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Executive Summary

In order to investigate anbetter understand atmospherimethane CH) emission sourcegarticularly

from the coal seam gas industthe NSWEPAcommissioned CSIRO Enetgyndertake a studyo
developmethodsfor characterisingCH and other gaseous emissions from differentasources in NSW
Whilethere areinternationally recognised methods for estimati(rgther than measuringlH and other
greenhouse gas emissions from many sectors of the economy for national inventory repswtimepf

these methodglo not provide suffiient accuracyor baseline monitoring in sensitive areas. Hence
methods fordirectly measuring emissions at the facility level are necessary for assessing the impacts of
certain activities on greenhouse gas emissions, and assessing the effectivenésgatiom measures.

The specific aims of the project were to firstly devedopl trialmethods that can be used locate, identify
and quantify Cllemissions from the CSG industry in particular but atber industries such as wastater
treatment, municipalsolid wastedisposalcoal miningagriculture and nateal sourcesSecondly,
investigations were undertaken to examine the possibility of attributing sources by measuriohehscal
composition of the emissions atigbtopic ratios of carbon ahhydrogen in CHand carbon ircarbon
dioxide CQ). Finally, ambient concentrations of volatile organic compounds were measuradiatis
sites to gain an understanding of source related impacts on ambient air quality dehehtify the
prevalence of eompounds thatmay specifically characterise a source.

Measurements were madeetween June 2014 and M&p16at 16 sites across NSW that incldde

9 coal seam gas operations

1 landfills

1 wastewater treatmenfplants,

1 agriculture (a rice farm and cattle feedlot)
1 coal miningand

1 natural sources

In addition to the on site measurements, ambients€bhcentration was measured across NSW throughout
the course of the project.

Methane Emissions

A variety of methods for detecting and quantifying.@hhissions were examined. Mob#serveys using a
cavity ringdowrspectrometer mounted in a 4WD vehicle was effective at locatingsGlttces even while
being driven at highway speeds. More than 25,000 km of surveys were driven during the project and a wide
variety of CH sources were detected. The surveys indicated that€@Hcentrations across the state are
generally consistent withormal background levels expected in continental locatjevith somewhat
higherconcentrations in urban areas compared toal regionsThere wasalsooften variation inambient
concentrations due to atmospheric mixing conditianisigher concentrations were often observed during
the early morningHowever, therewere many locationsn both rural and urban areaghere signiftantly
elevaied CH concentrations were detectednsomecasesthe sourceof the CH could be identified (e.qg.
landfills, agriculture, coal minirgtc.); however in other instances, the source of the elevated CH
concentrations wagot apparent. Some dhe unidentifiedsources were locateih urban centresvhere

there was no obvious source of £Hlis hypothesised that some of these sources may be due natural gas
reticulation emissions. Further work is required to confirm this.

Several methods faguantifying Chlemission rates were examined. Continuous techniques which include
eddy covariance or inverse methods can provide temporal information on emissions over extended periods
but they require fixed monitoring installations and because of the neindf sites where masurements

were required for thiproject, these techniques weneot considered to béeasible. Instead, periodic
measurements were made at most Stat least four times (often many more times) using ground level

Methane and Volatile Organic Compound Emissions in New South Waéiles |



plume traversing andwsface flux chamber methods. Later in thmject,a tracer gas method was also
applied at a number of sites.

The plume traversing method has been used successfully in previous monitoring of CSG wells and
elsewhere, and this technique was deployed througtithe current project. The method does, however,
require suitable wind conditions and access to the plume so that thea@dlyser can transect the plume.
Unsuitable topography or the presence of buildings or other obstructions can reduce the effectiwdnes

the method.Consequentlythis approach could only be used successfully at suitable test sites. Despite the
limitations of this method, under favourable conditions, it is considexedeful method that has the
advantages of simplicity, is rapid arahcbe applied at a range of scales.

Another approach involved surface flux chambéitsese were deployed at a wide range eésiincluding
natural areas, aice farm,afeedlot, coal minesa CSG water treatment facility, wastewateeatment
plants andandfills. Some siwrequired the construction of special chambéo suit the particular
applicationg for instance, a floating chamber was used at the wastewater andia8$ treatment
facilities.

