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SUMMARY

It is recognised that the behaviour of trace metals and the related characteristics of the
formation of fine particles may have impartamplications for process options, gas cleaning,
environmental risk and resultant cast oxy-fuel combustion. In spite of its potential
importance to oxjuel combustion, the effects of firing inA&0, mixtures on trace metal
deportment, speciationnd behaviour in flue gas cleaning systems have not been extensively
studied. Environmental and operational risk will be determined by a range ofelatied

factors including:

1 The concentrations of trace metals in the gas produced from the overagroc

1 Capture efficiencies of the trace species in the various air pollution control devices
used in the process; including gas and particulate control devices, and specialised
systems for the removal of specific species such as mercury;

1 Gas quality requir to avoid operational issues such as corrosion, and to enable
sequestration in a variety of storage media without creating unacceptable
environmental risks; the required quality for £@ansport will be defined by (future
and awaited) regulation but mdge at the standards currently required of food or
beverage grade GOand

1 Speciation of some trace elements

The last issue is particularly important &ssi widely recognised that distribution, mobility
and bioavailability of any element not only dependsthe total concentration but, critically
on the chemical forms and oxidation statéshese element$&or example, the toxicity of Cr
varies dramatically depending on whether it is present §o0€€r*,

Macquarie University was engaged by the Aaisan National Low Emissions Coal Research
and Development Ltd (ANLEC R&D) to undertake a research program to investigate the
behaviour of trace elements during efityng and CQ capture and processingn December
2012, a test program was undertakenravehree week period on the retrofitted Callide A
power plant with capability for both oxy and -ining. During this period four coal feeds
were combusted under both-&ned and oxyfired conditions.

Gaseous and particulate sampling was undertakére iprocess exhaust gas stream after

fabric filtration at the stack and at various stages of thedo@pression and purification
processSolids samples collected from throughout the combustion and gas handling train were
also extensively analysed.

Thefield trials were supported by laboratory work where combustion took place in a drop
tube furnace and modelling of mercury partitioning using the iPOG model developed for
United Nations Environment Program (UNEP) Coal Mercury PartnerShgmeasurements
haveprovidal detailed information on trace components of-fixyd combustion gasesd
comparative measurements under air fired conditimetuding:

1 Trace metal and particulate matter (BMand PM5s) emission rates from oxy
combustion compared tordired systemg to allowenvironmental risk assessment of
stack emissionBom the Callide OxyFuel Plant.



1 Traceelementspeciation inair-fired andoxy-combustion products (gas, bottom and
fly ash)for both mercury and chromium, to allow the toxicitgk and environmental
transport behaviouassociated with these produtdsbe assessed

1 Trace metal capture and transformation rates in the flue gas cleaning system,and CO
processing plant;

1 Ultimate trace component concentrations in product, CO

In the project the target list of species to be characterised was based on the list of reportable
substances included in the Australian National Pollutant Inventory (see
http://www.npi.gov.au/substances/hst-subst.htm). Mercury was particularly targeted,

given its importance from both a health and operational perspective.

Outcomes:

Overall the project objectives were achieved and the results suggest tfiaingxgoes not

pose significantly higher environmental or operational risks than conventiosfiaingr The

|l evel s of trace meggassiream should hohpese dperatiorialfissuesd 6 CO
within the CPUThe project was successful in meeting its scope and objectives.

A field campaign was held during the perid®i320" December, 201@ith a focus on

establishing the fate and possible operational impacts of trace elements in the Callide Oxyfuel
processing planThefield trials were followed by extensive chemical analysis of the product
materials collected. The fieldwork was suppotigdaboratory combustion studies using a

drop tube furnace to examine combustion undeffoiyg conditions using models of

elemental enrichment previously used forfagd systems.

Samplingwas carried out during tHeeld trials for solids inputs andutputs (coal and ash)
gasesat the stack exhaust (under both air argHfired conditions)and at various points in
the CQ Processing Unit (CPUJrour coal feeds were tested during the fteilmls under both
air-fired and oxyfired conditionsincludinga number of coal blends.

Levels of metalsSOxand mercury in particular, are below the level of operational concern in
the CPU beyond the first low pressure scrubBethe levelsof these speciemeasuredhe

produced C@would comply with the spefitations for use in the food and beverage industry.
However hydrocarbons, and a number of other species, including those of nitrogen, were not
measured. Until these analyses have occurred it is not possible to unequivocally state that the
product CQ would be acceptabl®r this use

Modelling and measurement of mercury behaviour in the combustion system showed the
strong relationship between carbon in flyash and mercury partitioning into the ash fraction.
This may have implications which should be exadifor plants which operate at higher
efficiency and consequent lowesirbon in ashApproximately 80% of mercurijn CPU

process gas was removed by the initial low pressure scruhbittethe final CPU process gas
mercury concentration approaching the @nrtationameasured in ambient air (<2 ngjm3

An examination of total and environmentally available chromium (determined by an
aggressive acid digestion) in all ash and coal samples frofielthérials has shown levels

are significantly lower than hehlbased investigation levels for soils contain@rgf 100
mg/kg. It was also shown that-89% of the total chromium is isolated within the siliceous
glass matrix of the ash and not available to leaching environmental fluids. The hexavalent



form of chranium [Cr(VI)] was below the normal limit of reporting of 0.5 mg/kg for all
samples.

Halogens (Br, Cl and F) were at or below detection limits for the sampling techniques in both
the stack and CPU. Halides (HBr, HCI and HF) were detectable in the stcio(lin the

CPU), although no consistent trend in tiedd trial results between coal type or firing mode

(oxy or air fired) was apparent. Research in the laboratory suggests that depletion of these
species from the coal and ash occurs in all but tesfiof particle sizes.

From thefield trial results it does not appear that partitioning of trace metals to the gas phase
at the stack is a function of either firing condition (oxy o#faing) or coal type. Follow up
laboratory studies have shown puttal mechanisms via particle elemental enrichment for

this behaviour, although a trend following eftigng to higher enrichment of trace elements

in the ash for the smaller particles increasing with elemental increased volatility is also
apparent.

Labormatory studies confirmed the almost complete depletion of sulfur from the ash samples,
so the probable influence of feed coal sulfuiflae gasconcentrations observed in theld

trials is unsurprisingUnder airfiring conditions SQ@ concentrations ithefield trials flue

gases were three to four times lower than duringfoiyg, which is expected due to the
concentrating effect brought about by the removal of nitrogen from the system
Concentratioaof SOx in the CPU weress than the minimum detgn limits (MDLSs),

for both SQ and forSO3anddemonstratéhat the sulfur in the process gas stream has been
removed effectively from the CPU process gas by the initial low pressure scrubber.
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1. INTRODUCTION and CONTEXT

Carbon dioxide capture and sequestration and storage (CCS) has been proposed as a
mechanism to reduce carbon dioxide emissions from thesindl use of fossil fuels to
produce electricity and other services. @gmbustion is a candidate technology for CCS,
and a demonstratn of this technology is being undertakbrough the Callide Oxjuel
Project (http://www.callideoxyfuel.com/What/CallideOxyfuelProject.akpx

A potentialcomponent of theverallrisk associated with oxgombustion will be due to
residualtrace species in the GGtream ashiese tracepecies will determine the need for and
costs associated with gakaning protocols for oxgombustion to avoid emissions issues,
and corrosion problemdt is recognised that the behaviour of trace metals and the related
characteristics of the formatiarf fine particles may have important implications for process
options and resultant co§toftegaarcet al.2010.

Environmenthand operational risk of trace elements in oxyfuel processing will be determined
by a range of interelated considerations including:

1 The emission flux (mass/time) of trace metals from the overall process;

1 Capture efficiencies of the trace species avarious air pollution control devices
used in the process; these may include gas and particulate control devices, and
specialised systems for the removal of specific species such as mercury;

1 Gas quality required to avoid operational issues such as icorrasd to enable
sequestration in a variety of storage media without creating unacceptable
environmental risk; and

1 Speciation ofrace species

A detailed review of the possible impacts of trace elements from coal combustion on the
oxyfuel process haslen prepared for ANLEC R&D as an initial part of this pro{élson

2013) Wall et al(2013)also identified gas quality as an early research and regulatory issue,

as the gas produced from efyel has higher levels of inert gases, sulfur and nitrogen gases,

and other tracampurities. A detailed knowledge of the impacts of gas quality on power plants
and materials, on transport systems, and on the regulations imposed on gas quality for storage,
is thus required to reduce the risk of this CCS technology, as the cost cdayaaglis likely

to be higher for oxyfuel than for other carbon capture technolog@&&ll et al. 2013)

Based on the earlier wodutlined above it is clear thatignificant component of the risk
associated with oxgombustiormaybe due to trace species in the {8Deam. These trace
species willhave an impact ooosts associated with gaaningrequirementsor oxy-
combustion to avoid emissioasd operatioal issuessuch as corrosion. In the current
project a combination dfeld measurements complemented by laboratory experiments,
modelling and computational studiesre carried outo obtain detailed information on trace
components of oxjired combustio gases, including:

1 Trace metalgasand fine particulate matter (PM) emission rates from-@xybustion
comparedto airfired systems to provide information for environmental risk
assessment of stack emissidram the Callide OxyFuel Plant noting that, in fully


http://www.callideoxyfuel.com/What/CallideOxyfuelProject.aspx

commercial plants there are not expected to be any stack emissions (although plants
would be expected to be able to operate and be compliant in both firing modes);

Trace metal speciation in oxgpombustion productdige gas, bottomashand fly ash);
speciation determines the toxicity, environmental transport behaviour and hence the
risk associated with these products;

Trace metal capture and transformation rates in the flue gas cleaning system,and CO
processing plant;

Ultimate trace componergoncentrations in product GOand an assessment of the
suitability of the CQ for various uses (eg, pipeline quality for transport and storage;
comparison with food grade G@nd required additional cleaning required to meet
food grade standardsnd

Physical nodelling and computational studies to assess flue gas composition effects on
CO, capture, and to support, through predictive capability, the next stage of
commercialisation.

