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1  Summary

TheCallideOxyfuelprojectwasundertakenin three parts: Stagel ¢ Demonstrationof oxyfuelCQ
capture;Stage? ¢ assessmendf CQ storageoptionsand potentialin Queenslandaind CQ injection
testing;and Stage3 ¢ Projectwrap up and commercialisation.Thework and outcomesof these
three phasesare summarisedelow.

1.1  OxyfuelCombustior& CQ Capture

1.1.1 General

TheCallideOxyfuelProject Stagel hadtwo (2) major deliverables:

() The design, construction and commissioning of the Callide Oxyfuel Boiler, Air Separation Units

and CQ Capture plantfollowed by
(i) Operation and maintenance of the plant to complete an extensive R&D promgramier tog
1 lay the foundations for future applications of Oxyfuel technology; and to
i demonstrate 10,000 hours of Oxyfuel operation and at least 4000 hours of industrial

operation of theCQ capture plant.

The operational phaseof the Oxyfuelboiler commencedin March 2012, and for the CQ Capture
Plantin December2012. Whenthe demonstrationphasehad been concludedon 6" March 2015,
the following operationalstatisticshad beenachieved:

1 BoilerOperation 15,397 hours
1 TotalGeneration(air + oxyfiring) 14,815 hours
1 Oxyfuel operation 10,268 hours
1 CQ capture Plant (Industrial Operation) 5,661 hours
1 Continuous generation 815 hours

1 Continuous Oxyfuel operation 627 hours

Overthe duration of the operating phaseof the project, the following coalsand coal blendswere
utilised:

1 Callide coat Medium ash, high volatile, stifiydrous senmbituminous coal

1 Minerva coak Medium ash, high volatile, medium swelling, bituminous coal

1 Curragh 25%)/Callide (75%) blend caalvhere Curragh coal is a low ash, medium volatile
bituminous coal with very low ash fusibility temperatures.

1 Baralaba (25%)/Callide (75%) blend apalhere Baralaba coal has similar geological origins
as Curragh coal but hdzsben heat affected by volcanic activity during coalification, and may
be described as low ash, seammthracite/anthracite coal, with low ash fusibility
temperatures.

Specifidonnagesusedwere Callidecoal¢ 265,000t; Minervacoal¢ 714t; Baralabacod ¢ 616t in 2
campaignsand Curraghcoal¢ 400t.

Essentiallythe R&Dprogramwasfocussedon assessinghe reliability of the Oxyfuelboiler and CQ
capture plant; and in measuring the physical performance of the plant, characterisingthe
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combustionbehaviour of coalsunder oxyfiring conditions,and in characterisingthe CQ capture
plant performance.

1.1.2 AirSeparatiorUnits(ASU)

Oxygenat an averagerate of 19,000Nm* h @ 98% O, purity was suppliedwith two Air Liquide
Sigmal ASUs. Thisstandardplant yielded acceptablereliability with the main issuesbeingaround

expansionturbine coolers. Operationally,there were frequent nuisanceissueswith the analysers
associatedwith the plant (mostly the HydrocarbonAnalyser)and initially ¢ unacceptablylong lead

timesto run the ASUsackup to full productionfollowing an outage. However forced outageswere

rare and operatorengagementvith the plantwasminimal.

1.1.3 OxyfueBoiler

The Oxyfuel boiler was a firef-a-kind plant and was subject to a number of issues during hot
commissioning and in the first year of operatiohlowever, throughout the demonstration phase,
plant and process improvements were made such that in the fn&d 12 months of operation
overall Unit Reliabilitpf 90% was achieved.

The mainunreliability issues were Master Fuel Trips arising from furnace pressure fluctuations and
burner instability caused by Glow control to the boiler, and subptimum setup of Primary gas
flow/pressure versus secondary gas flow/pressure on the recycled flue gas loop. These conditions
were exacerbated by poor coal quality-lowever, these issues were largely redressed during the
demonstration phase.In terms of physical pht, reliability was impacted bgeveraltube failures

within the Flue Gas Low Pressure Heater (FGELRIdgd to cool the flue gas exiting the Secondary
Gas Heater on its way to the Fabric Filters for particulate comtrohused by localisedly ash
eroson.

In terms of Availability, notwithstanding the forced outagds tesign output of the unit was also
restrained at times due to: poor coal quality, limitations insQpplybecause of reduced capacity of
the Air Separation units under certain ambiaminditions greaterpressure drop through the mills in
oxy-firing mode, andtertain limitations innduced draftfan capacity

The combustionand environmentaperformance test programs, supported by updates to the logic
to facilitate combustion control¢clearly demonstratd the overall ease of operation antlansition
from air to oxymode and back, the robust and high combustion efficiency achievable with oxy
combustion and significant reduction (~ 60%)Ni©Oxthe specific emission rate.

From a systenoperations perspective, thexyfuel boilerachievel a turn-down to 50- 55% Load
Factor depending on the burner configuration; acceptable rarp@nd rampdown rates; significant
reductions inmode transitionduration (from 1% hour$or eachmode transiton to slightlyabove %2
hour); and acceptable ruback rates. Moreover, other important contributiofisom the oxyfuel
boiler demonstration programincluded an assessment of the higgmperature corrosion
performance of a range of alloy materials used dittra supercritical (USC) boiler applications, as
well as a characterisation of the performance of a range of steels in the low temperature corrosive
environments associated with Oxyfuel boilers.

1.1.4 CQ PurificationUnit (CPU)

The cryogenicCQ capture plant generally referred to as the CQ Purification Unit (CPU)was
designedo delivera net productionof ~ 75 t/day of 99.9%pure CQ at 16.2bar(A)andminus30 C.
Thegrossproductionrate of the CPUwasas per designof 100 t/day when the plant wasoperating
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normally. In addition, the coldbox section of the CPUwas designed by Air Liquide as a
developmentaktepin their cryogenidechnologyfor CQ capture.

1.1.5 Concludingcomments

Overall,important technicaland costinformation was obtained, critically assessedand synthesised
into a number of scientific papers, public reports, and most importantly an in-house Technical
Manual;asthe basisfor future largerscaleOxyfuelplantswith CQ capture.

Inthe caseof the Oxyfuelboiler, it shauld be noted that what is singularaboutthis projectis that the
demonstrationwas able to advancethe technologyfrom combustionof 100 kg of coal/hourin a
pilot-scaletest furnacein Japanto 20,000kg of coal/hour in the modified 30 MW boiler at Calide A
PowerStationg in onetechnologicaktep.

1.2 CQInjection& Storage

1.2.1 General

The Callide Oxyfuel Project Stage 2 was concerned with two major activities: appraisal and
assessient of the CQ storagepotential of geologicaformationsin SouthEastQueensland and with

the more specificgoalof injectingsmallquantitiesof CQ productfrom CallideA in order to advance
the scienceandto improvethe bonafidesof geologicaktorageof CQ.

1.2.2 CQ StorageAssessments

The original ambition of the CallideOxyfuelProjectwasto undertakea larger scalestoragetest of
greaterthan 10,000t CQ in a nearbysalineaquifer. Thework donein the feasibilityand FrontEnd
Engineering Design (FEED study phases of the project indicated some prospect, not well
characterisedof suitablestoragesitesin the NorthernDenisonTrough.

