rates for different soil and use applications.

1. Undertake annual progress reviews of long-term funding needs and strategies to self sustain the support and
growth of the biochar industry.

1. Number of alternate uses and new applications for biochar.
2. Total biochar use in different industry and government applications.

3. Number of policy initiatives implemented by governments to support industry scale up such as incentives, grants.
and levies.

1. Development of biochar specifications and guidelines for use for different public and industrial uses.

1. Biochar case studies generated per year.
2. Use of case studies and library visits measured by downloads and site visits.
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KEY INITIATIVES & SUPPORTING ACTIONS

10 Drive export of Australian biochar innovation internationally

10.1 Link with Australian federal and state trade export and overseas collaboration initiatives

Link with other global biochar initiatives such as BI, EBIC, USBI and BNZ to exchange and
influence.

e
i

10.3 Identify biochar production and use as part of Australia's global climate change contribution.

Notes:
Indicative Resourcing is expected to come from both private industry and government.

UN SDG's = United Nations Sustainable Development Goals

" Intergovernmental Panel on Climate Change (IPCC), 2019, Refinement to the 2006 IPCC Guidelines for National
Greenhouse Gas Inventories ; Volume 4: Agriculture, Forestry and Other Land Use; Appendix 4: Method for Estimating
the Change

Please note: this document
is intended for printing and
viewing in A3 landscape format

APPENDIX B

OBJECTIVES KEY PERFORMANCE INDICATORS

Ensure the Australian Biochar Industry has a strong
international network and is well placed for international trade
opportunities

1. Interaction with Australian and overseas trade initiatives and establishment of collaborative initiatives
2. Successful export of Australian biochar technology and know how.

Bring a coordinated and streamlined approach to the
development of the global biochar industry that reflects the
Australian perspective

1. Attendance and presentations at global biochar forums and gatherings.
2. Strong participation as a member of IBI, an affiliate of EBIC and a supporter of BNZ.

Ensure that the actions and activities that are contributing to
carbon drawdown in Australia and through Australian acti
elsewhere are articulated both domestically and
internationally to key stakeholders.

ies 1. Number of international climate change forums where the Australian biochar industry is prominent
2. Number of publications, papers, presentations and website hits related to Australian biochar activities.

Aligned
UN SDGs

8 DEGENT WORK AND
ECONOMIC GROWTH

Communicate
Economic
Value &
Benefits

Harmonise

Regulatory
Frameworks

PPEACE, JUSTICE
AND STRONG
INSTITUTIONS

PARTNER!
FOR THE GOALS

Aligned Roadmap
Priority Themes

Version 2.0
August 2024

2030
ROADMAP

PAGE 32

TIMING

Regulator | User ESD/ | Economic | So
srerttem el icence

KEY BENEFITS

v v v v
v v v v v v v
v v 14 v v v v

Market
Growth

www.anzbig.org




AUSTRALIAN

BIOECONOMY

Catalyst to achieving a circular economy CONFERENCE

Circular and Regenerative Bioenergy:

Pathways for COZ Removal Australian Biochar Industry
2030
and Renewable Energy for Net Zero ROADMAP

UERGIS
Australian Biochar Industry 2030 Roadmap

September, 2024

Craig Bagnall

Executive Board, Technical Advisory Board - ANZ Biochar Industry Group
Director, Catalyst Environmental Management Director,

Environment & Regulatory, SEATA Group


http://www.seatagroup.com.au/

ANZ

BIOCHAR  Presentation Outline

* Biochar and CO, Removal (CDR, ‘drawdown’)

* Renewable Energy / Renewable Fuels with Drawdown

ANZ Biochar Industry Group (ANZBIG) — Who we are and what we do

Fit For Purpose Biochars — 3 biochar grades of the ANZBIG Code of Practice

* Biochar uses and markets - climate action and circular bioeconomy

ANZ Biochar Industry 2030 Roadmap

Clarification & Limitation:

This presentation provides an indicative overview of potential applications and markets.
The information provided is not intended to and does not represent financial advice.

“If your house is on fire, you don't tell the
fireman to just let it simmer, you want to
put the fire out ..we need carbon removal
that actually keeps the carbon out
afterwards ”

Albert Bates



THE PEAK BODY FOR BIOCHAR IN AUSTRALIA & NEW ZEALAND

Vision: Australia and New Zealand as global leaders in the sustainable production and use of biochar.

Mission:
* The Australian and New Zealand Biochar Industry Group will facilitate and assist companies, governments

and institutions in the effective use and production of Biochar.

* ANZBIG will focus and streamline Biochar education, research, collaboration and commercialisation
activities to provide better outcomes for the societies of Australia and New Zealand.

+61459175729
Mail: C/o Unit 10, Level 2, 344 Hunter St, Newcastle West, NSW 2302



https://anzbig.org/
mailto:execdirect@anzbig.org

oC Emergence of the commercial biochar industry in ANZ:

Inauguration in the 2000’s, R&D at national and state levels
World’s longest running field trials located at Wollongbar NSW (NSW DPI)

Biochar Researchers Network of ANZ (active until 2014)

Biochar

Formation of ANZ Biochar Initiative in 2017

Evolution to an industry group in 2020 (ANZ Biochar Industry Group):

* Focused on: education & awareness, standards & certifications, supply & market
development, policy & regulations/ advocacy, resourcing

 ~200 members including corporates, entrepreneurs, academics, capital, and
governments at all levels

* Multiple Australian technologies (small mobile systems to large centralised plants)

 ~20 members with multi-million dollar projects under way worldwide
Established a national Code of Practice in 2021 (including biochar quality gradings)
Established the world first biochar industry 2030 roadmap (June 2023)

Member of the cross-industry working group for a proposed ACCU method for Biochar
CO2 Removal (submitted Q2 2024)

Recently released Farmers Guide for sustainable production and use of biochar




“The Australian Biochar Industry Roadmap is a

gNZBlG',s’ call to action. It demonstrates and explains the
Roadmap wi a o -
inforen ths huge potential for growth of biochar production
e ',’,',’eyc.‘;.';‘: and use in Australia.
Ko A ; tarnew palicies Making this potential real will deliver major
- , NF T rom all Australian . . . g
Rusitalian Biochar Industry 1 4, % governments. economic, environmental and social benefits....
ROADMAP .....I look forward to the biochar industry making a

major contribution to the

emergence of Australia as a Superpower of the
net zero world economy. “

Béiocnar

DUSTRY GROUP

Ross Garnaut AC

« 10 Priority Themes ANZBIG Patron, May 2023

* 10 Key Initiatives

* Over 50 Million tonnes/yr of commercially accessible sustainable biomass residues are currently being burned,
landfilled or under-utilized.

* Potential to reduce Australia’s net carbon emissions by 10-15%, provide up to 20,000 permanent jobs (particularly in
regional and rural areas), improve soil health and agricultural productivity and return degraded lands to a higher value.


http://www.anzbig.org/

What is Biochar and why a Roadmap?

What Is Biochar video link



https://www.youtube.com/watch?v=KM9-YFwItE4

= =
INTRODUCTION & [ AnzBIG
" TO BIOCHAR Loct “Biochar is a charcoal-like product made by heating any
form of organic matter (biomass) in a controlled process
R b e o i el with limited oxygen, called pyrolysis. This product is called

causes poliution, including greenhouse gas emissions, and wastes precious resources.

