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Executive Summary

Theprojectentitied GAnaerobic C@igestion oRedMeat IndustryWasteg ¢ & dzy RSNI | { Sy
H n o TihendedT2¢ Decarbonising Businesses and Supply Chinire/aluate the potential of anaerobao-
digestion(ACoD)s a decarbonisatioand bioenergyproductionpathway forAustralia'sred meatsector.

The study combined experimental researtdghno-economicmodelling, andmpact assessments to

optimise and assess the commercial and environmemgakfits of ACoD compared to mowmgestionof

red meat byproducts.

ProjectOverview

Thered meat industngeneratesa significantamount ofhigh-strengthorganic byproducts, including offal,
manure,paunch, fats, and bloodVhile thered meat industrnjhas identified ways to utilise the majority of
the by-products produced, the industry is searching for methoddaoarbonise and utilise residual organic
by-products.Anaerobic digestion (AD) isagell-establishedorganictreatmenttechnology however, its
performance with red meat bproducts can be constrainedlie tohigh protein and ligd contents

resulting in ammonia antbng-chainfatty acid (LCFA) inhibitioACoD which blends two unique
feedstocks, offers a practical solutitmimprove processtability andincrease methane yieldtrough
dilution of inhibitorycompoundsand supplementatiorof limiting nutrients

Experimental Approach

Eleven red meat processaasross Australia participated in this studlyaboratoryscalebiochemical
methane potential (BMP) studies were conductedjtiantify methane yields fronproportionalmixturesof
site-specific byproductsand agricultural cesubstratesBatch studies were conducted in three phases
which assessed theaseline methane potential of proportional mixtures, the impact ofiagestion with
agriculturalresidues andmacronutrient optimisationKey results of these phases include:

1 Phase X, Mono-digesticn: BMPs of red meairoportional mixturesanged between 17559
NL 1T; 1 & & varying by siteand independent ofivestock type.

1 Phase 2; Codigestion: Agricultural residugsuch agrain, brewery waste, and bagasse, were
trialled with optimal mixtures yielding improvements of-30%in methane productivity.

1 Phase %, Macronutrientoptimisation macronutrient balacesidentified anoptimal lipid:

protein: carbohydrate raticof 60:20:20 which increased methane yields $3%75% increase
compared to monedigestion

Continuous digestion trials validated the findings of the batch experimamder semicontinuous
conditions, confirming that feedstock control anddigestion strategies enhanced methane productitie
and process stabilifyenablingoperation at elevated organic loading rates

Technoeconomi@and Impact Assessment

Detailed technoeconomic evaluatiomgere conducted for twgrocessrs (NSW4 and WA4) evaluate the
financial performance across three scenarim®no-digestion, cedigestion, and optimised ACoRey
findings include
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| Mono-digestion senarios resulted in negative net present values (NBNd@)poorbenefit-cost
ratios BCR30.30 ¢ 0.42) due to the low methane yidks and diversion of valuable {pyoducts
from market to AD

1 Codigestionscenariosmproved economic performancgubstantially, supporting NPVs
exceedindgb221 million for both sitesvith BCR >#, and payback periods of 4 years

1 The optimisedACoDscenarig based on a commercially operating plant in Eurajieplayed
the potential of red meat ACoD with NPM& 3and12.3fold higher than those from co
digestion.

The impact analysisonfirmed ACoD deliverezignificantgreenhouse gas reductionsffsetting grid
electricityconsumptionwhile assisting in the displacement gfnthetic fertilisersThe optimised ACoD
scenarioachieved furthelgreenhouse gas reductions, offsetting all grid consumption and standirgs a
significant emissionsink.

Key Project Outcomes
1 ACoD increased methane yields31y75%

1 ACoD improved process stability and supported operation at elevated organic loadingrates
continuous studies

1 Economic returns werstrengthenedby ACoD strategiegnablingpositive returnsand strong
economicperformance

1 Greenhouse gas emission returns were strengtheneiiipfementingAC®, with facilities

significantly reducing processor carbon emissions.

Conclusions

The project demonstrated that controllezb-digestionof red meat byproducts with agricultural residues
can transform organic products into valuable renewable energycartoducts.ACoD offers aractical,
scalabldLJr G K g | & F 2rétd mealdadiigigto reluceeinissions and support the circular economy
The results of this study provide the technical and economic foundaticfutiore demonstrationiscale
deployment andccommercial adoptiorof the ACoD technology.
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1. List of Abbreviations

ACoD
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AMPC

BCR

BMP

BRRC

CAPE>

CH4

CHP

CO2

EOI

FOGO

HRT

HSCW

IRG

LCFA

MLA

OLR

OPEX

PBP

ROI

TEA

TS

VFA

VS

Anaerobic Caligestion
Anaerobic Digestion
Australian Meat Processor Corporatic
Benefit Cost Ratio
Biochemical Methane Potential
Bioresource Recovery Centre
Capital Expenditure

Methane

Combined Heat and Power
Carbon Dioxide

Expression of Interest

Food and Garden Organics
Hydraulic Retention Time

Hot Standard Carcass Weight
Industry Reference Group
Long Chain Fatty Acid

Meat and Livestock Australia
Organic Loading Rate
Operational Expenditure
Payback Period

Return on Investment
Technoeconomic Assessment
Total Solids

Volatile Fatty Acid

Volatile Solids
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2. Introduction

2.1 Project Background and Context

Thered meat processingector is one of dz& i Ndrgesktfdodpiocessing sectorin 2023- 24, the
industry generated $17.7 billion in export sales and more than $29 billion in-aded outputs across the
sector, equivalent to 1.21 % of dza (i NGDB(AMPQ, 2024, AMPC, 2025Bhis strong economic
performance igairedwith associatednergy ancemissiondootprints. Estimates ire024 outlined energy
and greenhouse gas emissidnsm the sector equated t@,897 MJnd 330 kgC&eq per tonne of hot
standard carcass weight (tHSCW), respectifA&ifPC, 2025akquating to 0.24% of national greenhouse
emissiondAMPC, 2025a, DCCEEW, 2025)

Over the last decademajor progress has been made within the sector, with processors saejuy
reductions inemissionswater consumption, and energy deman@sviPC, 2025aMoreover,through
extensive innovatiorthe industry hasleveloped novelvays of utilising up t®@8% of the carcass
producevalue-added products, underscoring tlied meat industryas a sustainabilitdrivensector.
Despite thisyed meat processors are seeking additional ways to further decarbonise and reduce their
environmental impactswith the red meat industryspanning across Australi@mploying more thar39,000
employees and indirectly supporting nearly 150,000 jobs across supporting indyame<C, 2025hthe
sector represents a valuable opportunity for further sustainable development.

Redmeat processor operations produce a variety offmpducts, includindgplood, paunch, manure, and

fats, which vary depending on the animals processedthagrocess plat configuration(Harris and
McCabe, 20200ver recent years, Meat and Livestock Austr@ihA)and the Australian MedProcessor
Corporation(AMPChave commissioned numerous studies to investigatgroductmanagement

strategies and renewable energy solutions for the se(Burtler, 2018, Jensen, 2015, AMPC, 2022, AMPC,
HNHOX WSyaSy | yR ¢ Anaeiobic digasiogAD)hds Bdert highlightedias a pramising
technologyto exploit underutilised byproducts, generating renewable biogas energy bidertiliserwhile
reducing carbon emissionand grid and/or gas demands

The composition oivastewatergenerated from theed meat industrys typically rich in fat and protein
(Harris and McCabe, 2020, Pa@iaz et al., 2014)naking itwell-suitedto AD treatmentHowever, mone
digestion of protein or lipidich substrates can lead to process inhibition or failure due to the accumulation
of ammonia(Bayr et al., 2014, Alvarez and Lidén, 2008, Zhang and Banksa@@i®)long-chainfatty

acids (LCFA&amawand et al., 2017, Tian et al., 2018) reduce inhibition or failure risk, «bgestion
strategieswhich aim to combineed meatby-products with other complementary substratesre

increasingly being explored and implementedmprove process resilience and stability

Anaerobic cealigestion (ACoD) commonly displays numerous benéfittudinghigher buffering capacity,
increased biogas production, improved nutrient balareeg dilution of inhibitory compounds, often
leadingto anincreasedcapacity for higheloading rategBorowski et al., 2018Dperationally, ACoD

reduces the risk of digester upsets and may allow for smatiemsified reactorsHowever, designing an
effective ACoD system remaiagechnically challenging task as substrate compositions and availability of
local cesubstrates can vargubstantiallybetween sitesAs a result, feasibilitghouldbe evaluated on a
caseby-case basisonsideringsite-specific factors, including kyroduct and waste profiles, site location,
andsurrounding cefeedstock availability
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Compositional analysis has shotte carbonrto-nitrogen (C:N) ratio fomeatmixtures generalljies below
the optimal range of 2@ 30 (Nazifa et al., 2021suggesting cdigestion withcarbonrich substrates, such
as agricultural residug®Vang et al., 2023, Nazifa et al., 2023gn improveligestion performancen the
context of thered meat industry carbonrich feedstocks from agricultural industrieshichare currently
underutilised represent a valuable opportunitypr the red meat industryHere,ACoD of agricultural
residues with red meat bproductscouldoptimise the carborto-nitrogen ratio while addressing ammonia
and LCFAahibition, which can improve process stability and increase gas production

Therefore, this project aimed to assess the feasibility of AD and ACel@¥endifferent red meat

proces®rs. By-products from theelevendifferent sites were assessed for their Biochemical Methane
Potential (BMP)Agricultural residuesvhichwere sourcedfrom locally accessible sites close to

participating red meat processqmsere then mixed with the byproduct mixtures at predetermined ratios

to assess cdligestion performancand optimise the feedstock macronutrient profilgelected batch BMP
tests were then followedby continuous digestion experimenis validate the performance of the beneh
scaletests and assess thiesk of inhibition The finding$rom this projectprovide practical insights to

industry and contribute to a broader understanding of how ACoD can support the decarbonisation efforts
of ! dza  NRed meat @dustry

2.2 ProjectObjectives

Red meat industrpy-products are rich in proteindipids, and nutrientsmaking them a valuable substrate
for bioenergyand biofertiliserproduction Howevermono-digestion d these materialsan result in
digester upsets related tammoniaand/or LCFAaccumulation Therefore, processor bgroductsrequire
co-digestion withcarbonrich substrates to improve nutrient balances and mitigate inhibition B&spite
the known need for caligestion, there is significant uncertainty aroundsubstrate selection anthe
guantity of co-substraterequired tobenefitRed Meat byproduct digestion.

Therefore this project aimedto systematically address these uncertaintieeoughassessing the methane
potential of differentred meat processor byproduct mixtures and the impact of etigestionwith different
carbonvrich agricultural wasteshrough batch and serdontinuous experimentslThis project also
strategicallycontributedi 2 w! / 9 T 2 NBS:Onsiteatadrobit digestich fgpower generation
and natural gas/diesel displacement

The objectives of this projeatere as follows:

1. Conducting a thorough literature reviemn anaerobic digestion and the benefits ofdigestion.

2. Characterisation ofed meat industrnby-products andagricultural residues

3. Benchmarkingf red meat byproduct biochemical methane potentiduring mone and co
digestionstudies

4. Assessient ofthe risk of process toxicity from ammonia abh@FAshrough the operation of semi
continuous digesters during monand cadigestion at different operational conditions

5. Conductiga detailed technoeconomic evaluation on the feasibility of A@@bin the red meat
industry, assessing the economic and environmebttefitsof mono- and coedigestion strategies

C dCompletea detailed impact assessmetat assess thearbonimpacts ofcommercialisinggn ACoD
facility within the red meat industry
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3. Methodology

3.1 Industry Reference Group Meetings

An Industry Reference Group (IRG) was established shortly after the commencement of the project. The
group consisted okeyindustries including meat processors, equipment suppli@rsgindustry
representative§AMPC and MLANere, he IRGormed a valuable feedback body, providirritical

industry insightand feedbaclnto the projectplanning,results and direction elevatingthe value of

project findings and outcomésr the industry.

3.2 Literature Review

An extensive review of existing literature and previous work was conducted by Tessele Conaunlfants
Griffith University The literature review focused okDand ACoDstrategiesfor primary feedstocks rich in
nitrogen This included a revieaf AD operational parameters and key nutrients required for efficient
digestion and common inhibitors encounterehd management strategi¢e mitigate inhibition.The

review concluded by highlighting key economic and environmental considerations for ACoD processes an
outlined future research needs to advance ACoD withinrdtemeat industry

3.3 Batch Biochemical Methane Potential Studies

3.3.1 EOI and Survey

An expression of intere¢EOIl)and survey pacwere prepared for submission to red meat industries across
Australiaand surrounding agricultural industrigsOl packs included key questions focused on meat
processos and thelocalagriculturalindustry, with enquiriesrelated totheir operations and feedstocks that
could be available for A copy of the survey pack is attached in Apperdix

3.3.2 Inoculum and substrates

A mesophilic anaerobic inoculymwhichwas obtained from a fulbcale digester treating sewage sludge
(Queensland Urban Utilities, Luggage Point, Brisham&3 used in abatchexperiments in his study The
inoculum wasstoredat 4°C until usgbefore which iwas first degassed for 7 days at%&~.

Red meat industrgubstrates were collected from 11 different mgabcessos across AustralidJpon

receipt, @amples were immediately processed, using a benchtop kitchen mincer, to produce homogenous
proportional mixturegFigurel). Proportional mixtures werealculated based on the annuay-product
production quantitiesoutlined byeachred meatprocessotin the suvey. Agricultural substrates for each
proportional mixture were selected based on the survey results (Sedt®d) and relativeproximityto the
participating red meat industried\ll substrates were stored at®€ until use.
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WA1 WA?2 WA3 viC1
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Beef & Sheep Beef

Figurel: Images of the proportional mixtures produced following processing and mixing of the individual substrates.

3.3.3 Biochemical Methane Potential Tests

Biochemical Methane Potential (BM&ysaysvere performed using 1000 ml stirred batch reactors with
working volumes of 600 mT.est mixtures comprised of inoculum (450 ml) amfedeterminedquantity of
the target substrate to achieve an inoculttorsubstrate ratio of 2 (o volatile solid (VS)asis). Distilled
water was added to thenoculum substratemixture to ensure a working volume of 600 fMhe digestion
vessels were then promptly sea purged with nitrogen, and incubated at 3Zfor aminimumof 30 days
A blank triplicate containing just inoculum was run in parallel to determinertbeulumbackground
methane production The volume of methangroduced from the blank was then subtracted from that
produced from each of the treatment¥he resultingbackgroundcorrectedmethane production was then
normalisedwith respect to the quantity o$ubstrateadded (as/9.

3.3.4 Kinetic Modelling

Methane production curves were fitted withfast-order kinetic model(Eg.1) to estimate he specific
methane potentiabf the subsrate.

66 6 0p Q° (Eq 1)

WhereB(t)is the blank corrected cumulative methane producedfMkglvsadae) at timet (days), By is the
specific methane potentigNLcnikglvsadaed, andk is thefirst-order rate constant (day).

To explore the relationship between the microbial specific growth,raierobial population densityand
methane yield, the modified Gompertz model was fitted to the cumulative methane data.
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60 6 N (Eq 2

WhereB(t)is the blank corrected cumulative methane produceddMkglvsadaed at timet (day),<is the
lag phase (dayRnaxis the maximum methane production rate (MEKg vsaddeiday?).

3.3.5 Analytical Methods

Inoculum and reactor pMere measured using a prealibrated pH probe and meter (TPS, Australia). Total
solids (TS) andSwere measured according to standard methdd®HA, 1998PhosphatgPQ-P) and
ammonium nitroger(NH:i-N) were measured using laachat Instruments USA, @k Chem 8000 Flow
Injection Analyser (FIA) as described elsewliirek et al., 2014)otal and soluble metalsytal Kjeldahl
phosphorus (TKPand total Kjeldahl nitrogen (TKNEre measured usingn inductiely coupled plasma
optima emission spectroscopy (FCES) equipped with WinLab32 for ICP software (Perkin ElImer, USA
Optima 7300 DV) as described elsewh@eessy et al., 2013)otal carbon and nitrogen in solid samples
were measured via combustion as describedbyson et al. (2009)

Daily biogas production was determined by measuring the headspace pressure using a gas manometer
(Paulose and Kaparaju, 202Bjogas composition (GEnd CQ) was measuwed using agas chromatgraph
equipped with a thermal conductivityetector (Shimadzu, 2014Methods for the measurement procedure
are described elsewher@aulose and Kaparaju, 202Ihe dry biogas and methane volume was
normalised to standard temperature and pressueeorded at the time of measuring the biogas volume

3.4 Continuous Digester Studies

The two selected red meat processors shortlistiening theBMP testing were used for threntinuous
pilot-reactor studiesTwo senmticontinuous reactors were employed &ssess the performance and stability
of biogas production from monand caedigestion feedstockddere testing explored digestion
performance while varying operational variables, such as ratios-efibstrate digestion, hydraulic
retention time (HRT)organic loading rat€OLR)feedstock macrenutrient compositian, and the influence

of additives, such aactivated carbon an8iochar.