Overall, flux chambers provide accurate flux resultgherarea covered by the chamber and the method is
simple to use. The main disadvantage is that because the charaharsually only cover small area,

many measurements are necessary to characterise a given site. Conseqthentdchniqueis relatively
slowand labour intensivéf used for estimating emissions from large arddereover, for some sites with
high levels of emission variation across the surface (e.g. landfittan be very difficult to achieve a
representativesamplehence any sitavide estimate will have a high level of uncertainty. For other sites
with less heterogeneitysurface flux chambersan provide good results. The method is well suited to
investigate emissions fromastewatertreatmentplants since it can provide detailed@nmation on

emission routes from various parts of the procddewever, sitable access temission sourcesiust be
available and this proved to be a limitation at some sites.

During the projectthe use of dracer gador quantifying emission ratesasexamined. In this method, a

tracer gas (acetylene was used in this project) is released at known rate from tlse@ek and the
concentration of both CiHand the tracer is measured downwind. The ratio of the two gases together with
the tracer flow rate enable the Gldmission to be calculated. A significant advantage of the tracer method
over other atmospheriplume dispersiomethods is thait is not ne@ssary to have detailed

measurements of the plume dispersion characteristics or even the wind speed to calculate emission fluxes.
Initial trials of the method using controlled releases of,@Hnown rates yielded GHux estimates that

were wthin 10%of the actual emission rat@.he tracer method was used at several locations during the
project. Excellent results were obtained at tNarrabriCSG field where other methods could not be readily
deployed. There are challenges associated with using thetnmethod at large area sources, but
encouraging results were obtained at one of the landfill sites. Of all the methods, this technique has
considerable promise because of its high level of accuracy, relative simplicity and ability to be deployed at
manydifferent sites under widely varying atmospheric conditions.

Methaneflux estimates were madat most of the sites examined includiaglectedocations withinfour
CSG fielddNo emissionsvere foundfrom the plugged, abandonednd suspended wells in¢hCasino gas
field. Emissions fromroductionwellsexaminedin the Camden and Gloucester gas fields were also very
low, although in a few instances slightly elevated &hcentrationsabove background levelgere

detected in the immediate vicinity of s@mwellpads. The maximum emission ratetected from these
wells was 0.03 g Ghin!; most of those examined showed no emissionswiever, there were areas
within the Camden gas fielathere significantly elevated Gldoncentrationscompared to background
levelswere detectedon some occasion$n the Narrabrifield, two of the six wells examined showed
emissions that appeared to be mainly related to the operation ofasered pneumatic equipment on
the pads. The emission rates measured at these wellgedietween 2.9 and 22.7 g QHin™ (4.2 and

32.7 kg day), whichare within the range of emissiomseasured preiously on Australian CSG wellghile
the uncertainy associated with the individual emission rates determined for these wells is relewely
extrapolating the few results reported here to the entire industry would introduce a much higher level of
uncertainty.
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Emissionsneasuredrom aproducedwater treatment facility in theNarrabrifield werelow and were
calculated to bébetween about 8 and 32 kg Ciilay’. However, it is likely that most of the C¢bntained
in the produced water is emitted soon after being pumpedhe surface so these estimatase probably
an underestimate of the actual emissions associated with water production.

Except for the natural areas and the rice farm, seateariation was not detected in the salts from these
measurementsTo someextent, this wasbecause of the relative infrequency of the measurements, which
did not providesufficient temporal resolutin. More commonly however,other factors at each sitée.qg.

the differentoperations at landfills, coal mingstc.)obscured more subtle seasonal variabilBphortterm
meteorological influencesuch as changing air pressugalsoknown toaffectemission rates at some

sites.

Implications for a NSW Methane Emission Inventory

Estimates of CHemission rates were made at most of the sites visited during the project. However, due to
various reasons, we were unable to generate flux estimates that dmultbnsidered representative; rather
they represent snapshots at that moment in timdl of the estimates made must be considered within the
limitations of the measurements made on each site, which often resulted in substantial uncerfdisty.
uncertairty of the emission flux estimates is derived not only from the measurements but also from the
representativeness of the sample. For example, the uncertainty of the flux estimates made for individual
CSG well pads is relatively low, especially when thetrgas method was used. However, we only
examined a small number ofells thatrepresent only a few percent of the total number of wells in NSW,;
the CH emission behaviour of the remaining wells is as yet unkndmwaddition, the results obtained here
maynot be representative of normal average emissions due to diffecences in operation and management
practices.Similarly, individual surface fluxes measured using the chamber method have low uncertainty but
the heterogeneity of many sites may lead to largeertainties if the individual measurements are
extrapolated to estimate total emissions from large areas.