These renewable resources can be converted into a solid form of carbon called biochar. biochar when it is used as a SOIl amendment, or for other
WHAT IS BIOCHAR? c
uses that store the carbon in a durable form”

Biochar is a charcoal-ike product made by heating any form of organic matter (biomass) in a controlled process with
limited oxygen, called pyrolysis. This product is called biochar when it is used as a soil amendment, or for other uses that
store the carbon in a durable form.

Through the use of these technologies, we can capture, utilise and store carbon (CCUS) for the long term (centuries to
millennia), reduce waste, produce clean and renewable bioenergy, and remove CO, from the atmosphere.

WHAT SECTORS WILL BENEFIT

There are many proven and emerging markets for biochar that increase profitability and reduce, or
drawdown carbon including:

= Agriculture, horticulture, livestock and cropping

* Soil carbon sequestration

* Water management and filtration

o

.

Mine and land rehabilitation
Building and construction

BIOCHAR'S GLOBAL VALUE

The Intergovernmental Panel on Climate Change (IPCC) has recognised biochar as a Negative Emissions Technology (NET),
urgently required at scale to remove excess carbon dioxide from our atmosphere, assessing its global potential at up to
6.6 Gt COze per year, or the equivalent of 10-15% total annual global GHG emissions. Biochar is considered to be one of
the lower-cost and scalable NETS, with the IPCC estimating that 1.3 -1.8 Gt CG, e per year could be achieved for under USD

More Info:

Large international corporations committed to net-zero, including Microsoft, Shopify and Patch, already buy international
voluntary market carbon removal certificates from Australian biochar producers.

e, . - § - b

With more uses for biochar emerging, the global market is growing and is estimated to be worth $USD 3.82 billion by

o .
2025. This is a substantial increase from its 2018 value of $USD 1.48 billion. Potential and existing biochar industries in I t d t t B h
Asia, the US and Europe are rapidly expanding. n rO u C I O n O I O C a r

OUR BIOCHAR OPPORTUNITY * Fact Sheet available for download at

Australia is on the cusp of developing a world-leading biochar industry, thanks to our technologies, research, and high-
potential resources.

Our industry is shovel-ready to scale up and create important economic, social, and environmental opportunities from a
$50-$100 million dollar per annum industry to a minimum $1-5 Billion dollar industry by 2030.

The next step is commitment and leadership from corporates, capital, government, entrepreneurs, and academics
wanting to be Net-Zero. The Australian Biochar Industry 2030 Roadmap outlines a pathway forward for Biochar Industry
scale up.

B,NLQT(R:YHGROW Global leaders in the sustainable production and use of biochar

www.anzbig.org 0@0 o o



https://anzbig.org/resources/

3

The Carbon Cycle

The Biochar Cycle

Biochar

Over 99% of CO2 captured
by biomass re-enters our
atmosphere as part of the
natural carbon cycle.

Pyrolysing wasted plant
biomass into biochar
intercepts the cycle and
converts carbon into a form
that is typically stable for
centuries to millennia.

42 Biochar CO, Removal — priority climate action

“The deployment of CDR to counterbalance hard

to abate residual emissions is unavoidable if net
zero (CO, and total GHG) is to be achieved.”

IPCC 6t Assessment Report April 2022

Recent estimates
indicate that biochar
could mitigate up to
6.6 Billion tonnes of
COze globally per
year by 2050, This is

indicatively equivalent
to the USA’s annual
GHG emissions

(1990-2019)2.

(1) IPCC &th Assessment Report,
March 2022;

[2]UMEP Emissions Gap

Report, 2020.




Circular BioEconomy:

Biochar for Circular Carbon
& Climate Action




SUSTAINABLE
SUPPLY & RE-
USE OF WATER
& WASTEWATER

SUSTAINABLE

CARBON

RENEWABLE
ENERGY

ocHAR Carbon plays a key role in the food-energy-water nexus...

Carbon is the building block of all Life and for
many of the things we make and use

...we need to remove the excess carbon from
the sky and bring it back down into our soils
and materials where it is needed most.

Harnessing atmospheric CO, via biochar
bioenergy helps to displace fossil carbon with
greener, circular, sustainable carbon that can
help repair and restore degraded soils.



Displacing Fossil Carbon Throughout the Economy
BIOCH : :
and its Supply Chains

INDUSTRY

Biochar - circular ‘green’ carbon to displace fossil carbon in many applications
Assists decarbonisation of hard to abate industries (via both ER+CDR, with additional sustainability co-benefits)

Improved performance (e.g. strength, filtration enhancement, nutrient/water retention etc etc):

* Displacement of Carbon Black (fossil carbon derived)
» Displacement of Activated Carbon (lignite/coal)
° Displacement Of Coal (e.g. metallurgical reductants — “biocarbons”)

° Disp/acement Of Peat (horticulture/nurseries/agriculture)

* Displacement / Reduction of Synthetic Fertilisers (derived from natural gas) Estimated global greenhouse gas
emissions from nitrogen fertilizer

* Displacement of mined Graphite (fossil based) (used in battery anodes etc)

* Displacement of Recarburiser (fossil based) (used in foundries)

¢ Disp/acement Of PICIStiCS/Oi/ (e.qg. fillers, biocomposites)




Multiple Converging Market Drivers

Let's pay attention to the "net” in net-zero

Net Zero commitments (2030 / 2050) - IPCC calls for CDR urgently at scale mp—
Emissions Reduction (ER) Targets (2030/2050), Displacement of Fossil carbon _
FDR / Integrity: ASX Reporting, changes to curb “Greenwashing” to investors & markets
Increased focus on genuine Sustainability (UN SDGs / ESG)

Circular Economy / Waste to Value — national targets for CE/ waste diversion 2030

Cost Vs Value (co benefits, Net User Benefit)

Source: Swiss Re

Managing Emerging Contaminants (eg PFAS, microplastics) — thermal deconstruction

More frequent, more severe impacts (5SS, significant insurance underwriting risk) | ewdenloes

Carbon removals

Insured losses, 1970-2020, in USD billion at 2020 prices

2021

Green N . USS320B
Investors With $29 Trillion Demand (total)

i
60 |
Science-Based Climate Targets . i I 2022
ot . I I I I II USS2408
Soptombor 29, 2021, 901 AM GMT+10 - (total)
R ORI C IIIIIIII IIII II I I (insured
308 ey A 970 975 ¢ 990 00 200 2010 2015 2020

1995 20 ~51208)

Source: Munich Re

LET _THERE

Institute

“In 2050 the carbon net-negative economy needs to be as big as the oil industry is today.” mariannne Tikkanen, Puro Earth (CDR Credit Market)


https://www.bloomberg.com/news/articles/2021-09-28/investors-with-29-trillion-demand-science-based-climate-targets?cmpid=BBD092921_GREENDAILY&utm_medium=email&utm_source=newsletter&utm_term=210929&utm_campaign=greendaily

Biomass Feedstocks: Sustainable, Renewable, Gt-Scale Drawdown

Global biochar CDR potential up to 6.6 Gt CO,e/y (up to 1.8Gt/y at <USD$100/tCO,e) (ipcc, 2022)