1.1 Target Species

There are a number of accepted listings of trace mamal®lements of environmental and/or
human health concern. These include priority lists developed by the USEPA and by the
Commonwealth for its Air Toxics Program. In the present work the target list of species to be
characterised was based on the lisieprtable substances included in the Australian

National Pollutant Inventory (see pit\www.npi.gov.au/substances/hst-subst.htm).

The target element list for the project was:

A A -0_-9_-9_9_-9_49_49_-°9_-°5_-5_-°2-2-

Antimony (Sb)
Arsenic(As)
Beryllium (Be)
Boron(B)
Cadmium(Cd)
Chromum (Cr)
Cobalt(Co)
Copper(Cu)
Lead(Pb)
ManganeséMn)
Mercury(Hg)
Nickel (Ni)
Selenium(Se)
Zinc (Zn)

2. WORK PROGRAM

A series of measurements of trace element concentrations3it Mi& Callide A Oxy-fuel

plant were undertaken in the periddi320" December, 2012. Although the program had
originally been planned to take place as two field campaigns in May, 2012 and April, 2013
these were compressed into one extended campaign by agreement with Callide Oxyfuel
Services Pty Ltd (COSPL) and ANLEC R&



The field campaign involved personnel from Macquarie and Newcastle Universities, Malfroy
Environmental Strategies and a contracted four person, specialist stack testing team (ECS Pty
Ltd).

Thatcomponent of the overall ANLER&D project 604110130 examinedtrace element
transformations in the flue gas of the retrofitted Callide A power plant andP@©essing
Unit (CPU) during oxy and aifiiring, to examine reactions between gas and particulate
phases, and to determine trace element capture efieseincair pollution control devices.
Details of the plant can be found on the Callide Oxyfuel website:
http://www.callideoxyfuel.com/What/CallideOxyfuelProject.aspx

During the three week period of the field trial prograiour coal feeds, including coal types
from three coal deposits were combusted under botfiredr and oxyfired conditions.The
feed coals are characterised as alsitlbminous coal (CL), a medium volatil&iminous coal
(MN) and a semanthracitic coal (BL), Blend 1 (was a mixture of CL and BL coals), Blend 2
(a mixture of CL and MN coals), along with feeds of unblended CL and MN c8atapling
was carried out fosolids inputs and outputs (coal and agfasesat the stack exhaust (under
both air andbxy-fired conditions)and at various points within the CPThe results from the
field studies were reported in detailthe previous repofMorrison et al. 2014)

This report extends some of the work alreegfyorted to include:

1 A detailed assessment of the environmental availability of chromium and the speciated
hexavalent chromium form in the ash samples generated during the field trials.

1 A comparison of the analysis of trace elememt€O, produced dung thefield trials
benchmarked against pipeline and food gi@@e standards

1 Quantitative modelling of mercury emissions using the iPOG software package
developed in conjunction with th&nited Nations Environment Program (UNEP)
Mercury Partnerships.input data for the model were the plant conditions measured
during thefield trial.

1 Experimental work on elemental enrichment factors (EFs) in the finer particle sizes
(<10 pm) produced during combustion and their implications forfoing..

1C
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3. FURTHER EXAMINATION OF SAMPLES FROM THE
FIELD TRIAL

3.1 Environmentally available chromium and chromium speciation

Along with metallic chromium (€}, chromium can exist in a range of oxidation states from
Cr** to C*, but the commonly found forms in natue trivalent, Cr(lll) and hexavalent,
Cr(VI) (Nriagu and Nieboer 1988)

3.1.1 Presence of Cr in coal and ash

In coals, chromium is usually found at low levels and ranges from 406 mg/kg

worldwide, although particular seams and areas can be orders of magnitude higher, these
occurrences often being associated with the occur@deaomite minerals (Fe@D,)
(Finkelman 1999; Goodarzi and Huggins 200bgvels in NSW and Queensland coals are
typically somewhat lowr than the worldwide averages of less th#&n 30 mg/kg, while
Victorian lignites are lower still at 0.08L9 mg/kg and Western Australian sbiiuminous

coals have a significantly wider range 519 mg/kg(Swaine and Goodarzi 1995)

Work by several gngps suggests that in both shituminous and bituminous coals,

chromium is present predominantly as Cr(lillite (a clay mineral) features with some of the
chromium in sukbituminous coals derived from poorly crystallized chromium oxyhydroxide
containedwith organic macerals. In bituminous coals this latter source appears not to be
present or detectab{&oodarzi and Huggins 2005; Stam et al. 2011)

The work byStam et a(2011)proposes that most (or all) of the-iite minerals melt

forming aluminesilicate glass phases in the flyash which are highly resistd@aching.
Whereas pysicalabsorption on particle surfaces is suggested as the major mechanism for
capture of Cr(VIy flyash, following partial volatilisation during combustion, when
organically bonded chromium is present in coal during combugSitam et al. 2011; Zhao et
al. 2013) Figure 1 shows schematically a proposal for the formation of both leachable and
nonleadable Cr(VI) and notkeachableCr(11l) from both the Crillite forms and organically
boundCr.

Deposition levels of Cr (VI) in fly ashes are typically very low;628 of the total chromium
and is often undetectable at these ley®tam et al. 2011)

3.1.2 Chromium: ecological effects and effects on human health

Hexavalent bromium[Cr(V1)] is rare in nature and a n@ssential metal for microorganisms
and plants towards which it is highly toxic, causing effeztslant growth and development
and alterations to the germination procgsanker et al. 2005; Darakas et al. 2013; Dhal et
al. 2013) In plants, the uptake and resultant toxicity is dependent on the presenee of th
speciated form [Cr(VI)] which controls its level of mobilisati@hanker et al. 2005)
Conversgly, chromium (in the Cr(lIl) form) is an essential nutrient for mammalian function,
and chromium deficiencies hawanlg been implicated in the presence of diabetic and related
conditions(Rabinowitz et al. 1983; Davis and Vincent 1997; Vincent 2004e Cr(VI) form
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is classified by the USEPA as a Group A human carcinogensasealieved to be a cause of
conditions ranging from lung cancer to kidney and gastric dafagdorough et al1999)
Although the most significant sources of chromium in the environment are deliberate use of
chromium containing compounds in industries such as tanning, plating and steel manufacture,
coal combustion bproducts such as fly ash can be a signifisanirce of the chromium
introduced into the environment if ash repositories are poorly man@dgeagu and Nieboer

1988; Kimbrough et al. 1999; Kingston et al. 200%9 pointed to earlier, chromium is a
common coatonstituent, and the presence of some level of chromium (in all valence states)
in power station flyash appears inevitable, although much is captured by particulate removal
devicegGoodarzi and Huggins 2005; Zhabal. 2013) The leaching of this chromium from

ash repositories is highly dependent on climatic conditions\@rstisarid) (Kingston et al.

2005) Darakaset al.(2013)have confirmeckarlier results that thelease of Cr(VI) from

flyash is controlled by pH and is more likely to occur under basic conditions

surface

+CaO (or (Mg,K,Na)O)
a CaCrOg(s)
/ anrface reaction < leachable Cr(VI)
: o ¥ (or (Mg.K.Na.Fe)CrO4
c —» CrO;(g) o
ke . \ ) non-leachable
g \\\ +Ba0, surface raction » BaCrO,(s) Cr(VI)
S ; '
: | |
Ll ]
cr*t o\ /O o CrO«(g) —»l Cry05(s)
HQ 0 C : '
r- +Ca0+0x(g) - ?e(:ir::-hable
] “\
Cr,05(s) < —>  CnOs(s) Cr(1II)
I'IC(‘I'QOLz S) _> l‘.CCl'QO_f;(S)
coal
Cr
illite melting \ J
glass

Figure 1 Possible reaction mechanisms for the formation of leachable and ndeachale Cr(VI) and non-
leachable Cr(lll) during coal combustion [adaptedfrom Stam et al. (2011)]

3.1.3 Chromium determination and speciation

While total chromium can be detected down to low levels (<0.1 mg/kg), the quantification of
the hexavalent chromiunpscies (Cr(VI1)) is made more challenging as it involves an
extraction step which must dissolve the Cr(VI) species completely and avoid reduction of
Cr(VI) to Cr(lll) whilst this is achieved. USEPA Method 3060A uses a technique for Cr(VI)
determination whe the samples are exposed to a combination gE®asand NaOH with
continuous swirling and heating at 95°C. This solution has a pH of >12 which should
maintain stability of the Cr(VIJUSEPA 1996a) Although it has been established that the
matrices of some materials result in artificially low Cr(VI) levels being determined using this
method(Malherbe et al. 2011 his should not be the case with fly ashes as the problem
seems to occur as a result of entrapment of Cr(VI) species and the formation asitiotlepo

mechanisms proposed for Cr(VI) in combustion systems (described previously) would seem
to preclude this possibility.
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Sophisticated techniques, such asay detection near edge structure spectroscopy (XANES)
requiring the use of ayachrotron,hawe been used for detection of Cr(VI) and determination
of the ratio of Cr(VI)/Cr(lll) in various materials, including coals and furnaceldsggins et

al. 2000; Goodarzi and Huggins 2005; Stam et al. 20Hbwevergiven that the limit of
detection of Cr(VI) for the technique appears to be ~10 m@kgffer et al. 2001)ts use for
the quantification of furnace ash (fly ash and bottom ash) from power station coalistom
would appear restricted. This occurs becdliseCr(VI) levels even in higher chromium

coals [say an estimate of 6% of 100 mg/kg, or 6 mg/kg C{(&Bm et al. 201] jare likely to

be below the XANES detection limit. Because XANES is a solid statetibet@cethod what

it does allow atleast in samples (not necessarily coals or ashes) containing a higher level of
Cr(VI), is confirmation (or otherwise) of the effectiveness of the extraction method used in
EPA3060A(Malherbe et al. 2011)

3.1.4 Chromium determinations in field trial ash and coal samples

Total acid digestible chromium (&) and hexavalent foraof chromium (Cr(VI)) were
determinedn all coal anall ashsamples collected during the December 2012 oxyfuel field
trials at Callide These included all fly ash hoppers, furnace (bottom) ash and ash samples
from the rear pass and air heater collection ppir8 samples in total were dysed. The
analyses were carried out by the Australian Government National Measurement Institute at
North Ryde.