There was never any intention within the current project to develop an inventory of methane emissions for
NSW; howevetrthe results ofstudy suggesthat developing an accurate Cemissions inventory fahe
statewill be a major and challenging undertaking. There are numerousdites across NSW and while
some of these are reported to the federal Clean Energy Regulator under the current NatieeahQuse

and Energy Reporting legislation, emissions estimates are often subject to significant uncertainties.
Moreover, some sources such as agriculture and natural sources are not reported while others may be
below the current reporting thresholds. Hower, when considering the uncertainty of emissions
estimates, it is also important to understand the relative contribution of each emission source to the total
inventory. Small emission sources, even with very high uncertainty, contribute little to thallove
uncertainty of an inventory. Conversely, large sources with high uncertainties (e.g. agriculture) will
dominate the uncertainty of the inventoryf attemptingto better define astatewideemission inventory, it

is therefore worthwhile targeting in tiafirst instance the larger sources.

During this project, several methodologies were examined and tested as to their applicability for directly
measuring Clemissions from various sources. The results have also yielded some preliminary flux
estimates buthese are still a long way froinclusion ina robust inventonfor NSW as a whole or even for
individual industry sectorsSome of the methods trialled show considerable promise for measuring
emissions from some sources on a routine basis; however, gth@ces may require further development.

In yet other cases, current practices or emission factors may yield sufficiently accurate data to develop an
inventory, provided the necessary data can be obtained. A summary of the main simuestigatedn

this project is provided in Table ESThe relative size of the emission sources shown in Table ES.1is a
4dz0 2SOGA QPGS SalAYIFIGS o6FlaSR 2y OdaNNByid ylLaA2ylt Ayd
it is hence acknowlegeded that these magnitudtirmates are at best a rough guid&lso shown in Table

ES.1 are some methods for measuring or estimating emissions from these sduiscasted that other

sources of CHexistin NSW (such as biomass burning) but these are not included in Table ES.1.
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Table ES.1. Summary of the main sources of @Hissions in NSWNote that the relative magnitude of the
emission sources ia rough guide only

Source RelativeEmission Uncertainty

SourceSize

Coal Mining Large Low to Fugitive emissionsstimated and reported under
moderate NGERS. Underground mines measure emissions ar
have low uncertainty. Opeaut operations use gas
content data from coring ahead of mining; moderate
uncertainty.

CSG Currently small in Moderateto  Potential emissionffom wells, processing plants,
NSW high water treatment facilities, pipelines etEmissions

reported under NGERS but some estimates have hi
uncertainty (although others may have lower
uncertainty e.g. some venting and flaring operations
The tracemasmethod has application for measuring
emissions from well sites and some other
infrastructure.

Agriculture Large High Mostly from ruminant animals and liquid manure
managementFeasible but difficult to measure;
published emission factors for cattle mopeactical.
Rice farming is a small source overall in NSW.

Landfills Moderate High Difficult to measure but methods exist. The tracer ge
method shows promise.

Wastewater Probably small High Feasible to measure with chambers and tracer; mosi
Treatment emissiors from biosolids storage
Wetlands Small High Likely to be a small component of NSW inventory.

Difficult to measure directly but chambers or method
(e.g. eddy covariance) are feasible.

Volatile Organic Compound Emissions

Volatile organic compound®OCs)hat are potentially associated with methane emissions sources have
been investigated in this project to gain an understanding of source related impacts on amb tpuré|&ir
and to study the prevalence of compounds whichy specifically characterisdand-use activity Assuch,

it was important to evaluate a large suite of organic compounds and to move to minimum levels of
detection beyond that normally required under guidelines for air quality assessment. A sogmpdunds
that represent VOC emissions from anthropogenic sowastargeted and further, methodologies were
implemented to isolate noistandard compounds of both biogenic and anthropogenic origin to provide
added insight into source speciBimissions thaare detectable in ambient air.