Fromthe commencementbf the Projectin May 2008, a seriesof studieswere undertakento seek
out and assesghe potential for CQ storagein sand$one formationswithin a nominal200km radius
of the CallideA facility. Thiswasultimately extendedto 300km. Theformationsconsideredwere as
follows:

I Permian age Natural Gas reservoirs associated with the Northern and Southern Denison
Trough Aticlines which run Nortlfpositionsome 200; 300 km west of the Callide A site

1 Permian age; Saline aquifers at greater depth on the periphery of the Denison Trough
anticlines

9 Jurassic Age Precipice sandstone in the southern part of the Taroom Traughing from
Wandoan in the south tMoura 100 km west of the Callide A site

9 Jurassic age Precipice sandstone (primarily) and Hutton sandstone (secondarily) towards
the base of the Surat Basin in South East Queensland.

Theoverallconclusionsin the context of thesestudies,are asfollows:

1 The Denison Trough Natural Gas fields and adjacent saline aquifers have limited potential to
support large scal€Q storage projects in Queensland.
1 Resource competition with natural gas producers is problematiadse of the risk of

breakthrough ofCQ in the natural gas product.
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1 The storage potential of deeper coal seam gas resources in Queensland is limited, and there
is considerable uncertainty around, and consequential resistance to theafleahanced
coal led methane recovery.

1 The Surat Basin Jurassic sandstone aquifers, in particular the Precipice sandstone, offer a
very large potential storage mediu(r 900 MtCQ) within the available GHG tenements.

1 Significant concerns are present amongst the public and politicians about the efficacy of
geological storage aZQ, especially where there is a potential for any kind of impact on
groundwater; as is the case in the Surat Basin.

1.2.3 CQInjectionTest

In 2014 from Octoberto Decembera seriesof injectionsof CallideOxyfuelCQ productwere made
through C@QCRCWEell No 2 into the Paarattesandstoneformation at a depth of ~ 1440 m. This
formation lieswithin the OtwayBasin200km to the SouthWestof Melbourne (nearNirrandaSouth
off the GreatOceanRoad).

Theinjectiontrials involvedroad transportin anominal15t Isotainerfrom Callideto NirrandaSouth
(somel1300km). Thetrials where conductedin two phases:

() Injection of formation water saturated wit@Q product¢ pure and with added impurities to
assess the geochemical effect of the impurities on the formation rock in terms of dissolution of
minerals, precipitation and water quality.

(i) Injection of pureCQ, and CQ-saturated formation waterto assess theCQ saturation level
(pore volume) occupied by theQ in these testg; referred to as &Residual Saturation Test.

The primary benefit of the injection test was to advancescientificknowledgeon two fronts: the
effect of CQ impuritiessuchasSQ, NG, and O; on rock formation that is saturatedwith water; and
the improvementin measurementof residual saturation testing; all of which are very important
considerationsn designingpermitting and operatinglargescaleCQ geologicaktoragefacilities.

Phasel involved initial production of water from the formation, followed by injection of water
(100.2t) and pure Cdlide OxyfuelCQ (5.2t), with 3 weekssoakingtime interspersedwith small
water productionsfor scientificanalysis. Theinjectionwasthen repeatedwith 100t water and 4.5t
of CallideOxyfuelCQ with addedimpurities (9 ppm NG, 67 ppm SQ and6150ppm O,). In the first
injection, Strontium and Bromide Tracerswere added and on the secondinjection, Lithium and
Fluoresceirtracers.

Aslightimpactwasobservedon the formation water by the actionof the addedNG,, SQ and O;; the
O: being the more significantcomponent. However,the effects were not significantparticularly
giventhe natural bufferingcapacityof the formation water.

An additionalimportant elementof the geochemica(dissolution)experimentswasto comparethe
resultswith Geoclemicalmodels(Geochemist®Work Benchand TOUGHREA®&CQGN). Thepurpose
of the modellingwasto predict water-rock interactionsleadingto changesin water composition,
mineral dissolution rates, and precipitation of secondaryminerals all of which have important
practical consequencesto CQ injection rates, storage volume, retention, and environmental
outcomes.

The geochemicalmodels in both casespredict only a very slight (insignificant)impact of CQ

impuritieson the formation water due to the inherent buffering capacityof the formation water. In
other words, the effect of NG, and SQ is to dlightly decreasethe formation water pH (probably0.1
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pH units) with dissolution of Iron-bearing and Feldsparminerals, but with a comparable and
balancingprecipitationof ankeriteand Mg-rich siderite.

The fate of impurities added to the Callide Oxyfuel CQ was also evaluatedon the basisof the

ReductionOxidation (redox) state of the system. This approach utilises the so called Pourbaix
diagramswhich can be usedto depict the equilibrium between a certain mineral and the reactive
componentof that mineral as a function of VoltagePotentialversuspH. Thiswork highlightedthe

importanceof O, asan oxidizingagentleadingto dissolutionof pyrite (and perhapsother iron-based
minerals)whichshouldbe takeninto considerationin future projects.

1.3 Commercialisatio® FutureDirections
1.3.1 Commercialisation

One of the key inputs to the Commonwealth Funding Deed embodied within a formal IP
Management Plan was the Project IP CommercialisationStrategy that targeted the following
activities:

1 Leveragingrom memberrelationships

1 Leveragingff internationalrelationships
1  Promotionof Proofof-Concept

1 DiffusionandExchange

In the wrap up of the CallideOxyfuelProject,three important documentswere preparedto support
the future commercialisatiorof the CallideOxyfuelProjectlP, namely.

1 PatentAgreementc whichacknowledge8ackgroundPownedby IHland JPowel(preceding
the CallideOxyfuelProject),andthe title, rightsandinterestof all the project participantsin
Patentstakenout by IHIon behalfof the Projectpartners.

1 ManufacturingLicenceAgreementbetweenthe CallideOxyfuelProjectPartiesand IHIwhich
definesProjectIPandgrantsIHIworldwide perpetualnon-exclusiveightsto utilise,
incorporateand sub-licenseProjectIPfor commercialisatiorpurposes

1 ProjectlPCommercialisatiogreementintendedto be anoverarchingAgreementhat sets
out the termsuponwhichthe project partiesare entitled to commercialisé’rojectIPin the
future.

1.3.2 FurtherWorkandFutureDirections

Significanexperienceandlearningswere achievedrom the demonstration,but in addition potential
improvementsor ideasthat could not be tested at Callide A have also been identified. These
improvementsandideasinclude:

(i) Consideration in the future of the option of partial oxyfuel operation which will facilitate a
lower risk approach to the development of larger scale oxyfudéls

(i) Improved integration of the ASUs with the oxyfuel boiler by inclusion if Liqu{d@X) storage.

(iif) Further developments and studies of the control system concept, mode transition and
interaction between the ASU, oxyfuel boiler a@@ capture plant.

(iv) Improved process and heat integration between the ASU, Oxyfuel boile€@nchpture plant.

In addition to the system integration and optimisations referred to above, specific further work

has been identified for the main process units: ASU, Oxyfuel Boile€@hpture plant.
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Moreover, it may be noted that what hasbeen particularlysignificantin the lastfew yearshasbeen
work undertakenin severalcountriesto develop International Sandards on carbon capture and
storage. Of particular note, 1SO TechnicalCommittee 265 was establishedin recent years in
recognition of the importance of standardisation to support coal trade, CCStechnology
development,and global commitmentsto reduce greenhousegas emissions. There are five (5)
generalareasbeingcoveredby ISO/TQ65:

(i) Carbon dioxideapture systems, technologies and processes

(i) Pipeline transport systems

(i) Geological storage

(iv) Quantification and Verification, Vocabulary (cross cutting terms)
(v) Other standards such as for Enhanced Oil Recovery.

Thisreport includesan overviewof theselSOdevelopments recognising{i) their importancein the
field of CCSand (ii) that two membercompaniesof the CallideOxyfuelProject(namely CSEnergy
and IHI Corporation)are on various ISO/TC265vorking groups and have provided input to the
developmentof these standardsdrawing particularly on the knowledge and learningsfrom the
CallideOxyfueldemonstration.