The analytical methods used mirror those describ&tBBPAMethods3050; 200.8; 200.7,
6010, 602Qfor acid digestible Gi) and USEPA MethoB8060A (Cr(VI1)) with some

guidance from Furtmann and Seifeér990)(USEPA 1994b; USEPA 1994a; USEPA 1996b;
USEPA 2007) Limits of reporting (LOR) for the methedare typically 0.5 mg/kg, although
detection limits may be significantly lower (0:05L0 mg/kg). At these lower detection
levels, the error of quantification méag significant (up to 0.1 mg/kg), therefore results in the
range below 0.5 mg/kg should been as qualitative only.

The acid dissolution method used for the samples allows the measurement of elements which
under the most extreme leaching event could be released into the environment. Analysis of
the resultant leachate was by inductively codgdlasma mass spectrometry (IGMS). The

acid dissolution method uses 1:1 concentrated gidN@ HCI at near boilingoint (95°C) as

a leachate over a two hour period. This method does not measure inaccessible material
locked within siliceous glass¢€&oodarzi and Huggins 200&8hd which will not be released

when subjected to environmental leaching.

Crap was measured in all samples and these results appeatlell. In the coal feeds, G
ranged from 3.6 mg/kg (coal MMjtuminoug to 7.2 mg/kg (coal CLsubbituminous).
Interestingly this differentiation could not be seen in the earlier results and may indicate
chromium containment byltarnate species in the differently ranked coals.

In the furnace ash and fly ash sampleg,®@aried from a lowalueof 1.5 mg/kg to a high of

13 mg/kg. As aresult of the differing aims of the sample dissolutions, estimated composite
Crap levels determmied in flyash and furnace ash samplesb{el) are significantly lower

than those for total sample chromium {@J in the physically composited ash samples from
the Callide fieldwork which were reported earljstorrison et al. 2014)
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For comparative purposesthaets of resuli<ri and Cip, have been included ifablel

and compared ifigure2. The consistency of these results is encouraging and suggests that
somewhere between 80% of the total chroram in the ash samples, probably in the form

of impurities in siliceous glasses, is inaccessible to infiltrating leach solutions and is therefore
environmentally benignBoth Criy @and particularly Gip are at low levels when compared

to the health baskeinvestigation levels for soils containi@y of 100 mg/kg and therefore

should be of low environmental riggnHealth 2001)There appear to mnly small

differences between results achieved under air offioag conditions. Although for the

blended coalsGL+BL and CL+MN) and coal CL, both G and Cip are higher under oxy

fired conditions, this is reversed in the runs with the MN bituminous coal. It is possible that
this is due to the recycling of the volatile Cr component duringfioxyg resulting n some

fly ash enrichmentThe inconsistency with the MN coal tests may be due the burner problems
encountered at the time, where very high ash in coal levels occurred following failure of the
coal swirler in the burneiTheenrichmentypothesis receivesome reinforcemeritom the
existence of aelatively consistent pattern appe@rto be present where £grvalues are

higher in the latter part of the flyash collection system (Hoppéis)iiving asuggeson of

some differential enrichment in the snealparticles.

Hexavalent chromium [Cr(VI1)] was below the LOR (0.5 mg/kg) for all sampleRurther
qualitative examination of the results was carried out where a lower detection limit of 0.05
mg/kg was accepted. As stated previously, acceptance ofrdseses is inherent on seeing
them as qualitative as the error in the determination is necessarily high.

Using this lower detection limit Cr(VI) was detected (although often at levels an order of
magnitude below the LOR of 0.5 mg/kg) in 33 of the 193@amanalysed. Cr(VI) was not
detected in any of the coal, bottom ash, rear pass or air hehtamples, this is not
unexpected and is consistent with the previous finding of ofiee 1994; Goodarzi and
Huggins 2005; Stam et al. 2011)n the flyash samples the detected values for Cr(VI) ranged
from the lowered detection limit (0.05 mg/kg) to a maximum of 0.30 mdladple2 shows

the results obtained.
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Figure 2 Comparison of total and acid digestible chromium in composited ash from Callide Oxfuel field
trials, December 2012.

Of interest, the Cr(VI) results ifable2 show that it is predominantly in flyash samples from

the laker hoppers in the collection train (designated,B-igure 3 Callide Fieldrial report

(Morrison et al. 2014)where Cr¥1) could be detected. This suggests that conversion of the
chromium is happening either in only the smallest particles or that the conversion process has
some time or teperature dependency, given that the time taken for an individual particle to
reach this point would be longer and the temperature would have had the opportunity to
decrease to lower levels than for those patrticles collected in hopfrét Aay also behat

simply more of the liberated Cr is being deposited in these hoppers as a similar pattern also
seems to occur for .

In the experiment carried out on thé"2ff December, the burner swirler failed and
combustion efficiency was lowered significandigd this resulted in high levels of unburnt
carbon in the flyash. This lowered flame effectiveness seems to correspond to increased
detection of Cr(VI) in the flyash and may point to mechanisms for formation which deserve
further investigation.

3.1.5 Application of the chromium results to the Callide Oxy-fuel process

Levels ofenvironmentally available chromium in the ash samples from the Callide field trials
are low (4.4i 8.4 mg/kg). The environmentally available chromium (determined by an
aggressivacid digestion) is 105% of the total chromium, which includes chromium

isolated within the siliceous glass matrix, this material is not available even in aggressive acid
environments and therefore poses no environmental risk.

The carcinoges hexavalentorm of chromium [Cr(VI)] was below the normal limit of

reporting of 0.5 mg/kg for this oxidated chromium state-eRauation of these data using a
lower detection limit of 0.05 mg/kg (with inherent high errors in quantification) showed that
this specie was likely present at very low levels in some of the fly ash samples. There seems
to be a potential relationship between the presence of Cr(VI) and finer sized fly ash particles
given the general increase in Cr levels in the FF collection train.
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Table 1 Results of ash and coal analyses for acid digestible chromium () (values are mg/kg)

SAMPLE DATE | 5/12/2012 | 6/12/2012 | 7/12/2012 | 8/12/2012 | 10/12/2012 | 11/12/2012 | 12/12/2012 | 13/12/2012 | 16/12/2012 | 17/12/2012 | 18/12/2012 | 19/12/2012 | 20/12/2012

(F:”OQII\IND(IBTION OXY OXY 0).4 ¢ AIR AIR 0).4 ¢ 0).4 ¢ OoXY OXY OXY AIR AIR 0),44

Coal Type CL CL CL+ BL CL+BL CL+ MN CL+MN CL CL CL CL CL MN MN
BLEND1 | BLEND 1 BLEND 2 BLEND 2

Coal 7.1 55 5.6 5.6 5.0 6.6 7.2 7.2 6.7 7.8 3.6

Fabric Filter A 4.0 12.0 4.1 4.7 3.2 9.4 2.3 11.0 5.3 2.6 4.8 8.8 2.7

Fabric Filter B 8.6 5.2 7.6 3.7 4.1 7.6 9.4 7.1 10.0 9.7 6.9 4.2 7.5

Fabric Filter C 7.0 13.0 11.0 4.5 3.3 7.1 11.0 11.0 5.6 6.2 4.7 9.9 8.3

Fabric Filter D 8.3 11.0 6.9 4.2 6.2 7.2 5.8 12.0 9.4 8.0 8.2 8.0 55

Fabric Filter E 11 9.0 11.0 54 7.7 7.6 9.0 10.0 6.7 11.0 10.0 8.5 5.9

Fabric Filter F 10 10.0 11.0 54 9.0 6.4 8.0 7.9 11.0 12.0 8.5 5.9 7.6

Fabric Filter G 11 10.0 11.0 6.2 10.0 7.8 9.8 11.0 9.8 12.0 11.0 8.0 8.6

Fabric Filter H 12 12.0 11.0 4.5 11.0 11.0 11.0 11.0 8.5 13.0 11.0 9.6 8.7

Rear Pass A 3.4 3.2 3.4 3.6 3.1 2.1 2.3 2.8 2.4 3.4 2.6 3.5 4.4

Rear Pass B 3.3 3.4 2.8 35 3.2 29 2.1 3.3 2.7 3.2 34 35 3.5

Air Heater A 23 2.0 2.6 2.9 2.1 15 1.4 1.8 2.9 21 2.3 4.0 4.1

Air Heater B 2.6 1.9 1.9 2.9 2.1 1.9 15 1.7 2.3 1.8 2.7 4.0 29

Furnace Ash 2.6 24 2.5 4.2 4.1 24 2.3 2.0 2.8 1.7 3.3 5.6 3.3

Overall

Combined Ash

(mg/kg) (Crap)" 6.5 8.4 6.8 4.4 4.8 6.7 6.1 8.2 6.6 6.3 6.0 7.0 5.5

Weighted

average FF

(mg/kg)* 7.6 10.1 8.0 4.6 5.2 7.9 7.3 10.0 7.7 7.6 6.9 7.6 6.1

Total Cr (Criotar)

(mg/kg)® 57 52 59 40 49 68 60 70 60 61 54 51 56

! values calculated from standardised mass fractions reporting to individual ash compartments [see Table 2M(A644)
2 ash samples physically composite@pto analysis
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Table 2 Results of ash and coal analyses for Cr(VI) (valuésre pg/kgy