>> 50 Mtpa biomass is burned or landfilled in Australia alone (anzsic 2022)
(up to 80-110 Mtpa of biomass sustainably available, CSIRO 2016). Over 22M tpa biomass residues in NSW alone (Nswbppi 2021)

Biochar = Enhanced food production and security




Renewable Energy / Renewable Fuels with Drawdown (CDR)
Ll “Having your cake & eating it too”

BIOCHAR

PROCESS OUTPUT A _
SOLID (biochar) SN

GAS (Syngas — majority H,, CO)
- biohydrogen, renewable fuels, gas

CONVENTIONAL OR MICROWAVE . . p ,
PYROLYSIS REACTOR engines with ‘clean’ syngas

LIQUIDS (wood vinegars, bio—oils)

Oon i\
- @) I
= <3
- HEAT (Heat to Power - heat engines,

<>
DRYING GRINDING @
/.
& conventional steam turbines, ORC
=) HEAT AND ELECTRICITY etc); Industrial Heat & Drying)




* Hydrogen and Carbon = chemical building
blocks of MANY other derivatives
(biofuels, bioplastics / olefins etc)

* H:Cratios important for scale up
(typically need 2:1. Leaving up to 50% of
carbon in the solid char helps this)

Power Gen * Historically, syngas cleanup required

=» Clean/concentrated syngas helps
facilitate scale

* Hydrogen separation via PSA (or WSR at
scale)

Ethylene Acetic Acid Methyl Acetatel Polyolefins

Biogenic syngas for many Renewable Fuels (including hydrogen)




ANZ Biochar technologies come in a very wide range of types,
ROUP scales & outputs

Example™ Centralised & Decentralised Commercial & Industrial Plants
Australian technologies/ ANZBIG members (** more suppliers nationally/internationally)

Bee Eater

Examples of Very Small Scale Examples Mobile/Relocatable Commercial* ‘
(e.g. Flame-capped kilns) * Also provide larger commercial systems e R M ‘7 :
w 1.   : ' ] . oo T i Rainbo\‘\‘;vﬂf

*  More info
available via
ANZBIG
members
resources
webpage
(including
table
summary)

Terra
Preta



https://metamorf.engineering/#section-1-1
http://www.anzbig.org/

“Chars ain’t Chars”

Miscanthus
Softwood
straw

Modification of biochar properties * Biochar properties dictate (and

* Heating rate limit) its potential uses

* Temperature R . .

e Feedstock * Application needs are identified
* Residence time to engineer biochar properties

* Technology
® Blending / Co-pyrolysis
Pre/Post Treatment

to meet them.

=» ANZBIG Code of Practice (2021)
classifies 3x Grades of biochars for

fit for purpose application:....Feed
Grade (premium), Standard Grade
(Soils), and Industrial Grades.

Credit: Dr G.Pan, 2020

Temperature = Biochar Yield Syngas Yield

Which Biochar for the Job?...Starting with the End in Mind

Oilseed Wheat
Rape straw straw

High water
High holding
surface capacity

area s -

High O containing surface eXchange

functional group (-CO; site

OH; -R-OH; —-COO-




Fit For Purpose Products- ‘Horses For Courses’

Code of Practice for the Sustainable
Production and Use of Biochar in
Australia and New Zealand

Version 1.0 — November 22, 2021

Higher Order Use of ANZBIG Industrial

ANZBIG Standard ;
Higher Order Use ‘unclean’ resource Grade Biochar

(or Feed) Grade

Biochar of ‘clean’ resource B I O C H ! R

INDUSTRY GROUP

ANZBIG COP Biochar Grades:
1. Feed Grade (FG)

Example High Value Applications: 2. Standard Grade (SG) (Soils)

: * Roads & Construction / Concrete
* High value Orchards / Horticulture 3. Industrial Grade (IG) _ .
* Carbon batteries (emerging)

Example High Volume Applications:

* Non-bulk/boutique distribution (e.g. bagged biofertilisers) , ‘ ‘
* Fillersin plastics

*  Water filtration (cheaper substitute for activated carbon) .
- T - * Inks (carbon black substitute)

xampie il olume Iications: i i .

AR s Example High Value Applications:
* Broadacre Agriculture, Silviculture, Land / Mine Rehabilitation
; __ * Carbontech (broad range)

* Amendment for Bulk Compost & Organic Fertilisers

) . . * Composites / Bio-plastics
* Feed Chars, Low Odour Animal Bedding / Litter

e Contaminant Filtration (pseudo activated carbon)
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others entering (e.g. SoilCo)

10-20% reduced composting time reported in windrows (increased throughput/productivity/capacity)
Lower GHG emissions in compost (e.g. nitrous oxides)

Increased aeration, water holding capacity, inhibit / deactivate residual herbicides (some US composters
using ~30,000 CY/yr of biochar just to inhibit persistent herbicides in compost)

Improved Product Quality (e.g. nutrient/water retention)

Premium / differentiated product - US commercial composter selling a climate-friendly BC compost at ~2x

price of normal compost.

Biochar'.every 3 years,
decombposition =10%
Litter: every year,
ecomposition =9 i
ARoot C | ’steady state
JERnET 97% of
i R C input
-~ )

|
Biochar .~

Initial soil C level

= ~ “Steady state:
decomposition = input

Time (years)

Fertiliser Efficiency:

SA NTFA (2022): No Till Wheat DAP fertilizer requirements has
potential to be cut by up to “50% without yield loss when combined
with biochar @35kg/ha according to SA trials over several years

Australian composters already using Biochar (Biogro(Vic), Jeffries & Peats Soils(SA), Soft Agriculture, with

SOFT Compost

Horticultural
Biochar

|

Different Solid and Liquid Biochar Products Produced and Sold in China

* Many different liquid products, Purity amino acid

fine powders and granulated Water Soluble
o Bloches Organic Biochar
products sold on Alibaba (>50 Uquid Organic Fertilizer

. .. fertiliser
companies advertlsmg)

* Main use for tobacco, » ’
vegetables and then rice and St

other cereals. g

Humin Rich

[ |

;.\‘ ¢

* Bamboo BC for personal Fuplus” Fulvie

Acids Biochar
products Fertilizer

* President Xi has Supported the
drawdown of Carbon into soils
and could see a Carbon market
in China by end of the year 3


https://www.google.com.au/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwj7ssqXjbeBAxVGRN4KHej1AZoQFnoECBYQAQ&url=https%3A%2F%2Fanzbig.org%2Fwp-content%2Fuploads%2F2022%2F05%2FANZBIG-Press-Release-May-2022.pdf&usg=AOvVaw2ccvDXE7x0P0eL9l0qWFpo&opi=89978449

80 CH Green Cities & Infrastructure:

INEUSIRIZGROUP Climate mitigation gnd adaptation

Green roofs, facades, bioswales, infiltration basins

Green roofs can reduce
stormwater volumes
by up to 85%

Water/nutrient retention, runoff filtration, stabilisation
Copenhagen — green roofs on all new buildings 2010+.
Uni of Melbourne study referenced by City of
Melbourne’s

“..evaluated a wide range of water retention additives in

substrates <for green roofs>....biochar was the most effective”