Finally,in considerationof publishedwork on the future directionfor CC&nd oxyfuelcombustion it
may be noted that there havebeena smallnumberof internationalreports, principallypreparedby
the IEAGHGProgrammeor the IEACleanCoalCentre,whichrepresentdetailedliterature reviewsor
specificstudieson the primary CQ capturetechnologiesPostcombustioncapture,Precombustion
capture,and OxyfuelCombustiorcapture. Thesedocumentsare referencedin this Report.
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2 Introduction

TheCallide Oxyfuel Project achieved Financial Close on thé2ich 2008 with the execution of a
Project Joint Venture Agreement, Project Fundinge@ment with ACALET, Commonwealth Funding
Deed, and formal establishment of Oxyfuel Technologies Pty Ltd (as Agent for the project
participants) and Callide Oxyfuel Services Pty Ltd and the project Management Company.

The Project Partners, namely CS Epipgeensland GovernmeniGlencore, Schlumbergé€arbon

Storage Solutions)IHI, Mitsui & Co and JPowearovided equity to the projectand the COAL21
Program (under ACALET) and the Commonwealth Government provided furdingvenues from
electricitygeneration wereused to offset operating and maintenance costs.

In May 2014, the Global CCS Institute publisheddhkide Oxyfuel Projeat Lessons Learnegport
which outlined described theProject objectives, structurepermitting and contractingstrategy;
presented a technical description and results from the project from the work done from March 2012
to March 201%and also presented material on safety and hazardous area assessnidngsieport,
entitled Callide Oxyfuel Projeat Final Resultss intendedto add to the information provided in the
Lessons Learned Report primarily by presentingaarviewof the results from the entire program
dealing with the demonstration of Oxyfuel combustion capture, results of geological storage
injection tests conducted with Callide Oxyfuel £8oduct, and to wrap up with an outline on the
commercialisation activities of the project and future directions.
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3 Results

3.1 AirSeparatiorUnits

Two Air Liquide SigriaAir Separation Units (ASUs) were installe@altide A for the Callide Oxyfuel
Project to supply a nominal 9,600 Rfimof pure oxygen each (i.e., 19,200 M) at Gaseous Oxygen
(GOX) purity o 98% purity and at pressure of 1.8 P& to meet the full load (30 MWe)
requirements of the boiler whenn Oxyfuel mode (Figure 1). These ASUs were installed and
commissioned constructed between April 2010 and December 2011, and commissioning was
completed on 27 February 2012.

Gaseous O, wasts N,
-

T 3
lf-fb-): to customer
L/

FL\ !
z T

alr (1]
Inlgt —
—
ke @1

Compression Purifization Cold Production Heat Exchange Distillation

= |

Figurel - Schematiof the SigmaL Air SeparationJnit (CourtesyAir Liquide)

The ASU acceptance tests were completed in May 2012 and a second performance test was carried
out in February 2015 towards the end of the Oxyfuel demonstration phase. The results of the
performance tests were acceptable; thelgrissue being that the power consumption was slightly
above guarantee.

During hot weather periods (typically from November to March), the output of the ASUs was slightly
limited as expected.

Over the3-yearoperating period of the ASU®llowing resdution and elimination of nuisance trip
causes during the commissioning phasarced outages (< 2.0%) were limited to a few minor plant
items, O, and Hydrocarbon analyser faultsnd protection trips arising from 11 kV voltage variation
in the electricakupply from the grid.Moreover, the internal condition of the ASU parts was found to
be very good on finahspection in March/April 2015
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3.2 OxyfuelCombustion

Thebasicconceptof oxyfuelcombustionis shownschematicallyn Figure2. Themain partsof the
boiler that were modifiedfor oxyfuelcombustionare shownin Figure3, whichhavebeendescribed
in detail previouslyby Spero(2014)in the GCCS] Lessons.earnedreport.

Dehydration

System Forced CPU
Coal Boiler B Draft Ean Y
Bunker - o/
Flue Gas (\j
Cooler B
_'Q‘@‘_' Stack
N, = Induced
Air 0, Draft Fan
'y Boiler -
et | | Feed Water Fabric Filter

Primary Gas Htr Secondary Gas Htr

Figure2 - Schematiof CallideOxyfuelboilerretrofit

The Callide A unit 4 boiler following the oxyfuel retrofit.

Figure3 ¢ Photoof CallideOxyfuelboiler showingretrofit pathsand flue gasflue directions
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3.2.1 OxyfueBoilerConstructior& Commissioning

After February 2011, followingompletion of the basic refurbishment of the original-ied boiler

(Callide A Unit No. 4) initial commissioning work was carried out iméde on the following:
upgraded ICMS and Boiler Safety System; refurbished steam turbine; and new equipmedinncl

the cooling water system from Cooling Tower No. 4, Gas Recirculation Fan/Forced Draft Fan (GRF),
Primary Air/Gas Heater (PAH/PGH), Low NOx Burners (Row A), duct network and new dampers, and
Flue Gas Low Pressure Heater (FGLPH). This commissiorkngas done in aimode from March

2011 to November 2011 and included a refiring of the boiler in April 2011.

Commissioning of the oxyring capability was carried out from November 2011, with hot
commissioning being performed from February 2012 to @%2 with 15 oxy-firing achieved on the
13 April 2012.

From May 2012, the oxyombustion R&D phase commenced and was concluded in March 2015 with
successful achievement of the important goal of 10,000 hours ofiorg operation and completion
of the agreed R&D test program.

3.2.2 TestCoals

The oxycombustion test program utilised the following coals:

i Callide coat Medium ash, high volatile, stitydrous semibituminous coal

T Minerva coak Medium ash high volatile pituminous coal

1 Curragh (25%)/Cade (75%) blend coal where Curragh coal is a low ash, medium volatile
bituminous coal with low ash fusibility temperatures.

1 Baralaba (25%)/Callide (75%) blend apalhere Baralaba coal has similar geological origins as
Curragh coal but had been heat efted by volcanic activity during coalification, and may be
described as low ash, sesnthracite/anthracite coal, with low ash fusibility temperatures.

Over the3-yearoperating period (10,200 hours ofiying + 4,600 hours afiring), the following cal
tonnages were burned:

Callide coal 265,000 t (from Apr. 2014 Mar. 2015)

Minerva coal 714t (in Dec. 2012)

Baralaba coal 216t (Dec. 2012), 400 t (Nov. 2014 & Feb. 2015)
Curragh coal 400t (Jan. & Feb. 2015)
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3.2.3 OxyfueBoilerKeyOperationaBtatistics

The key operational milestone dates recorded for the project are as fo([oalde 1)

Tablel ¢ CallideOxyfuelProjectkeyoperationalmilestonedates

Firstfire after retrofit 234 March,2011
Startthe operationalrecord 12 March,2012
FirstO; injectionto boiler 12 March,2012
Firstoxyfueloperation (Fullycloseof air intakedamper) 19" March,2012
Firstoxyfueloperationmode 17" May, 2012
Firstsendingthe oxyfuelflue gasto CPU 14 September2012
FirstCQ productionin CPU 11" December2012
Firstproduct CQ sendingto tank 14" February2013
Achievemenbf 4000hoursof industrialoperationfor CPU 15" September2014
Achievemenbf 10000hoursoperationfor oxyfuelmode 1st February 2015
Demonstrationcompleted 6th March,2015

Key operational statistics were as followsable 2.