S/X'IMELE 5/12/2012 | 6/12/2012 | 7/12/2012 | 8/12/2012 | 10/12/2012 | 11/12/2012 | 12/12/2012 | 13/12/2012 | 16/12/2012 | 17/12/2012 | 18/12/2012 | 19/12/2012 | 20/12/2012
(F:HOQII\JI\IID?NON OXY OXY OXY AIR AIR OXY OXY OXY OXY OXY AIR AIR OXY
Coal Type CL CL CL+ BL CL+BL CL+ MN CL+MN CL CL CL CL CL MN MN
BLEND 1 BLEND 1 BLEND 2 BLEND 2
Coal <mdl <md] <mdl <mdl <mdl <mdl <mdl <mdl <md| <md| <mdl <md]
Overal FF
UBC% 2.5 1.3 5.2 13.6 7.8 4.5 3.4 1.6 1.3 2.6 5.7 14.2 16.2
Fabric Filter A <mdl <md] <mdl <mdl <mdl 77 <mdl 68 <mdl| <mdl| <mdl 111 <md]
Fabric Eilter B <mdlI <mdl <mdlI <mdlI <mdlI <mdlI <mdlI <mdlI <mdlI <mdlI <mdlI <mdI 305
Fabric Filter C <mdlI <mdl <mdlI <mdlI <mdlI <mdlI 131 60 <mdlI <mdlI <mdlI 176 229
Fabric Filter D <mdl <mdl <mdl <mdl <mdl <mdl <mdl 112 53 <mdl 67 <mdI 55
Fabric Filter E <mdl <mdl <mdl <mdl 53 <mdl <mdl 71 <mdl <mdl 81 <mdl n.d.
Fabric Eilter E <mdlI <mdl <mdlI <mdlI <mdlI <mdlI 61 <mdlI <mdl| 55 <mdlI <mdlI 164
Fabric Filter G 59 <mdl <mdl <mdl 59 54 67 <mdlI <mdl 60 107 <mdl 149
Fabric Filter H <mdl <mdl <mdl 108 94 107 79 122 <mdl <mdl 70 81 167
Rear Pass A <mdl| <mdl| <mdl| <mdl| <mdl| <mdl| <mdl| <mdl| <mdl| <mdl| <md| <mdlI <mdlI
Rear Pass B <mdlI <mdl <mdlI <mdlI <mdlI <mdlI <mdl <mdlI <mdl| <mdlI <mdlI <mdlI <mdlI
Air Heater A <mdlI <mdl <mdlI <mdlI <mdlI <mdlI <mdl <mdlI <mdl| <mdlI <mdlI <mdlI <mdlI
Air Heater B <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdI <mdI
Furnace Ash <mdl <md] <mdl <mdl <mdl <mdl <mdl <mdl <mdl| <mdl| <mdl <md] <md]

!Detection limit lowered to 50 pg/kg ( at this level error bands are large and may exceed +100 ug/kg)
2 Note change taconcentration scalefrom Table1. * minimum detection limit (mdl)
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4. ALLOWABLE LEVELS OF TRACE ELEMENTS IN CO2

One of the goals of the project was to assessltineatie trace component concentrations in
product CQ, and assedbe suitability of the C@for various uses (g pipeline quality for
transport and storage; comparison with food grade @&@whether the product CQvould
requireadditional cleaning requed to meet food grade standards.

4.1 Food grade CO,

Although there is guidance on standards for food gradef@®any impurities, there is little
direct guidance provideidr trace elements, the potential presence of particular species (such
as mercury) is acknowledged depending on the source of the feedygasal of the

standards set is the following fraamworking group of the European Industrial Gases
Association (EIGA)n conjunction with the Compressed Gases Association of America
(CGA) and the International Society of\B#age Technologists (ISBT) pyovide guidance

on standards for source qualificatiand specification of bulk carbon dioxide for uséods

and beverage&IGA 2008)

Table 3 Limiting characteristics for carbon dioxide for foods and beveragegEIGA 2008)

Component Concentration
Assay 99.90% viv min.
Moisture 50 ppm Vv/v | max.
Ammonia 2.5 ppm Vv/v | max.
Oxygen 30 ppm v/v | max.
Oxides of nitrogen
(NO/NO2) 2.5 ppm v/v | max.
Non-volatile residue
(particulates) 10 ppm w/w | max.
Non-volatile organics
residue (oil and grease) 5 ppm w/w | max.
Phosphine 0.3 ppm v/iv | Max
max.of which 20 ppm (v/v)

Total volatile hydrocarbons max non-methane
(calculated as methane) 50 ppm v/v | hydrocarbons
Acetaldehyde 0.2 ppm v/iv | max.
Benzene 0.02 ppm v/iv | max.
Carbon Monoxide 10 ppm v/iv | max.
Methanol 10 ppm v/v | max.
Hydrogen Cyanide 0.5 ppm v/iv | Max
Total Sulfur (as S) 0.1 ppm v/v | max.

No foreign taste
Taste and odour in water and odour
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As can be seen frofable3 although many (mostly hydrocarbon) components are specified,

no specification is included for other trace elements. The EEBA8)guidance document
suggesta method for calculatoaf acceptable | evels for unli s
unknown or undetected in some carbon dioxi de

The calcul ation method suggests using nation
assumption that any impurities in the liquid £4e consumed in a beverage product. For the
calculation a volume of CQyas of 4.02 L Cg{gas)/Leeveragd80, liquid CQ) is consumed per

litre of beverage. The concentration of a substance allowable in the liquid @@n given

by:

Concentration in CO, (mg/Nm?) = [Drinking water guideline value mg/L]/[4.02/1000
Nm3COZ/|— beveraga

Using the National Health and Medical Research CoyNeiMRC 2004)ard World Health
OrganisatiofWHO 2008)drinking water guidelines a tabbf acceptable concentrations for
the trace elements of interest has been constructed and appEaiteds

Table 4 Calculated maximum acceptable concentrations of elements in produced G&r food usebased
on NHMRC water guidelines (greyed areas based on MDL)

Drinking Cma;f(lijrlnalfnd Measured
Water concentration
Element | Guideline allowable in CPU at
in COz (m /nMS)
(mg/L) (mg/Nm®) 9
Antimony 0.003 0.7 <0.00082
Arsenic 0.007 1.7 <0.0021
Beryllium 0.5° 123 <0.00082
Boron 4 983 <0.0021
Cadmium 0.002 0.5 0.0019
Chromium 0.05 12.3 <0.00082
Cobalt ng® ng <0.00082
Copper 2 491 0.0014
Lead 0.01 2.5 <0.00082
Manganese 0.5 123 0.012
Mercury 0.001 0.2 <0.000002
Nickel 0.02 4.9 <0.00082
Selenium 0.01 2.5 <0.0021
Zinc 3 737 0.0076
Chlorine 0.6 147.4 <0.16
Sulfur® 0.6 <0.5

' all values NHMRQ2004) unless otherwise noted
2WHO (2008) °ng no guidace value provided *EIGA (2008)

1¢



The information provided iffable4 suggests that concentrations of a range of elements
measuredn the CPUduring the fieldtrial program areorders of magnitude lower than
possible allowable limits for inclusion in food grade C®ith the exception of sulfur which
at 0.5 mg/Nmis close to the limit of 0.6 mg/Nin However ashe hydrocarbos, oxides of
nitrogenand many other spesgiven inTable3 were not measuretlring the field trialit is
not possible to unequivocally state that the product Wauld be acceptahlentil this
analysishas occurred.

4.2 Pipeline Grade CO,

Safe, reliable, and costfettive transport of the C{by pipeline requires that the G&tream
meet certain specifications. Impurities in the ®eam can impact the transport capacity of
the pipeline, the potential for micfeactures in the pipeline, and other safety and dijoeral
considerations to mitigate against substantial leakage, rupture, or ingiddBO 2011) It
should be noted that this specification is for gasification deriveg tB8@s the inclusion of

H,S and exclusion of S©Qwhich may be more relevant in a specification relating to Oxyfuel
processing.

Pipeline specifications exist for GQse in other applications such as enhanced oil recovery
where the more stringent standards required in the foodtigdare not required, its is
expected that these specifications would be acceptable were the Oused foECS. A
typical specification for pipeline quality CO2 appear3 able5. A comprehensive review of
pipeline specifiationscarried out by the Oxjuel Working Group, this reviewhich

includes other parameters and speisies/ailable onling

Table 5 Typical pipeline CO, specification for enhanced oil recoverf{UNIDO 2011).

Component Specification(maximums) | Reason for inclusion
CO; 95% MMP*

Nitrogen 4% MMP!
Hydrocarbons 5% MMP?!

Water 480 mg/m Corrosion

Oxygen 10 ppm Corrosion

H,S 10-200 ppm Safety

Glycol 0.04 mL/m? Operatims
Temperature 65°C Material integrity

! Maintenance of minimum miscible pressure

Like the discussion on food grade £60 specification seems to exist for a range of elements
(particularly metals)n the produced Cg&for pipeline usgalthoughgiven the wide margin

with which the CPU product exceeds the allowable limits for the food grade material it is
unlikely, at least for those elementkat any difficultieswith its useshould be encountereld.

has been suggested (Wadirscomn) that a like} source of limitations on useaybe from

1

http://www.google.com.au/url?sa=t&rct=j&q=&esrc=s&sourceb&ed=1&ved=0CB4QFjAA&url=http%3A
%2F%2Fwww.newcastle.edu.au%2FResources%2FProjects%2FAsia%2520Pacific%2520Partnership%25200x
y-fuel%2520Working%2520Group%2FGuidelir@sdregulationsfor-
oxyfuel.doc&ei=4VCqU6jyDofHKAXx84B4&usg=AFQJCNGUAkam6BOMFq2zZhhWZ_T3Hdwv&sig2=hO
sIVAUYdOspDWWAYyG8hQ
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concentrations abxides of nitrogen which were not measudeding the present stuan the
CO, processing unit.

4.3 Implications of CO, quality for the Callide Oxy-fuel process

The quality of the produced G@br a wide range of elements has been assessed against a
calculated value for pential use in the food industryhis standard is much more stringent
than that required for pipeline quality for use in enhanced oil recovery. For the elements
measured durinthe fieldtrial all concentration values in ti&O, produced by the CPU were
orders of magnitude lower than the levels which might be required for use in the beverage
industry, except for potentially sulfur for which the MDL is close to the allowable dif)t6
mg/Nnt. However, thdood qualityspecifications include a number of elements and
compounds (eg, hydrocarbomides of nitrogemand water) which require further testiagd
their presence or concentration may preclude this use.
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5. PREDICTIVE METHODS FOR MERCURY CAPTURE
DETERMINATION USING iPOG

The United Nations Environment Program (UNEP) has a Coal Mercury Partnership which
has promoted the development d?@cesOptimization Guidance document, or POG, which
can be used to predict the effectsoal properties, power station design and operating
conditions on mercury emissions. The P{DBudes a decision tree which allows operators of
coakired power plants to examine and assess Hg control options, whether-bsraetio

from other air pollition control devices or specific Hg emission control strategies.