Council Street Tree Programs: -

largest BC use in Sweden; Dubbo Council pilot NSW-
2/3 less watering (drought resilience)

OO
fotatetatet

Melbourne


https://www.melbourne.vic.gov.au/growing-green-guide
https://www.abc.net.au/news/2018-05-20/why-australia-needs-more-rooftop-gardens/9775464
https://www.utoronto.ca/news/how-green-roofs-can-help-cities-sponge-away-excess-stormwater
https://www.melbourne.vic.gov.au/growing-green-guide
https://www.bbhub.io/dotorg/sites/2/2017/03/Replicating-in-Stockholm.pdf
https://www.bbhub.io/dotorg/sites/2/2017/03/Replicating-in-Stockholm.pdf
https://www.stirworld.com/think-columns-acros-fukuoka-prefectural-international-hall-by-emilio-ambasz-turns-25

Golf Courses & Sporting Fields: B bl
Water & Fertiliser Efficiency, Drought resilience P ) ___

Biochar treatment Single application
Biochar use <91t

* Water savings a critical driver in some locations (cost, asset protection, drought resilience)

. Y am . . - . Biochar cost/t $2200/t
Significant cost savings in fertiliser use ($SS), lower nitrate runoff Finance option s
* Significant reduction in fungicides Total cost of BC US$200,000
treatment
. . : : US$2,000,000
* Colorado Case Study: user benefits >$20,000 savings per tonne of biochar used, with 30-65% water z
US$22,000
use reduction, improved turf and lower fertiliser use (Biochar Users Report, Robb & Joseph 2019) o
e US golf courses trials over 2 years by Chargrow reported: 6 months
« 5 Million gallon reduction in irrigation water PERSIST™ premiumbiochar VGRID
* Fungicide reduction savings USD$30,000-40,000 f W il
ey For a healthier environment.

* 25% annual saving in fertilizer use

Absorbs and retains water 6x longer in soil. Promotes beneficial microbial growth.
Sequesters atmospheric CO2 to help reverse climate change.

* USA & Europe to date, not well established yet in Australia

Strong, vibrant turf with less waterin;

* +...race courses, professional sporting fields etc..

Topdressing New Planting



https://char-grow.com/biochar-for-golf-turf-management

Non- Soil / Industrial Applications for Biochar

Figure 1. Biochar Non-Soil
Applications and Markets
(Australia/NZ) - Industrial /
Carbon Tech

Source: Catalyst Environmental
Management with support from South
East Water Expanded on an original
concept by Ithaka Institute (Draper.K,
The Biochar Displacement Strategy,
The Biochar Journal, 2016)

Non-Soil
Applications
for biochar:

Industrial
Grade

Biochars
(or higher)

Volume
Value

(ANZBIG Code of
Practice)

Other Non-Soil Uses of Biochar and Biocarbons

Readawess

Volume

Volume

STABILISATION & DUST
SUPPRESSION - Dirt Roads

Roadb and Emb

Volume
ahiness ROADS
(Asphalt wearing courses, hot
and cold mixes)

Volume

Value

Readiness CONCRETE =g
(Non-Structural /
Structural)

Volume

Value

TEXTILES INDUSTRIES

N
(engineered fabrics, dy W/
filtration) i
INDUSTRIAL ?

Readiness

PIGMENTS, DYES &
FILLERS

BUILDING &
CONSTRUCTION
MATERIALS

(e.g. Insulation, Tiles,
Lightweight Aggregates)

17

N>
PACKAGING . ’

COSMETICS

Readiness

Volume
Vale

Readiness

WASTEWATER SANITATION / BIOGAS
(Filtration, enhanced AD biogas, septic and
transpiration trenches, effluent polishing)

MINING & QUARRYING
((including remediation and closure)

Volume

Value
Readiness

FILTRATION & PRE-FILTRATION (AIR/GASES, WATER/WASTEWATERS)
(Pseudo Activated Carbons, biofilms)
metals, organics, odour, nutrients

Volume
Value
Readiness

BIO-COMPOSITES
- (BIOPLASTICS / BIOPOLYMERS)

Volume
Value
Readiness

° INDUSTRIAL
: CATALYSTS

COMMERCIAL PET / ANIMAL CARE
(e.g. Animal Litters using industrial grade chars. Potential
for carbon cascades in other non-soil uses)

E Volume
Value

Readiness

ENERGY STORAGE
(Batteries, Supercapacitors,
Fuel Cells) .
Volume
Value
Readness
J D PRINTING
£ MANUFACTURING
3D

Volume
Value
Readiness

SOIL REMEDIATION / STABILISATION
(Contaminated Soils e.g. metals, organics)

Legend

Please note: this document Low
is intended for printing and pveechm,

Medium
viewing in A3 landscape format Medium High

igh or Immediate

Volume
Volume
The permanence of CDR in non-soil applications Volume V""""
is variable across the wide range of uses. Readiness Value Readiness
This can be tested and assessed on a case by case basis. Readiness .
Expanded upon on an original
concept by Ithaka Institute 2016
“Chars Ain’t Chars”.... {Draper,K: The Biochar Displacement Strategy,

Biochars for Non-Soil Applications are engineered to be Fit for Purpose. They
should be sustainably sourced and consider optimal use of available biomass resources and optimal
use of land (including biomass cropping).



Roads, Stabilisation, and Construction Materials s e fois

MasterCarb A:

Hiway Group’s latest sustainable
in-situ recycling product & process.

MasterCarb A is a specialised cold in-situ pavement solution
adopting new and innovative binder technologies. Using a specialist
proprietary binder* with a carbon sequestration medium that reacts,
upon application, to form a composite binder, providing enhanced
stability, strength and durability.

*As supplied by our exclusive research and development partner C-Twelve.

Sustainable Durable

THE MARKET OPPORTUNITY FOR BIOCHAR B3ty

T Rut Resistant

Biochar Use

((;Q) in

—O” Infrastructu

These attributes make MasterCarb A a superior option to
conventional in-situ recycled cement/bitumen treatments
and even dense-graded asphalt.

HIWAY iz
GROUP

* The addition of bio-char may provide a carbon

neutral outcome

* The biochar addition provides an improvement in

strength and reduction in pavement fatigue.

*+ Utilise bio-char for both carbon reduction and

pavement improvement

- Minimising virgin materials used in key projects

* Miway are unique in our ability to incorporate

biochar into pavements

* No heat required - safor and less fuel usage
* Less impact on the environment ~ lower emissions

- Competitive edge with clients wanting better
environmental outcomes

* Potential 20,000 tonnes of Biochar p.a. in Hiways

core products

* An additional 10-15,000 tonnes p.a. in our new

innovation product portfolio roll out in 2024.

* Price of Biochar and the benefit to the client will be

the key to the products success

0000
< sooom
00000
200000
¢
10 5

Outcomes

* More resilient pavement

* sustainably strengthened

* Minimised imported
materials

* Maximum environmental
benefits

MasterCarb Performance Data from 9§ B
Watheroo Trial

FATIGUE LIFE

o 20mmH e MMastercarb Fatique Life 25 Degress

Fatigue Life

* Compared with MRWA Asphalt data
* Superior Fatigue when compared against
asphalt.
) F?ligl\la Manulns‘ Relationship HMA Inmm‘wdlale Course vsﬂM:slerc:rb

200 250 %0
Microstrain

Fatigue vs Modulus Comparison

* Testing of the stabilised material shows a
High Modulus and High Fatigue.
Enhanced asphalt generally has higher
Modulus but Lower Fatigue.