Table2 ¢ CallideOxyfuelProjectkeyoperationalstatistics

Boileroperation 15,397hours
Generation 14,815hours

O, supplyto boiler 10,687hours
Oxyfueloperation 10,268hours
Sendingpxyfuelflue gasto CPU 7,445hours

HIOof CPU 5,661hours
Continuousgeneration 815hours37 minutes
Continuousoxyfueloperation 627hours46 minutes
Numberof start-stop for plant 180

Numberof Airto Oxymodetransition 159

Numberof Oxyto Airmodetransition 61

3.2.4 OxyfueReliability

OverallUnit Reliability (UR} defined as 10Q Forced Outage Rate (FOR) where FOR is defined as the
% of scheduled operating time that the plant is out of service due to unexpected problems or
failures. Oxyfuel Reliability (ORy a subset of UR.

In the final6 to 12 monthsof operation, Unit Reliability of 90% was achieved, with a corresponding
Oxyfuel Reliability of over 80% Unit reliability was impacted by the age the ebedd boiler with a

number of issues arising around steam turbine vibration, as well as many forcedesuwtagsed by
foreign material in the coal (such as large rocks and blocks of wood) as well as ongoing issues due to
poor coal ¢ meaning high ash/low calorific value or too fine leading to poor handlealglias
compared to the design coal specificatidi is important to note thatOxyfuel reliability incluesthe

boiler forced outages as well as any ASU forced outagesell autages associated witBxyfiring

specific plant items

Overall, for a firsbf-a-kind oxyfuel power plantand considering that the Oxyfuel boiler and

associated steam turbine/generator were originally commissioned in 1972, the reliability statistics
achievedareacceptable.
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The causes of plant failure in efsing modeare summarised in Figure

Summary of boiler trip causes (OF mode), by %
Preliminary

16

Figure4 ¢ Oxyfueboiler causeof plant trips in oxymode(as%out of 100)

It may be noted that:

1 The boilerwasoriginally designed for HHV 20 MJ/kg (16% Ash); actual coal burned was 17

18.5 MJ/kg (24, 27% ash); which had signiicant impact on reliability, especially in exy
mode.

1 Other causes associated with efigfng mode were certain equipment failures, human error,
O flow control issues andub-optimum logic.

1 Logic issues wer largely resolved during the-ygar demonstrationphase, and overall
reliability of the boiler in oxyfuel mode improved significantly with experience.

3.2.5 OxyfueBoilerPerformance

A number of specific test campaigns were conducted to evaluate the performance characteristics of
the boiler. These testsere as follows

June to December 201@QInitial performance testing
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The initial performance testing of the Oxyfuel boiler in 2012 verified the following outcomes:

1 Airfiring operation from 18 to 30 MW

1 Oxyfiring operation from 24 to 29 MW with Boil@nlet O, of 25 to 29% without limitation

1 Oxyfiring operation with HO remover in bypass (October 2012joting the observed

increased likelihood of acid dew point corrosiguarticularly for the primary gas ductwork to

the mills and downstream PF pipedye to increase in flue gas moisture conteantthe

presence of S£and S@ and ~ 10% reduction in flue gass&0Oncentration

Maximum boiler akingress rate of 7 mass % (which was the design value)

Main-steam temperature, furnace heat absorption and asated parameters within

acceptable limits of the design.

1 Oxyfiring flue gas composition (SOx, NOx €) within the expected range at the given
load achieved.

T Maximum C@measured during the initial performance testing wasvet. % (dry) at 29 MW
although subsequent boiler optimisation yielded flue gas concentration as high as 70%
noting the design flue gas €@f 682 vol. % @ry) at 30 MW load.

= =

Oxyfuel Combustion Test Campaign Res(sc. 2012; Mar. 2015)
(i) Combustion and Environmental Testing December 2012

Comprehensive combustion and environmental performance testing of the boiler was conducted in
December 2012 and involved systematic measurements of coal quality inputs, PF size distribution,
furnace obsevations, furnace and fly ash sampling and testing, and sampling and analysis of flue gas
and waste water streams.

The outcomes of this test campaign were presented to the IEA GHG Conference in Spain in 2013 and
published through the Global CCS Insgtut May 2014 with incorporation of additional material.

The campaign utilised Callide Coal and included trials with Minerva coal as well as Niaéida
(25%75%) blend coal and Baralaizallide (2%¢75%) blend coal. The overarching objective of
these tests was to characterise the performance of the Oxyfuel boiler immde versus aimode
and to obtain the first performance measures of the CPU which had then just been commissioned.

These tests reconfirmed the performance of the dugl boiler asmeasured during the initial
operations phaseandverified the following comparing oxjring to airfiring:

1 Significant improvement in combustion efficiency, measured as a reduction in Carbon in ash
(typically 50% reduction);

T Significant reduction in NOrnass emission rate (mg NOx/MJ fuel)typically a 60%
reduction; and

9 Slight reduction in particulate specific emission rates (mg/kWh).

(i) BaralabaCallide and Currag@allide Blend Tests

The combustion and environmental performance tests of December 22 supplemented by
additional blend coal tests in November 2014 and January/February 2015.

These tests provided further data and characterisation of the performance of the Oxyfuel boiler as
well as more varied flue gas composition for testing of the CPU.
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(i) Summary of Combustion Test Results

The Callide Oxyfuddurner and air registearrangement is shown in Figube

Secondary & Primary Air/Gas Swirl

/"\ {'—\
' ' Riley - Flare type Burner

(with direct O, injection nozzles)

C1 Cc2

IHI Low NOx Burner
(with direct O, injection nozzles)

Riley - Flare type Burner

(with direct O, injection nozzles)

V4B 'aiY
© o
Bl B2

Figure5 ¢ CallideOxyfuelboiler¢ burnerarrangement(including2 direct Oz injectionnozzles/burnerand
directionof swirl

As shown in Figur6, dgnificant improvement was observed in combustion efficiency in OF mode
with test burners including low NOx burners, largely due to the elevated boiler inlein® the
increase in residence time in Boilexygiring/Air-firing ~ 1.3 Injection of direct @ (up to 10% of
requirement) slightly improve combustion efficiency but also increases flame temperature and
reduces flame length with some impact of furnace heat adsorption.
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Figure6 ¢ CallideOxyfuelboiler, comparisorof oxyfiring versusair-firing

Typically,a 60% reductiorwas observed in NOspecific emission ratdor example, ér Callide coal,
typicalreductionwas from~ 4.7 g NOx/kWh down to ~ 2 g NOx/kWiloreover, a kght reduction
in Particulate emissionwas observedAir (0.3¢n ®o 17 p Y I®xXy 0.5 0.38mg/kWh) due
to removal in the KO remover vessétefer to Figures 2 and 3)

The studies also examined the effect of unit load on Flue Gasvlich is anmportant parameter
for the effective operation of th€PUFigure7). The following summary points may be noted:
Boiler inlet Q rangein oxymode is24% to 30%

Boiler exit @Qrangein oxymode is2.0 to 3.5 vol% (wet) at 280 MWe

Actual loiler exit Q on average is a little higher than set point

Boiler exit Qincreased with decreasing load (as usual)

Overall air ingreswas within the design limit of mass %

Maximum CQ achievedwas 71 vol. % (dry), limited by98% purity @ higheractual boiler
ext-O, than set poinf small level of air ingress through ID and GRF fan,saadkair used to
pulse fabric filters

To 3> Do T Do I

It should be notedn Figure 7 that the design of the CPU was based on a concentration of (@
feed gas of 68.2/61. %, dry) when perating at 30 MWe (maximum continuous rating).
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Figure7 ¢ CallideOxyfueboiler, effectof Unitload on flue gasCQ concentration

(iv) Combustion Performance with Direct Djection

Tests were conducted in December 2012, September 2014, November 2014 and January 2015 with
the 5 coals describeéarlierto evaluate the oxyfiring combustion and boiler performance with and
without direct-O; injection. In these tests, the overall boiletet G, was maintained (typically 6.3

6.5 kg/s) but a portion of the Qwas injected into the furnace through a probe within the burner
barrel, by proportion ranging from 5% (0.3 kg/s) to 12% (0.8 kg/s).