TheiPOG®’devel ops the POG6s decision tree by pro
emissions in a software geage that predicts Hg emissimtes from utility gas cleaning
systems firedvith any coal or coal blend, given a few coal properties, the gas cleaning
configuration, selected firing and gas cleaning conditions, and an assortment of Hg control
technologis. It predicts the Hg emissioaductions for the most common Hg controls,
including systems with only particle collection devices (PCDs), and with ESP/FGD and
SCR/ESP/FGD combinations. It also predicts Hg removals for injection of conventional
carbon sorbents, brominated carbon sorbents, and halogenation agents, and estikgtes the
removals for different coal piteeatments The iPOG documentation (Niksa 2011) suggest
that hese estimates should be accurate enough to enable usersacdemk broad

assortmat of options according to thextent of Hg reductionsortandthe sutability /

practicality of the optionfor exising gas cleaning configurationdere we use iPOG to
compare mercury measurements from the Callide OxyFuel Plant with predictions based on
IPOG. Some of the following discussion has previously been presardaesbmewhat

different form in the Final Report for ACARP Project C19009 (Nelson and Malfroy 2014).

5.1 Inputs

One of the aims in developing the iIPOG was to keep it simple and as will be examined in this
section this is both an advantage and limitatibthe software. As can be seen frdable6,

most of I POG6s data inputs are variables tha
emission studies. In the absence of facifyecific data, iPOG provides default values.

5.2 Outputs

The i POG6s out putdiagramwhiah sheves the estimatity inpat tofthe o w
furnace and theemovalrateand speciation of mercutkirough theurnace air preheater

(APH) and APCDYSCR, PCD, SDA, WFGD). Aexampleof the iPOG outptis shown in
Figure3. In this simple caset is estimatd that 78.4% of thenercury is removedith

bottom ash from the boiler amdth flyash from the fabric filters. Theemainder exits the
stack, dominantly (95%) as oxs#id Hg. At each Hg removal point, the iPOG provides Hg
rates in g/lwith uncertaintyestimates and the fraction of Hg as’Hg

“http://www.unep.org/hazardoussubstances/Portals/9/Mercury/Documents/coal/iPOG_v10 U
serGuide.pdf
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Table 6: iPOG data inputs

IPOG data entry
window

Variables

Comment

Single coal properties

Moisture(%), ash (%)

sulfur (%), chlorine (%),
mercury (ppmw) Higher
heating value (J/9),

Coal types can be save(

Coal blend properties

Blend percentages of
single coal data

Blend types can be save

Furnace conditions

Furnace rating (MWe),
Load (%), LOI
(%),Bottom ash (%),
Furnace ExiO,(%),
NOx (ppm)

LOI T Loss on ignition
as weight loss % after
oxidation of flyash.

NOx only entered if SCH
in use

Post combustion
controls

ESPc only, FF only,
ESPc +WFGD, SCR
+ESPc+WFGD

User enters control
efficiencies fo APCDs
in use

Mercury controls

Inherent only

Based on Chlorine, ash,
LOI etc.

Coal washing, float/sink
blending

User cannot enter
efficiencies of these
measures

Halogen use

Chlorine or bromine rate
Injection location
(coal/furnace, before
[after APH)

Sorbents (ACI)

Treated or Untreated
ACI Injection location

Mercury control
parameters

Halogen load rate
Sorbent load rate
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Mercury-iPOG - iPOG1

File View Window Help

DEE ?
A host [E=mE=R
Post-Combustion Controls | Mercury Controls | Single Coal Properties | Coal Blend Properties | Furnace Conditions | Mercury Control Parameters ~ Calculate
Mercury Mass Flow Diagram (g/h) Stack Mercury Emissions: [ 02000 | 7. 15e-001 o
Furnace Mercury Input:
0.1 |+/- 00 o/
4.6e+000

Stack Mercury Speciation: Oxidized (%) 95 |+/- 14.3

Elemental (%) 3|+ 05
Mercury Removal: Hg Remova J 78.4 | +/-
Efficiency (%) - o

RHg (%) 05 +/ 0.1

Hg (g/h): 2.3e-002 +/- 3.5e-003

B

8.0e-003 +/- 1.2e-003

26/11/2013

Figure3: An exampl e of i POGO&6s output screen

5.3 Uses of iPOG

The data requirements tortPOGare modest and hence scenarios are quick and easy to

evaluate. The (Nifkeomlldiscasses & nuiBher ofipessible uses for the
iIPOG, which include:

f Running Awhat ifo scenarios to
given coal supply and existing plant configuration constraints.

1 Estimating how changes to existing APCDS might affect mercury emissions.

1 Estimating how firing conditions, excess oxygen)(QOI, for example, might affect
mercury emissions.

1 Evaluating futureoal supplies and possible blending options.

i Estimating the oxidation state of mercury in the system as this influences Hg
removaloptions, as oxidised Hg is generally easier to remove than elemental Hg.

5.4 iPOG Limitations

The iPOGUser$Guide(Niksa 2A.1) discusses a number of limitatiowith the software
which are summarised here:

achi

The iPOG estimates are, for the most part, based on regressions of field test data directed by

the National Energy Technology Laboratory of the US Dept. of Energy, ratdreoth
validated chemical reaction mechanisms. NotwithstandingxXtensive nature of tHeeld

tests and careful data quality control, the User Guide cautions that estimates from iPOG are

no more accurate than the qualified measurement uncertaintiel, avbiestimated to be at
107 15 % of the total Hg inventory in each test.
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In order to keep the data requirements manageablihasdo f t war e

Afuser

fri

broad range of potential users, rather than useful to a fewer number of technical specialist
the iIROG does not include state of the art mechanistic descriptions of mercury behaviour.

The iPOG documentation notes thidtadeoffs were deliberately made to eliminate all but

the most basic input requirements at the expense of quantitative actorany particular
utility gas cleaning system. Obviously, these trafie limit how the estimates from the
iPOGshould be usedl.

Due to the requirement to keep the iPOG simglldyut the essential process characteristics
were omittedrom the input d& requirements meaning it cannot deghet distinctive
features of particular gas cleaning systeffms.exampleusers do not specify the

temperatures of their PM control devicesich is known to be an important variable in Hg

removal In Activated Cabon Injection ACI) applicationsjPOG does naaccount for the
variable performance dafifferentcarbon sorbents, due to differences in preparation
techniques, loadings, and surface aresiso importantly theinterference of sulfur trioxide
on the capire of Hg byunburned carboim ashand on carbon sorberitsnot accounted for
in the IPOG estimate#t. is noted also that Br is not included in the irgpaithouglthe effects

of Bron Hg capturare well knownIn many cases the Cl and Br contentsralated, and the

inclusion of Cl in the iPOG input parameters may account for these effects

Design specifications of SCR systems, which can be as important as halogen concentrations

in the oxidation of Hg across SCRs, are not included in iPOG, due tudakcand sometimes

propriety.

IPOG does not account for the possibility that oxidised Hg captured in WFGD systems may
be reemitted as elemental Hg depending on the chemistry of the scrubber solution.

fConsequently, iPO@sers should realize that the aéively high Hg removals estimated for

cleaning systems with WFGDs will represent significant-gvedictions for the unusual
situations where remission comes into play.

iPOG des not include cost estimatethoughthesewould provide relevanusefi

informationto financial decision making

5.5 Application of iPOG to the Callide OxyFuel Plant data

As notedabovet h e i

POGO6 s

Hg

e mi

SSi

on

gegressionat e s

equations developed from emission data gained from an extensive canmpidig USA.

Australian bituminous coals are different to bituminous coals in the US with respect to a

ar

number of parametsyin addition to Hgwhich are important in the speciation and collection
of Hg. Table7 indicates thafustralian coals tend to have lower chlorine (as well as lower
Hg concentrations) and higher ash concentrations than US bituminous coals

Table 7: Characteristics of US and Australian bituminous coals

Ash | Sulfur | Chlorine | Mercury | HHV
% % % ppmw | MJ/kg
Low S
iPOG | bituminous 7 1.8 0.107 0.12 31.5
default
coal | HighS | 454 | 44 | 0054 | 017 | 204
bituminous
Indicative Aust. 20- 0.3- 0.02- 0.02- 22
bituminous 26 0.6 0.04 0.04 26

en

e



IPOG calculations were made for the measurenfemtsat Callide in 2012Table8 presents
input data used for the model and observed results for mercury speciation and capture in the
particle collection devices at Callide.
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3
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0 5 10 15 20

Overall Combined Ash (LOI%)
Figure 4: Mercury retained in ash (%) as a function carbon in ash (LOI, %); measurements and
predictions using iPOG for air and oxyfired conditions

Calculations with iIPOG and examination of the results of the measurement campaign
demonstrated that the removal of mercury in the faltergiemployed at Callide was highly
dependent on the amounts of carbon retained in the ash. International experience with
mercury reduction in ESPs and especially FFs accords with this obserFagioe4 presets

data for mercury retained in ash as a function of carbon in ash based on measurements and
iPOG predictions.