The VOC evaluations were based on a substantial site monitoring programme of repeated campaigns to
provide indicative information on emissions variability at a particular location as well as those inherent to
the activities andprocesses thatlictate source intensity. Ambient mdoring was undertaken for the

source categorieshat were monitored for methanee. natural sources, the Camden region of CSG activity,
animal feedlot, coamining, CSG production faddis, landfills andwastewater treatment plants. Rice

farming was excluded from VOC monitoring as this source was specifically selected for the purposes of its
biogenic methane emissions andsash,ambient VOC determinations were not considered pertinent to

this ategory. Monitoring campaigns for ti@amden region encompassed ten sites acsodrirban and
semirural aresswhere CSG operations were active and these sites were also monitored for seasonal
variability intheir emissions.
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This work has reported the ambient concentrations for over t@@atile organiccompounds thaare
designated as priority pollutants in air quality assessment by Australian and International agencies. The
suite of compounds comprised the hydrocarbon VOG@ishvare prioritised for photochemical assessment
but which were targeted in this work as markers @mbantransport and offroad vehicleemissions, liquid

and gaseous fuels, and other combustagrived emissions. The priority air toxic VOCs were alatuated

as these characterise the emissions freariouswasteprocessing and industrial activitiesd are of
importance in air quality assessment for human and environmental health purposes.

Further VOClaracterisation studies were undertaken to inclug@-standard compounds of importance

in source recognition. Mass spectral interpretation of the chromatographic output from VOC analyses was
used to find and identify new compounds and a sorbent tube collection methodology was also investigated
to extendthe range of compounds that could be captured and isolated. The classempbunds that

were targeted included sulphur, oxygen and nitrogen containing species that are present as either volatile
or semivolatile compounds in ambient air, and which atfisn biogenic as well as anthropogenic

processes. These classes of compounds tend to have different chemical and physical characteristics to the
priority VOCs and hence are more difficult to capture and isolate. Over 45 compounds, additional to the
priority VOCs, were identified in this manner.

The determination of hydrocarbon VOCs in CSG sourced well gases was also undertaken. The focus was on
the minor hydrocarbon compounds, i.e. those aboyaiiti aromatic compounds, which are not generally
measured inliese gases. This determination was made on a selection of raw gas samples collected from
producing CSG wells, and the analytical methodology was optimised for this specific application. The work
was not a requisite of this projebbwever,it was consideré that this determinatiormight be informative

in the recognition of the CSG methane source impact to ambient air and with respect to human and
environmental health.

A portfolio of instrumentation was implemented and methodologies were optimised andatadidor

priority VOCs, characterisation studies and the well gas hydrocarbons in order to cater for the differences in
site sampling techniques and the associated modes of sample introduction, differences in sample matrix,
instrumental detection requiremats and the various classes of compounds targeted. Instrumental analysis
was undertaken using gas chromatography with mass spectrometry and flame ionisation detection (GCMS
and GCFID) for determination of priority hydrocarbon and air toxics VOCs, and>@ihg with thermal
desorption capability for sorbent tube based characterisation studies; the latter incorporating both electron
impact and chemical ionisation modes of mass spectrometry for the elucidation of compound identity.

The results from this workave been evaluated from the perspective of ambient concentration and
relevance to source impact on air quality, and compound type and relevance to source characterisation.
The reader is referred to Section 7 for a fully referenced discussion of the alisasrand findings.

General findings from the ambient study are summarised in the following paimidindings specific to
each source category are summarised subsequently.

f !' ydzZYoSNI 2F (GKS CNB2 Yy un (sfedifcalty dthlorgdluo®riekh&nbl) K| £ 2 OF N
trichlorofluoromethane, 1,1,2richloro-1,2,2trifluoroethane and carbon tetrachlorigend certain
sulphur containing specidsarbonyl sulphide and, tentatively, dimethyl sulphon&re observed
at relatively consistent concentration at allesit They are found at trace concentration (< 0.5ppbv)
and are considered compounds which are ubiquitous in the atmosphere.