The net result of the direct Onjection, confimed over a Load range of 24 to 29 MW an& And €
A mill combinationswas as follows:

1 For lowe levels of Direc; injection (around 10%)no significant effect on oxfjring
performance was evident.

1 For higher levels of Direct.@say 10%), NOx inased by 20¢ 40% and Carbeim-ash
decreased by about 10%.

I Flame condition (brightness and ignition point), and furnace heat absorption was improved
as evidenced by a notable reduction in Desuperheater spray flow.

(v) In-Furnace Measurement and Simulation
The purpose of the Hrurnace measurements and simulation was to clarify the characteristics of the
pulverised coal combustion and the performance of the boiler undeffioxyg conditions, in order to

SrEtARFGS LI LQ& TFdzNY I O firgessal Geylueliboientesige RSt & | (22

The following conditions were applied for thefurnace measuremeniOctober 2013)
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Table3 ¢ Plantconditionfor in-furnacemeasurements

Combustionmode Air combustion Oxyfuelcombustion
Output (MW) 28.0 28.0

Mode Coordination Coordination
Inlet O; (wet vol. %) Ascontainedin atmosphere 24.5,27.0,30.0
Usageof burner Cburners(35) Cburners(30)
(Positionof air register) Aburners(40) Aburners(30)

Measurements taken includedjas temperature and gas composition from various parts of the
furnace, furnace incident heat flux, and PF sampling.

The key findings from the results were as follows:

1 In oxyfiring, steamflow rate is a few percentlower than in air-firing and boiler outlet gas
temperature is 20 Cto 30 C lower. The boiler outlet gastemperature is reduced by
increasingnlet-O; indicatingmore completeburnout.

1 In the caseof 30%inlet-O,, heat flux within the lower combustionzone of the furnaceis
generallyhigher whereasthe gastemperatureat the furnaceexit (abovethe Nose)is lower,
compared to the condition where boiler inlet O, < 30%. These results confirm that
combustionis more intensein the lower part of the furnacedue to the higherinlet O; (as
would be expected)which resultsin increasedheat transferin that part, and consequently
(downstream)a reducedfurnaceexit gastemperature.

1 The behaviourof gascompositionin the furnacehasbeenstudied by evaluatingthe data at
eachareaof the furnace.Thesedata will contribute to the upgradeand validationof boiler
CFDmodek.

1 Pulverizeccoal(PCksizedistributionfor testingconductedin October2013showsthat the PF
sizedistribution was somewhatfiner in oxy-mode comparedto air-mode. Inthe December
2012tests,a similartrend wasobservedbut not asmarked. Thereasonis probablybecause
the actual (true) volumetric flow rate of primary gas (or primary air) through the mills is
slightly higherin the oxy-firing case Thisis becatse the primary gas+ PCtemperature is
higherat the mill outlet in the Oxyfuelcaseand the Dp acrossthe mill is higherin the Oxy
firing caseso one cansurmisethat the residencetime of coalin the mill is slightlylongerin
the Oxyfiring casecompaed to the air-firing casehencethe finer grind.

1 The primary gas flows are more variable in the caseof A mill comparedto B&C mills,
probably becauseof the lower backpressureon the PFsystemdue to the configurationof
the A (low NOx)burners. Thesame trend wasobservedin the December2012trials.

9 Carbonin-ash under oxy-firing conditionsis almost half the level observedunder air-firing
conditionsindicatinga significantimprovementin coalburn-out.

1 In oxyfiring mode, the concentration of GOn the boiler outlet flue gas is basically
unaffected by the concentration of/n the boiler inlet within the normal operating range of
23.5 to 300 mol. %, wet. The reason is that the boiler inleti®a function of the flue gas
recycle (higher recye yields lower boiler inlet £, but the overall ® consumed in
combustion of the coal is controlled by the fbw from the Air Separation Units in response
to the measured Boiler Exit.O
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1 Duringthe in-furnacetesting in October2013,it was observedthat the PCsizedistribution
(meansize)wasfiner for C mill comparedto A mill. However,more generally,taking into
considerationthe PC size distributions observed in December 2012 (Combustionand
EnvironmentalTests)no specificconclusioncan be drawn as the mill performanceis very
much dependenton the condition of the mill internals, which are changedout in regular
minor and major mill services.

1 Furnace snulation results vere compared with theactualin-furnace measurement resut
where somedifferences in gas temperature and heat fluxere noted. However, overall the
simulation can recreate the distribution of gas temperature in the furnaceiacidentheat
flux on the furnacewallsbased on the actual operation dataxcept forthe burnerregion
where it is not possible to take reliable measurements due to fluctuations in flame
conditions.

(vi) Turndown Tests (Minimum Load)

An important capability of a codired power plant is the turmdown capability, meaning what
minimum load can bachieved without oil support and maintaining stable operation. The Callide A
Boiler in aitfiring mode can be turned down to 40% Load Factor (12 MWe). Following some logic
modifications to allow the Secondary Air/Gas Inlet Damper to be opened by a feenpenore,

trials were carried out in oxfiring mode at Callide A in 2014 as follows:

1 January 2014 Mills A&B
1 July 2014 Mills C&B
1 August 2014 Mills C & A

The initial trial in January 2014 was conduction with A&B mill combination and with BdateOlrof

27% (wet) and 24% (wet); noting that burners A1 and A2 are IHI low NOX burner technology. This
test campaign demonstrated that a minimum load of 16 MW coal be achieved with A&B mills
provided that the recycled flue gas flow rate was reduced f@&m?/s (24% boiler inlet € to 2.9

m3s (27 % boiler inlet € to provide additional margin to the SAH for controllability.

In July 2014, the turndown testing was repeated with the standard burner C&B mill combinations
and reduced recycled flue gdbow rate. A minimum load of 15 MW (50%%ad) with stable
operation was achieved. Oil igniters on each burner were also put into service to confirm operating
characteristics.Finally,the turn down test was repeated at the highRecycled Flue GaRKG rate

of 3.1 n¥/s, and again a minimum stable load of 15 MW was achieved.

In August 2014, the turndown testing was repeated with C&A mill combinations with similar
conditions as before. In this case a minimum stable load of 16 MW was achieved.

(vii) Ramp Ratf ests (Rate Change)

Load rampup and rampdown tests were performed in August 2014 to confirm the opienal
flexibility of the boiler For the purposes of the tests, improved ¢dntrol logic at the mixing valve

was implemented.

Load ramp tests wersuccessfully conducted with C&A mill combination and A&B mill combination
over a range of ramp rates: 0.3, 0.6, 0.9 and 1.2 MW/min over various load ranges representing

normal utility boiler ramp rate ranges.

Stable boiler operation and stable steammilavas confirmed.
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(viii) Staged Combustion Tests (2 Burner)

Traditional aiffiring boilershave utilised two-stage combustion in order to reduce NOx emission
effectively without external dd&NOxsystemsfor example, selective catalyst reactor called SARg
purpose of COP twestage test was to evaluat the efficacy of twestage combustion folNOXx
reduction in oxyfuel operation. For this trial, theupper burner pors (C1 and & were usedto
simulate staged air past These tests were conducted frong 8" November 2014.

Thekeyfindingsfrom thesestagedcombustiontestswere asfollows:

1 Inboth air- and oxy-firing modes,NOxreductionwasobservedwhen air or RFGlow into Crow
burner increasedwith changingburner air register position and with increasedopeningof the
windboxdamper.