3.4.1 Inoculum and substrates

A mesophilic anaerobic inoculum was obtained from adedile digester treating sewage sludge
(Queensland Urban Utilities, Luggage Point, Brisbane). The inoculustoredgat 4°C until useRed meat
industrysubstrates were collected from WA4 and NS&Véry 6 monthsSamples were immediately
processed upomeceiptusing a benchtop kitchen mincer to produce homogenmirguresbased on the
results of the batch BMP testsdlomogenised feedstocks were frozen kong-term storage and thawed
prior to use Agricultural substratessere collectedrom the selected agricultural industriesd prepared
onreceipt Preparedsubstrates were frozen fdongterm storage and thawed prior to use.

3.4.2 Continuous Digestion Experiments

Semicontinuous digestion experiments were conducted in 12 L continustirsgd tank reactorseach
with aworking volume of 10 L. Each reactor was equipped with a feed port and stopper, effluent valve,
heating jacket, gas flow meter, and overhead stirReactors werenanuallyfed daily on weekdaysnd
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the equivalentamount of digestate wadischargedy overflow of the digestate following feed addition.
The overflow line was sealed via a water lock to prevent biogas loss through the digestate outlet.

Prior to startup, the inoculum was degassed aP@7or 7 days, following which the reactors were filled
with 10 L of inoculum and the headspace was purged with nitrogen to ensure anaerobic conditiang.
the initial startup phasgthe digestersvere fed with proportional mixtures from NSW4 (Reactor 1) and
WAA4 (Reactor 2) at an organic loading ré@ Rpf 0.2 gdLtiday*anda hydraulic retention tim¢HRT pf

60 days, following which theLR wastepwiseincreased to 2.0\giLiday* (Tablel). Due to the high solids
content of the proportional mixtures, the HRT in both reactors was reduced from 60 days to 35 days to
accommodate the OLR increase from 1.0 to 2d0-¢day?. Following monedigestion at an OLR of 2.0
gvdLtiday?, agricultural materials (grain for WA4 and bagasse for NSW4) were added to the sigattrate
predetermined ratio®on day125. Codigestion continued fod9 days, after which the feedstock was
swapped to a macronutrient optimised feedstock determined from the batch BMP tests (Sa@&jon

Tablel: Continuous digestion experiment operation parameters

ID Exp. Phase Days OLR HRT
NSw4 Mono-digestion Startup 0.2 60
0-30 days 0.5 60
3073 1.0 60
73125 2.0 35
Codigestion 125174 2.0 35
Codigestion (macro 174-265 2.0 35
optimised) 265290 2.5 35
290-350 2.25 35
WA4 Mono-digestion Startup 0.2 60
0-37 days 0.5 60
3773 1.0 60
73125 2.0 35
Codigestion 125190 2.0 35
Codigestion (macro 190-290 2.5 35
optimised) 290-350 2.25 35

3.4.3 Analytical Methods

Analytical methods used were the same as those used for the batch experi(Beation3.3.5. Daily biogas
production was measured using a gas mdRitter, MilliGas counter MG@D). The produced biogas was
corrected to dry biogas volumendexpressed as the volume at standard temperature and pressure.

3.5 TechneEconomic Assessment

Theanaerobiadigestiontechno-economic assessment (TEA) for NSW4 and YéAdidered330 days of

continuous operation per yea€apital costs (CAPEX) incluéedineering, procuremenand construction
of various componentand equipmentjncluding those for the AD equipmermombined heat and power
engines, flares, G@ecovery units, and biofertilisgrlant. SpecificCAPEX values for each scenario were
determined using the power law (Eg. 2), a standard method for estimating costs for similar projects.
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6 6z — (Eq.2)

WhereG is the initial cost of the equipmeny/ is the initial size of the equipmen¥; is the new equipment
size,nis the scaling factor (0.6), ait@is the new equipment cost.

Annual gerational costs (OPEX) for all scenavese assumed to be 6% of total scenario CAREX an
increase to 12%very5 yeargo account for major preventative maintenandeevenue/benefits included
the offset of grid powemnd natural gas consumptioexport of excess power to the grid, £€ales
biofertiliser salessale of ACCUSs, and sale of lasgale generation certificates (LG@SFCUsare calculated
by determiningthe total tonnes ofCQeq avoidedthroughthe implementation of theAD, bidertiliser
production,and CQ recovery The value of ACCumstaken as37.35 AUMonne* (www.cer.gov.ay. LGCs
were calculatedising Eq3 (www.cer.gov.au)

0® YO O & ©0zp O (Eq.3)

where;LGGis eligible renewable electricity generated (MWHRis total electricity generated (MWhis
power generated by ineligible sources (=0 in this case; MAs)parasitic load (MWh] is power

distributed by the power station (MWhM is a marginal distribution loss factor (=1; as power is supplied to
local distribution network)LGC sale priogas assumed to b21.25AUDMWh?, based on th€025 Q2

price (www.cer.gov.a) As LGCare scheduledo endafter 2030, revenugeneratedfrom LGCsvas

included for the firs6 years of the projecinstallation and commissioningere assumed to occur over

year, during which all revenue was assumed to be z€exation and decommissioning costs were
excluded.The diversion of valuadded byproducts from the market to the AD plant was included as a cost
to the project, due to the loss in revenue to the red meat processor resuhimgreduced byproduct

sales.

Scenario profitability was quantifiagsing 1) net present value (NPV) for a nominah&r project life,
using a 5% discount rate and 6% escalation oatéuture cashflows2) return on investment (ROI), 3)
payback period, which was taken as the time to recthginitial capital investment costsing adjusted
annual project cashflowsand 4) thebenefit cost ratio(BCR)NPV wagalculated using Eq: 4

V0dYO B —— 6 (Eq 4)

where; G, is the net cash flow during the time periogld is the discount rate, an@ isthe initial capital
investment (including fixed and working capital). Return on Investment (ROI) was calculateBqisih

YO (Eq 5)

The BCR was calculated using Eq.6:

66y (Eq 6)

All monetary values were quantified &UD.

A sensitivity analysis was used to determihe effect of t50% variation irlectricity price, natural gas
price, CQprice, biofertilisemprice, ACCU price, CAPEX, OBEAR, plant capacity, discount rate, and
escalation rateon the calculated NPV.
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3.6 Impact Analysis

Theimpact of commercialisingCoD at the red meat processor sites was assessed in terms of total carbon
offsetsfor each scenarievaluatedin the TEAEmissiorfactors for natural gasrere assumed to b&1.53

kg CQediGJ3, while scope 2 and 3 emissions factors for grid electricity were tak€nbdsand 0.0kg

CQedqikWh?, respectivelywww.dcceew.gov.au Emissions fronthe consumption of biogas within a CHP
weretaken as5.43kg CGediGJ (www.dcceew.gov.al while emissionsavingsrom the displacement of
synthetic fertilisersvere assumed to b®.95kg CGeditonne™. Scope 3 emissiorisom the transport of by
productsfor disposalvereassumed to be 17.8g CGediGJ3, based on the combustion of diesela25-

tonne capacity truckwww.dcceew.gov.au Totalround-rip distance was assumed to be 400 Krhe

overall net greenhouse gas impact of each scenario was determined as the sum of all emission sources and
offsets.

3.7 Knowledge Sharing

Shortly after the commencement of the project, a comprehenkivewledgesharingplan was developed to
ensure effective and timely knowledge dissemination across project partners, industry, and the wider
research community. The plan included an outline of kagpwledgesharingactivities that were to be
conducted during the project, including the preparation of regular project update reports thad
developmentand publicatiorof scientific journal articles based on the project results and findings. Additio
activities included online and4person workshopswvhich extended beyond project partners and invited the
wider industry and research community to participate in project discussions and presentations of the project
findings.
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4. Results andiscussion

4.1 Research activity 1: Establishment of IRG and meetings

AnIndustry Reference Group (IRG) was established shortly after the commencemenpobjgrt and
formed a valuabléeedback body to the project team total of17 IRG meetings were conducted over the
course of this projectproviding key industry insights into the project deliverables, findings, and @#ans.
summary of discussiorteeld at each IRG is provided in AppenBix

4.2 Research activity 2: Literature review on ACoD and feedstock
determination

An indepth literaturereviewon red meat byproductADand ACoD exploringfactors including operational
considerations, toxicityinhibitor management, and possible-digestion substratesThe review

highlighted the benefits of cdigestion observed from previous worksnphasisinghose related to

nutrient balancing, improved process efficiency, enhanced process stability, and increased methane yields
compared to monedigestion Agricultural residues werigentified as promising caubstrates for ce

digestion withred meat industnby-products particularly due to their high carbon content and ability to

assist in pH stabilisatioihe review concludethat, while significant progress has been mad&nawledge

gap related to optimal caligestion ratios still existsinderscoringhis as &eyfocus area for research

efforts. A copy of the literature review svailable in Appendix C.

4.3 Research activity 3: Biomethane potential tests

The batctBMPmethodology was employeib assess the methane potential of the differgaroportional
mixtures.BMPexperiments were conducted in three distinct phaskdlowing completion of akOlsurvey
by Red Meat Processors across Austrahahexperimentalphasebuilt on thefindingsof the previous
phase with the commongoalto maximise biogas pduction.

In Phase 1, individual iyroducts (blood, hair, offal, etc.) produced from 11 different red meat processors
were mixed at predetermined ratios to produce proportional mixtures that simulated realistic scenarios at
the different processor siteI.-hese mixtures were subject to BMP testing over >30 ttagssess methane
yields, nutrient profiles, physicochemical properties, and to establish baseline methane production profiles
for each processor.

ForPhase 2freshproportionalmixtures were produced from fresh fproducts collected from each
processoy along withlocal agricultural residues, including brewery, grain, and potato wastesse
residues were selected based on reported BMP values, proximity to processing sitescklsgavailability,
and yeafround supply The agricultural residuemdfresh proportional mixturesvere characterised and
then co-digested withselected agricultural residues predetermined ratioswhichprioritisedred meat by
products as the primary feedstock.

From the 11red meat processors from Phase 1 and Phasev@ were shortlisted for Phase 3 testing.
Selection was based @rigorous selection criteriorwith processors scored on the following

9 History of collaboration
1 Feasibility of scalep
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Following shortlisting, fresh bgroducts from the selected red meat processors and agricultural industries

Feedstock characteristics
Economic factors

Location

Environmental

Innovation

Logistics

Potential for cebenefits
Technical expertise
Preliminary BMP results

Commitment to the project

were collected anccombined at predetermined ratio® target selectd lipid, protein, and carbohydrate

ratios.

4.3.1 Expression of IntereSurvey

A total of 19Red MeatProcessorand12 Agricultural Industrieparticipatedin the survey providing key
information related to their operations and feedstocks available forPdbticipating processors were
strategically reduced from 19 to 11 usingharoughweightedselection criteriorbased orsurvey
responsegprovided.Table2 summarises key information obtained from tkRortlisted participants

Table2: Key informatiorfrom the shortlistedRed MeatProcessoparticipantsfrom the EObkurvey

SitelID  Location Animal  By-Product  Top four byproducts
(tonnelyear)
NSW4 New South Beef 32,700 Skins and Hides (44.25%), Blood (25.81%), Rendering mate
Wales (14.75%), and Paunch (7.37%)
VIC3 Victoria Beef 15,000 Paunch (53.33%), Screened solids (26.67%), DAF sludge
(13.33%), and Manure (6.67%)
NSW2 New South Sheep 6,450 Paunch (38.76%), Contrashear content (23.26%), DAF slud:
Wales (21.71%), and Manure (7.75%)
WA2  Western Sheep 10,265 Paunch (25.33%), Inedible Offal (19.48%), Red Contrashea
Australia (19.48%), and Skins and Hides (17.05%)
WALl Western Sheep 33311 DAF sludge (64.65%), Skins and Hides (14.59%), Paunch
Australia (9.12%), and Manure (7.41%)
VIC1 Victoria Sheep 3,100 Blood (25.51%), Skins and Hides (25.51%), Inedible Offal
(23.59%), and Screened solids (15.95%)
WA3  Western Sheep 1,420 Blood (32.39%), Inedible Offal (30.99%), Tripe (14.08%), an
Australia Skins and Hides (11.62%)
VIC2  Victoria Sheep 2,236 Primary press sludge (37.14%), Secondary press sludge
(31.43%), Contrascreenaterial (14.29%), and Manure (8.57¢
NSW1 New South Sheep 9,886 Blood (30.35%), Green Contrashear (27.35%), Inedible Offs
Wales (16.12%), and Red Contrashear (10.52%)
WA4  Western Sheep & 32,564 Blood (36.74%), Skins and Hides (24.25%), Paunch (20.219
Australia Beef and Rendering material (7.28%)
QLD1 Queensland Sheep & 11,063 Paunch (86.42%), Tricanter bincontent (10.8%), Contrashez
Beef content (2.78%)
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Results from theed meat processosurveyshowedcommonmajor by-products produced included
paunch, skins and hides, blood, azmhtrashearscreeninggFigure2). However, the quantitpf each by
productproducedat each site was dependent on the facility size and its operations.

Skinsand Blood Rendering Paunch Screened DAF Sludge Manure  Inedible Red Tripe Primary Green  Tricanter
Hides Material Solids Offal  Contrashear Press Contrashear
Sludge

ENSW4 mVIC3 mNSW2 mWA2 mWAL1 mVIC1 mWA3 mVIC2 mNSW1 mWA4 mQLD1

Figure2: Common major byproducts produced from participating red meatlustries

Survey results from agsmdustrieshighlightedfood and garden organics (FOGO), bedding, gy
products, potato skins, reject potatoes, grains, and mushroom subsivakte available to participating red
meat industriedo supportfull-scaleACoDoperations Similar to theRed meat industryby-product type
and quantity available for Aere dependent on the agriculturdécility size ancdperations Importantly,
the agreindustries and products available for ACoD were dependent on the relative location t
participating Red Meadindustries. This was to ensure a practical approach tsutistrate selection,
ensuringthat tested substrates were practically available to fRed meat industry

4.3.2 Phase 1Proportional Mixture Moneadigestion

By-products from the shortlisted participan{3able2) were then sampled and combined produce 11
proportional mixturesased on the annual output of each facilffigure 3. Eachproportiond mixture
presented its own uniqueharacteristicssuch as pH, moisture content, nitrogen content, and fatty acid
profile.
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Figure3: Figure detailing the A)rpportional mixture composition from each of the participating red meat processord BBMP curves produced
following digestion of each of the proportional mixtureBhe line colours refer to the different animals processed at each faeiiity Red) Sheep
only, Green) Beef only, and Yellow) Beef and Sheep

BMP testing of the proportional mixtureBigure 3and Table3) showed the methane potentiaiaried
between 175 and 559 NLikglvsadded Which was dependent on the tg@nd composition of the substrates
Notably, measuredproportional mixtureBMPs from dtes processing the santiwestockvaried

substantially For example, BMHAer sites processing sheemnged from 175 to 559 NLikgvsadded
Similarly, beef processor BMRmged from 28 NLcrikg™vsadded0 310 Nknikglvsadsed Tabled). These
findingshighlightthe importance of dedicated BMP tests to outline the methane potential of unique
substrates.

In terms of eergy yieldssimilar to the BMPs, yieldsried between sites, with the lowest and highest
theoretical yields of 3,534 and 206,068 GJ per year, respectively. Variations in theoretical energy yields
were primarily driven by annual gyroduct production rates and, to a smaller extent, thegrpduct BMP.

Table3: BMP test results and estimated energy yield per participant for Phase 1 of the BMP testing.