1 The presence, or lack of, a hydrocarbon profile indicative of vehicle exhaust was informative in
evaluating contributing sources to the ambient air at a particular sitepicbl versus diesel
hydrocarbon profiles could also be distinguished. Minor vdhicielated impacts were apparent at
semirural and suburban locations in the Camden region and the impact-sitervehicles was
apparent at a number of operational sites.

1 Measurement of VOCs at the Culiat® Forest found minimal impact from anthropogerctivity
and assuch,this natural sourcestablisied a baseline fobiogenically derived compounds. This
enabled landuse source emissions to be effectively allocatedcfonpounds thatvere common to
anthropogenic and biogenic sources (such as ethawdtone and other oxygenates).
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9 From an air qualitperspective ambient concentrations of priority hydrocarbon and air toxic VOCs
were generally low (mixing ratios of low ppbv) and, with certain exceptions, in the range expected
for the particular sourcend the location or processes within that environment. Measurements at
natural and rural environmenfgnd remote locations associated with mining or CSG actiyities
were in the trace to low ppbv concentration range and many of the priority VOCs coube not
detected in these environments.

9 Obvious impacts on ambient VOC concentrations were seen from more intensive sources such as
those resulting from animal feeding, municipal solid waste disposal and wastewater treatment,
where compounds specific to thetadty were apparent, such as biologically derived oxygenates
and nitrogenous compounds, solvent residues and chlorinated compounds.

1 Source characterisation studies for netandardVOCs revealed additional compounds @anganic
classes of compounds those from the priority VOC suiteEhe sorbent tube collection
methodology was found to extend the range of compounds that could be captured and isolated
compared to those from VOC collection by the canister techniGeeapounds with strong links to
vegetation and biological processes, such as monoterpenes and more complex oxygenated
compounds, were apparent at many sites. At high&gnsity landuse sites these wereverlain
with compounds whose attributes were more specific to the source, sucd@®sussulphur and
nitrogen containing compounds for example.

1 Within each source category, sigpecific operations and processes also dictated the intensity of
the emissions and excursions from more typical measured levels were seen for particular
operations at thefeedlot, landfill and wastewater treatment sites.

1 The effect of the seasons on ambient VOC concentrations was investigated from fatwnmgn
campaigns over a twelvaonth period for ten sites across the Camden regifis evaluation
showed dink to seasonal variability in the emissions @fgenic compounds and possiblghicle
related emissiondHowever,these observations must be tempered by the many other factors, such
as source intensity, emissions transport and atmospheric fate, vrielwell known to affect
ambient concentrations of VOCs and other air pollutants.

1 The analysis of nemethane hydrocarbon VOCs@8G sourced well gas was effective in providing
guantitative results for minor hydrocarbon compounds which are not commonbsured in these
gases, i.e. those above @nd aromatic compounddenzene, toluene and xyleneSompounds at a
concentration down to 0.007ppmv were measurabliée determinatiorwas informativen the
recognition of a CSG source impact to ambient ainaitld respect to human and environmental
health.

Specifidindingsfor VOC emissions associated with eaolirce categorare summarised in the following
points:

1 Natural Sourcegyaegl Nature Reserve, Cuba State Forest)
Compounds with strong links to vegéitan and biological processésuch as isoprenand
monoterpenesyand the oxygenated speciésuch as ethanol, acetone, isopropanol andre
complexoxygenatesjvere observedThe Yaegl site showed a minor traffic related impact from
nearby roadways.flerewas no detectable impact from anthropogenic sources in the ambient air
collectedfrom Cuba State Forest. The monitoringhis natural source was used for allocation of
biogenic versus anthropogenic activity to the emissions from d#m&t-use sources.

1 Camden Region
The overall consistency in the results from ambient monitoring of the Camden sites establishes a
database of expected concentrations of priority hydrocarbon and air toxics VOCs for the morning
period at rural and semural locations in the&Camden region.

Aclear impact from traffic relateémissions was sean the hydrocarbon VOC profildoeervedin
the ambient air forall tensites monitoredn Camden regionHoweverambient concentration of
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the hydrocarbon VOGserein the low ppbv rang and consistent with levels expected for semi
rural and suburban environments.