5.6 Implications of the iPOG modelling for the Callide Oxy-fuel
process

The measured data presenteéigure4 show that if carbon in ash exceeds ~%ffeater than

90% of the mercury is captured in the fabric filters. For lower levels of carbon in ash mercury
capture reduces to 6@0%. iPOG calculations reproduce these results with reasonable
precision br air-fired conditions Agreement for oxyfired conditions is poordopr some data
sets(particularly for LOI less than 5%j)vhich may be due to the source of the data used to
develop iPOGn which casehe regression does not work as wéhis US data idl not include

any oxycombustion plants, and the properties of some of the coal blends used at Callide may
have fallen outside the range of coals used in the iPOG development

Overall a conclusion that can be drawn from these data and the calculati@issighistantial

mercury can be removed from the gas stream by the carbon present in the ash. A consequence

is that for some operating conditions at Callide most of the mercury will not be transported to

the CPU but will require management through the ash € a m. lt6s possible t
and in new build plants that higher combustion efficiencies will reduce carbon in ash to lower
levels and that increasing proportions of merduyn the fired coaWill be transported to the

CPU.
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Table 8: Input data for iPOG calculations for the Callide OxyFuel Plant (valuesin bold taken from previous daywhen unavailable)
lasreceived 2 During testing in December 2012 the unit was limited to a nominal 24 MWe due togcaalier temperature limitations on the Air

SAMPLE DATE 5/12/12 6/12/12 7/12/12 8/12/12 8/12/12 | 10/12/12 | 11/12/12 | 12/12/12 | 13/12/12 | 14/12/12 | 16/12/12 | 17/12/12 | 18/12/12 | 19/12/12 | 20/12/12
FIRING CONDITION OoXY OXY OXY OXY AIR AIR OXY OXY OXY OXY OXY OXY AIR AIR OXY
Coal Type CL CL CL CL+BL CL+BL CL+ MN | CL+MN CL CL CL CL CL CL MN MN
BLEND1 | BLEND1 | BLEND1 | BLEND2 | BLEND2
Moisture (%)l 13 13 115 12.7 12.7 11.8 12.5 135 12.8 12.2 13.3 16 17.1 5.8 5.8
Ash (%)* 22.6 22.6 18.9 20.8 20.8 24.8 23.7 25.6 24.2 25.8 22.8 22.2 23.4 23.9 23.9
Sulfur(%)* 0.2 0.2 0.27 0.28 0.28 0.26 0.26 0.22 0.22 0.2 0.24 0.2 0.21 0.43 0.43
Chlorine (%)* 0.02 0.02 0.04 0.04 0.04 0.04 0.04 0.02 0.01 0.02 0.01 0.01 0.01 0.02 0.02
Coal Hg (ppmw) 0.0314 | 0.0314 | 0.0294 | 0.0294 | 0.0326 | 0.034 | 0.0284 | 0.0329 | 0.0347 | 0.0347 | 0.0318 | 0.0312 | 0.0339 | 0.0229 | 0.0229

Gross Calorific Value | 14415 | 18910 | 21910 | 20590 | 20590 | 19040 | 19040 | 17750 | 17970 | 18050 | 18630 | 18030 | 17280 | 23430 | 23430

(Jg)*
Furnace rating (MWe) 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
Furnace Load (%)> 084 | 081 | 089 | 089 | 083 | 080 | 082 | 08 | 081 | 081 | 080 | 08 | 079 | 0.80 | 084
Overall E:L%T(f/’o')”ed Ash 2.4 1.4 4.6 4.6 12.7 8.4 4.4 3.4 1.8 1.8 1.7 2.7 7.2 17.7° | 17.0°
Bottom Ash % 150 | 150 | 150 | 150 | 150 | 150 | 150 | 150 | 150 | 150 | 150 | 150 | 150 | 150 | 150
Particle Capture 094 | 994 | 992 | 992 | 985 | 984 | 994 | 995 | 993 | 993 | 993 | 994 | 980 | 980 | 980
Efficiency
Economiser Oxygen
(based on 5% air egress 4.4 4.4 5.3 5.1 4.5 4.3 4.8 4.7 4.4 4.8 5.1 4.7 4.3 4.1 3.9
to stack)
NOX (ppm) 681 656 696 632 449 452 769 747 713 700 839 789 505 377 533

Separation Units, for consistency all testing-{a&d and oxyfired) were carried out at a nominal 24 MWe
% carbon in ash results during these tests was abnornmally high dudaiutieeof the coal swirlein the burner tube
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6. SUPPORTING EXPERIMENTAL PROGRAMME

To aid interpretation of the results from the dugl field trials a large drop tube furnaesas
utilisedto combust small amounts of coal in controlled atmospheres to siron&gspect of
oxyfuel combustion, @CO;, for oxyfiring compared t@-./N, for airfiring (Figure5).

It is recognised thahis is a simplification of the combustion system and dttag¢r relevant
differences between oxyfiring and airfiring includigher concentrations of impurity gases

such as SPand NQ, as well as trace element gases and water vapour may well modify trace
element behaviouFor example, the differing proportions of recycled gases will vary the
levels of these components, solugéses containing trace elememigy be removetb the

recycle stream during gas cleaning arater removalin fact,these effects are already
suggestedt Callidefor Cr (see3.1.4). Also differing levels of unburnt carbon (oxyfiring

often being lower)which was not measured in the current program, will also influence trace
element levels and speciation.

6.1 Experimental Equipment

The drop tube furnagg.abec, Model VTHTF130/11-3) had three heating zones and operated
to a maximum of 1100°G~{gure6). The gases and coal samples were introduced into the
DTF through a custom inlet and intayaartz tube (2 m length; wall 5 m®) mm 1.D).

e \

Figure 5 Drop tube furnace used in experimental program.
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Injected coal particles passed through the 1.2 nsttagght heateflight path and exited the
quartz tube via a custn outletto be collected withira Micro-Orifice Uniform Deposit
Impactor (MOUDI),multi-stage impactofMSP Corporation, Model 10@Marple et al.
1991) The impactor fractionated the samfidased ora 50% cuskize into tensizefractions
<10, 10, 5.6, 3.2,.8, 1.0, 0.56, 0.32, 0.18 um with a final stagilter interceping particles
<0.18¢ m Size factions were collected on pveeighed stretched Teflon substrates (Pall,
Model Teflo47 mm O.D. x 2.0 um pore size).

From Coal
Feeder
300 mm
Z1
Z2 1200 mm
Z3
500 mm
Lab Air Inlet

Figure 6 Schematic diagram of the drop tube furnace showing dimensions of furnace heating zong4 {
Z3)

6.2 Gas atmospheres

Gas mixtures were created usingtrument grade gihigh purity Q and food grade CO
controlled by electronic mass flow controllers. Flow for the experiments was controlled at
3 L/min and this wasndependentlyalidatedusing a bubble flow meter on the outlet side of
the flow controllers Compositions for the afired and oxyfired conditions were

respectively, 100% air and 20%/@0% CO,. Residence time for combustion gas in the
furnace, assuming plug flow, would be ~déconds.

6.3 Coal feed

A custom built, vibrating, fluidized bed coal feeder was developed to introduce coal into the
DTF (Figure7). Gas mixtures from the flow controllers were used as the fluidizing gas. Gases
entered the basd the feeder and through a stainless steel sintered disc acting as a distributor
(Porvair Filtration Group; 2 mm thick; average pore size of 1 um). The fluidizing gas was
deflected from entering the sintered disc directly to prevent channelling in theacagle
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directly above the gas inlet. The fluidizing gas passed through the disc and escaped the feeder
through a 3 mm 1.D. outlet tube; in the process small amourite ofilled coal were

entrained in the fluidizing gas. The gases and entrained coabulesequently introduced

into the inlet of thddTFvi a a short | ength of 106 Teflon tu
a chemical retort stand upon which was mounted a vibrator (Oli Model MVE 21M);

vibrations assisted in disrupting channelling and imipigp sample entrainment. Additionally,

manually actuated rapping was occasionally employed to supplement the vibeator.

feedrate showed some variation and was maintained betwedh®dmin.

55 mm

Distributor Plate
(2 mm thickness;
~1 pum pore size) Orifice (3 mm)

N\

Coal

45 mm

Deflector q 15 mm

Gas Inlet Outlet to Furnace

Figure 7 Schematic diagram offluidized feeder developed for the drop tube furnace.

6.4 Feed coal size and analyses

Three coals sampled from the Callide A Plant during the 2012f@styFieldtrials (Morrison

et al. 2014)were used in the laboratory under conditions simulating oxy and air firing. These
coals were desigited CL,BL and MN and a stiiituminous coal (CL), dlend of sub
bituminousand semianthracite coaléBL) and abituminouscoal (MN). Thecoals were

collected on the 2(CL), 8" (BL) and 19" (MN), December 201and were analysed for
COSPL as part ohe field trid program and those analyses egproduced a$able9.

The coal samples were sized by sieving at 125 um andkgeziments were carried out using
the-125 um fraction.
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Table 9 Coal analyses (supplied by COSPL)

Maior oxides as % of ash Trace elements asna/kg (dry)
Sample Date 8/12/12 | 12/12/12 | 19/12/12 Sample Date 8/12/12 | 12/12/12 | 19/12/12 Sample Date 8/12/12 | 12/12/12 | 19/12/12
Firing Condition AIR OXY AIR Firing Condition AIR OXY AIR Firing Condition AIR OXY AIR
Coal Type CL+BL CL MN Coal Type BL CL MN Coal Type BL CL MN
BLEND1 (%) BLEND1 (mg/kg) BLEND1
Total Moisture |, - 13.5 58 Si02 53.20 | 56.2 64.0 Antimony 0.3 0.2 0.4
(%) ' ' ' )
) AI203 301 | 309 | 236 Arsenic 13 10 1>
e : . .
Volatile Matter Beryllium 1 1 2
ol 17.2 | 204 | 279
- c(i/z:) 5 Cao 1.47 0.94 0.60 Boron 23.0 29.2 58.4
ixed Carbon
(%)1 49.3 40.6 42.4 MgO 0.9 0.73 0.83 Bromine <25 <25 <25
Fuel Ratio Na20 0.2 0.17 0.22 Cadmium 0.12 0.12 0.07
(FCIVM) 1 2.86 1.99 1.52 -
) K20 1.29 0.20 2.31 Chromium 11 14 16
Total Sulfur(% 0.28 0.22 0.43
¢4) Tio2 18 | 18 | 101 Cobalt ! 8 16
. C 20 27 17
Chlorine (%) 0.04 0.02 0.02 Mn304 0.17 0.18 0.07 opper
Lead 11 13 9.9
Gross Calorific
Value (MJ/kg) ! 20.59 17.75 23.43 P205 0.43 0.04 0.96 Manganese 270 330 100
HGI 2 85 80 50 SO3 1.19 1.06 0.32 Mercury 0.03 0.04 0.02
SrO 0.03 nd* 0.18 Nickel 10 18 20
Carbon (%)* 81.49 | 75.28 n.a. BaO 0.13 0.03 0.37 Selenium 0.3 0.3 0.6
Hydrogen (%)° | 4.04 3.73 5.59 70 - nde - Silver 0.18 0.18 0.15
. 3 Thallium <1 <1 <1
Nitrogen (%) 14 1.11 2.76 V205 0.03 0.03 0.03 :
3 Thorium 4.6 5.5 5.3
Sulfur (%) 0.42 0.43 0.65
Tin <2 2 <2
Oxygen (%) | 12.65 | 19.45 | 4.09 *nd  not detected
: . : Vanadium 38 48 37
Zinc 15 17 22