1 Inoxyfiring mode, the effect of NOxreductionwashigherat 27 MW load than that at 23 MW
load. Typical NOx reductions achievedby the staged combustion dependng on windbox
conditionsandair registersettings wasup to about 16%.

1 However,as expectedthe reduction in NOxfrom stagedcombustionwas associatedwith an
increasein carbortin ash(UBC) The degreeof changeis lessin oxy-mode (2.4%UBCincrease
to 3.8%UBC}Yhanthat in air mode (7.1%UBGCncreaseto 10.2%UBC)

(ix) RunBack Test

A series of rusback tests were conducted in February 2015 in order to determine the maximum, safe
run-back rate (ddoad rate) in oxyfiring mode. A rapid ruiback rate is considered to be highly
advantageous in aler to avoid certain unit trips; in other words maintain boiler safety by rapidlty de
loading the unit rather than revert to a complete boiler trip.

The tests conducted involved a unit roack from 24 MW down to 18 MW at rates of 3 MW/min to
10 MW/min.

The tests were successfully completed for each run; howet/gras noted that some further logic
development would be beneficial to optimise the rback rate for oxyfiring to match the rate
achieved in a#firing mode and to ensure more stable asdfe conditions for largecale Oxyfuel
boiler applications.

(x) New Q Logic(for mode transition time and combustion stability)

Oneof the mainissuedmpactingon the performanceof the Oxyfuelboiler wasthe control of O,
from the Air SeparatiorlJnitsinto the SecondanGasflue gasrecycleduct viathe O, mixingvalve;
whichwasevidentin the fluctuationin O, flow rate in responseo furnaceO, demandand BoilerExit
O.. Accordinglysignificanteffort went into the optimisationof O, flow controlin orderto achieve:

1 Stablemodetransitionespeciallyat lower load (24 MW).
1 Reductionn the modetransitiontime
1 Improvedboilerinlet andboiler outlet O..

Specific measuresimplemented included a simplification of the O, mixing valve control logic,

installationof a separateProportionatintegral(Pl)controller,direct control of the mixingvalvebased
on actual O, flow rate measurementrather than a calculatedO, flow rate, and upper and lower
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limitations in the O, valvepositionto avoid rapid fluctuations. Thesemodificationswhich were not
fully implemented until after September2014 resulted in a significantimprovementin O, mixing
valve control evidencedby improved stability and responseto O, demandat the boiler inlet and
outlet and a reduction in the mode transition times from a nominal 1%2hoursto 30 minutes. In
addition, the operation mode could then be selectedfrom dCoordinatiort or éBoilerLoadSetPoint -
BLSPduringcombustionmodetransitionto provideadditionaloperationalflexibility.

(xi) High Temperature (Fireside) Corrosion Tests

It is well documentedin the literature that important issuesaffectingthe servicelife of boiler tube
materialsespeciallyin ultra supekcritical steamenvirorments (steamtemperatureregime> 600 C)
include: (i) oxidation; (ii) sulphurisation;(iii) high temperature fireside corrosionby aggressivecoal
ash particularly containingalkali metals; and (iv) fireside carburizationby CQ concentratedin the
flue gasor by carbonateassociatedvith fine ashdeposits.

Forthe CallideA facility, in the high temperatureparts of the boiler, comparingoxy-firing conditions
to air-firing conditions,one can expectno significantchangein the molar concentrationof O, but
rather a significantincreasein molar concentration(andtherefore partial pressure)of CQ, HO and
SQ whichareknownto increasethe propensityfor hightemperaturecorrosionof alloys. Moreover,
at CallideA, whilst there may be a high proportion of Iron in the coal (as Sideritein the pulverised
coal)which may contribute to furnaceash (slag)deposits,the proportions of alkalimetals (Na', K')
are quite low.

In the presentwork a seriesof in-situ high temperature (fireside)corrosiontestswere performedto
investigatethe corrosionbehaviourof a range of materialsin actualflue gas,basedon simulated
surfacetemperaturesin the actualair-combustionand oxy-combustionconditions.

Two types of high temperature corrosionprobe where manuactured and installedvia ports on the
sidewalls of the furnacein front of the Secondanfor Pendant)SuperHeater. The probe materials
andsurfacetemperaturesusedwere selectedto simulateconditionsfor Ultra SuperCriticalboilers

The specific results are commercialin confidence,but it may be noted that high temperature
corrosionrates observedunder the Callideoxyfuel operating conditions (at times air-firing and at
other times oxyfiring mode) were not different to rates observedin presentday large-scaleutility
ultra supekcritical coalpower plantsfor equivalentlevelsof coalsufur, chlorine,etc.
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(xii) Low Temperature (Flue Gas) Corrosion Tests

The objective of the testing wasto evaluatethe performanceof variousferrous materialsusedor
likelyto be usedin oxy-fuel boiler service where low temperaturecorrosionenvironmentsmay exist
Accordingly coupons were fixed within ductwork downstreamof the boiler at three locationsas
follows.

Table4 ¢ CallideOxyfuelboilerflue gasconditionsfor low temperaturecorrosiontests

SecondaryGas PrimaryGas FlueGas
HeaterlInlet HeaterlInlet CoolerOutlet
(RFGside) (RFGside) (FGPH

GasTemperature( C) 150 45 155
Gascomposition(vol. %)

H20 (vol%,wet) 23 8.5 23

CQ (vol%,wet) 50 60 50

Oz (vol%wet) 3.4 4.0 3.4

N2 + Ar (vol%,wet) 23.4 27.3 23.4

COppmv (wet) 200 240 200

SQ ppmv (wet) 730 870 730

SQ ppmv (wet) 0.5-5 <0.1 0.5-5

NOppmv (wet) 820 980 820

NG ppmv (wet) 50 <1 50

Clppmv (wet) 35 <5 35

Notes:RFG; RecycledlueGasFGLPH Fluegaslow pressureheater

Thecorrosioncouponswere in servicefrom Januaryto March2015for a total period of 1730hours
(1265 hours in oxymode and 465 hours in air mode). Five alloys used in boiler ductwork
constructionwere tested: SS40Q; low alloy constructionsteel; S10low alloy steel usedin sulfuric
acid dew point environments;mild steel (1020); and 316 SSand Duplex 2205 FerriticAustenitic
stainlesssteel. Theresultsindicatedsuperiorperformanceof the 316 SSand Duplex2205asshown
in Figure8.
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Figure8 ¢ CallideOxyfuelboiler,low temperatureflue gascorrosiontest results

(xiii) Characterisation of Furnace Ash Bsjts
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Aspart of the final inspectionof the boilerin March2015,ashdepositswere collectedfrom within
the superheaterareaof the boiler (Figure9), consistingof the following deposits(alsoshownin

FigurelO):

1 Sintered ash deposits from tHé&' row of tubes at therlet of the secondary (pendant)
superheater noting that there were no deposits at all after the first row.

1 Sintered ash deposifsom the 1% row of tubes at therilet of the primary superheater noting
that the deposits were mainlgcross the centre of the PSH.

1 Sintered ash deposits from a few central tubes in tPlr@w of the PSH; noting that there were
no deposits beyond the"2row of tubes.

1 The internal surfaces of the furnace itself were quite clean and essentially devaig afa

deposits.
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Figure9 - Sideview of the CallideOxyfuelboiler

It maybe noted that essentiallythe depositscorrespondedo some3 yearsof operationasthe
furnaceinternalshadnot beencleanedduringthe demonstrationprogram.