Animal Beef Beef and Sheep Goats Sheep

ID NSW4 VIC3 WA4 QLD1 NSW3  WA2  NSW2 vIC1 WAL VvIC2 WA3
Methane

yields 310.19 217.89 435.82 28122 23428 24695  288.1 489.96 17531 31338  559.23
(NLowikg +15.02 +14.93 +33.43 +11.75 42203 3528  +40.85 +9.53 £9.00 3239  +20.46
1VSaddea

Methane 66.69 54.56 37.46 55.86 60.42  49.99  62.11 49.99 50.77 54.56 49.24
Content (%)

Meat bic

resources 32,700 15,000 32,564 11,063 9,100 10,265 6,450 3,100 33,311 2,316 1,420
(tiyrt)

Methane

production 2,201,559 480,945  5254,727 1,046,985 519,135 554,984 462,700 478,043 947,020 90,116 249,221
(m3iyrt)

Organic

Matter 7,097 2,207 12,057 3,723 2216 2247 1,606 976 5,381 288 446
(tonsiyr-t)

(Eg;’;g};Y'e'd 86,336 18,861 206,068 41,058 20,358 21,764 18,145 18,747 37,138 3,534 9,773

4.3.3 Phase 2Proportional Mixture Caligestion

Following the results of Phaseshmple requests were sent to participating agricultural industries from the
survey(Sectiord.3.1) with 6 industriessupplyingco-substrates for BMP testingvhich included grain,

FOGO, hay, brewery waste, potato wasted livestock beddind he receivedubstrates were subject to
BMP testing at various edigestion ratios with theed meat processor proportional mixtures at
predeterminedratios (cesubstrate loading 0, 5, 25, and 100¥pno-digestion of theagriculturalco-
substratesshowed grain and potato products had the highest methane potential of the agricultural
products assesse@d10-418 NLchikglvsadde, followed by brewery byproducts(361 NLchikglvsadded, hay (311
NLchikglvsadded, and beddind241 NLchikgivsadded. Notably, theNSW4VIC1 and WAZagricultural wastes
whichare primarily composed oFOGO collected from a nearby fanmoducednegligiblemethane

Similar to Phase 1, omo-digestionBMPsof proportional mixturesraried across all red meat processors
independent of processor type arigtestockprocessedinterestingly implementing cedigestion strategies
primarily resulted in a reduction e BMP compared t@roportional mixturemono-digestion, with the
exception of NSW4 and NSWihich experienced 80-37% increase in BMPhen codigestedwith their
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select agricultural substratat 5%and 25%yespectively(seeAppendixD). It was noted thasome of the
mixtures yielding the highestbservedBMPs namely, NSW#B095 NLcrikglvsadde), NSWIA4332 NLchikg
Ysadded, and VIC1443.7NLchikgvsadded, had protein lipid: carbohydrate ratios of 1:0.9:0.1, 1:0.35:0,@5d
1:0.58:0.03, respectivelfrigured). Notably,NSW2 caligested with 25% waste grain, which had a protein:
lipid: carbohydrate ratio of 0.81.0:068, yielded the highest BM&f all mixtures assessethese variations
in the measured BMP suggest the feedstock macronutrient compositiald play an important role in the
substrate methane yield.
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Figured: Macronutrient composition and measured BMP of the red meat proportionstures at different cedigestion rates

4.3.4 Phase 3Macronutrient Optimised Caligestion

Following the findings of Phase 2, Phase 3 testing aimed to optimise theplipidin: carbohydrate(LPC)
ratio to maximise biogas productioihe macronutrient profile of the proportional mixtucd sub-
feedstocks and csubstratesvasanalysed to identify major components contributing to timacronutrient
ratio observed in Phase €ompositional analysis of the different substrakéghlighed the dominance of
lipids and proteins within the red meat processoryducts,exceptpaunch and manurevhich were
dominated by carbohydratesee Appendi®?2). Paunch and manure are predominantly composed of
lignocellulosgBai et al., 2023, Liu et al., 2028yecalcitrant complexnolecule composed of cellulose,
hemicellulose, antlgnin, whichresistsmicrobial degradationAll agricultural and food waste exubstrates
were dominated by carbohydrates.

BMP testing of caligestion mixtures at different LPC ratidsmonstrated that cedigestionimproved
methane yields compared to mortigestion in several cases for both N&&vd WAL feedstock mixtures.
For WA4the recordedmono-digestionmethane yield was 356. Mmlchiglyvsaddes Similar to that achieved
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in Phase 2 BMP testinGodigestion with grain aan LPC ratiof 60:20:20increased methane yields to
625.27Nmlchiglysadded representing a 75.28% increase in methane producti@odigestion with corn
silage also saw improvements in methane production relativ@ano-digestion with the highest yield of
710.73Nmlchiglvsaddedobserved at a LPC ratio ©9:21:30

For NSW4mono-digestion resulted in a methane yield of 399.38 NG vsadded While ®-digestion with
sorghum at d_PC rati®0:20:20 increased methane yields to 47 7Ni#hlcnigvsadded Figures5B). Co
digestion with bagasse at the same ratio achieved even higher yields, with 8025040y sadded
Improvements in methane production were also observed when NSW4 waigiested with milk waste,
achieving a yield 0f58.88Nmlchiglvsaddes Overall, the results demonstrate the value of feedstock
compositional influences on methane production and the value of feedstock contrbaimising
methane yields.

Pretreatment of agricultural substratesn inprove methane yieldby partially hydrolysinghe substrate

prior to AD. Terefore an additional test usingteamexplodedbagasse was included to assess the impacts

of pretreatmenton codigestion.Results showed a reduced yieBILQ.7INMLchigvsadde) When NSW4 was
co-digested withsteamexploded bagasseompared to NSW4 mongigestion. Prolonged storage may

have led to the degradation of readily biodegradable compounds or microbial spoilage, negatively affecting
its performance as a esubstrate.

. - [noculum +—MN3W4 (6T:26:7)
—e—noculum —e—\Wa only (63:27:10) 5 NSV & bagasse (60:20:20) —o— NSWH# {70:20:10)
—&-\WA4 & com silage (60:21:19) —B8-Wa4 & comn silage (50:21:30) —e— NS\ & bagasse (50:20:30) ~&— NSWA & Sorghum (50:20:20)
Com silage (7:8:85) ~e—WA4 & grain waste (60:20.20) —— NSW4 & sorghum (50:20:30) —#- NSW4 & Treated bagasse (60:20:20)
—a—\WA4 & grain waste (50,21:29) —+— Grain waste (1:18:81) —a— NSWGE & milk waste (52:20:18) —— Milk waste (20.:6:74)

800 TO0
5 '—gv—\jv—él 74%**
—# F

Y FY
. 4 *
o i)

560

@
Q
=1

B
R
=

Cum methane yields
(NLCH./kgVS aiged)
N
=1
3

Cum methane yields
(NLCH,/kgV'S added)
n
@
a

o
=]
=]

=
=3

— o ——0 & 8 —8—8
36 45

18 2
Time (days) Time (days)

Figure5: Cumulative methane production for A) WA4 and B) NSW4, at differentpiitin: carbohydrae co-digestion ratios Results are
presentedas the mean of triplicates the standarddeviation

4.4 Research activity 4. Continuous ACoD digester experiments

Followingphase 3 BMP testing, twalot digesterswere started to assedengterm impacts of moneand
co-digestion on biogas production, methane yields, and process staBilingess performance and
methane yields for the sentiontinuous digestion experiments are presentedppendixE Both digesters
were started orproportional mixtures from NSW4 (R1) and WA4 (Rino-digestion phasedt an OLRof
0.2gvdLtiday?. Following startup, the OLR wsequentially increasestepwiseto 2.0gvdLtiday?* (Table4)
resulting in a 4.4 and 5Id increase in methanproductivityfor WA4 and NSW4espectivelyFigure6).

It was noted thatontinuedoperation at 2.0 giLtiday*resulted in the accumulation of volatile fatty acids
(VFAspandreduced biogas yield@\ppendix Ein both digestersyhich arecharacteristic signsf process
imbalancesand a leading indicator afpendingprocess failure

23| Page

ANAEROBIC ADGESTION OF RED MEAT INDUSTRY WR®&aHESepo!



3,000 250
NSW4 (R1)
200

2,000
' 150

1
1,000 00

Methane yields
(NLendKgsadded

50

(mliday! and mgL?)

0.2 0.5 1 2 2 2 2.5 2.25

Volumetric production /
TAN concentration

64:26:10 61:25:13 60:20:20

3,000 250
WA4 (R2)

200

2,000
150

100

Methane yields
(NLepdkghysadded

1,000

a1
o

(mliday! and mgL?)

Volumetric production /
TAN concentration

0.2 0.5 1 2 2 2 25 2.25

67:26:07 58:25:17 60:20:20
mm TAN (mg/L) mmm Methane production (mL/day) —#—Methane yields (NL CH4/kgVSadded)

Figure6: Methane productivity, methane yield, and to@ihmoniacénitrogen concentration for the NWS4 and WA4 reacttreach OLRRatios
displayed under the OLR represent the Lipitbtein:Carbohydrate ratio.

Introduction of the cesubstrateon day 1254.2% grain for WA4 anti8.7% bagasse for NSYWbtably
recovered both reactors from the trend towards failurg recovering biogas production and reducing the
VFAconcentration(AppendixB), while also increasinmethane productivityby 43% and2% for WA4 and
NSW4, respectively. Notably, the methane yielBoth reactors increased following the addition of the co
substrate with WA4 increasing from 79MmMkniglyvs agded0 108.0NMlcriglyvs addes While NSW4 increased
from 66.1NMkriglys added0 81.2 Nméniglys added While methane production in WAdisplayed an
oscillatory behaviouroth reactors continuously produced biogasring the cedigestion phase at an OLR
of 2.0 gvdLtiday*without VFA accumulation, pH depressionsignificantaccumulation of ammonia.
Notably, WA4 saw a contumal reduction in ammonia nitrogen followirlge addition of agricultural co
substrateqAppendixE). Thisunderscores the value &gCoDin not only improvingmethaneproductivity
but alsoenhancing process stability and dilutiimpibitory compounds

Table4: Average biogas production ratesethane yieldsand biogas methane contenter the297-daycontinuous digestion experimenter WA4
and NSw4

WA4
OLR Steady state  Biogas production Methane yields Methane concentration
Days (mLiday?) (NL CH&gvsadded (% CH4)
0.2 Startup 499 118.8 56%
) ) 0.5 17-31 780 96.1 61%
Mono-digestion
1.0 59-73 1,459 93.5 63%
2.0 73104 2,397 79.9 63%
Codigestion 2.0 170184 3,325 108.0 65%
2.0 211-220 4,137 131.2 64%
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Codigestion 25 265274 3,009 78.8 63%

60:20:20
( ) 2.25 288294 3,553 96.4 64%
NSwW4
OLR Steady state  Biogas production Methane yields Methane concentration
Days (mLiday?) (NL CHkgvsadded (% CH4)
0.2 Startup 337 78.1 53%
. ) 0.5 17-22 908 110.7 58%
Mono-digestion
1.0 62-73 1386 99.9 61%
2.0 73104 1937 66.1 64%
Codigestion 2.0 136153 2444 81.2 67%
2.0 225230 3101 97.9 63%
Codigestion )
(60:20:20) 25 265275 3575 94.8 65%
2.25 290297 3167 89.3 64%

Followingthe co-digestionphase feedstock mixtures werexchanged fomacronutrient optimised
mixtures developed in Phase 3 of the BMP testiipid( protein: carbohydrate ratio of 60:20:2&ection
4.3.4). Swapping to macrautrient optimised feedstockfurther enhanced methane productidny 23%
and 19%for WA4 and NSW4, respective@yn day 220biocharand activated carbowere added to NSW4
and WA4respectively to reduce inhibitor concentrationgollowing which the NSW4 reactor sauv
increase in methane productiaghortly after the addition of biochafThis increase in methane production
coincidedwith a reduction inTANand VFAoncentrationand an increase in methane productigAppendix

B.

On approximately day 25@ blockage in theutlet gas linfor NSWA4was observed, resulting in a reduction
in recorded biogas productiofhe reactor was opened to clear the blockage, which was calisetb a
crust and foam layethat had filled the reactor headspacEollowingclearanceof the blockage, methane
production quickly resumedVhile the findingf the continuous digestion experimeritgghlight the value
of the lipids in improving biogas productiadhgy alsoexhibitthe potential operational challenges
experienced with a high lipid load feedstock. These findings provide valuable operational insights that
should be carefully caidered in the design and management of-Bdhle anaerobic digestion systems,
particularly those treating lipidich feedstocks.

On day 265, the OLR was increased fibtto 2.5 gdLiday?, which saw an increase AN anch sharp
increase iNVFA concentrationfAppendixB) as well as a reductioim methane productivity angield,
indicatingthe OLR exceeddtie maximum achievable value for the proceBse OLR was then
subsequently reduced to 2.254j-*iday* following which methane productivity increased and the VFA
concentration in both reactors reduceblowever,methane yields remained below that achieved at an OLR
of 2.0gvdLtiday?. In practicefacilities wouldassesshe benefits of increased methane yields against the
increasedplant capacityor reduced plant siz@.e.,reduced capital cojtfrom operation at an elevated
OLRSuch considerations should inclusige-specificfactorssuch aghose related toenergy costs and
demands py-product and waste profiles, site location, and surroundingemaistock availability.

Overall, the continuous experiments highlighted the value of ACaDgroving biogas production,
methane yields, and reducing the concentration of inhibitory compounds, thezablingoperation at
elevated OLRs compared to medmestion of red meaprocessoiby-products Methane productivity
increased byl3%and23%whentransitioningto co-digestion andnacronutrient optimised feedstocks,

25| Page

ANAEROBIC ADGESTION OF RED MEAT INDUSTRY WR®&aHESepo!



respectively, for WAAwhilefor NSW4, the transitions yielded a 32% and 19% incrieasedigestion and
macrao-nutrient optimised feedstocks, respectively.

4.5 Research activity 5: Techhiezonomic analysis

The techneeconomic analysi€fTEAronducted assessed the impact of meand cedigestion scenarios
for NSW4 and WAMtilising results from the targetedptimisationexperimentsconducted as part ahis
study. A list ofsite-specificplant and economiassumptions for both NSW4 and Wpdrtaining to the
different digestion scenaricare listed inTable5, while general assumptions utilisedross all digestion

scenarios are listed ihable®.

Table5: List ofsite-specificassumptions and data used during the TEA modelling for all scenarios

NSW4- Beef

Assumption List Mono-digestion Codigestion Optimised Scenario
Annual Feedstock (year?) 22,311 31,815 95,875
Cofeedstock {iyear?) 0 5,940 70,000
Feedstock VS% / TS% 41% | 43% 49% 54% 49% 4%
Methane Yield (Nmlcuiglyg 100 380 650
VS% Destruction 80% 89% 89%
HRT(Days) 60 35 45
Biogas Methang%) 63% 65% 58%

WA4¢ Sheep and Cattle

Assumption List Mono-digestion Codigestion Optimised Scenario
Annual Feedstock (year?) 32,468 33,787 102351
Cofeedstock (tyear?) - 1,436 70,000
Feedstock VS% / TS% 39% / 42% 48% / 53% 48% / 53%
Methane Yield(Nmlcuiglyg 94 350 650
VS% Destruction 76% 83% 83%
HRT(Days) 60 35 45
Biogas Methang%) 63% 65% 58%

Table6: List of general assumptions utilised in evergnaricassessed for the TEA.
Assumption WA4
Boiler Efficiency 90%
CHP Electrical Efficiency 42.5%
CHP Thermal Efficiency 40.6%
Methane Energy 35.8
ElectricityPrice (AULKWh™) 0.38
GasPrice (AUDKWhH'?) 0.05
ACCU ValupAUDTonne C@e?) 37.35
Biofertiliser cost(AUDTonne?) 600
CO2 CogfAUDToNNe?) 1120
Biogas FITAUDKWh?) 0.05
Electrical FITAUDKWhH?) 0.048
Cosubstrate cosfAUDOTonne?) 20
LGC valu¢AuDMW-1) 40
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Proportional Mixture Value (AUCTonne?) WA4: 351; NSW4: 557
* Represents thaveraged value based amdividual value and disposal costs for individual feedstauisnalised topercent contribution within
the mixed feedstock.

4.5.1 Mono-digestionScenario

Experimental results from monrdigestion experiments for NWS4 and WA4 were utilised within a detailed
techno-economic evaluation to assess economic viability and value for the red meat industry to implement
the AD technology. The assessment consideregasigproduction from proportional feedstock mixtures,
which were subsequently utilised within boilers or combined Heat and Power (CHP) engines for energy
generation. The evaluation also considered the integration of carbon dioxidg (&overy and
biofertiliserproduction as additional revenue streams, which were accompanied by associated capital and
operational costs. Facilities, which included anaerobic digegtiofertiliser production, and C&recovery,

were termed a Bioresource Recovery Centre (BRRC).

Figure8 and Figure9, and Table7 presentthe mass and energy balance for the medigestion scenarig

while Table7 alsoprovides an outline ofnajorequipment sizing for NSW4 and WAVerall,as WA4 had

46% more available feedstock compared to NS#W4,n Q& . ww/ NXBIj dzA NB Rargery | RRA (|
blending and digestate storage tanks, arexpanded biofertiliser planConsequently, the capital costs

(CAPEX) for the WA4 biogas faciligreasedo accommodate théarger quantity of feedstockTable8).