! as received 2 Hardgrove Grindability Index *dry ash free 31



6.5 Analysis of MOUDI substrates retaining sized coal ash samples

The sized ash samples collected onMi@®@UDI Teflon substrate during the experimemtsre
analysed by the Australian Nuclear Science and Technology Organisati@T (JNsing a
multi-element ion beam analytical (IBA) technique. The IBA technique is well soited
elemental analysis of the substradsstis norrdestructive andan detect a broad range of
elements at low minimum detection limits and sample sizesg@pms in microgramsf

sample). The use of twBA techniques, particle induced-pay and gamma ray emission

(PIXE and PIGE), allowed the determination of the following commonly occurring elements;,
Na, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Miu, Zn, Br and P{Cohen et al. 1996;
Cohen et al. 2004)BA analysis was carried out using a 10 mm beam size, located centrally
on the Teflon substrate.

IBA of the MOUDI samples has an artefact due to theumaform distribution of the
combusted materigAppendixA), while thechemstry of thearea analysers internally
consistent, as a result of the ramform material distributiomcross the filter surfageis not
possible to asily extrgolate he data from the area analysed to reconstruct a mass for the
entire substratéStelcer et al. 2011)

IBA analyses for the sized substrate samples generated appear as Appendixof. Bédwnh
analysesvasblank corrected and where these blank corrected values were determined as non
detects, a value eglto half the minimum detection limit (MDL) was substituted to allow
ongoing analysisThe IBA data from the firssubstratestage was not used in subsequent
examinations as no selective sizing takes place in this material.

6.6 Results and discussion of drop tube experiments

As discussed previoustiie distribution of trace elements from fuel combustion is critical to
both its effective furnace operation and environmental performance. The distribution is not
only dependent upon the high temperaturestiamations of the elements themselves but
also the physical and chemical make up of the resultant combusted pérailde 1994)

It has been previously pointed out that while most of the mass of ash produced following
pulverized fuel combustion of coal is in the larger s{2e80 um) theparticlesin the

submicron size ranges, which constitute often only 1%eaxinass, contribute most of the
available surface aréblaynes et al. 1982)The mass concentrations of these small particles
have been shown to increase with increasing furnace temperature butremr¢éntration

(Jia and Lighty 2012)which is encouraging for the oxtyel combustion techology . It is

these small particles which provide initial sites for condensation of volatile trace elements, but
thesecondensedrace elements can in turn be scavenged by the larger particles and
subsequently redeposit@idaynes et al. 1982PDthers have commented on the low capture
efficiencies for these smaller particles, particles which in turn can transpodraased
proportion of some volatile trace eleme(@®ol and Helble 1995; Querol et al. 1995)

The distribution of trace elements amongst the ash components in conventional pulverized
fuel combustion has been emsgvely studied and reviewe(Helble 1994; Bool and Helble
1995; Xu et al. 2003; Huang et al. 2004)he current work seeks to extend the limited work
on trace element behaviour in ekyed atmosphere@Chen et al. 2012; Wang et al. 2012;
Kazanc et al. 2013; Maffei et al. 2013; Song et al. 2013; Zhao et al. 2013; Sporl et al. 2014)
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by looking in the laboratory setting, specifically at the example of some of the coalsiused i
the December 2012 @xfiredfield trials at Callide.

6.6.1 Enrichment Factor

To attempt to better understand the behaviour of the elements studied in the ash following
combustion in the drofjubefurnace, the elemental analysis was normalized with cé$pe

the refractory (noivolatile) aluminium component. This has been done with some success
previously indrop tube studiessing conventional combustion gag@sierol et al. 1995)

The enrichment factor (EF) then becomes:

EF = ([X]as[Al] ast)/ ([X] coal [Al] coa) 1)

where[ X] ashand[X] coa are theconcentrations of element X in the ash and coal respectively,

and [ Al]asnand[Al]coaiarethe corresponding aluminium conteitghe ash and coalThe
assumption is mada the calculation of EEhat prior to combustion the coal analysis is
invariant across the size fractions. As discussed previously, giverutivad dombustion
there are major decreases is particle size, this is probablganedde approximation which
canbe tested to some extent by looking at the effect amongst two such refréetoenes
such as both Al and Si.

Given that the analysis ofdttoal and the ash have been carried out using very different
technologiesand the concentratisiof some elements analysed in both the coal and ash are
smallit is unsuprising that the inherent error and scatter occiiere importantly it is the

shapeof the curves and magnitude of the change observed when plotted against particle size,
which give clues to the behaviour of the elements being examined rather than the absolute
values which maybe driven up or down relatively by small changes to the oglamalyss.

Plots forall elementsanalysed by both PIXIE and in the coate givenn Figure8 to Figure

23 anda qualitative description is given for the behaviour of the eleneigble11 with an
indication as tavhether differences between thie and oxyfired conditions arapparent.

Elements have been grouped according to the scheme proposed bt 88iji 2007 which
is reproduced afable10 (elements irbold are in both the coal and ash analytical suite).

Table 10 Categorisation of elementdased on volatility behaviour (after Meiji, 1994, 2007)

Class | Element Description Outcome
I Al, Ca, Ce Cs,Eu, Fe, Hf, K, La, | Not volatile Distributed between bottom ash and
Mg, Sc,Sm, Si, Sr, Th, Ti flyash
lla Be,Co, Cu, Ni, P, UV and W Volatile in boiler, Enriched inflyashand depleted in
significant bottom ash when compared to input cd
llb Ba, Cr, Mn, Na andRb condensation in

particle collection
lic As, Cd, Ge Mo, Pb, Sb, Tl and device (PCD) on

Zn flyash
" B, Br, C,Cl, F, Hg, |, N,SandSe | Volatile: some to Lowest boiling point elements emitted
hardly any fully in vapour phase and not enriched |

condensation on ash | flyash
particles in PCD
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The following figures of EF as a function of siéfollow a similar format with the top three
being the experiments using a simulated-bxgg gas composition, coal types CL,BL (Blend
1) and MN, with the following row of three diagrams being for thdiead condition.

6.6.2 GROUP | elements (Si, Ca, Ti, Fe, K)

Figure 8 EF of silicon in coal ash as a function of size <10 pm.
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Figure 9 EF of calcium in coal ash as a function of size <10 pm.
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Figure 10 EF of titanium in coal ash as a function of size <10 um
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Figure 11 EF of iron in coal ash as a function of size <10 um
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Figure 12 EF of potassium in coal ash as a function of size <10 um
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Figure 13 EF of cobalt in coal ash as a function of size <10 um.
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Figure 14 EF of copper in coal ash as a function of size <10 pum
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Figure 15 EF of nickel in coal ashas a function of size < 10 um.
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6.6.4 GROUP li(b) elements (Cr, Mn)

Figure 16 EF of chromium in coal ash as a function of size <10 pum
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Figure 17 EF of manganese in coal ash as a function of size g1
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6.6.5 GROUP lI(c) elements (Pb, Zn)

Figure 18 EF of lead in coal ash as a function of size <10 um.
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Figure 19 EF of zinc in coal ash as a function of size <10 um.
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6.6.6 GROUP lll elements (Br, Cl, S, Se)

Figure 20 EF of bromine in coal ash as a function of size <10 pum
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Figure 21 EF of chlorine in coal ash as a function of size <10 pm.
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Figure 22 EF of sulfur in coal ash as a function of size <10 um.
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Figure 23 RF of selenium in coal ash as a function of size <10 pm.
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Table 11 Summary of changes in EF with coal ash patrticle size and combustion conditions

Meiji Element Enrichment behaviour over ash size range <0.18 um Variation pgtween air and oxy
Group firing condltlons_from laboratory
experiments
GROUP |

Si Refractory, little variation over size range. No apparent difference
Apparent diminutiorin EF in smaller size fractions under efiging, under air firing Lower EF in smaller size fraction

Ca response more difficult to discern, possible indicating little change across size rang under oxyfiring
under aiffiring.

Ti Refractory, small but iransistent change over size range. No apparent difference

Fe Consistent pattern of reduction in EF from the largest to smallest size fractions No apparent difference

K No apparent change in EF across the size ranges under both air dmohgxy No appaent difference

GROUP Il
I(a) EF increases in smaller size fractions for thelsitlbminous coa{CL) and semi Differences between oxjring and

Co anthracite/suibituminous blendBL) under oxyfiring conditions. Under air firing EF is| coal type.
lower and appears to decrease with particle Biteminous coal (MNshows the
opposite trend.
Under airfiring EF generally decreasing with decreasing particle size. Unddiiroxy | Element seems more stable under

Cu indications that EF is stable except in the smallest size frastiere for BL and MN it | oxy than ai#firing
increases.

Ni EF generally increasing as particle size decreases, EF generally lower under air fif Not significantly different, EF lower
than oxyfiring. in air firing

[1(b) Cr EF possibly increasing with decreasing particle size, generally higher undgrimogy Similar outcomes

Mn Consistent pattern of reduction in EF from the largest to smallest size fractions whi| Similar outcanes

parallels that for iron in Group |.
ll(c) Pbh Significant increase in EF in the particle size decreases under both oxy-8ndgiEF | Similar outcome, EF generally

under oxyfiring conditions generally higher. higher under oxy conditions
For coal CL EF increases with decsed at smallest size fractions, no consistency in { Unclear

Zn BL results or coal MN under oxy firing condition. For coal MN EF steadily increase
with decreasing particle size until the last size fraction when a reversion occurs.
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Table 11 continued:

Variation between air and oxy

Meiji Element Enrichment behaviour over ash size range <0.18 um . o
Group firing conditionsfrom laboratory
experiments
GROUP

Br

Br scoured from larger particles (EF<dr)d then EFincreases rapidly as particle size
decreases (below 1 um) for all coals and firing conditions. For the smallest particle
((0-0.18 um) there is then a significant decrease in EF.