Thecharacterisatiorof thesedepositsindicatedthat eachwasformed from preferentialdeposition
of iron-rich particlesand particlesoriginatingfrom clays. Overallit wasconcludedthat oxy-
combustiondid not havea notableimpacton the behaviourof the coalashin combustionfor the
CallideA plant.
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Sintered ash deposit removed froam inlet tube (' row)
of the Secondary Super Heater. There was very little
depositionon the front of the SSH and no ash deposit
at all beyond the 3 row of tubes.

The ash deposit was sared and relatively easy t
remove from the tube.

Sintered ash deposit removed from an inlet tubé&' ¢aw)

of the Primary Superheater. There was very little

deposition on the front of the PSH, only on a few tube
the central area of the inlet face.

The ash deposit was sintered and relatively easy
remove from the tube.

Sintered ash deposiemoved from an inlet tube {2row)
of the Primary Superheater, restricted mainly to t
central area of the inlet face. There was no ash depos
beyond the 2 row.

The ash deposit was sintered and relatively easy
remove from the tube.

Figurel0 ¢ CallideOxyfuelboiler,furnaceashdeposits
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3.3 CQ CapturePlant(CQ PurificationUnit ¢ CPU)

3.3.1 CPWDesign/PlanDescription

The basic design of the €Purification Unit (CPU) was provided by Air Liquide (France); the detailed
design was provideth part by Air Liquide Engineering (especially the-oondensable stripper) and

by GLP Plant (Australia). The cryogenic W&ddesigned to deliver a net pradtion of ~ 75 t/day of
99.9% pure C{at 16.2 bar (A) aneB0 C for transportation in road tankers.

The gross CPU production rate is nominally 100 t/day but approximately 25% of th@adQct is
recycled and utilised within the procegsainly within the Coldbosto achieve the separation of inert
gases (@ Ny, Ar), residual hydrocarbons (mostly CO), and removal of any residuah8®IO/NQ
from the CQproduct.

The overall configuration of the CPU is shown schematically (in simplifiedideton).

Pure NH; cascadefor LiguidCO,
COZ CO, liquefaction ¢ Storage
Liquid CO»
Oz, No, Ar

Figurell ¢ Simplifiedschematioof the CallideOxyfuelCQ PurificationUnit (CPU)

The design basis of the CRlas follows:

1 The lowpressure sectioronsists of a Quencher and Lé&xessure Scrubber, utilising Caustic
Soda (NaOH) wash to remove SOx to less than 20 ppm, all thend@ome portion of NO
according to solubility.

1 A blower draws the flue gas from the Oxyfuel boiler recirculation duct through the scrubbers
and then pushes the flue gas throudiinamic and sttic particulate filterg¢o achieve a final
dust burden of < 0.02 mg/Nin
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1 Thecentrifugal compressor was selected on the basis that this would represent the type of
equipmert that would be used in a largecale CPU (compared to a lower cost less efficient
screw compressoQr

1 Downstream, there is a HP cooler and scrubber utilising chilled water to further remove acid
gases, followed by a Temperature Swing Adsorption Drier system to reduce the dew point to
less than minus 8CC.

1 The final purification of the @ product is achieved in the coldbox consistingseferal

separation vessels and large heat exchanger. This system was designed for a Flug Gas CO

concentration [Cg) of 80% compared to the actual feed gas {[c&d the compressor inlet of
around 70%, ath for this reason a portion of the G@roduct is recycled back to the
compressor as previously described.

1 A novel feature of the Air Liquide Coldb@mon-condensable stripperdesign was the
inclusion of the deNOx column which waa evolution of previousALE coldbox designs
trialled elsewhere; together with the requirement to recycle product.C€ignificantly
compromised the overall G@apture rate achieved across the CPU.

T The final step is the liquefaction of the pure O@a the CQ liquefier, coupled with an
Ammonia Refrigeration cycle.

3.3.2 CPWConstructiorand Commissioning

The construction of the CPU was undertaken by GLP Plant and the commissioning jointly by GLP Plant

and Air Liguide (France) from April 2010 to December 2011, with PraCicapletion awarded in
March 2012. The main commissioning issues were around optimising the performance of the
Coldbox, but overall the commissioning went smoothly and the logic worked well.

3.3.3 CPWOperatingStatistics

Hue gas was first sent to the CPdrfr the Oxyfuel boiler in October 2012, the first operation of the
Coldbox was in December 2012 and the first liquid @&s produced in February 2013. In the
meantime, the first major test campaigh was conducted in December 2€@d%rovide an initial
chamacterisation of the CPU performance

Specific equipment hours were as follows:

1 Flue gas to the CPU 7446 h
1 Compressor operation ~ 7000 h
1 CQto liquefier 1961h
1 CPU Hours of Industrial operation 5661 h

It is very important to note that écausethere was no CQoff-take, the use of the liquefier was
limited and most of theColdbox C® product wasby necessity vented over th€PU2Y year
operating periog andconsequentlythere wereonly 1961h of CQ to the Liquefier.

3.34 CPLReliability

Througlout the commissioning and operating phases of the CPU, some 200 trips/events were
recorded mostly in the earlier phases of the operatiorhe available trip data indicates the following
statistics by CPU plant ar@aigure 2).
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Trips/Events by CPU Plant Area

B Ammonia
Compressor

m Cold Box

m LP Scrubber

B HP Scrubber

m CO2 Compressor

= CPU

= CO2 Storage

Figurel?2 ¢ CallideOxyfuelCPUrips/events

The coldbox itself exhibited a high level of reliability as indicateleigure B, with most trip events
being as a protection response to upstream causes.

Cold Box
System Trips/Issues by Type

B Control Failure
MEquipment Failure
M Fugitive Emmissions
WProcedure
HMUnknown

M Protection

W Vaporiser

Figurel3 ¢ CallideOxyfuelCPUcoldboxtrips/issuedy type

In addition it may be noted that trip events on the CPU were relativedisily and quickly rectified;

for example,it was found thatseveralthe pumpsoriginally suppliedused to recirculate cooling
water, caustic soda and liquid @@ere of an inferior make and were progressively replaced with
more reliable pumps. The main plant items themselves were very reliable and required no significant
maintenance activity.

In the final 6 months of the CPU opemtj trip events were rare and the Forced Outage Rate is
estimated to have been < 1%.

3.3.5 CPWerformance

Plant performance was assessed throggiveralspecific test campaigns with Air Liquide (referred to
as Passenger Testgnd also on an ongoing basisparallel with the Oxyfuel Boiler tests utilising
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COSPL with specialists from the JV partners and support from the University of Newcastle, Macquarie
University, HRL Ltd, and Techno Tugos (Japan).

These

tests weraised to determinethe behaviour/eliminaton of particulates, acid gas and inert

gases ashe flue gas moved from the lopressure scrubber area to the exit of ti@ldbox (see

Tables 5 and §. These data show the progressive removal of impurities such as SOx, NOx and
Mercury primarily ascondensate although as shown in Figure 11, some iNQented from the
Coldbox; with the net result being almost pure,CO

Various other tests and measurements were made to determine the &ture rate from the
process. On this point, the followimgay be noted:

1.

The CPUWoldbox was designed primarily as a demonstration of the final rexhafvSOx and
NOX to very low levels from the @ was not designed to demonstrate or achieve high CO
recovery.

The design point for the CPU (as a complete systemB&#&CQ recoveryfor Feed Gas GO
of 68 vol.% (dry); with full NOx removal (to < 15 ppm).

Actual CQrecoveries for the design Feed Gas @ére around 60% overall for the complete
system.

The extraptated CQ recovery without NOx removal in th@ldbox wasestimated to bein
the range of 780 84%.