Notably, whie the greater feedstockvailabilityresulted in increased biogas productifor WA4 the larger

methane yieldand VS concentratiof NB Y GKS b{2n FTSSRadu201 YSIyd GKI{
only 16%greater, highlightingthe importance of optimisation strategies increasebiogas outputo

maximisebiogas facilitycapital utilisation Moreover, whilethe digestion process generated heat for-site

dzaS> (GKS GKSNX¥YIFf SySNH& LINRRdAzZOSR FTNRBY GKS /1t Sy3
total heat demand. Additional heat was therefore required for drying the dewatered digestate solids,

resulting in a total cost ¢isnated between £12,317- $312,125for the two facilities.

Table7: Mass and energy balance, and equipment size for the rutigestion Scenarios

NSW4 WA4

Mass Balance
Feed (tonne/day) 61.1 89.0
Feed VS (%) 41% 35%
Feed TS (%) 43% 36%
Dilution water (tonne/day) 1345 195.7
Biogas (Nm3/day) 3,975.3 4,621.1
Methane (Nm3/day) 2,504.4 29113
Methane Energy (GJ/day) 89.7 104.2
Digestate (tonne/day) 175.55 260.99
Digestate TS(%) 3.6% 3.2%
CO2 Production (Tonne/day) 4.8 5.6

Energy Balance
Electricity Production (kWh/day) 10,593 12,314
Heat Production (kWh/day) 10,120 11,764
Digester Power (kWh/day) 1,059 1,231
Digester Heat (kWh/day) 1,012 1,176
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Biofertiliser PlantHeat Demand (kWh/day)

9,108

9411

CO2 Plant Energy (kWh/day)

2,055

2,389

Equipment Sizing

Blending Tank Working Volume (m3) 214 311
Digesters Working Volume (m3) 4,292 4,164
Numb. Digesters 2 2
Digestate Holding Tank (m3) 214 311

Engine

Avus500 plus

Avus 500 plus

Numb. Engines 2 2
Digestate Dewatering (tonne/day) 175.55 260.99
Digestate Drier (tonne Cake/day) 28.3 38.0
Pelletiser (tonne Biofertiliser/day) 7.34 9.84
CO2 Recovery (kg inlet CO2/day) 7,801 9,069

The economic analysis estimated total capital investment (CAPEX) for NSW4 and WA4 at $14,177,172 and
$21,740,183, respectivelféble8). Differences in CAPEX were primarily driven by differences in total
feedstock quantities to be processed, raw feedstock solids concentration, and methanélgiglebj. The

capital cost breakdown was similar for both facilitEgure?), with minor differences in capital

contributions from the biogas plant and the @®@covery plant, which were primarily determined by biogas
production rates, biogas methane concentrations, plant capacity, and volatile solid reduction.

Annual Revenue - NSW4

Electrical offset, $957,545

CO2sales, $1,980,623 Biofertiliser, $1,365.433 | ACCU, $557,587 I CO2 sales, $3,597,703

Capital Breakdown - NSW4

€02 Recovery

CO2 Recovery

235 Biogas Plant 21%

——*

Biofertiliser
38%

23%
Flares

CHP
10%

6%

Biofertiliser
38%

Annual Revenue

FElectrical offset,
$1,638,858

Biofertiliser, $2,861,379 | ACCU, $999,271 ‘

Capital Breakdown - WA4

Biogas Plant

ey

CHP
10%

‘ B

Flares
6%

Figure7: Annual revenue and capital expenditure breakdown for NSW4 and WAA4 for the-digeestion scenario.

In terms of revenue, value generated through the sale of W3 the single largest revenue stream for

62GK 2!'n YR b{2no

I RRAGAZ2YE

NB @Sy dzS

613 3ISYSNI

which, when combined with the G@®ales, totalled $4.7 million and $8.9 million annually for NSW4 and
WAA4, respectively. Despite these positive revenue streams, the overall financial performance of the mono
digestion BRRC remained negatiValfle8). The diversion of highalue byproducts, such as offal and
rendering material, from existing markets to AD reduced the net economic return, outweighing the benefits
from the BRRC. Consequently, matigestion scenarios generate net present values (NR¥sand

benefit-cost ratios (BCR) of 0.30 and 0.42 for NSW4 and WA4, respecliablgg). These findings

28| Page

ANAEROBIC GDGESTION OF RED MEAT INDUSTRY WRAB&HESepo!



highlight that monedigestion ofred meat industnby-products alone is economically challenging and
requires process improvements or-digestion strategies to achieve financial viability.
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Figure8: Block flow diagram detailinge monodigestionmassand energy balance foiSW4
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Figure9: Block flow diagram detailinthe monodigestionmassand energy balance faWA4
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A sensitivity analysis on key project variables is showigure10. Results showed the project was most
sensitive to théby-product price,and thediscountand escalation ratgndicating projecrevenue is
dependent on future casfiowsand on thepricegrowth ofthe differentrevenue strears. Plant capacity
and methane yield were the nertost significanvariables impacting profitabilitgmphasisinghe critical
role of improved biogas production jrocess economic®verall, the analysis underscored that the poor
economic performance of mondigestionwasprimarily linked to low methane yieldwhich can be
addressed thoughACoDand targeted process optimisatiq®ectiord.5.2).

NSW4
Discount rate ey
Escalationrate I —
Plant capacity Y
Biomethane yield --
OPEX ..
CAPEX --
By-product Price I . 50%
ACCU Price f
Biofertiliser Price -- u-50%
C02 Price g
Natural Gas Price ||
Electricity Price .l
-100% -80% -60% -40% -20% 0% 20% 40% 60% 80% 100%
Percent Change in NPV
WA4
Discount rate _—
Escalationrate e
Plant capacity __
Biomethane yield _—
OPEX --
CAPEX --
By-product Price N . 50%
ACCU Price ||
Biofertiliser Price -- u-50%
CO2 Price --
Matural Gas Price II
Electricity Price --

-100% -B0% -60% -40% -20% 0% 20% 40% G60% 80% 100%
Percent Change in NPV

Figurel0: Mono-digestion sensitivity analysim project NPV with selected parameteEach parameter vevaried by+50% and theesulting
deviation in the project NPV was recorded.

34| Page

ANAEROBIC GDGESTION OF RED MEAT INDUSTRY WRAB&HESepo!



Table8: Summary of TEA findings

NSW4c Beef WAA4¢ Sheep and Cattle
Mono- . . Optimised Mono- . . Optimised
Digestion CoDigestion Scenario Digestion CoDigestion Scenario
Capital Costs
E;%?"S;O” $3,315,455  $4.087,529  $8,216,599  $5391,205  $5455620  $9,341,381
Boiler - - - - - -
CHP $2,291,756  $6,785,797  $17,749412  $3,401,311  $7.425954  $17,297,898
El';);?rt"'ser $5,361,673  $6,707,757  $13,002,347  $8,357,633  $7,946,665  $13,039,429
rcegﬁvery $3,208,288  $9,667,097 $27.676,478  $4,589,944  $10,538,204  $26,852,680
Total $14,177,172 $27,248,181 $65,151,193  $21,740,183 $31,366,444  $66,531,388
Operational Costs
E;JC?"S;O” $198,927 $245 252 $492,996 $323.478 $327,337 $560,483
Boiler - - - - - -
CHP $137,505 $407.148  $1,064,965 $204,079 $445 557 $1,037,874
El';);?rt'"ser $321,700 $402,465 $780,141 $501,458 $476,800 $782,366
co2 $192,497 $580,026  $1,660,589 $275,397 $632,292 $1,611,161
recovery
Total $850,630  $1,634,801  $3,909.072  $1,304411  $1,881,987  $3,091,883

AnnualRevenue

Heat Offset+

Grid -$212,317 $463,289 $3,544,591 -$312,125 $484,468 $3,182,349
Power $957,545 $6,210,170 $13,368,976 $1,638,658 $9,764,032 $12,512,274
Offset + Grid ' ' ' ’ ! ! ! ! ' ' '

ACCU $557,587 $3,860,332 $20,034,264 $999,271 $4,445,150 $19,038,687
LGC $50,118 $325,040 $1,674,206 $72,582 $299,226 $1,456,366

Biofertiliser $1,365,433 $1,983,347 $5,976,856 $2,861,379 $2,630,741 $6,005,292
CO2 Sales $1,980,623  $12,450,108 $71,867,249 $3,5697,703  $14,375,535 $68,337,491

Total $4,698,989 $25,292,286 $112,499,406 $8,857,467 $31,999,151  $110,532,459
Profitability

NPV(AUD) -$344,896,551 $221,317,213 $2,729,076,228 -$365,702,980 $239,416,755 $2,466,626,495

ROI(%) -2332% 913% 4196% -1581% 864% 3808%

gg}g;‘)')'%d 8% 13% . 8% 13%

BCR 0.30 1.49 5.33 0.42 1.44 4.87

Payback

Period 0.00 4.00 2.00 0.00 4.00 2.00

(years)

4.5.2 Codigestion Scenarios

Experimental results from edigestion optimisation studies for NSW4 and WA4 were incorporated within
the detailed technoeconomic evaluation to assess the benefitgsledncedACoD strategies on the BRRC
economic performanceélhe reduced HR&nd the addition of agricultural residues resulted in both\WWé

and WA4 plantbeingsimilarin overallbiogasplant size eachrequiring two digesters, andomparably

sized blending and digestate storage tafikable9).
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Despite their similar scale, biogas productitifiered markedlybetween the two scenarioflable9, Figure

11, andFigurel2). NSW4 produced 36% more bioghan WA4, despite thalifference betweertheir

comparable feedstockseing only8.7% This higher biogas outpuicreasedhe NSW4 BRRC capacity
requirements for downstream CHP and @€xoverysystemgTable8). Theprimarydriving factor for this
variation was the higher VS concentration in the NSW4 feedstock (49%) compared to WA4 (37%), resulting
in greater organic loading to the NSW4 digesters.

Notably,while the mono-digestionscenariogequiredsupplementarsheattomeetil KS 6 A 2 FSNI AT A &
thermaldemandsthe additional biogageneratedunder ACoDconfigurationsprovided thermal energy

that exceeded the requirements fahe biofertiliserplant. This eliminated the neefibr anexternal heat

supply,fully offsettingli KS 6 A 2 FSNI A f A & S Nahdydovidihgsu@pdush&aycpbldedf RS Y Yy RA
covering approximatel§0-20% ofthe overall thermal requirements of tleSW4 and WAked meat

procesing plants.

Table9: Mass and energy balance, and equipment size for thdi@estion Scenarios

NSW4 WA4
Mass Balance
Feed (tonne/day) 87.2 92.6
Feed VS (%) 49% 37%
Feed TS (%) 54% 39%
Dilution water (tonne/day) 191.8 203.6
Biogas (Nm3/day) 24,988.3 18,431.7
Methane (Nm3/day) 16,242.4 11,980.6
Methane Energy (GJ/day) 581.5 428.9
Digestate (tonne/day) 240.91 267.79
Digestate TS(%) 3.8% 2.9%
CO2 Production (Tonne/day) 30.5 22.5
Energy Balance
Electricity Production (kwh/day) 68,702 50,675
Heat Production (kwh/day) 65,630 48,410
Digester Power (kWh/day) 6,870 5,068
Digester Heat (kWh/day) 6,563 4,841
Biofertiliser Plant Heat Demand (kWh/day) 29,929 25,360
CO2 Plant Energy (kWh/day) 13,328 9,831
Equipment Sizing
Blending Tank Working Volume (m3) 305 324
Digesters Working Volume (m3) 3,570 3,791
Numb. Digesters 2 2
Digestate Holding Tank (m3) 305 324
Engine Avus 500 plus Avus 500 plus
Numb. Engines 4 4
Digestate Dewatering (tonne/day) 240.91 267.79
Digestate Drier (tonne Cake/day) 41.2 34.9
Pelletiser (tonne Biofertiliser/day) 10.65 9.03
CO2 Recovery (kg inlet CO2/day) 49,038 36,171
36| Page

ANAEROBIC ADGESTION OF RED MEAT INDUSTRY WR®&aHESepo!



87 tonne/day

Feedstock

Blending Tank
305 m®

Dilution water

192 tonne/day

—p Process Line
—eeep Electricity
—_— Heat

Biogas

30 tonne/day

Digester
3,570 m’

CO, Recovery » Food-Grade CO,
A
49 tonne/day Power
13,328 kWh/day
Heat
6,563 kWh/day

A 4

Digestate

holding tank
305 m®

r:)
TESSELE

Project Name: RACE 2030
Anaerobic Co-digestion

Project Code: 1076

Digester CHP Processor Facility

3,570 m® B

Power
48,503 kWh/day
Biogas Heat
24,988 Nm®/day 29,138 kWh/day
Heat
v 29,929 kWh/day
10.7 tonne/day
Digestat
=" »  Biofertiliser »  Biofertiliser
241 Tonne/day

Drawing Description: NSW4:

Co-digestion Block Flow
Diagram

Drawing Number:
TC-2025-1076-002

Revision: V-01

Drawn: CBUHLMANN

Checked: CBUHLMANN

Approved: N/A

Date: 07.11.2025

371 Page

ANAEROBIC GDGESTION OF RED MEAT INDUSTRY WRAB&HESepo!



Figurell: Block flow diagram detailingo-digestionmass and energy balancier NSW4
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Figurel2: Block flow diagram detailingo-digestionmass and energy balance faWA4
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Overall ACoD resulted iasignificantincrease irthe economicperformancefor both NSW4 and WA4vith
NPVof $221and$239million for NSW4 andVA4, respectivelyAdditional economic indicatorsupported
the observed performancanprovementwith a return oninvestment(ROI) payback period, and BCR of
913%,4 years, and 149, respectivelyfor NSW4 Similarly WA4alsodisplayedanimprovedeconomic
position with an RO] PBP, and BCR&864%,4 years, and 44, respectively

In terms of investmentiequired CAPEX increased fordigestion scenarios compared to modagestion
due to the increaseduantity offeedstock processednda significantincrease in biogas production
following optimisation of ACoOnvestmentin CQ recovery technologies was the largesintributor to
CAPEXFigurel3), overtaking the biofertiliser for mao-digestion(Figure?), due tothe increased
production of biogagi.e., higher C&production)

Annual Revenue - NSW4 Annual Revenue

ACCU, $4,445,150

= Electrical offset, Biofertiliser,
CO2 sales, $12,450,108 Electrical offset, $6,210,170 | $1.983,347 S CO2 sales, $14,375,535 $09,764,032 $2,630,741

Capital Breakdown - NSW4 Capital Breakdown - WA4

Biogas Plant Biogas Plant
15% 17%

CO2 Recovery

Flares 34%

9%

COZ2 Recovery
35%

CHP
16%

Biofertiliser
25% 25%

Biofertiliser

Figurel3: Annual revenue and capital expenditure breakdown for NSW4 and WAA4 for-tfigestion scenario.

Improvements in economic performance were largely driveinigyrovements in thenethane yield and
larger annual feedstock processed, due to the inclusion of agricultural feeds@@ksaleswere the single
largest revenue source for both sites, followeddgctrical offsetsand ACCUs. The primary drivers for the
improved economic performance of ACoD over maligestionwererelated to the increased quantity of
feedstock processefiiom the addition of agricultural cesubstrate, and improved methane yislfibllowing
implementation ofoptimised ACoD strategies. Notably, both NSW4 and WA4 required the integration of
power generation and GQ@ecovery for profitability (biofertiliser production not required). While the
results from this study significantly improved the methane yield, economic indicatliised that the
implementation of additionaBRR@rocessesvere requiredfor profitability.

A sensitivity analysis on key project variables is shov#iginrel4. WA4 was more sensitive tthanges in
the selected parameters than NSW4, likely due to the N&el value of byproducts,andbiogas
production rate being larger thaNSW4(Table8). In contrast to the monaligestion scenaridhe methane
yield, electricity price, C&pricewere highlighted amajor drivers of project profitabilitywhile the
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influenceof financial parameters, such as ttiscount andescalatiorrate, wassignificantlyreduced
reflecting the high biogas production radé@d proportional rise in energy outputhe price of the by
products remained a strong influencer of project profitalgjlhowever, its impact has been reduced and is
in linewith other majorvariableg(i.e., methane yield, electricity price, etclhterestingly plant capacity

had amarginal impact on profitability for WA4 when it was increaggthnges in the NPV with capacity
were driven by thenarket value of the byroducts whichwasassumed to b&351 per tonnefor WA4
andthe largerproportion of valudle red meat byproductsincludedwithin the ADfeedstock(i.e., larger
guantity of annual feedstogkresulting in a higher total value of feedstock utiliseithin the BRRC

Overall, the sensitivity amgss highlighed the importance of ACoD in improving economic performance
and project resiliencender varying meket and financial conditions
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Figurel4: Cedigestion sensitivity analysis project NPV witlselected parameters. Each parameter was varied38f6

4.5.3 OptimisedScenario

Implementation of ACoD strategies significantly enhanced the performance of red mpabdiyct AD
through targeted optimisation of feedstock composition, resulting in improved biogas production for both
processors assessed. Despite these gains, subdtpotintial still remains to further enhance biogas from
red meat byproducts. To illustrate this potential, an additional ACoD scenario was evaluated using
production and operational data from a statd-the-art commercial facility in Linkdping, Swedéhis
commercial biogas facility operates with a mixed feedstock composed of red mgabbycts, agricultural
residues, and food waste from the surrounding regiBased on available data and operational
performance, a methane yield of approximately 650 Nindy& was used to represent typical fgltale
performance
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Implementation of optimised feedstock recipes, operational strategies, and biogas productisn rate
significantlyexpandedooth NSW4 and WAA4 facilities to account for larggproductthroughputand co
digestion ratis. The optimised ACofacilities weredesignedwith six digesters, largdélending and
digestate storage tank&igher capacitgnginesgexpandedCQ recoverysystems andlarger capacity
biofertiliser plantsFigurel6 and Figurel?)