Large potential volumes of biochar for sub-base stabilization and surface pavements



Erosion Control, Revegetation & Rehabilitation

Sunshine Coast Waste Disposal (QLD)

Biochar for Erosion Control,
Revegetation & Rehabilitation

Vital Chemical assists clients overcome challenges by formulating,
manufacturing, and providing environmentally sound products and services
to manage erosion, dust, revegetation, concrete cleaning and removal and
specialised heat exchange corrosion inhibition.

Vital Chemical

B & K are a commercial landscaping and revegetation specialist contractor
with three areas of expertise and service - Landscaping, Revegetation, and
Bush Regeneration.

Vital Biochar Availability

Vital Biochar is available in three grades, 1-3mm, 4-7mm and 7-25mm

within various pack sizes including 30L bags and bulk-a-bags.

Vital Chemical and B&K Revegetation & Landscaping are incorporating
Vital Biochar at a dose rate of 10-20% within turnkey applications of VE

Gro-Matt and VE Organic Matt.

/\)Zl@w /@Mw /fwwfy

Highways & Roads,
Landfills

Mining &
Quarrying

Airports

Urban Subdivisions

..All Large Soil
Disturbance.....



Potential for Greener Concrete

Vicat to construct housing and
office project on site of Olympic
village

70,000m?* of Vicat conci a0 per ce of which is

Vicat develo SﬁI‘SI carbon-zero w-carbon, making i o avoid 500 i ivalent, compared to traditional concrete

inder

alternatives.

Concept:

Deployment of special biochar in
3D printing of concrete structures
- for higher strength and durability

The opportunities are huge

Less cement

Higher compressive strength
Higher flexural strength CRACK © o
PROPAGATION

Better water resistance

Better corrosion resistance

CARBON SEQUESTERING CONCRETE
GOMES, TO OREGON

Reduced steel reinforcement
Lower total weight

Lower embedded carbon footprint

Lower total Cost

\ CHT

299 Environnement Du charbon vert pour sauver ko planéte 7 SMART CHEMISTRY

Watch the crepi sl vidin shost Solill Carbon'ssetainadbln

Fuincnele puur ol By Wins sdapt e nessn peuduidtios fustey

WITH CHARACTER.



http://cement.org.au/wp-content/uploads/2021/10/Decarbonisation_Pathways_Australian_Cement_and_Concrete_Sector.pdf
https://www.cemnet.com/News/story/177563/vicat-to-construct-housing-and-office-project-on-site-of-olympic-village.html

Other Non-Soil / Industrial Uses

are
the next frontier
of decarbonization.

From 2050, materials will emit
annually, while Scope 3 emissions from materials

are the

“The next frontier of emissions reduction is

Audi AG unveils sustainable dealership model
featuring carbon storing facade modules

materials. We make a carbon-negative filler
that radically decarbonizes supply chains.”

Engineered Biochar as Supercapacitors

iochor USA)

An organic sustainable alternative to fossil anodes in batteries

Virus® Inks rethinks the black ink for textile
screen printing creating a recycled product
obtained from the disposal of organic waste.

|

How we’re making
batteries from trees:
Lignode® by Stora Enso

@ Virus Rethink Black

#storueliﬁo

CarbonScape

ENABLING SUSTAINA BAT Y TECHNOLOGY


https://www.carbonscape.com/

Filtration/Pre-Filtration, Stormwater Management

. . Global water filtration market Engineered and in situ biofilters are increasingly used in urban
* Adsorbents - SUbStltUte for Actlvated Carbons (eg GAC/PAC) . f ~ environments to provide green space, alleviate flooding, and improve
Conventlona”y made from Coals’ ||gn|te or Coconut She”s_ leSDSlOGB In 2021' OrecaSt $17SB stormwater qLJElLiltf.l'. These r_y|.:=i::ally ::1:1r'|ttl'1i.r'| 5ar'|d_..sc1il_. mulch or compost.
\ 2029 (TMR, 2022) In @ meta-analysis of 84 studies, the addition of biochar was a low-cost
° Stormwater management ma rkets for biochar in USA are a fOCUS. option to remove various pollutants: heavy metals, microbial pollutants

Aust activated carbon market (Like E. coli bacteria), and trace organics.?
~S60M/y (wpl1,2020). Globally ~5.4M tpa

market reportedly worth USDS4.7B/y
e Multiple synergies for wastewater treatment systems & networks Images: USBI 2022

* Customized chars - Air (VOCs, H,S), Odour, Water (incl. metals, PFAS, Stormwater, Water and Remediation &

- includes stormwater cleanup, street and retention basin cleanup,

Siloxanes’ pesticides / herbicides’ pharmaceuticals)’ Biological disturbed soil stabilization, remediation and erosion control.
2 2 2 o Feed: k : Woody biomass, crop residues, manur nd litter %
(E.Coli), biofilms nutrients. T A A A Q}q
|

Bioswales, infiltration basins, engineered filtration systems, filter
socks etc. Compliance driven (runoff / discharge water quality).

Biochar markets and uses: Bioretention facilities such as bioswales, green ™

* Particle size, SA, porosity, density, surface functionalities key s e s b i
urban soils, filtration

* Ta rgeted ACtivation’ Pre/POSt treatments - horses for courses Products: biochar, biochar mulch/hydromulch, biochar-compost socks, bulk

(blower truck) application of biochar-bark/compost mix,

Packaging: 1 CF bags, 1-2 CY Bags, bulk in blower trucks.

Stormwater, Remediation— Initial Thoughts

@ Most Immediate Needs to Build Action Steps
Market Market

Bioretention Fund Demos, Research Test Market
Short Term s

TAPE Specifications
Specifications/BMP BMP/TAPE

Identity Demo Site Source urban wood
Low Cost MHigh Carbon Flyash
Scale Public Program
Commercialization

Grants

Erosion Control

Mine reclamation

Stormwater vault. Photo by Sarah Burch Photo by Sarah Burch Stand alone filter system to filter metals from industrial
sites. Photo by Ryan Holmann, Stormwater Biochar; filters
by BioLogical Carbon
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!