5. For theColdbox itself, C@recovery was > 80%.
Table5 ¢ CallideOxyfuelCPUanalysisof procesondensates
Hz0 Remover \
\ ' Compressor CPU Drier
Pammeter L:;':;:f [Oxyfuel Boiler} Raw Water Quencher LP Scrubber HP Scrubber
' Pre-coaler Cooler Intercooler | Final cooler Various steps
pH 18-20 19-22 ~1 ~T 75-8 <15 <15 05-1 <0.01-08
Totel Dissolved , n . e r T " r
Sake mgiL é 830 - 1030 A 00 - 2,000 <5 <5 u
Tosl Akalinity mE <1 <1 <10 | 1500-2,000 | 1,000- 1500 <1 <1 <1
Sufiate as S04 mg/L 30 - 50 4 2 -4 B 2 B %
Sufe az 503 moL upto 10
Chiorde mg/L 30-700 4 5 <50 B % 5
, o o 194 00
Nirate + Mivie 2= N mg/L <5 <5 ND <5 <5 up b 25 up to 29 5 5 o =2 NCRI
Mercury (Hg) g 2-4 2-3 ND u 5 < -5 W <25 75
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Table6 ¢ CallideOxyfuelCPUWerformancedata for variousgascomponents

SOx Quencher Column pH setpoint: 7.06; LP Scrubber pH setpoint: 7.5

SOx captured as Sulfate. > 99% of SOx in the flue gasis removed in the Quencher. The product from the
LP scrubber has < 20 ppm SOx.

Caustic Soda consumption: 17.8 kg/g in the Quencher and 12.9 kg/h in the LP Scrubber.

HCl 99— 100% HCl removed in the Quencher. LP scrubber outletis < 2 ppm. Any chloride found in the HP
scrubber has come from the make-up raw water.

HF Quencher 22 mg/L; LP scrubber and beyond 0 mg/L.

co Feed Flue gas:

Burners B& C CO< 50 ppm
Burners A&B or Burmners A&C CO > 500 —2400 ppm unstable
Quencher LP Scrubber Compressor Driers  HP Chiller/ Coldbox
Flue gas 4536 Nmi'/h Scrubber

CO 1047 ppm Product
CO flow 3.6 Nm'/h 2.5 Nm CO/h 3.2 Nnt CO/h 2.3Nm® cofhl 0 NmY CO/h

MP Recycle: 0.3 Nm® CO/h Regen + vent
2.3Nm’CO/h
Hg Two forms of Mercury (Hg) are present: Reduced form Hg2+ and Oxidised form Hg® (from 1&2 July 2016):
CPU inlet 11 pg/Nm?
Quencher Qutlet 3.6 ug/Nm®
LP Scrubber outlet 1.4 pg,.me3
Compressor outlet <0.08 pg,.?'Nm3
Target for Brazed Al Heat Exchangers: <1 pngm3

NOx Flue gas Feed NOx is dependent on burner arrangement in the boiler. For high NOx (B & C mill
combination): NOx ~ 750 ppm dry (1540 mngma)
Quencher LP Scrubber Compressor Driers  HP Chiller/ Coldbox
Scrubber

Flue gas 4536 ij,-‘h Product

NOx 750 ppm 1540 mg/Nm h 600 mg/Nm” 300 meg/Nm” 15 mg/Nmi’ N

1540 mg/Nmi*

MP Recycle: 45 n;bglf’l'blm3 Regen +vent
250 mg/Nm’”
Effect of HP Chiller versus HP Scrubber:
3
B Chiller ON / HP Scrubber OFT 020130702 NO
I 20130702 NO2
= [ 20130604 NO
£ 92 | | J
£ B20130604 NO2
z
£
g. =
=
g 1
0

(371 Outlet Chiller Outlet HP Scrubber Outlet

3.3.6 CPUFinalinspection

In March/April 2015a final inspection was undertaken of the CPUhis inspection revealed no
notable damage to any of the parts of tli&PU. Further inspection during dismantlement of the
plant also did not reveal any significant plant degradation.
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3.4 CQlInjection& Storage

3.4.1 General

The Callide Oxyfuel Project Stage 2 was concerned with two major activities: appraisal and
assessient of the CQ storagepotential of geologicaformationsin SouthEastQueenslangdand with

the more specificgoalof injectingsmallquantitiesof CQ productfrom CallideA in order to advance
the scienceandto improvethe bonafidesof geologicaktorageof CQ.

3.4.2 CQ StorageAssessments

Fromthe commencemenbf the Projectin May 2008, a seriesof studieswasundertakento seekout
and assesghe potential for CQ storagein sandstoneformationswithin a nominal200 km radiusof
the CallideA facility. Thiswasultimately extendedto 300 km. Theformationsconsideredwere as
follows:

1 Permian age Natural Gas reservoirs associated with the Northern and Southerisbn
Trough Anticlines some 2@M00 km west of the Callide A sitehich run North

1 Permian age; Saline aquifers at greater depth on the periphery of the Denison Trough
anticlines

1 Jurassic Age Precipice sandstone in the southern part of the Tarobmmugh runninghorth
from Wandoan toMoura 100 km west of the Callide A site

9 Jurassic age Precipice sandstone (primarily) and Hutton sandstone (secondarily) towards
the base of the Surat Basin in South East Queensland.

Asreported by Spero(2014),the overallconclusionsn the contextof thesestudieswere asfollows:

1 The Denison Trough Natural Gas fields and adjacent saline aquifers have limited potential to
support large scal€Q storage projects in Queensland.

1 Resource competition with natural gpsoducers is problematic because of the risk of
breakthrough ofCQ in the natural gas product.

1 The storage potential of deeper coal seam gas resources in Queensland is limited, and there
is considerable uncertainty around, and consequential resistanteetadea of enhanced
coal bed methane recovery.

I The Surat Basin Jurassic sandstone aquifers, in particular the Precipice sandstone, offer a
very large potential storagmedium(> 900 MtCQ) within the available GHG tenements.

9 Significant concerns are present amongst the public and politicians about the efficacy of
geological storage aZQ, especially where there is a potential for any kind of impact on
groundwater; as is the case in the Surat Basin.

3.4.3 CQInjectionTest

In 2014 from Octoberto Decembera seriesof injectionsof CallideOxyfuelCQ productwere made
through C@CRGNell No 2 into the Paarattesandstoneformation at a depth of ~ 1440m within the

Otway Basin200 km to the South West of Melbourne (near Nirranda Sauth off the Great Ocean
Road) Figurel4 and Figurels.
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Figurel4 ¢ Locationof CO2CROtwayBasinCQ storagesite (Courtesyof CO2CRC)

Theinjectiontrialsinvolvedroad transportin a nominal15t Isotainerfrom CallideA COPsite (Figure
16) to NirrandaSouth(somel1300km). Thetrialswere conductedin two phases:

(i) Phase 1lnjection of formation water saturated wit€@Q product pure CQ and CQ with added
impurities ¢ to assess the geochemical effect of the impusten the formation rock in terms
of dissolution of minerals, precipitation and water quality.

Phase 2njection of pureCQ and CQ-saturated formation water to assess ti@) saturation

level (pore volume) occupied by ti&D in these tests; known as @Residual Saturation Test.

(ii)

The primary benefit of the injection test was to advancescientific knowledgeon two fronts: the

effect of CQ impuritiessuchasSQ, NG and O, on rock formation that is saturatedwith water; and
the improvementin measuremen of residual saturation testing; all of which are very important

considerationsn designingpermitting and operatinglargescaleCQ geologicaktoragefacilities.
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Figurel5 ¢ Layoutof CO2CROtwayBasinStoragetest site,asat Decembe014(CourtesyCO2CRC)

Figurel6 ¢ LoadingLiquidCQ into an Isotainerfrom the CallideA CQ storagetank (October2014)

Geochemicatests(Phasel)

CallideOxyfuelProject
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