Biogenic compounds were apparent in the VOC profile and their emissions are indicative of the
semtirural atmosphere of the Camden regional sites. Compounds associated wislyibad|

processes included small oxygenates (ethanol, acetone and isopropanol) which were present at
concentrations broadly similar to those observed in the natural environmertsit@hone and

more complexC-G aldehydes, ketones and alcohols were alsnidfied in samples from the

summer campaign and emissions of isoprene and monoterpenes from vegetation were observed in
the VOC profile at many sites.

Hydrocarbon and air toxics VOC profiles were not suggestive of a major industrial source of
emissions irthe vicinity of the Camden sites.

0 CSG impaain ambient VOCg VOC monitoring in the Camden region encompassed a
geographical area where CSG production was active. Ethane and propane were present in
the ambient air in this region and these compounds ammponents of CS&ourcedwell
gas. An evaluation was therefore made as to the likely impact of CSG as a source of these
emissions to ambient air. Based on measured methane concentrations for the region and
ethane and propane concentrations in the CSG sdiweell gas, a predicted ambient
concentration for these compounds was compared to measured ambient concentrations.
This evaluation concluded thathane am propane emissions from CSG wasgligible
andtheir presence in ambient air in the Camden regimsderived from other sources
Aromatic compounds werpresent in the well gas at extremely low concentrations and
hence werenot a measurable source of aromatic compounds to ambient air imegg®sn
(refer later point regading well gas hydrocarbons).

0 Seasonal ariability ¢ seasonamonitoring of VOCs across the Camden sites showed a
general trend towards highdevels ofbiogenic compoundésuch as oxygenated
compounds, isoprene and monoterpen@s}the spring and summer campaigns which is
consistent with warmer temperatures and a higher intensity of photosynthetically active
radiation. Vehicle related hydrocarbon VOCs were generally lowarmmerthan the
levels measured in winter and a redwstiin the relative concentration of alkenes
compared to alkanes is consistent with the effect of higher rates of photolysis on the more
reactive species. Isobutane dominated the hydrocarbon emission profile in the warmer
months, whichmay be indicative dfigher evaporative losses fropetrol-fuelledvehicles.
These results indicate a possible link to seasonal variation particularly in the change in
emissions of the biogenic compounds and, tentatively, the vehicle related emissions

1 Cattle FeedlofJindaleeCattle Feedlot).
The ambient air at tis site wagich in an array of oxygenated, nitrogencarsd sulphurcontaining
compoundscommonlyassociated witlanimal byproducts and odour. Ethanol, acetone and
2-butanone were found at higher concentrations thiypically observed in vegetated
environments and an excursion in ethanol (253ppbv) was measured on one ocattierfeedlot
site. Odorouscompounds related to animal kyroducts such as dimethyl sulphide and dimethyl
disulphide, and to other biologicplocesses; o G aldehydes, ketones and alcohols were
apparent in the emissions from this source. There wamimal emissions indicative of a vehicular
or other sourcampacting the site indicating that the compounds found wdnectly attributable
to the feedlot.

With the exception of an excursion in ethanol, tneerallambient concentration of the priority
VOG associated with this sourcgaslower than other more intensive landse activities; i.e.
landfill and wastewater treatment.

f CoalminingREQ& / NBS| /2t aAySs DdzyySRIEK .l &AY YAYA
' YOASY(G O2yOSyidGNIdGAaAzya G GKS wasBvdEsohgd®BRd YA Y S
semtrural and the higher intensity landse sites. lose hydrocarbons that weldentified inferred
a diesé emissiongrofile, whichislikely to beconsistent with the machinery operating at the mine
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site.In the case of the Gunnedah Basin minés possible that fugitive emissions of ethanem
seam gasontributed to the hydrocarboprofile.

The ambient air in the vicinity of the mine in the Gunnedah Basin showed low levels of compounds
associated with vehicle exhaust amegetation, which may be consistent with-site mining
activities,andthe roadside location of the monitoring site.

1 CSGdcilities(Camden, Gloucester, Narrabri).
TheCSG production sites at Camden and Gloucester were characterised by a hydrocarbon profile
that was dominated by &C, alkane species, an absence pa@d larger alkenes arttie presence
of aromatics. The domamce of alkanes in the hydrocarbon profile is cetesit with that measured
in CSGourcedwell gases, however, these and the aromatiese disproportionately represented
in the ambient samples comparéd their profile in the well gases$lydrocarbon corentrations
were also not correlated with measured methainethe ambient aiat the well padsHence the
hydrocarbon profile and concentrations found in the ambient air cannot be interpreted to kedlin
to CSG production at the Camden and Gloucesites and an alternative source of VOCs is
considered likelyThe overall ambient concentrian of VOCs measured at tkamden and
Gloucesteracilitieswas low compared with senrnural sites, for example.