ROUP

* Termed
biocarbons

instead of
biochar if no
durable CDR

...displaces fossil
fuels (ER), but
no significant

durable CDR
benefit

Figure 2. Charcoals/Biocarbons
for Combustion Uses and Fossil

Fuel Displacement

Source: Catalyst Environmental
Management with support from South
East Water Expanded on an original
concept by Ithaka Institute (Draper.K,
The Biochar Displacement Strategy,
The Biochar Journal, 2016)

is intended for printing and
viewing in A3 landscape format

Oxidative / Combustion Uses for ‘Biocarbons’*

BIOENERGY FUEL
(ELECTRICITY CO-GENERATION)
(including co-firing)

LIQUID FUEL ADDITIVE / ENHANCEMENT
(including biodiesels, NOx reduction,
substitute for other fuel additives)

Volume

Value |
Readiness |

INDUSTRY GROUP
OTHER METALLURGY (including Alloys)
(heating fuel, reductants, PCi Carbon) I ‘0,_
Volume 4 “
Value
Readiness
SILICON/FERROSILICON SMELTING
(reductants, PCI Carbon, heating fuel) 14 28086
Volume Si
yaeus Silicone
Readiness
COPPER SMELTING / SLAGS
(reductants, PCI carbon, heating fuel)
volume STEEL MAKING / IRON
Value (reductants, PCI Carbon)
Readiness (not typically for BDBs)
Volume
** No atmospheric CO2 Removal (CDR) benefits from these uses :::;m .
e L
(typically no CDR (‘drawdown’) when chars are burned/oxidized).
However, potentially significant reductions in additional/new emissions may be achieved
via displacement of fossil carbon (i.e. avoided fossil emissions), pending LCA.
" “Chars Ain’t Chars”....
ogend
Please note: this document ey

Low-Medium

Medium
Medium-High
High or Immediate

optimal use of land (including biomass cropping).

Volume

Value
Readiness

DISTRICT HEATING

Volume
Value
Readiness

COMMERCIAL
HEATING / BOILERS

DOMESTIC OUTDOOR
COOKING / BBQs
(heat beads)

Volume
Value
Readiness

®

ii §§ COMMERCIAL BBQ /

-
J—

Volume
Value
Readiness

ALUMINIUM
SMELTING (heating for bauxite
refining, aiso carbon anodes)

Violume
Value
Readiness

Expanded upon on an original concept by Ithaka Institute 2016
(Draper,K: The Biochar Displacement Strategy, the Biochar Journal Nov 2016)

Biocarbons used to displace fossil fuels are typically tailored Fit for Purpose. They should be
sustainably sourced, and should consider optimal use of available biomass resources and




BlueScope is Looking to Biochar
Tech to ‘Future-Proof’ Steel

BélochaR  Decarbonising Steel & Metallurgy- ‘Biocarbons’

* Biogenic chars as a green substitute for PCl Biocarbon use at PKSW

G2

BlueScope

carbon (Pulverised Coal Injection), coking
coal, sintering carbon & recarburizer in steel
and other metallurgical processing.

Potential realistic applications of biomass derived biocarbon
in Ironmaking and Steelmaking operations at PKSW ) .
Typical PCI quality

(80 and et A Frnaces (647 e
(BOF) and Electric Arc Furnaces (EAF)

N cepial Sar EeliG f Blast furnace pulverised Up to 100% replacement at — i flﬂn" db

SO potential Tor blonydrogen 1or new coal replacement 150kg/t -HM and 7900t -HM/day Volatile Matter < gnf..-?..:lb

: _ _ Fixed Carbon >74%db
Direct Reduced Iron (DR|) systems Sintering solid fuel Up to 30% replacement of solid Alkalies (Na20 + K20) PXRCRTICE)

fuel Moisture <15% wet mass basis
. _ Coking coal Up to 3% replacement without Size =50mm

* Bluescope 1000t biocarbon trial (ARENA replacement impact on coke properties Arsenic < 4maglkg

. . Imaki Il repl: ) f calcined Chrome = 25magfkg

prOJect) at PKSW was hlghly successful. steelmaking re- Fu r::[I) acement of calcinec Lead < 8makg

carburizer anthracite or petroleum coke Zi <50ma/ke

. ne =20malkg

* Bluescope now seeking >>100,000 tpa of Total

biocarbon (up to 400ktpa) , that’s 5-10x
current total national production in
Australia

e Potential synergies with Industrial Grade
biocarbons with appropriate properties (incl

low target metals)



The Business Case for Biochar:

Biochar Users Report (Case Studies / Net User Benefit SS per tonne BC

A Report on the Value of Biochar and
Wood Vinegar:

Practical Experience of Users in Australia and New Zealand

Version 1.2 — April 2020

AUSTRALIA NEW ZEALAND
BIOCHAR INITIATIVE... ANZBI

Contents

Purpose ...
Executive Summary..
1. Introduction..
2. The Perceptions: User Survey:
2.1 Biochar users ...
2.1.1 Biochar as used by Graziers.
2.1.2 Biochar as used by Growers.
2.2 Wood vinegar users
. The Practice: Case studies of use .
Case Study 1: Beef cattle feed supplement.
Case Study 2: Avocado:
Case Study 3: Potatoes
Case Study 4: Water saving in Golf courses..
Case Study 5: Saline Soil Remediation ...
Case Study 6: Cucumbers ...
Case Study 7: Biochar as a feed additive in a feedlot scenario ...
Case Study 8: Zucchini.
. The Potential: a review of the literature.
4.1 Comparing the literature and the user experience ....
. Conclusiol
5.1 Recommendations ..
References..
Appendix 1: Biochar Survey
Appendix 2: Saline Soil Remediation.
Appendix 3: Biochar testing and field trial resuits
Appendix 3.1: Biochar chemical analysis: Renewable Carbon Resources Australia (RCRA).
Appendix 3.2: Dugald Hamilton
Appendix 3.3: Doug Pow '®
Appendix 3.4: lan Stanley — biochar field trial data ..

Thank you to all those ‘ridgy-didge’ biochar and wood vinegar users who gave up their time and data
to assist with the survey. Your generosity of spirit and commitment is what makes this community
what it is. Thanks in particular to Doug Pow, James Gaspard, Adrian Morphett, Karry Lee-Anne
Fisher-Watts JP; Barry Keith Watts, lan Stanley, Gerard Cahill and Euan Beamont for their time
detailing biochar use cases. Thanks also to Annette Cowie for proofreading and editing.

A farmer’s guide
to the production,
use and application
of biochar

Stephen Joseph and Paul Taylor

BiiogHar g imme

St Dopariment of Water and Environmental Regulation
Depacment of Primary Industries and Regional Development

METAMOREF

+ Additional case studies


http://www.anzbig.org/farmers-guide-2024/
https://anzbig.org/resources/

“The Australian Biochar Industry Roadmap is a

gNZBlG',s’ call to action. It demonstrates and explains the
Roadmap wi a o -
inforen ths huge potential for growth of biochar production
e ',’,',’eyc.‘;.';‘: and use in Australia.
Ko A ; tarnew palicies Making this potential real will deliver major
- , NF T rom all Australian . . . g
Rusitalian Biochar Industry 1 4, % governments. economic, environmental and social benefits....
ROADMAP .....I look forward to the biochar industry making a

major contribution to the

emergence of Australia as a Superpower of the
net zero world economy. “

Béiocnar

DUSTRY GROUP

Ross Garnaut AC

« 10 Priority Themes ANZBIG Patron, May 2023

* 10 Key Initiatives

* Over 50 Million tonnes/yr of commercially accessible sustainable biomass residues are currently being burned,
landfilled or under-utilized.

* Potential to reduce Australia’s net carbon emissions by 10-15%, provide up to 20,000 permanent jobs (particularly in
regional and rural areas), improve soil health and agricultural productivity and return degraded lands to a higher value.


http://www.anzbig.org/

Alignment with Multiple
Government Policy Objectives

Carbon plays a central role in so many areas of our economy
and in government policy objectives. The productionand use
of biochar can contribute positively toward multiple policy
objectives concurrently, including (but not limited to) the
following Commonwealth objectives below. State and Local
government objectives are similarly assisted. Supporting
the biochar industry to contribute to these important areas
can leverage government investment toward achieving the
targeted outcomes.