Similar to the caligestion scenario, the overall plant size for NSW4 and WA4 remained comparable,
although WAA4 had a slightly larger digester capacity. An elevated biogas production rate was again
observed for NSW4 relative to WA4, consistent with thevimes scenarios, primarily attributed to the
greater feedstock VS concentration.

As in theco-digestion scenario, the thermahergy generated exceeded the demands of the biofertiliser
plant (Table10). However, umder the optimised configuratigrthe total thermal outputwas sufficient to
meetnearlyall of NSW4 & -widk thedmal demands and woulitilly exceedthose forWA4.Furthermorg
power generation for both facilities exceeded more than doubiesite demandscreatingopportunities
for expandedgrid exports oestablishing power supplgreementswith nearby businessefurther
enhancing project revenue from energy generation.

Tablel0: Mass and energy balance, and equipment size for the Optimised Scenarios

NSw4 WA4
Mass Balance
Feed (tonne/day) 262.7 280.7
Feed VS (%) 49% 37%
Feed TS (%) 54% 39%
Dilution water (tonne/day) 577.9 617.6
Biogas (Nm3/day) 144,242.9 116,407.9
Methane (Nm3/day) 83,660.9 67,516.6
Methane Energy (GJ/day) 2,995.1 2,417.1
Digestate (tonne/day) 726.00 812.14
Digestate TS(%) 3.8% 2.9%
CO2 Production (Tonne/day) 175.8 141.9
Energy Balance
Electricity Production (kwh/day) 353866 285,580
Heat Production (kwh/day) 338046 272813
Digester Power (kWh/day) 35,387 28,558
Digester Heat (kWh/day) 33,805 27,281
Biofertiliser Plant Heat Demand (kWh/day) 90,191 76,911
CO2 Plant Energy (kWh/day) 68,650 55,402
Equipment Sizing
Blending Tank Working Volume (m3) 919 983
Digesters Working Volume (m3) 4611 4,928
Numb. Digesters 6 6
Digestate Holding Tank (m3) 919 983
Engine Avus 1000b Avus 1000b
Numb. Engines 4 4
Digestate Dewatering (tonne/day) 726.00 812.14
Digestate Drier (tonne Cake/day) 124.1 105.8
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Pelletiser (tonne Biofertiliser/day) 3211 27.38
CO2 Recovery (kg inlet CO2/day) 283069 228444

Economic modelling of the optimised scenario for NSW4 and WA4 underscored the financial benefits of
process optimisation with a 10.3 and 1Zd@d increase in NPV compared to-digestion scenariosT@ble

8). In revenue distribution terms, the optimised scenario performed similarly to thdigmstion scenario,
with the CQ sales remaining the primary revenue source; however, ACCUs overtook electrical offsets.
Overall, all revenue streams observed a marked increase compareddigestion scenarios.

The increased methane productivity also led to a proportional rise in the CAPEX allocated to power
generation and CBrecovery infrastructure{able8 andFigurel5). Importantly, both NSW4 and WA4

were profitable under the optimised ACoD scenario with CHP configuration, achieving NPVs of $184 million
and $119 million, respectively. These results highlight the significant economic value of optimising ACoD
processes rad underscore the broader potential of red meat digestion as a viable and scalable bioenergy
pathway.

Annual Revenue - NSW4 Annual Revenue

Electrical

Electrical offset, offset,

ACCU, $20,034,264 $13,368,976 ACCU, $19,038,687 | $12,512,274
& Heat |Lc
! Biofertiliser, offset, | G,
©OZ sales, $71,867,249 . 12 CO2 sales, $68,337,491 $6,005,292 §3,182..| §...
Capital Breakdown - NSW4 Capital Breakdown - WA4
Biogas Plant Biogas Plant
12% 14%

CO2 Recovery

A% CO2 Recovery

40%

Biofertiliser Biofertiliser

19% 20%

Figurel5: Annual revenue and capital expenditure breakdown for NSW4 and WA4 foptimeisedscenario.
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Figurel6: Block flow diagram detailingptimised scenarisnass and energy balance fodSW4
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Figurel7: Block flow diagram detailingptimised scenarimnass and energy balance faVA4
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A sensitivity analysis dteyvariables is shown iRigurel8. The methane yieldnd CQ priceremaired
major drivers of project profitability, consistentwith the co-digestion scenarid\otably, theinfluenceof

the by-product price haslecreasedignificantlycompared to moneand caedigestioncasesdemonstrating

the benefits of process optimisation and enhanced methane yields in improving economic stability
Furthermore the higher methane yield eliminated timinor observed increase profitability with plant
capacityobserved in thaVA4co-digestionscenarig resulting ima significant increase in projected NPV with
greater capacitiegFigurel8). Overall, the analysis underscores the value of process optimisation in
enhancing both the economic performance and resilience of the project.
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Figurel8: Optimised sensitivity analysis on project NPV with selected parameters. Each parameter was \&5@%.by

4.6 Research activity 6: Impact analysis

The impact analysis evaluated the environmental implications of commercialisidgbB process within

the Australiarred meat industry Carbon balance modelling, encompassing Scopeahd 3emissions,

demonstrated a net reduction in greenhouse gas emissions across all assessed scenarios. Under-the mono

digestion scenario, reductions in grid energy imports contributed to lower emissions; however, the facility

NBYFAYSR |
through thesale2 ¥ NB 02 S NBR
overall carbon reduction.

/ hi

by R

Y S resitlual el&tricityidén$ahd. Adii®nallemission savings \@etgeved

GKS RA&ALX I OSYSyi
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In the codigestion scenario, the substantial increase in biogas productivity led to a marked decrease in grid

electricity imports Figurel90

YR FLFLOAtAGEFGSR

/ hi Scopefl @il @nliskioni

3SySi

offsets equating t039,707kg CQeqiyear* for NSW4and up t036,643kg CQeqiyearfor WA4(Table
11). Forverticallyintegrated processors incorporating direm-farm fertiliser utilisation, theincreased
processing of diverse feedstocks also enhar8eape 3 emissions reductions througbreased

biofertiliser productionand/ h i

YAGAIIGAzZY

0§KNRdzZaAK ydziNR Sy

NBE Oe& Of

fertilisers, equating to3,140kg CQeqlyeartand 4,165 kg C@q.year! for NSW4 and WA4, respectively.

¢tKSaS FTAYRAYy3a

AffdzadNT 4GS

Tablell: Emissions balance values for all scenarios assessed

GKS Of SINI SY@ANRBYYSy Gl

NSW4c Beef WAA4 ¢ Sheep and Cattle
Mono- Co Optimised Co Mono- Optimised
Digestion Digestion  Scenario  Digestion  Digestion Scenario
Production (tonne/year)
By-product disposal 0 0 0 0 0 0
Cosubstrate transport 0 21 253 0 5 253
Total Base Electrical 18,746 18,746 18746 18659 18659 18659
demands
Total Base Gas 14,428 14,428 14428 4957 4,957 4,957
demands
Biogas Combustion 210 1,365 6,768 382 1,576 6,684
Electrical Energy 16,042 1,207 0 13,747 0 0
Imports *
Natural Gas Imports * 12,742 3,492 0 1,894 0 0
Total Emissions 33,385 34,561 40,195 23,998 25,197 30,553
Total Remaining
Emissions Post Energy 28,994 6,085 7,021 16,023 1,581 6,937
Offset
Savings (tonne/year)
By-product disposal 81 115 333 183 191 436
Electrical Offsets 2,704 17,539 18,746 4,912 18,659 18,659
Natural Gas offsets 1,686 10,937 54,238 3,063 4,957 4,957
Foodgrade CO2 1,768 11,116 61782 3212 12835 61016
production
Biofertliser 2,162 3140 9112 4531 4,165 9,508
production
Total Savings 8,402 42847 144211 15,901 40,808 94,576
Total Carbon Impact 24,983 -8,287 -104,016 8,097 -15,611 -64,023
* Represents total remaining energy imports, inclusive of energy produced
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Figurel9: Carbon balance for each scenario assessed. Bars colouestirepresent a net production of G(bars in green represent@Q
reduction and bars in blue represent the summatiohallemissiondor each scenario.

The optimised scenario further amplified these benefits, achieving zero grid electricity imports and
YFEAYA&AAY3 [/ hi 2FFasSdaoe ! f K2dAK KAIKSNI 6A23l & dzi
/' hi LINRPRdzOGAZ2Y I (KS QOBUKAWSR LANBPRIDIGHA GAT 65t 3 Dl (i NE C
biofertiliser output yielded overall emission reductions exceeding those of thiigastion scenario
Notably, the optimised scenariosise emissions reduction (Scope 1 and 2) figuré351668- 135,099g
CQ eqiyear?’, with Scope 3 values achieving an additional 9,19508 kg Cgeqiyear! with direct on
farm fertiliser usgTablell).

Forthe industry, these findings demonstrate that optimised ACoD can deliver tangible decarbonisation
outcomes and energy sedfficiency Although the scale dhe optimised scenario may exceed the
capacity of individugbrocessorsthe results highlight the potential gdint-venture biogas hubs that share
infrastructure, feedstocks, and beneffisicl. reduced energy costs, ACCU generation, and fertiliser
production) Collectively, the carbon balance analysis underscores the substantial emissiorsoreduc
potential of ACoD and highlights the importance of continued process optimisation for achievingraet
outcomes in theed meat industry
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5. Knowledge Sharingnd IP

5.1 Summary oKnowledgeSharingActivities

The project team undertook a range of knowleegjearing activities throughout the project to ensure
effective dissemination of findings to the public, academia, and industry stakeholders. The following section
summarises the key activities completed oviee tourse of the project.

Project reports

The project team prepared and delivered four progress reports, each summarising key findings and updates
approximately every four months. In addition, an annual report (December 2024) captured the main
achievements and outcomes from the first project yékhis final report consolidates the results, insights,

and overall outcomes from the entire project duration.

IRG Meetings

RegulatlRGmeetings werarrangedto discuss project findings, progress, and futpreject plansand
direction. The IRG comprised representatives from key segitockiding meat processors, equipment
suppliers, and industry organisatigriacilitating the effective exchange of knowledge and ensuring project
outcomes were aligned with industry needs.

Workshopsand Online Webinar

Over the course of the project, the team hosted twepigrson workshops (26 March 2025 and 22 October
2025)at Griffith University and one online webinar hostedRjCBn 13 August 2024.

¢CKS 6SOAYIFNI LINEGARSR |y 2@0SNBBASg 2F GKS LINRB2SOGQa
biomethane production potential, edigestion strategies, and opportunities for improving biogas yields.

More than 30 participants attended and actively catited through Q&A sessions, offering valuable
insights from diverse industry perspectives.

The workshops served as key forums for sharing results, exploring industry applications, and facilitating
direct dialogue between researchers and stakeholders. A video summarising highlights from the 26 March
2025 workshop is available here:

https://www.youtube.com/watch?v=hY #p9fJ3M
Publications:

Four publications have been prepared as part of this projeith the goabf beingsubmitted shortly after
project closureThe publications will be key tdisseminatindknowledge to the wider academand
industrycommunity. Thditles of each piece of work are as follows:
9 Anaerobic digestion of solid wastes from Australian red meat processing industries: effect of
chemical composition of meat wastes on biochemical methane potéhtial
9 Anaerobic digestion of solid wastes from Australian red meat processing industries: effect of
codigestion and chemical composition of meat wastes on biochemical methane potential
1 Anaerobic codigestion of solid organic wastes from beef processing industry: influence of lipids,
proteins and carbohydrate ratios on biochemical methane potential
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1 Anaerobicco-digestionof red meat processing wastes using a continuous stirred taagtor. Effect
of lipids, proteins and carbohydrate ratio on biomethane yields and digestate characteristics

5.2 Summary of IP management

There was no IP generatiémom this feasibility projectAll contact information andommunications were
treated in confidenceThe designanditions for the BMP tds andpilot-scale operation of the continuous
studiesremain Griffith IPIRG members provided theiecommendations and guidance to assist in the
research activitieshowever, theycannot use the design calculations and process conditions for their
commercial use.
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6. Conclusions antRecommendations

This study aimed to optimise biogas production from red meagptmyucts through ACoD with agricultural
residues Overall, the results demonstrated that ACoD significantly enhanced methane yields, process
stability, and overall system performance compared to maigestion.

Feedstock variability was identified as a major determinant of performance, with biochemical methane
potentials (BMPs) ranging frodv5559 NL 1] 3eaddedacross processors in Phase 1, even within the
same livestock category. This variability was also evident during Phase 2, underscoring the importance of
site-specific feedstock characterisation. Phase 3 established an ogti@ratio of 60:20:2@hich further
improved methane yields beyond earlier-dmestion trials.

Continuous digestion experiments validated the laboratory findings, confirming the benefits of feedstock
control under semtontinuous conditions. Implementation of the optimal LPC ratio increased methane
productivity by57-69% compared to mondigestion, an®1¢22%compared to cedigestion, while also
enabling stable operation at elevated OLRs. The addition of biochar and activated carbon effectively
mitigated ammonia andlCFA inhibition, supporting continued reactor stability under intensified loading.

Techneeconomic modelling translated these performance gains into strong financial outcomes. ACoD
scenarios delivered positivéPVexceeding $21 million and payback periods of approximately four years
for both NSW4 and WA4. The optimised ACoD scenario demonstrated even greater potential, with
projected annual revenues ofl$2 million (NSW4) and1 million (WAA4), highlighting the loAgrm
commercial viability of caligestion for thered meat industryFigure20).

O

Optimised co-digestion with
fine-tuned parameters and
optimised feedstocks

_ ) ) ® NPV: $2,467 to $2,729m¥
Co-digesiton with agricultural © ROI: 3808% to 4196%

: ¥
residues ®BCR 491053 ¥

Co-digestion

Mono-digestion ® NPV: $221 to $239m v/ Strong econmics

Mono-digestion of red ® ROI: 864% t0 913% Profitable process with only
meat by-products ®BCR: 1.44 to 1.49 v CHP integration
® NPV: -$365 to -$345m Positive economics and
® ROI: <0% profitable process.
Characterising ® BCR: 0.30 to 0.42 Profitability improved with the

feedstocks and Opportunity for economic inclusion of CHP and CO,

measurmg biomethane improvement production.
potentials

Figure20: Graphical summary of the TEA findings

Environmental impact analysis further reinforced these benefits. Bottligestion and optimised scenarios
achieved substantial greenhouse gas reductions, offsetting grid electricity use and displacing synthetic
fertilisers. While monaligestion reduced eissions relative to baseline operations, it remained a net
emitter due to continued reliance on grid electricity imports. In contrast, ACoD and optimised
configurationsachievedsignificant carbomeductions for processorscross both sites.
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In summary, this project demonstrated that targeted feedstock optimisation and ACoD integration can
transform red meat processing #products into valuable bioresources, enabling major gains in energy
productivity, emissions reduction, and economic ret{figure21). These outcomes provide a strong
foundation for thered meat industryto adopt ACoD as a key pathway toward decarbonisation and circular
bioresource utilisation.

CONCLUSIONS

IMPROVED STABILITY

operation at higher organic loading

Improved process  stability &
L C4 HIGHER METHANE  rates

J1 viELDs J l
m AcoD Increased methane yields by
51%-75% compared to mono-
o STRONG ECONOMICS
I Positive economic returns with

payback periods of four years
CARBON-NEGATIVE

Il )
OUTCOMES SACALABLE &

VIABLE PATHWAY ﬁ
&

Displaced grid electricity & reduced
greenhouse gas emissions
Provides a means to descarbonise
k the red meat industry

Figure21: Summary of key project conclusions

6.1 Recommendations
Optimised feedstock ratios

This study identified a LR&io of 60:20:20 as optimal for enhancing methane productiorethmeat
industryco-digestion systems. However, continuous digestion studies indicated that elevated organic
loading rates can still result in ammonia and lenigin fatty acid (LCFA) inhibitidruture research should
further refine feedstock optimisation strategies to maintain or improve methane yields while mitigating
inhibition risks, including adaptive feeding regimiesplementation of twastageddigestion, and co
substrate blending sategies(Figure22).