Similar outcomes, higher Einder
oxy conditions.

Cl

For oxyfiring results are very similar to those for Br, undeffaing conditions low EFs
indicate scouring of Cl froraystem. In the bituminousal (MN) the reversion at the
lowest particle size seen for Br is apparent.

Similar outcomes, different
behavioursbetween coal types is
apparent.

S has been scoured from the particles and little redeposition has occurred. Some
increase in EF apparent in the smaller size fractions and a reversion in EF in the sr
with this most ponounced in the bituminouwsal (MN)

Similar outcomes, different
behaviours between coal types is
apparent.

Se

Extraordinary increases in EF for particles generally below 1 um. Some reversion

at the smallest cut which is more apparent unddiraat conditions.

Similar kehaviour, EF under oxy
conditions significantly higher.

43




6.7 Relevance of EF results to the Callide Oxy-fuel process

The results presented tend to show that for most elements that combustion urfdet ke

conditions (of high C@and a lack oN,) makes little difference to the enrichment behaviour

of the species examined, although it is possible that other differences in air and oxyfiring
processing conditions (as used at Callide) may result in greater differeAdesnd that EF

in the smdekr partcles is higher under ZILO; firing conditions becomes more pronounced as

the volatility of the metallic el ements incr
lll, seeTablel10).

In Group lll, the sole metatlielement which could be examined was Se and the concentration
changes in the smallest size fractions for this element were very high, as indicated by the
rapid increases in EF. These changes may have implications ffuallgd plant operation

as thesery fine particles are more likely to pass through the fabric filtration system and
either be recirculated to the burners or alternatively to thep@@2essing unit to be removed

in the gas scrubbing systems.

This effect needs to be followexgh for Hg, the other significant Group Itetallicelement, as

it is unfortunate that PIXIE is unable to measure this element at the low levels encountered in
the ash samples. For this to be possible further development of the MOUDI capture system
will be requiredusing alternative substrates and analytical systéiss.given the importance
already demonstrated of carbon in ash to Hg capture a method for estimation of this
component on the MOUDI substrates needs to be devised for this work to be more
meaningful.

Earlier in this report it was noted that there seems to be some enrichment of Cr in the latter
hoppers in the FF collection train and it was hypothesised that this may be due to increased
fineness of the collected material. This conclusion seems to bergeghpy the results

shown inFigurel6 where increases in EF for Cr are seen as particle size decreases.

A contrary resulto this trendor Group ll(b) is Mn and this is interesting asdbnsistently

goes against this trendtv a pattern of more depletion (decreasing EF) in smaller sized
particles and mirrors the behaviour of Fe in Gro(gpmpareFigure11 with Figurel17).
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7. CONCLUSIONS

7.1 Project extension

T

An examinaton of environmentally available chromium (determined by an aggressive
acid digestion) in all ash and coal samples from the figlts has shown levels to be

low (4.4- 8.4 mg/kg). This is 115% of the total chromium, the remainder of which

is isolated wthin the siliceous glass matrix of the ash and not available to leaching
environmental fluids. These levels are significantly lower than health based
investigation levels for soils containil@y of 100 mg/kg.

The carcinogenic hexavalent form of chromi[@n(V1)] was below the normal limit

of reporting of 0.5 mg/kg. Revaluation of these data using a lower detection limit of
0.05 mg/kg (with inherent high errors in quantification) showed that this species was
likely present at very low levels in some bétfly ash samples.

There seems to be a potential relationship between, increased levels of chromium, the
detection of low levels of Cr(VI)] and finer sized fly ash particles. A relationship

which has been given further credence by laboratory measureshemisg increased
enrichment factors for chromium as ash particle decreases.

The quality of the produced G&om the Callide CPU for a wide range of elements
has been assessed for potential use in the food industry, a more stringent standard than
that required for pipeline quality for use in enhanced oil recovery or CCS.

For the elements measured during the figld all concentration values in ti@&0O,
produced by the CPU weoeders of magnitude lower than the levels which might be
required for usén the beverage industry, the MDL for sulfur is close to the limits of
0.6 mg/Nni. CQ; specifications include a number of compounds, particularly
hydrocarbons and water, which require further testing to ensure compliance.

Quantitative modelling of mercyremissions from the Callide plant was carried out
using the iPOG software package developed in conjunction witkuited Nations
Environment Program (UNEP) Mercury Partnerships. Input data for the model were
the plant conditions measured during thedfigial and the model estimates were
compared to measurements of mercury capture made during thigidiksld

It was shown thaf carbon in ash exceeds ~5%ore tharD0% of the mercury is
captured in the fabric filters. For lower levels of carbon inmaslcury capture
reduces to 6@0%. iIPOG calculations reproduce these results with reasonable
precision for akfired conditions Agreement for oxyfired conditions is poorer which
may be due to the source of the data used to develop iPOG.

The modelling ad direct measurement suggtstit substantishmounts of contained
mercury can be removed from the gas stream by the carb@npmeshe ash. As a
resultfor some operating conditions at Callide most of the mercury will not be
transported to the CPU bwill require management through the ash stream.
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1 The strong relationship between mercury capture and carbon in ash suggests that in
new build plantsvith higher combustion efficienciesd consequetdwer carbon in
ash an increasegroportion ofavailalle mercury will be transported to the CPU.

1 A laboratory examination of elemental enrichment behaviour in fine particles (<10
Om) was carried out using Meijids model 0
systems.

1 The results showeitthat for most elementmbustion undeone difference between
air andoxy-fuel like conditions (of high Céand a lack oN,) makes little difference
to the pattern of enrichment behaviour of the species.

1 For the sixteen elements examined, a trend was generally apparent thateh
vol atile el ements (Group inthdsmallerpdstielesj i 6 s m
under oxyfiring conditions The other elements show little change in Enrichment
Factoras a function of either fly ash particle size or air versesfioxyg conditions.

1 Selenium (a volatile Group Il metallic element) showed rapid increases in EF in the
smallest size fractions and effect which may have implications fefuetied plant
operation. These very fine particles (containing high Se levels) are ikelyetd pass
through the fabric filtration system and either be recirculated to the burners or
alternatively to the CO2 processing unit to be removed in the gas scrubbing systems.

7.2 Project Overall
1 The project was successful in meeting its scope aratings.

1 The health and environmental outcomes undeffmyg conditions are likely to be
similar to those achieved when using conventionafirang.

1 Levels of metals, acid gases and mercury in particular, are below the level of
operational concermithe CPU beyond the first low pressure scrubber.

1 The results show that the trace element content of the feed coals used in the program
are very similar for most elements determined with the exception of Ba, B and Mn.

1 Mercury contents in the produced agtried widely, with most deposited in the flyash
fraction where concentrations ranged fronmi 4370 ng/qg.

1 Modelling and measurement of mercury behaviour in the combustion system showed
the strong relationship between carbon in ash and mercury parttiominthe ash
fraction. This may have implications which should be examined for plants which
operate at higher efficiency and consequent laaebon in ash

1 Approximately 80% of mercurin CPU process gas was removed by the initial low
pressure scrubbewith the final CPU process gas mercury concentration approaching
the concentrationsieasured in ambient air (<2 ngjm3

1 Halogens (Br, Cl and F) were at or below detection limits for the sampling techniques
in both the stack and CPU. Halides (HBr, HGtlddF) were detectable in the stack
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(but not in the CPU), although no consistent trend irfiéhe trial results between coal
type or firing mode (oxy or air fired) was apparent. Laboratory work suggests that
depletion of these species from the coal astdaccurs in all but the finest of particle
sizes.

Overall trace metal concentrations detected in both the gas and solids phases are low
and should have minimal environmental impact.

From the fieldtrials some differences in partitioning to the gas pheese apparent
with three groups of elements identified:
o low level partitioning (<5%) for most metals studied ( As, Be, Co, Cu, Pb, Mn);
o0 a group where retention in the gas phase is consistently higher; $b (5.5
8.8%), B (16.2 40.4%), Cd (9.1 40.7%) ad Se (8.1 55%));
o for three elements Cr, Ni and Zn there is a lack of consistency in the outcomes
which may have resulted from analytical imprecision and/or sampling errors.

From the fieldtrial results it did not appear that partitioning of trace metathe gas
phase at the stack is a function of either firing condition (oxy efraig) or coal type.
Follow up laboratory studies have shown potential mechanisms via particle elemental
enrichment for this behaviour, although a trentligher volatilty elementgo greater
enrichment irthe smallest particles duriraxy-firing is also apparent.

These results for metal partitioning following combustion are generally consistent with
the behaviour found by other researchers.

Concentrations of metals m&ured in the CPU process ¢@yond the first lower
pressure scrubberere at or asund MDL valuesAt thesemetal concentrationte
produced C@would comply with the specifications for the food and beverage
industry. Although the presence or concertratof other compounds which were not
tested which may preclude this use.

Under airfiring conditions SQ@ concentrations in the stack gases were three to four
times lower than during oxfjring. Laboratoy studies confirmed the almost complete
depletion & sulfur from the ash samples, so the probable influence of feed coal sulfur
on concentrations observed in the figrldls is unsurprising.

In the CPU levels of SOx were at or below the MDLSs, for both 8@ for SQ. The

results demonstrate that thdfguin the process gas stream has been removed
effectively from the CPU process gas by the initial low pressure scrubber.
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Appendix A Photographs of collected substrates showing
coal ash distribution

FigureAl . Top row from &ft to right: CL coal ash stagesblAir fired. Bottom row from left
to right: CL coal ash stages51Oxy fired.
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