Climate Change / Climate Resilience /
Net Zero

®* Net Zero Plan (Net Zero by 2050). Biochar can provide
significant contributions toward all six sectoral plans to
achieve net zero:
- Agriculture and Land; Built Environment ;
Electricity and Energy
- Transport & Infrastructure ; Industry ; Resources.

43% Emissions Reduction by 2030 (Climate Change Act,

2022, Paris Agreement)

National Climate Resilience and Adaptation Strategy

2021 —2025

Net Zero in Government Operations Strategy

- Australian Public Service Net Zero Emissions by
2030
Partnership in the (international) Net Zero
Government Initiative

National Strateqy for Disaster Resilience

Australian Disaster Preparedness Framework / Sendai

Framework

® Australian Carbon Credit Unit (ACCU) Scheme — a cross
industry working group including ANZBIG has lodged
an EQI for a new method for Biochar Carbon Dioxide
Removal.
Bid to Co-Host COP31 (2026) - Enhancement of action
supporting COP31 with the Pacific

* National Science and Research Priorities

Circular Economy / Sustainability / Waste

* National Wate Policy (NWP) {2018) and NWP Action
Plan (2019

- 50% reduction in organic waste to landfill by 2030
(Target 6)

- Recover 80% of all waste by 2030 (Target 3)

- Significantly increase the use of recycled content
by governments and industry (Target 5)

National Circular Economy Framework

Circular Economy Ministerial Advisory Group (CEMAG)

— Priority action areas:

- Built Environment and Net Zero

- Innovation and Skills

- Food, Resources and Regions

- Circular Design & Consumption of Products

2030 Agenda for Sustainable Development and the

Sustainable Development Goals

Australian Sustainability Reporting Standards - (draft)
Disclosure of Climate Related Financial Information
(EDSR1).

Remade in Australia - circular carbon that concurrently
also provides climate action.

Reporting Framework

National Science and Research Priorities

Agriculture (Production / Climate
Resilience)

Delivering AG2030: Australian Agricultures vision for a
$100 Billion Industry by 2030
- Production (output/yield); Biosecurity; Land
Stewardship
Water and infrastructure; Innovation & Research

Human Capital - rural and regional skills and
employment
$100B in agricultural production by 2030
Halve Food Waste by 2030
20% increase in water use efficiency for irrigated
agriculture by 2030
Produce more from existing land - maintain
Australia's total farmed land at 2018 levels
National Soil Strategy (2023-2028) and National Soil
Action Plan
Carbon Farming Outreach Program

Australian government commitments to the UN

Convention to Combat Desertification (UNCCD)

Climate Resilient Agricultural Development and Food

Security Program

National Science and Research Priorities




Water Efficiency / Drought Resilience

National Water Initiative;

Resilient Rivers Water Infrastructure Program — 450GL
target for water for the environment, including urban,
industrial, mining, and on/off farm water efficiency.
Murray Darling Basin Plan (efficiency measures),

Sustainable Rural Water Use and infrastructure Program,

& Restoring our Rivers Act (2023) - “increase ways to

deliver water for the environment to reduce reliance on
buybacks”

First Nations Water Policy (access to water)
National Science and Research Priorities

Energy / Storage / Fuels (Including
Batteries / Hydrogen / Biofuels

Powering Australia

- commitments to support agriculture and carbon
farming, transport and energy
43% emissions reduction by 2030; Net Zero by
2050; 82% renewable electricity target

resilient nation

& D

v

Elevating
Aboriginal and
Torres Strait Islander
knowledge
systoms

Powering the Regions Fund — decarbonising existing
industries, developing new clean industries, Carbon Capture,

Utilisation and Storage (CCUS), and driving ACCUs.
National Battery Strategy

First Nations Clean Energy Strategy

Australia’s Future Gas Strategy

National Hydrogen Strategy

- Hydrogen Headstart Program - Biohydrogen
Capacity Investment Scheme to encourage investment in
renewables and storage

Towards a Renewable Energy Superpower Report

National Energy Transformation Partnership with the states

Unlocking Australia’s Low Carbon Liquid Fuels (LCLF)
Opportunity (Future Made in Australia)

National Science and Research Priorities

Employment, Economic and Regional Resilience

Future Made in Australia Agenda — enhancement of both
major streams of the agenda: Net Zero Transformation Stream,
and Economic Resilience and Security Stream.

National Reconstruction Fund — priority areas for Renewables
& Low Emission Technologies, Agriculture, Forestry and Fisheries,
Transport, Resources and Advanced Manufacturing.

Regional Investment Framework for strong and sustainable
regions

Boosting Supply Chain Resilience Initiative

National Freight and Supply Chain Strategy

Indo-Pacific Carbon Offsets Scheme - $100M support to
climate action in the region

Australian government programs and partnerships for
International Climate Action

Climate Resilient Agricultural Development and Food Security
Program

National Science and Research Priorities

Carbon plays a central
role in so many areas
of our economy and

in government policy
objectives.

A

il




Roadmap * Over 50 Million t/yr of commercially accessible sustainable biomass
Themes residues are currently being burned, landfilled or under-utilized.

Collaborate
and Enhance
Partnerships

* Potential to reduce Australia’s net carbon emissions by 10-15%,
e rfdglé’y provide up to 20,000 permanent jobs (especially in regional and
Innovation and Polic

and Research = Rt rural areas), improve soil health and agricultural productivity and
return degraded lands to a higher value.

N SUSTAINABLE P
\i’) DEVELOPMENT Tan ALS
-2/ 4l 17 GOALS TO TRANSFORM OUR WORLD

Accelerate ’

Markets scale up

(including Commercial
Demonstrations)

Priority
Themes

Funding and
Resourcing
Harmonise Support
Regulatory
Frameworks

Figure 3.
GOODHEALTH QUALITY

EDUCATION Australian biochar

can contribute to many
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biock ROADMAP INITIATIVES

Ten (10) key Initiatives contributing directly to multiple priority themes:

. Launch the Australian Biochar Industry Roadmap and fund Scale-Up Plan

. Improve Stakeholder Awareness and Education of Biochar Uses and Benefits
. Integrate and Optimise Industry and Regulatory Frameworks

. Support Biochar Commercial Demonstration Trials

. Leverage Carbon Emission Reduction and CO, Removal Opportunities

. Encourage Beneficial Use of Waste Biomass

. Drive Beneficiation and Increased Value of Biochar and Co-Products

. Safeguard Responsible Consumption and Production of Biochar

O 00 N OO L1 A W N -

. Support Government, Utility, and Industry Procurement Practices

10. Drive Export of Australian Biochar Innovation Internationally




o
o

Roadmap Working Groups

Resourcing

Innovation

Governance and
risk and auditing

Education and Policy and
communications Regulations
=] Standards and ﬁ;ljaﬁig[and
Certification
Development

With support to enable roadmap initiatives, the
industry could easily grow to a multi-billion-dollar
industry by 2030, generating green jobs whilst critically
drawing down carbon to combat climate change




Initiative 4

Support biochar
commercial
demonstrations
and trials

Context: The results of commercial
demonstrations and trials can increase
confidence in the industry and open
avenues for potential investment and
scale up. Such activities can assist
in the development of regulation,
certification schemes, and application,
or manufacture methodologies.