AdvanceDigestate Valorisation and RegulatoryEngagement

While this study focused primarily on ACoD optimisation for biogas production, biofertiliser development
remains a key challenge due to the lack of consistent standards and regulatory pathways in Australia.
Future work should investigate digestate treatment and nutrient recovery methods, such as ammonia
stripping, phosphorus recovery, and sedliiguid separation, to enhance product quality parallel the
development of recommendations for updated national standards and guiddiimekigestatederived
biofertilisersis needed to support safe use, improve regulatory clardtyd enable market uptake across
Australian jurisdictionsA RACE for 2030 proje@4.BT2.R.0792Zo-funded by AMPGpcused on this
recommendation, is currently underway at the time of this report.

55| Page

ANAEROBIC ADGESTION OF RED MEAT INDUSTRY WR®&aHESepo!



Process Scalblp

Further studies should advance the ACoD process to-gifaie demonstration to validate laboratory

findings under realistic operational conditions. Pilot trials should include continuous monitoring of biogas
production, methane concentration, and digestajuality to evaluate longerm process stability and
scalability. Successful demonstration at pilot scale will be essential foskdeg the technologjor the
Australian context, informing fuicale design, and supporting commercial adoption by redtme
processors.

Microbial Community Adaptation

Future research should focus on understanding and managing microbial community dynamics in ACoD
systems. Targeted studies should aim to identify microbial populations responsible for the degradation of
complex red meat substrates and determine how opemtonditions influence their activity. Strategies to
promote the growth of beneficial microbial consortia, particularly those tolerant to high protein and lipid
concentrations, will be critical to enhancing methane yields and process robustness undengihgl|
feedstock compositions.

OPTIMISED

CEEDSTOCK RECOMMENDATIONS

RATIOS

Refine the 60:20:20 LPC mix
using adaptive feeding
and two-stage digestion to
reduce inhibition.

DIGESTATE VALORISATION i

Improve  biofertiliser quality through
nutrient recovery and national standard @

development.

MICROBIAL
ADAPTAION _
Pilot ACoD systems under real

%o
Develop targeted strategies to r_j“ conditions to confirm performance
promote community adaptation to o @ and commercial readiness.

protein- and lipid-rich feedstocks

t

PROCESS SCALE-UP

—

L/
KNOWLEDGE SHARING _\ -

Engage regulators and industry to align ~
standards and promote technology uptake.

Figure22: Summary of key project recommendations
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8. Appendices
8.1 Apperdix A Survey Package

RedMeat ProcessoSurvey Questions

12/8/23, 9:42 AM RACE for 2030 Anaerobic Co-digestion of Red Meat Industry Wastes

RACE for 2030 Anaerobic Co-digestion of
Red Meat Industry Wastes

Red Meat Processor Survey Questions

1.  What is the name of your organisation?

2. Whatis your organisation's address?

3. What are your organisation’s main activities? E.g., processing beef

4. What is the name of the contact person for your organisation?

5.  What is your contact person's email address?

6. What is your contact person's phone number?

https://docs.google.com/forms/d/1HpNYS5qL5fw_8hNyBmd4T7uRBJrvkOuiMxD_SNFnZti8/edit7pli=1 110
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12/8/23, 9:42 AM RACE for 2030 Anaerobic Co-digestion of Red Meat Industry Wastes

7. Has your organisation engaged in other collaborative research and development or
multi-party projects before? If yes, please list the project examples.

8. Has your organisation coordinated with partners from the RACE for 2030 project, or
other similar entities, on previous collaborative projects? Partners include Griffith
University, the AMPC, Agrifutures or RACE for 2030.

9. Has your organisation participated in any sustainability projects or endeavours
within the last 5 years? If yes, please list the project examples.

https://docs.google.com/forms/d/1HpNYSqL5fw_8hNyBmd4T7uRBJIrvkOuiMxD_SNFnZti8/edit7pli=1

2110
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12/8/23, 9:42 AM RACE for 2030 Anaerobic Co-digestion of Red Meat Industry Wastes

10. Does your company have strong environmental targets? If yes, please share your
company's public statement or internal target that would be related to this project.

11. Has your organisation invested in long-term cost-saving, resource recovery,
sustainability or innovation-oriented initiatives within the last 5 years? If yes, please
list the examples.

12. Has your company installed, is installing, or has interest in installing a full-scale
anaerobic digester in the future?

Mark only one oval.

() We have installed a full-scale anaerobic digester

lfi] We are in the process of installing a full-scale anaerobic digester

() We are interested in installing a full-scale anaerobic digester

() None of the above

https://docs.google.com/forms/d/1HpNYSqL5fw_8hNyBmd4T7uRBJIrvkOuiMxD_SNFnZti8/edit7pli=1 310
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12/8/23, 9:42 AM RACE for 2030 Anaerobic Co-digestion of Red Meat Industry Wastes

13. Do you plan to utilise the biogas onsite, or export it for use, as gas, heat and/or
electricity? Please state if you have a preference.

14. Areyou interested in a feasibility study of a commercial scale anaerobic digestion
plant for your facility?

Mark only one oval.

) Yes

) No

15.  What is the current energy demand of your organisation?

16.  What types of fuel do you use, if any? Quantify the different fuels if possible
(+50%).

https://docs.google.com/forms/d/1HpNYSqL5fw_8hNyBmd4T7uRBJIrvkOuiMxD_SNFnZti8/edit7pli=1 4110
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12/8/23, 9:42 AM RACE for 2030 Anaerobic Co-digestion of Red Meat Industry Wastes

17. Did you complete the survey for AMPC'’s 2022 environmental performance review?

Mark only one oval.

() Yes

(__ JNo

18. Does your organisation have an AMPC innovation manager onsite?

Mark only one oval.
) Yes

) No

19. Estimate the quantity of waste by-products (+50%) potentially available per year for
full-scale anaerobic co-digestion.

20. How many heads/year do you currently process?

21. How many tHSCW/year do you currently process?

https://docs.google.com/forms/d/1HpNYSqL5fw_8hNyBmd4T7uRBJIrvkOuiMxD_SNFnZti8/edit7pli=1 510

63| Page

ANAEROBIC DGESTION OF RED MEAT INDUSTRY WERBaESepo!



12/8/23, 9:42 AM RACE for 2030 Anaerobic Co-digestion of Red Meat Industry Wastes

22. Does your organisation have affiliated entities or franchises elsewhere in Australia
that may be able to participate in full-scale implementation? If yes, please provide
or estimate the number of facilities across Australia.

23. Listthe types of by-products anticipated to be available for lab and pilot-scale
anaerobic co-digestion, and potential full-scale implementation

24. What is the current annual cost of disposing of your by-products (+50%)?

25. How do you currently dispose of these by-products?

https://docs.google.com/forms/d/1HpNYSqL5fw_8hNyBmd4T7uRBJIrvkOuiMxD_SNFnZti8/edit7pli=1 6/10
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12/8/23, 9:42 AM RACE for 2030 Anaerobic Co-digestion of Red Meat Industry Wastes

26. Areyou aware if these by-products classified as a certain waste classification? E.g.,
Class 2 putrescible landfill.

27. What is the current transport mode and distance for disposing of these by-
products?

28. What is the annual income you currently receive from beneficial use of by-products,
if any? (+50%)

https://docs.google.com/forms/d/1HpNYSqL5fw_8hNyBmd4T7uRBJIrvkOuiMxD_SNFnZti8/edit7pli=1 7110
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12/8/23, 9:42 AM RACE for 2030 Anaerobic Co-digestion of Red Meat Industry Wastes

29. Are you aware of nearby companies in your vicinity that generate by-products with
the potential to co-digest alongside your own by-products? If yes, please list
examples.

30. Is your facility located close to a natural gas grid?

31. Is your facility located close to agricultural premises?

32. Is your company able to provide by-product samples periodically over the 2-year
course of the project life, until December 2025?

33. Do your site/s have logistical support for sample collection, storage, and organising
sample transportation to Griffith University in Nathan, Queensland? This would
include the availability of a forklift or equivalent suitable equipment at your facility
to load up to 200kg of samples (likely to be separated into 8 x 25kg containers) into
a courier vehicle.

https://docs.google.com/forms/d/1HpNYSqL5fw_8hNyBmd4T7uRBJIrvkOuiMxD_SNFnZti8/edit7pli=1 810
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12/8/23, 9:42 AM RACE for 2030 Anaerobic Co-digestion of Red Meat Industry Wastes

34. Are you aware of any land owned by your organisation or neighbouring land suitable
for the potential application of biofertiliser, in case a full-scale facility is
implemented?

35. Can you suggest any potential options for digestate (or biofertiliser) use?

36. Do you plan to use the digestate onsite, export it to a third party or upgrade itto a
saleable biofertiliser product?

Check all that apply.

D Use the digestate onsite
D Export it to a third party
|:| Upgrade it to a saleable biofertiliser product

| | other:

https://docs.google.com/forms/d/1HpNYS5qL5fw_8hNyBmd4T7uRBJIrvk9uiMxD_SNFnZti8/edit7pli=1 9110
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37. Listyour sites practical experience in waste management, renewable energy or
sustainability processes?

This content Is neither created nor endorsed by Google.

Google Forms

https://docs.google.com/forms/d/1HpNYS5qL5fw_8hNy8md4T7uRBJrvk9uiMxD_SNFnZti8/edit?pli=1 10110
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8.1.1 Agricultural Industry EOI

RACE for

30

20

BUSINESS

RACE for 2030 Fast Track Project

Theme B5: Anaerobic digestion for electricity, transport and gas

RACE FOR 2030 - ANAEROBIC CO-

DIGESTION OF RED MEAT INDUSTRY

WASTES

Expression of Interest for Co-Digestion Feedstock Suppliers

Abstract
The Anaerobic Co-digestion of Red Meat Industry Wastes project for Race for 2030 is a
collaborative Cooperative Research Centre (CRC) between AMPC, Griffith University and
AgriFutures Australia. It involves pilot-scale and laboratory-scale anaerobic co-digestion
studies at Griffith University in Brisbane, Queensland. The core objective of improving
biogas productivity from underutilised red meat processing by-products will enhance
sustainability and decarbonise operations. By-products such as manure, paunch, and low-
value materials such as intestinal fracks, tripe, and inedible offal, will be co-digested with
organic agricultural industry by-products, producing biomethane for renewable energy
generation. The project is seeking expressions of interest from industry participants to
provide co-digestion feedstock for the laboratory-scale tests and/or for the pilot-scale trials.
Materials such as grain residues, Food and Garden Organics (FOGO), dairy by-products,
and other food production and agro-industry by-products will be tested as co-digestion
feedstock with red meat processing industry by-products. Participants will receive
information on the Bio-Methane Potential of their by-products. This work aims to identify
and verify the optimal combinations of feedstock to maximise renewable energy production
while concurrently producing biofertiliser.

AMPC, Griffith University, AgriFutures

kendall ferraro@tessele.com
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RACE for
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Document Number: TS001-IRG
Rev Number: 0
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Project Description:

The "Anaerobic Co-digestion of Red Meat Wastes"” project is a Collaborative Research Centre (CRC) initiative based at
Griffith University, focusing on enhancing biogas productivity from underutilised red meat processing by-products, such
as manure, paunch, and low value materials such as intestinal tracks, tripe or inedible offal. By co-digesting these by-
products with organic materials from agriculture, such as grain residues or unused food and organics, the project aims
to promote sustainability and decarbonise operations.

The large-scale implementation of anaerobic digestion and an integrated resource recovery hub has the potential to
generate renewable energy, process heat, food-grade carbon dioxide, biofertiliser, and high-quality non-potable water.
The initiative contributes to transitioning to efficient circular economy business models with environmental, social and
financial benefits.

The project involves extensive pilot-scale and laboratory-scale anaerobic co-digestion trials based at Griffith University
in Nathan, Queensland. The innovative concept involves co-digesting nutrient-dense red meat processor by-product
streams with agricultural by-products to improve biogas yields. Preliminary results indicate substantial biogas
production improvement can be achieved by balancing carbon, nitrogen, and phosphorus levels in the feed material
through co-digestion with carbon-rich feedstocks.

High-level Project Tasks:

The potential success of this project could lead to full-scale implementation in Australian red meat processing plants,
transforming the industry and contributing to sustainable waste management, clean energy generation, carbon

ONO,

emissions reduction and the potential for additional revenue streams.

The core activities involved in this project include:

0-0-0

Literature Review | Lab-Scale Tests Pllot-scale Trials Techno-economic. Flndlnp RoportoJ
Analysis
’ " Lab tests to assess| | Pilot-scale (500L Biogas production Progress
Literature review
of potential composition and reactors) trials, cost-benefit presented
. BMP of co- based on optimal analysis and triannually, and in
anaerobic co- L ¢
: " digestion BMP mix as per greenhouse gas a public report at
digestion ;
feedstocks. 2kg lab-scale tests, savings the close of the
feedstocks ;
samples 200kg samples two-year project.
——— /

r

l

71U

The project invites expressions of interest from industry participants to supply potential anaerobic co-digestion
feedstock samples for laboratory-scale Bio-Methane Potential Tests and/or larger feedstock samples for pilot-scale
anaerobic co-digestion trials. Spanning two years, the project will provide participating organisations with valuable
insights into the potential and viability of utilising their by-products for the beneficial production of renewable energy
from biogas and organically-derived biofertilisers for practical land application.

Participant Benefits:
Becoming a project participant offers a unique opportunity for active engagement and benefit from cutting-edge
research, fostering collabeoration between academia and industry for mutual success.
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The benefits of participating in the project by providing feedstock for testing include:

RENEWABLE
ENERCY
POTENTIAL

TECHNO
ECONOMIC
INSICGHTS

benefit
s and
EARLY ACCESS
TO RESULTS

OPTIMISATION
ADVICE

By participating in this innovative initiative, participants not only contribute to the advancement of knowledge but also
gain practical, applicable insights that can positively impact their organisation’s sustainability and resource utilisation

practices.

Participants’ Commitment:
The commitment required from the selected participants involves:

Sand 200kg feedstock samples for pllot-scale
anaerobic digestion at Griffith University, QLD,
from May 2024 to Oot 2025, Frequancy and
number of samples TBD, approx. every 2-3
months.

Provide feadstock data for techno-economic
BY-PRODUCT DATA analysis, Including quantities of co-digestion
FOR TECHNO- feadstock avallable at the participant
ECONOMIC organisation, and the current cost of disposal o
ASSESSMENT Income recelved from its current uses.

If participants have local co-digestion substrates
LOCAL for testing, Inform the project team In the EOI
CO-DIGESTION response, Options Include grain residues, FOGO,
SUBSTRATE dairy by-products, frult and vegetable production

by-products, food processing residues, and other

agro-industrial ‘wastes’ from the vicinit

About the Participants:

Sought participants are organisations capable of providing by-product samples that could potentizlly become anaercbic
co-digestion feedstock. The samples will undergo laboratory-scale testing for Bio-Methane Potential. If identified as a
viable feedstock with significant energy production potential, the sample will be selected for further evaluation. The

71| Page

ANAEROBIC ADGESTION OF RED MEAT INDUSTRY WABaHESepo!



g::mu:n bel:u(r)nber: TS001-IRG RACE for Griffith @
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shortlisted by-products will lead to a larger sample undergoing anaerobic co-digestion with by-products from the red
meat processing industry. The project’s target participants are those from other agro-industries, such as grain
processors, FOGO collectors, councils, dairies, fruit and vegetable producers, food processors, and other related
industries. Participants will be able to provide the collective with underutilised by-products, particularly those with high
carbon content, that could be utilised as anaerobic co-digestion feedstock.

Expressing Interest:
If you are interested in being considered for as a project participant, please respond to this Expression of Interest with
a brief statement expressing your interest in participating, and what by-products you are expecting to provide.

Selection Process:
The project team are selecting participants based on a selection criterion determined for the success of the project.
Refer to the below for the selection process and next steps.

A survey will be sent

10 the pre-selected Survey responses All BMP rosults Final results complled
organisations marked against analysed and optimal in a report for
seloction criterla and leodstock cholces publication by RACE
d particip | d for pllot trials for 2030

1 Informed

1

Lab results analysed -
articipants selected May 2024 - Dec 2025 Finol results -
Mar Dec 2025

Lab tests -
ar 2024 - Dec 2025
| Pilot-scale tests -
¢ May 2024 - Dec 2025

F 5 2kg samples sent to

Surveys completed by Griffith, QLD, for If selected for the
potential project lsbotatory-scale BMP pllot, 200kg samples
participants and testing. At loast 3 BMP will be sent to Griffith,
submitted 1o the tests anticipated QLD por round of

project team anaerobic co-

digastion trials. 2-6
rounds anticipated.

We look forward to collaborating with you on this exciting and innovative project that connects the red meat processing
sector and agricultural industry. Together, we aim to make a meaningful contribution to national renewable energy and
sustainability efforts.
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8.1.2 Agricultural Industry Survey Questions

12/8/23, 9:41 AM RACE for 2030 Anaerobic Co-digestion of Red Meat Industry Wastes

RACE for 2030 Anaerobic Co-digestion of
Red Meat Industry Wastes

Agro-Industry Survey Questions

1. What is the name of your organisation?

2. What s your organisation's address?

3. What are your organisation’s main activities? E.g., processing grains

4. What is the name of the contact person for your organisation?

5.  What is your contact person’'s email address?

6. What is your contact person’'s phone number?

https://docs.google.com/fforms/d/1cShFypk8CX0-pE_94XedcQhadndfk_ZeTPggppFLUM/edit?pli=1 119
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12/8/23, 9:41 AM RACE for 2030 Anaerobic Co-digestion of Red Meat Industry Wastes

7. Has your organisation engaged in other collaborative research and development or
multi-party projects before? If yes, please list the project examples.

8. Has your organisation coordinated with partners from the RACE for 2030 project, or
other similar entities, on previous collaborative projects? Partners include Griffith
University, the AMPC, Agrifutures or RACE for 2030.

9. Has your organisation participated in any sustainability projects or endeavours
within the last 5 years? If yes, please list the project examples.

https://docs.google.com/forms/d/1cShFypk8CX0-pE_94XedcQhadndfk_ZeTPggppFLUM/edit?pli=1

29
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12/8/23, 9:41 AM RACE for 2030 Anaerobic Co-digestion of Red Meat Industry Wastes

10. Does your company have a strong sustainability target? If yes, please share your
company's public statement or internal target that would be related to this project.

11. Has your organisation invested in long-term cost-saving, resource recovery,
sustainability or innovation-oriented initiatives within the last 5 years? If yes, please
list the examples.

12. Is your company interested in potentially installing a full-scale anaerobic digester in
the future?

Mark only one oval.
) Yes

C_JNo

() Other:

https://docs.google.com/forms/d/1cShFypk8CX0-pE_94XedcQhadndfk_ZeTPggppFLUM/edit?pli=1 319
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12/8/23, 9:41 AM RACE for 2030 Anaerobic Co-digestion of Red Meat Industry Wastes

13. Do you plan to utilise the biogas onsite, or export it for use, as gas, heat and/or
electricity? Please state if you have a preference.

14. Areyou interested in a feasibility study of a commercial scale anaerobic digestion
plant for your facility?

Mark only one oval.

) Yes
) No
) Other:

15. What is the current energy demand of your organisation, if any?

16. What types of fuel do you use, if any? Quantify the different fuels if possible
(+50%).

https://docs.google.com/forms/d/1cShFypk8CX0-pE_94XedcQhadndfk_ZeTPggppFLUM/edit?pli=1 4/9
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12/8/23, 9:41 AM RACE for 2030 Anaerobic Co-digestion of Red Meat Industry Wastes

17. The project team is targeting suitable co-digestion feedstock, primarily focusing on
by-products that may contain substantial carbon content. Estimate the quantity of
by-products (+50%) potentially available for full-scale anaerobic co-digestion.

18. Does your organisation have affiliated entities or franchises elsewhere in Australia
that may be able to participate in full-scale implementation? If yes, please provide
or estimate the number of facilities across Australia.

19. List the types of by-products anticipated to be available for lab and pilot-scale
anaerobic co-digestion, and potential full-scale implementation

20. What is the current annual cost of disposing of your by-products (+50%)?

https://docs.google.com/forms/d/1cShFypk8CX0-pE_94XedcQhadndfk_ZeTPggppFLUM/edit?pli=1 59
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12/8/23, 9:41 AM RACE for 2030 Anaerobic Co-digestion of Red Meat Industry Wastes

21. How do you currently dispose of these by-products?

22. Areyou aware if these by-products classified as a certain waste classification? E.g.,
Class 2 putrescible |andfill.

23. What is the current transport mode and distance for disposing of these by-
products?

24. What is the annual income you currently receive from beneficial use of by-products,
if any? (+50%)

https://docs.google.com/forms/d/1cShFypk8CX0-pE_94XedcQhadndfk_ZeTPggppFLUM/edit?pli=1 6/9
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12/8/23, 9:41 AM RACE for 2030 Anaerobic Co-digestion of Red Meat Industry Wastes

25.  Are you aware of nearby companies in your vicinity that generate by-products with
the potential to co-digest alongside your own by-products? If yes, please list
examples.

26. Similarly, are you aware of potential co-digestion by-products near your other
affiliated facilities across Australia? If yes, please list examples.

27. s your facility located close to a natural gas grid?

28. Is your facility located close to agricultural premises?

29. Is your company able to provide by-product samples periodically over the 2-year
course of the project life, until December 2025?

https://docs.google.com/forms/d/1cShFypk8CX0-pE_94XedcQhadndfk_ZeTPggppFLUM/edit?pli=1 719

79| Page

ANAEROBIC DGESTION OF RED MEAT INDUSTRY WERBaESepo!



12/8/23, 9:41 AM RACE for 2030 Anaerobic Co-digestion of Red Meat Industry Wastes

30. Can your company provide logistical support for sample collection, storage, and
organising sample transportation to Griffith University in Nathan, Queensland? This
would include the availability of a forklift or equivalent suitable equipment at your
facility to load up to 200kg of samples (likely to be separated into 8x 25kg
containers) into a courier vehicle.

31. Areyou aware of any land owned by your organisation or neighbouring land suitable
for the potential application of biofertiliser, in case a full-scale facility is
implemented?

32. Canyou suggest any potential options for digestate (or biofertiliser) use?

https://docs.google.com/forms/d/1cShFypk8CX0-pE_94XedcQhadndfk_ZeTPggppFLUM/edit?pli=1 8/9
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12/8/23, 9:41 AM RACE for 2030 Anaerobic Co-digestion of Red Meat Industry Wastes

33. Do you plan to use the digestate onsite, export it to a third party or upgrade it to a
saleable biofertiliser product?

Check all that apply.

|:| Use the digestate onsite
L] Export it to a third party
L] Upgrade it to a saleable biofertiliser product

|| other:

34. Does your organisation have any practical experience in waste management,
renewable energy or sustainability processes? If yes, please list the examples.

This content Is neither created nor endorsed by Google

Google Forms

https://docs.google.com/forms/d/1cShFypk8CX0-pE_94XedcQhadndfk_ZeTPggppFLUM/edit?pli=1 9/9
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8.2 Appendix BIRG Meeting Summaries
IRG meeting; 15" December 2023

The initial meeting of the Industry Reference Group (IRG) BrbEsember 2023 set forth the project's
objectives, methodology, and expected outcomes, emphasising key activities such as conductiadglab
and pilotscale anaerobic edigestion studies to optimise biomethane production. For further details,
please refe to the appended meeting minutes and presentation slides.

Initial enquiries from stakeholders centred on distinguishing this project from the Wastes for Profits
initiative to prevent overlap. The unique benefits of IRG membership, the expected level of commitment,
and the specialised expertise contributed by easdmber were clearly delineated.

IRG meetingg, 8 February and 14 March 2024

Meetings on 8 February and ®1March 2024 concentrated on organising the operational setup at the
Griffith Laboratory, coordinating sample collection from red meat processor survey participants, and
advancing research on abgestion feedstock for the literature review. Measures wetemsified to

streamline the coordination of sample collection and analysis, and efforts to secure participation from red
meat processors and etigestion feedstock sources were ongoing. Discussions on how to enhance
engagemaet for future meetings were also highlighted, with suggestions including setting fixed meeting
dates and improving presentation methods.

IRG meeting; 23 April 2024

The IRG meetingeld on 23! April 2024 (IRG Meeting 4), the IRG focused on understanding variations in
bio-resource availability and the importance of sipecific processes, which influence methane yields. The
baseline BMP tests for red meat processors began in April and were eohjph June 2024 (Phase 1 BMP
testing). Discussions highlighted the differing methane yields from beef and sheep sites due to variations in
the type and chemical composition of bkiesources and their proportions used, emphasising the need for
continuousmonitoring and testing to optimise biogas production.

IRG meeting; 239 May 2024

In the subsequent meeting on 23ay 2024 (IRG Meeting 5), significant progress was reported in mono
digestion BMP tests, with a comparison of methane yields from 11 sites. The team discussed the
importance of information sharing among project participants, planning a webinar for August t
disseminate BMP test results. Additionally, the meeting underscored the importance of investigating
factors affecting BMP, with plans to conduct individual BMP tests for validation.

IRG meeting; 19" June2024

The meeting on 19June 2024 (IRG Meeting 6) reviewed project progress, including the BMP CoD strategy
and pilotscale inspections. A key discussion point was the technologies for biomethane and biogas, with an
emphasis on understanding why the red meat processing indussyidwer ACCUs projects compared to
piggeries. The meeting also noted the importance of updating the AD advisory tool database and exploring
collaborative opportunities with Dairy Australia to leverage dairgebstrates for caligeston.
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IRG meeting; 10" July2024

On 10" July 2024 (IRG Meeting 7), the IRG reviewed detailed analyses of Phase-@igestion of RMP

solid bieresource mix BMP results, highlighting that free ammonia is a major inhibitor in biogas production,
with volatile fatty acids (VFAs) and microbial addpn playing crucial roles. The discussion identified

blood, offal, skin, and hides as higbtential substrates for methane yields, while also noting the

challenges posed by substrates like DAF sludge and manure. The meeting emphasised the neaddlor opti
C/N ratios and practical assessment of agriculturadwdostrates to enhance methane production.

IRG Meeting; 1% August2024

The IRG Meeting 8 ¥/Aug 2024) discussed progresstba BMPtests and plans for a public webinar

leading into 500 L pilegcale trials. The group explored glycerins potential to boost methane yields, ranking
co-digestion substrates by biogas uplift, and assessing thelbmo®tfit of diverting valuable feedstocks t
anaerobic digestion. They emphsetd including techneéeconomic analysis of feedstocks and paunch pre
treatments, engaging with EPA and regulators on waste classification, and involvingggaciea in future
webinars to support scaling. Recordimigthe workshop was also proposed to improve project accessibility.

IRG Meeting; 5" September2024

The IRG Meeting 9{5ept 2024) focused on HAZOP safety studies, methane yield variations between
digestion phases, and the performance of CoD mixtures. The team discussed promising substrates such as
grain and brewery waste, witbomeresults showing higher methane yields from agrdbstrates and

optimal lipictto-protein ratios. Potential use of glycerol as a methane booster and variotisgaenents

including hydrothermal, nitric acid, and nitrous gaeigbre also considered for inclusion in the techno

economic assessmen

IRG Meeting; 3@ October2024

The IRG Meeting 10f3ct 2024) covered substrate pteeatment requirements, particularly for paunch
material, and strategies to mitigate ammonia inhibition in red meat waste digestion. The group reviewed
optimal cosubstrate ratios based on carbohydrates, proteins, and lj@dd progress on 10L reactor
commissioning to establish continuous operation baselines. Health and sedetyemphassed following a
reactor incident elsewhere, highlighting safe loading protocols. Discussions also includeekpmeent
temperature ranges (around 7AT) using waste heat, DAF sludge coagulant impacts, and teconomic
considerations for scaling up

IRG Meeting; 7" November2024

The IRG Meeting 11{MNov 2024) discussed ongoing 10L maiigestion and upcoming edigestion tests,

with substrate selection due miNovember. Preparations for pil@cale commissioning were advanced,
including HAZOP safety approvals and meat mincer installation. The group reviewtesgpmeent options
includingpasteurisation, sterilisation, hydrothermal, and alkaline treatmehtdancing performance gains

with budget constraints. Updates included new research partnerships (QUT, CSIRO) for ttaeDiges
Management Project and exploring brewery and sugarcane wastes for Casino. Discussions also addressed
avoiding FOGO due to contamination, identifying potential fertiliser trial partners, and scheduling the final
2024 meeting and future session frequgnc
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IRG Meeting; 5 December 2024

The IRG Meeting2l(5" December)which waghe final IRG meeting of 2024, and the first IRG meeting of
this Progress Report 3 reporting period. Discussions included the need to appoint a new hazardous
classification consultant and plans for scheduling the next IRG in early 2028b§&mte seletions were
refined, with corn silage and grain for WA, and dainpbyducts, sugarcane bagasse, mill mud, and
sorghum for NSW. Analysis of proportional mixtures focusing on protein, lipid, and carbohydrage ratio
continued. Economic assessments of-pesatment strategies were underway, with input from IRG
members being sought. The Year 1 annual report was submitted to the RACE portal.

IRG Meeting; 6 February 2025

The IRG Meeting3L(6" February discussedkey topicsincludingthe effects of lipid, protein, and

carbohydrate ratios on biogas production, with 60:20:20 identified as the optimal ratio for NSW and WA
substrates. The IRG members were informed that to progress the projectspita tests at Griffith

University woull utilise existing commissioned 10 L reactors, and the 500 L reactors would be reassigned to
a new digestate valorisation project. Pireatments like steam explosion and hydrothermal methods

showed limited benefits, potentially due to the impact of the age of thetpeated substrates available.

Plans for a project workshop on 26 March were discussed, including recording options. Future project
phases were outlined, with a focus on biosolidanagement.

IRG Meeting; 6 March 2025

DuringIRG Meeting 4 (6™ March), the team recapped findings on substrate ratios, reaffirming the

60:20:20 Lipid:Protein:Carbohydrate balance as optimal. The 10 L CSTR reactors are performing well at 2 g
VS/L-d OLR, with plans to gradually increase loading until reactor stress is obs&Wetiand WA4

substrates are under continuous assessment, with WA4 yielding more consistent biogas. Preparations for
the biogas workshop on 26 March were finalised, including a video recording and stakeholder interviews.
Feedback suggested tailoring the workshop content to industry stakeholders.

Stakeholder Workshog 26th March 2025

Thein-person stakeholder workshowvhichg & KSf R 4 DNAFTFAOGK | YADBSNRBAGER
March 2025hadstrong attendance from project collaborators and industry stakeholders. The workshop
delivered a comprehensive update on the RACE for 2030 AnaeroRlig€stion project, outlining its

overarching objectives, current progress, and the next stages of@@welnt. The presentation included a

detailed review of experimental findings from both batch BMP tests and-sentinuous pilotscale

digestion trials. The presentation outlined the benefits provided frordagestion with improvements in

methane yield and energy recovery highlighted.

The Bioresource Recovery Centre concept was also presented, detailing the integration of wastewater
GNBFGYSYds IyFrSNRPOoAO RAISadGA2Y 6AGK / hi NBO2OSNESZ
highlighted how anaerobic edigestion forms parof a holistic approach for industry application. The
techno-economic assessment showcased the feasibility of such an integrated facility, vdihestion

shown to significantly improve financial viability and environmental outcomes.
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Attendees were also given a guided tour of the laboratory facilities and shown the two 400-scpilet
anaerobic digesters. The event concluded with a Q&A session and networking lunch, fostering valuable
industry discussions.

A video highlighting the project was created from this workshop and can be found here:
https://www.youtube.com/watch?v=hY #p9fJ3M
IRG Meeting; 1st May 2025

DuringIRG Meeting 8 (1% May), the team recapped the findings of the continuous 10 L reactors,
highlighting the benefits of edigestion, having seen improved methane yields and reactor stability. The 10
L reactors were shown to perform well at an organic loading rate of 2.0 -gway1 with plans to slightly
modify the operational parameters to improve process stability. The economic assessment targets and
timeline were outlined with plans to present the concept design in July and the draft assegsnhbent
presented in September, prior to finalisation for the final report. Key questions, which aimed to confirm
site-specific information, including annual-pooduct production and site energy consumption, were
presented to participating Red Meat Processdlhe workshop at Griffith was highlighted and the IRG
members were reminded to provide feedback in the produced footage prior to the closure date
(2/05/2025).

IRG Meetingg 3rd July 2025

ForlRG Meeting @ (3 July) the team recapped the current progress and performance of the 10 L

reactors, highlighting the benefits seen after the addition of biochar and activated carbon. The reactors

were operating at an organic loading rate of 2.0 gvkdiay1 which was increase@2.5 gvs-klday1 on

the 30th of June. The economic assessment targets were reviewed and expanded to include an assessment
of the macronutrient optimised scenario. The assessment timeline was also reviewed, and the aguipme
selection and sizing were provided to IRG members for their feedback. Key biogas plant operational
parameters and process conditions were also provided along with engineered digestion pathways utilising
operational conditions often seen in industry.