DECENT WORK AND
ECONOMIC GROWTH

i

Collaborate
and Enhance
Partnerships

Innovation
and Research

13 ioa Aligns with

@ Priority

Themes

Funding and
Resourcing
Support

Establish

for industry
Production
and usage.

Action 4.1 Demonstrate broad acre soil

applications at a significant scale

Objective: Increase economic confidence in large-scale

agricultural applications of biochar within Australia

Key Performance Indicators

e Qutline criteria and seek expressions of interest for broad
acre demonstration partners

e Establishment and documentation of broad acre trials and
demonstrations

Action 4.2 Demonstrations to regenerate

marginal /degraded land, including mine

site rehabilitation

Objective: Increase economic confidence in the use of biochar

as a remediation technology within Australia

Key Performance Indicators

e Qutline criteria and seek expressions of interest from reha-
bilitation / remediation demonstration partners
Establishment and documentation of rehabilitation / remedi-
ation demonstrations

Action 4.3 Support commercial-scale
demonstration projects for non-broad
acre soil applications of biochar
Objective: Increase economic confidence in many other
soil applications of biochar, and to showcase the diversity of
Australian soil-based industries with their potential to benefit
from biochar and co-products
Key Performance Indicators
e Qutline criteria and seek expressions of interest for poten-
tial demonstration partners
Establishment and documentation of demonstration and
trial projects
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Action 4.4 Support commercial scale

demonstration projects for non-soil

industrial applications

Objective: Increase economic confidence in non-soil based

applications of biochar and showcase the diversity of

Australian industries with potential to benefit from biochar

and co-products

Key Performance Indicators

e Qutline criteria and seek expressions of interest for poten-
tial demonstration partners

e Establishment of demonstration projects

Action 4.5 Support co-pyrolysis

demonstrations of plant biomass,

biosolids, forestry residues, agricultural

residues and food organics / garden

organics (FOGO).

Objective: Increase economic confidence in utilising

co-pyrolysis as a waste to value/resource management

strategy to benefit from biochar and co-products

Key Performance Indicators

e Qutline criteria and seek expressions of interest for poten-
tial demonstration partners

e Establishment of co-pyrolysis demonstration projects




Initiative 3

Integrate
and optimise
industry and
regulatory
frameworks

Context: Establishing the reliability
of the production and use of biochar
and co-products across all uses can
accelerate the growth of the Australian
Biochar Industry. The relatively novel
nature of large-scale manufacturing
and use of biochar and biochar
co-products means existing regulations
require review and revision as
the industry grows and the range
of potential biochar applications
increases.

17 Sineans

Action 3.1 Identify existing barriers

and potential regulatory approaches

to harmonise and facllitate safe and

sustainable operation across the

Australian biochar industry

Objective: Optimise the regulatory and procedural

framework for biochar to maximise benefits and reduce risks

Key Performance Indicators

» Conduct mapping exercise with stakeholders and
partners which identifies regulatory and procedural
barriers, and identifies remedies or alternative strategies

Action 3.2 Develop sustainability

assessment guldance, including higher

order use, for blochar feedstocks and

end-use applications

Objective: Ensure feedstocks for biochar production are

suitable for use

Key Performance Indicators

* Development of biochar feedstock sustainability
assessmant guidelines to integrate with the Biochar Code
of Practice

Action 3.3 Consult with federal and

state government departments and key

stakeholders to address blochar barrlers

and market uncertainties

Objective: Engage with key stakeholders to ensure barriers

are reduced and incentives increased to scale up sustainable

biochar production and use

Key Performance Indicators

* |dentification and consistent engagement with key
government and non-government stakeholders

Version 1.0
June 2023
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ROADMAP
PAGE 16

Aligns with

Priority
Themes




Initiative 9

Support
government
utility and
industry
procurement
practices

Contexi: Avustralian governments:
federal, state, territory and local, have
enormous influence on procurement
through tendering and procurement
practices. Governments are also
custodians of many biomass resources
and collection services. The benefits
of biochar for circular economy and
climate change mitigation should be
encouraged in suitable opportunities
and existing barriers removed.

DECENT WORK AKD
ECONIMIC GROWTE

IGLIWATE 17 PARTHERSHIPS
ACTION FOR THE GOALS

Action 9.1 Identify and promote
replacement or for fossil derived carbon
Objective: Ensure that biochar is considered for suitable
public and industrial applications and as a substitute or
replacement for fossil fuel derived carbon
Key Performance Indicators
* Number of alternate uses and new applications for biochar
* Total biochar use in different industry and government
applications
Number of policy initiatives implemented by governments
to support industry scale up such as incentives, grants
and levies

Action 9.2 Establish biochar

specifications for key procurement

and use opportunities and identify

carbon sequestration potential of these

applications

Objective: Establish biochar specifications for key procurement

and use opportunities and identify their carbon sequestration

potential

Key Performance Indicators

®* Development of biochar specifications and guidelines for
use in different public and industrial use

Action 9.3 Develop biochar case studies

and a biochar reference library for

government and industry

Objective: Ensure that government agencies and industry are

aware of how best to use biochar in a range of applications

Key Performance Indicators

* Biochar case studies generated per year

® Use of case studies and library visits measured by down-
loads and site visits

Yersion 1.1
July 2023

2030
ROADMAP
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Biochar Industry 2030 Roadmap -
2024 Implementation Kickstart
Fund

P o) 002/424 B & Youlube [

Campaign is ready to launch
Edit campaign ©

$30,000

Raised of $300,000

o

We don't store your card details. All donations are
processed securely by our PCl-compliant payment
partners, Stripe and PayPal.

Don Coyne will have quick and easy access to your
donation.

N



https://chuffed.org/project/107808-biochar-industry-2030-roadmap-2024-implementation-fund
https://chuffed.org/project/107808-biochar-industry-2030-roadmap-2024-implementation-fund

Supporters and Sponsors

The development of the Australian Biochar Industry 2030 Roadmap has been supported
by many organisations. We acknowledge and thank them for their support.
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https://anzbig.org/biochar-industry-2030-roadmap/

Thank you. Questions?

ANZ

BIOCHAR

"INDUSTRY GROUP

“If your house is on fire, you don'’t tell the
fireman to just let it simmer, you want to put the

>
CATA LYST fire out ..we need carbon removal that actually

SEAT/

Deconstructing the world’s problem Environmental Nlanagement keepS the CaI’bOn Out afterwal’ds “
to create carbon negative solutions 4 ’
< P
Albert Bates
E Cralg@catalyStem'Com'au = Biochar Bioenergy Regulatory Assistance
E: craig.bagnall@seatagroup.com.au B T Ay T

Biochar Applications Market Opportunity Assessment
M: (0408) 114242 ' Biochar Carbon Emissions Reduction / CDR Assessment
GIS and Environmental Data Management
EMS / Environmental Management Plans
Environmental Reporting

Waste & Water Management


http://www.seatagroup.com.au/
http://www.anzbig.org/
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