IRG Meeting; 18" September 2025

The IRG Meeting7l(18" Sept 2025) focused on updates from the 10 L reactors, where operations were

briefly halted for an asbestos inspection, later cleared. Results showed stable performance with biochar

and activated carbon improving methane production by reducing ammoniasstigifferences in substrate
performance between sites were linked to feedstock variability and livestock type. The group reviewed
post-digestion BMP results, TEA assumptions, and scenario analyses, discussing energy useggas pricin
ACCU eligibility, and feedstock cost sensitivities. Actions were assigned to refine TEA parameters, update
diagrams, and clarify model assumptions. Updates also covered RACE Stage 2 progress and internal

OKI y3aSas y2GAy3 ¢ NI Ofcédming drkeh8pgs Qa NBaA Iyl GA2Yy | YR dz
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8.3 Appendix CLiterature Review

Literature Review: Anaerobic co-digestion of red meat industry by-products with food organics
or agricultural by-products

Prepared by Tessele Consultants for RACE for 2030

Abstract

The urgency to combat climate change and reduce greenhouse gas emissions has propelled the search
for sustainable and renewable energy sources. Among various strategies, anaerobic co-digestion,
particularly involving red meat industry by-products along with agricultural and food organics, emerges
as a promising solution. This literature review explores the advancements, potential, and challenges
associated with anaerobic co-digestion in Australia, highlighting its significance in the bioenergy sector
and its contribution to environmental sustainability.

Australia’s position as a global leader in the red meat industry, generating substantial organic by-
products, sets a robust foundation for bioenergy production. Anaerobic digestion, a process of
converting organic matter into biogas without oxygen, plays a pivotal role in this context. The review
delves into the biochemical process of anaerobic digestion, comprising hydrolysis, acidogenesis,
acetogenesis, and methanogenesis. It underscores the enhanced efficiency and stability offered by co-
digestion over mono-digestion, attributing these to improved nutrient balance and microbial health.

Despite the clear advantages, several research gaps are identified, necessitating further investigation
into feedstock mixture optimisation, advanced pre-treatment technologies, and microbial community
dynamics. Addressing these gaps could significantly enhance biogas yields and process efficiency.
Moreover, emerging technologies such as automation, real-time monitoring, genetic engineering, and
integration with other renewable energies present promising avenues to revolutionise anaerobic co-
digestion processes.

The review also acknowledges the logistical, economic, and environmental considerations critical to the
sustainability of co-digestion projects. It emphasises the importance of local feedstock sourcing,
economic benefits from waste management and energy production, and the environmental impact of
reducing landfill waste. Strategic measures, including regulatory support, market development for
digestate, and technological knowledge transfer, are highlighted as essential for expanding the adoption
of co-digestion facilities in Australia.

Anaerobic co-digestion represents a win-win scenario for Australia, offering a viable path towards
achieving its renewable energy and environmental sustainability goals. However, realising its full
potential requires a concerted effort in research, policy support, and industry innovation. This literature
review establishes a comprehensive foundation for future studies and initiatives aimed at optimising
and promoting anaerobic co-digestion as a cornerstone of Australia's renewable energy portfolio.
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1 Introduction

The urgency to mitigate climate change and reduce greenhouse gas emissions has led to a significant
shift towards renewable energy sources, incorporating both traditional methods like solar, wind, and
hydroelectric power and innovative approaches that leverage biological processes to convert organic
waste into energy (Dennett, 2023). Bioenergy, with a focus on biogas production through anaerobic
digestion, stands out as a critical renewable energy source. This method not only addresses waste
disposal challenges but also contributes to the renewable energy matrix, offering a sustainable solution
to environmental concerns (Alvarez & Liden, 2008; Hejnfelt & Angelidaki, 2009). Australia is at the
vanguard of the bioenergy revolution, thanks to its vast biomass resources derived from extensive
agricultural activities. The red meat industry, in particular, plays a crucial role in this sector, producing a
significant volume of organic by-products that, while traditionally viewed as waste, represent a valuable
resource for bioenergy production (Australian Bureau of Statistics, 2020). This underscores the
country's potential to enhance its renewable energy portfolio and achieve environmental sustainability
goals. Anaerobic digestion, the process through which microorganisms break down organic matter in
the absence of oxygen to produce biogas—a mixture of methane and carbon dioxide—serves not only
as an effective waste management strategy but also as a source of renewable energy. The methane
generated during this process is a potent fuel for heating, electricity generation, and vehicle fuel,
highlighting the multifaceted benefits of this technology (Bayr et al., 2012). However, the process of co-
digestion, which involves combining various types of organic waste materials for simultaneous
digestion, remains an underexplored avenue with the potential to significantly enhance biogas yield and
operational efficiency. Co-digestion facilitates the balancing of nutrient profiles in the digester, optimises
the microbial environment, and can mitigate issues related to the toxicity of certain feedstocks,
presenting an opportunity to optimise biogas production further (Cuetos et al., 2008; Palatsi et al., 2011).
This review explores the potential of anaerobic co-digestion in Australia, focusing particularly on the by-
products of the red meat industry. By exploring how these by-products, in conjunction with other organic
wastes such as agricultural residues and food organics, can be utilised to maximise biogas production,
this paper aims to shed light on the scientific, technological, and policy landscapes that surround co-
digestion. It seeks to underscore the significant role that anaerobic digestion can play in advancing
Australia's renewable energy goals and fostering a more sustainable future, highlighting the critical
need for continued research and development in this area (Dennett, 2023; Martin-Gonzalez et al.,
2010).

2 The Red Meat Industry in Australia

Australia is a global powerhouse in the red meat industry, consistently ranking as one of the world's top
beef exporters. With the sector contributing significantly to the national economy, Australia prides itself
on a sophisticated, sustainable, and highly efficient red meat production and processing industry. In
2023, Australia produced approximately 2.1 million tons of beef and veal, accounting for about 4% of
global production. Despite its relatively small population, Australia exports around 70% of its red meat
production, underlining its vital role in the international meat trade. The nation's red meat industry
benefits from extensive grazing lands, advanced breeding techniques, and strict quality control
measures, positioning it favourably in the global market.

The processing of red meat generates a wide array of by-products, often categorised into edible and
non-edible types. Edible by-products include organs and other parts not typically sold as mainstream
cuts but are valuable in other markets. Non-edible by-products comprise bones, blood, timmings, and
fat, which traditionally have found uses in rendering, fertiliser production, and animal feed. The industry
also produces a significant volume of wastewater and solid waste, presenting both challenges and
opportunities for sustainable management. Annually, the sector is estimated to generate thousands of
tons of solid waste and millions of litres of wastewater, emphasising the need for effective waste
management strategies.
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Australian Meat Processor Corporation (AMPC) is the specialist R&D provider for Australian meat
processors — wherever they are, whatever their markets, no matter their size. There are over 127 Red
Meat Processing Facilities (RMPF) registered in AMPC’s database, ranging from small to large facilities
across Australia (as shown in Figure 1).
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Figure 1 AMPC member facilities map prepared by Tessele Consultants for AMPC.

Historically, the management of red meat by-products in Australia focused on disposal and rendering,
with limited attention to environmental impacts or resource recovery. Solid wastes were often sent to
landfills, while wastewater was treated and discharged with minimal energy recovery. However, the
growing awareness of environmental sustainability and the potential for resource recovery has spurred
a paradigm shift in how these by-products are managed.

Recent years have witnessed a significant move towards sustainability and the exploration of waste-to-
energy initiatives within the industry. Biogas production through anaerobic digestion of organic by-
products has emerged as a promising avenue, offering dual benefits: reducing waste and generating
renewable energy. Modern rendering plants have also become more efficient, capturing more value
from by-products through the production of tallow, meat and bone meal, and other commodities.
Additionally, there is an increasing interest in finding innovative uses for by-products, including in
pharmaceuticals, nutraceuticals, and the development of biomaterials.

The shift towards sustainable by-product management is supported by advancements in technology,
policy incentives, and a growing recognition of the economic value inherent in these materials. Waste-
to-energy projects, in particular, are gaining traction, supported by both government and industry
initiatives aimed at reducing emissions and contributing to Australia's renewable energy targets. This
transition not only addresses environmental concerns but also enhances the economic resilience of the
red meat sector by diversifying income streams and reducing waste disposal costs.
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Although the country produces a remarkable quantity of red meat annually, the by-products generated
in the process significantly outnumber the primary products. Specifically, for every ton of processed hot
standard carcass weight (tHSCW)—a metric that quantifies the weight of an animal carcass post-
slaughter—approximately 6.5 kilolitres of water and 2.4 gigajoules of energy are expended (Tessele,
2023). Historically, the wastewater produced in meat processing has been channelled directly into the
facility's wastewater system for treatment system, while the solid waste is segregated and transported
to landfills, leading to disposal costs without yielding any revenue. In terms of energy, the consumption
required to process one ton of tHSCW can sustain a three-person household for about 35 days,
assuming a daily average energy usage of 18.71 kWh nationwide. Notably, a significant portion of this
energy is sourced from the grid, which, in Australia, predominantly relies on coal-fired power plants.
Table 1 summarises the amount of wastewater produced and energy consumed.

Table 1 Red meat facilities (AMPC members) production and consumption of wastewater and energy.

State RMP Combined Wastewater production Energy Consumprtion
Facilities tHSCW/yr (kL/yr)* (T)*
NSW 23 1,118,595 7,668,354 2684.63
NT 2 36,485 237,153 87.56
QLD 47 1,843,055 11,979,855 442333
SA 1 262,533 1,706,464 630.08
TAS 5 161,772 1,051,519 38825
vic 28 992,680 6,452,426 2382.43
WA 12 397,157 2,644,861 953.18
TOTAL 128 4,812,278 31,740,633 11,549

* Considering an average 6.5 kL/ tHSCW
** Considering an average of 2.4 GJ/ tHSCW

Water Energy

31.7 GL/year 3.2 TWh/year

A third of the total Equivalent to 1.5% of
consumption of water by total Australian energy
all mining Industries in generation in 2022-2023
Australia In 2021-2022

Figure 2 Red Meat Industry annual consumption comparison. (Tessele, 2023)

Amidst the increasing global emphasis on Environmental, Social, and Corporate Governance (ESG)—
criteria that outline responsible corporate practices and guide the investment choices of socially
conscious investors—companies are transforming their operational strategies. They are striving for
more sustainable processes, aiming to minimise their environmental footprint and transform by-
products into valuable resources. Additionally, Australia's commitment to the Paris Agreement, which
includes a target to reduce greenhouse gas emissions by up to 28% below 2005 levels by 2030,
underscores the urgency for industries to adopt cleaner and more efficient processes. This commitment
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also highlights the need for companies to reduce their reliance on grid power by developing innovative
and effective solutions on-site.

3 Bioenergy in Australia: Potential and Policies

Bioenergy plays an integral role in diversifying Australia’s energy sources, representing about 5% of the
nation’s renewable energy output. This reflects a significant portion of Australia's energy composition,
drawing from biomass sources like wood, crop residues, and organic waste for electricity and heat.
Technological progress, particularly in anaerobic digestion for biogas production, underscores the
sector’s expansion, offering a renewable alternative by transforming organic refuse into energy (Alvarez
& Liden, 2008; Hejnfelt & Angelidaki, 2009).

The trajectory of Australia's bioenergy sector is marked by the commissioning of multiple large-scale
plants in recent years, contributing more than 800 megawatts to the grid. These installations largely
capitalise on waste from agriculture, municipalities, and forestry, showcasing the widespread adoption
of anaerobic digestion technologies to process diverse organic wastes into biogas (Bayr et al., 2012;
Bouallagui et al., 2009). Figure 3 shows schematically the biogas value chain.

Feedstock collection & processing
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Figure 3 Biogas value chain (Source: ENEA, 2019)

Recognising bioenergy's capacity to bolster energy security, minimise emissions, and promote waste
sustainability, the Australian government has launched several initiatives. The Renewable Energy
Target (RET) serves as a cornerstone, propelling the country toward sourcing 33,000 gigawatt-hours
from renewables by 2020, and catalysing bioenergy investments (Diaz et al., 2011; Ek et al_, 2011).

Financial incentives and research funding from entities like the Clean Energy Finance Corporation
(CEFC) and the Australian Renewable Energy Agency (ARENA) have also played a pivotal role. Their
support aims at enhancing bioenergy technology efficiencies, driving down costs, and encouraging the
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adoption of novel approaches, including sophisticated anaerobic digestion processes (Li C,
Champagne P, Anderson BC, 2011; Luostarinen S, Luste S, Sillanpaa M, 2009).

Moreover, the National Waste Policy aligns with these efforts by promoting energy recovery from
organic waste, advocating for landfill diversion to curb emissions and harness waste's energetic
potential (Martin-Gonzalez L, Colturato LF, Font X, Vicent T, 2010; Tessele, F., 2023).

Looking forward, bioenergy's footprint in Australia's energy schema is expected to broaden, potentially
meeting up to 20% of the current energy demand by 2050. This will be driven by continuous
advancements in conversion technologies and a policy framework conducive to biomass utilisation
(Tessele, F. and Van Lier, J., 2020; University of Southern Queensland, 2024).

The environmental benefits of this evolution are profound, notably in reducing methane from landfill and
diminishing the energy sector’s carbon footprint, thus aligning with greenhouse gas mitigation
objectives. The expansion into bioenergy also promises to enhance waste management and agricultural
practices, fostering a circular economy ethos (Yenigin, Orhan, and Demirel, Burak, 2013; Zhu Z, Hsueh
MK, He Q, 2011).

While co-digestion performance is dependent on the interaction between the different substrates, the
Biomethane Potential (BMP) of each substrate individually can also be used to predict the performance
of the digestion process. A high percentage of volatile solids with a high methane yield would indicate
that anaerobic digestion of the substrate would produce large amounts of methane. The opposite is
also true. Because of this, not all biomass is valued equally in the anaerobic digestion process.

3.1 Biogas and Energy Production Estimate — Red Meat Processors

A recent study conducted at an RMP facility in Australia could investigate the biomethane potential of
multiple by-product streams. Promising results were obtained and are shown in Table 2.

Table 2 Estimated Biogas Production for the case study Facility Capacity (Tessele, 2023)

ID Name BMP (mLy TS VS Daily substrate  Biogas Production
CH4y/g VS addea) (%) (%) mass (tonnes) @60% CH:
(Nm? per day)
CSA Combined saveall 562.7 307 95 24 667
DAF-SP | DAF (after screw 581.6 309 87 43 1,114
press)
DAF- DAF (purge) 8909 46 98 411 2,752
BOT
SP Sheep paunch 286.2 248 80 47 439
BP Beef paunch 2616 16.1 94 6.5 427
SM Sheep manure 2095 56.3 77 18 277
SO-FAT | Soft Offal and Fat 650.9 539 99 203 11,676
DAF- WAS from 149 1.8 84 303 691
SEC secondary DAF

*VS (%) represents the number of Volatile Solids to the Total Solids present in the sample.

Figure 4 illustrates the biogas production based on the aggregated data for volumes and BMP
production per waste type. Soft Offal is the predominant contributor to biogas production, accounting
for 65% of the total output, followed by primary Dissolved Air Flotation (DAF) sludge, which constitutes
15% of the total. The remaining 20% of biogas production is attributed to a combination of other
substrates.

RACE for 2030 | 23.B5.R.0498: Anaerobic Co-Digestion of Red Meat Industry Wastes | Literature Review

95| Page

ANAEROBIC GDGESTION OF RED MEAT INDUSTRY WRAB&HESepo!



WAS from Combined saveall

secondary DAF 4% DAF (after screw
4% press)
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Figure 4 Biogas Production Proportional to the Organic Stream.

The case study facility, with an annual throughput exceeding 80,000 tHSCW, serves as a significant
benchmark for nationwide predictive analysis. This study estimates an energy yield of 1.2 GJ per ton of
HSCW, considering biogas production from all waste streams previously outlined in Table 2. Table 3
presents the calculated annual potential energy derived solely from biogas generation, focusing on by-

products of the red meat industry.

Table 3 Estimated Potential Energy from all RMP facilities in Australia (Tessele, 2023)

State  RMP Facilities Combined (tHSCWiyr) P°'e?,§’;‘;’/’yf)’l"’w
NSW 2 1,112,595 134

NT 2 36,485 0.04

aLp 47 1,843,055 221

SA 1 262,533 032

TAS 5 161,772 0.19

vic 28 992,680 119

wa 12 397,157 0.48
TOTAL 128 42812278 577

*Considering 1.2 GJ per t HSCW

The ascension of bioenergy, with a spotlight on anaerobic digestion, heralds a symbiotic blend of
environmental stewardship and economic viability for Australia. Ongoing governmental and industrial
support remains crucial for unlocking bioenergy's full potential as a cornerstone of Australia's renewable

energy narrative.
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