The VOCs present in ambient air samples collectedmiitie Narrabri CSG fielhd their
concentrationswvere consistent withthosefound in a natural environment.

1 Landfills(Summerhill Waste Management Centre, Parkes Waste Facility).
Compounds associated with household and chemical dispeeet elevated irthe ambient air at
the landfill sites. Arxcursion in the ambient concentration of acetof@0ppbv) accompanied by
2-butanone (18.0ppbv)were measuredon one occasion at the Summerhill Centgelorinated
compoundssuch as trichloroethylene and tetrachloroethylene that acenmonly used as markers
for landfill emissionsvere identifiedat the Parkes Facility albeit at low Xgpbv) ambient
concentratiors. Other chlorinated solvent residues included dichloromethatégmform and
benzyl chlorideThe monoterpenedimonene anda-pinene, which are used as fragrances in
household productsyere identified.

Compounds derived from biological decomposition were alsatified. G, to G2 oxygenates as
aldehydes, ketonesjeohols, phenol and esters are associated with biological processes more
genaally but are likely enhanced due $oil decomposition in landfills. These compounds
contribute to the characteristic odour associated with landfills.

The impact of allied soursesuch as exhaust emissions fromgite diesel trucks and those from a
methane generation system were identified at the Summerhill site.

1 Wastewater treatmen{Singleton Wastewater Treatment Works, Wagga Waljgatewater
Treatment Plant, Picton Wastewat&reatment Plant).
In certain aspects of the wastewater treatment process at the Singleton plant, VOCs were
measuredat ambient levels that were at the high end, or excegdtose measured at other high
intensity landuse sources, such as the landfill ahd cattle feedlot. At the seage inlet to the
plant, emissions of acetone (93ppbagcompanied by-Butanone, were higher than other langse
sources, with the exception of an excursion in these compounds on one occasion at a landfill site.
The SingletoMVWTP was significantly higher than other sources in chlorinated compa@iris
settling ponds; cid,2-dichloroethene (up to 13.5ppbv), trichloroethylene (up to 4.4ppbv) and
tetrachloroethylene (up to 58.3ppbv). Compounds associated with odour, suddeis/des,
ketones, alcohols and nitrogenous compounds were apparent in the emissions profile at the
Singleton site.

Source identification and quantification is affected by the proximity of the sampling Eomdynt
andtype of emissionaneteorological veables and a range of other factokdowever,it is evident

that emissions from the Singleton wastewater treatment site were captured at a level that would
allow certain oxygenated and halogenated VOCs to be used to characterise the operations at that
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site at that time. The high levels found at the Singleton site are also of importance when
considering and assessial toxicsalong withodorous emissions from this source.

In contrast, ambient VOC concentrations at the Wagga and Picton plants were brotiyrange
measured at other intensive langse sources, apart from an excursion in ethanol (40.9ppbv) on
one occasion at the inlet location of the Waglyaggawastewatertreatment plant.

1 CSGGourcedwell gas(CamdenGloucester).
Hydrocarbon VOCs werbaracteristically present as thakaneclass and straight chain, cyclic and
branchedalkanes through to £ivere measuredAlkenes were not present in the hydrocarbon
profile of the well gases.rdmatic compounds were detectedt low concentration; the higest
aromatic content was measured in samples from AGL operations at the Gloucester gas field
(around 0.5ppmv benzene, 0.2ppmv toluene, 0.02ppmv xylenes). The detection of the larger
alkanes and aromatics correlated with those gases with highemmethanehydrocarbon
concentration Thearomaticsare considereatonsistentwith componentsoriginating fromgas
formation processes

The ambient air equivalent concentration for the aromatic compounds, basedyanstcase
emissions scenarim close proximityd a producing wellwas estimated tde low pptv (pars per
trillion by volume). This compares favourably with low ppbv (parts per billion by volume)
concentrationameasured in the ambient air of semural regionghat areimpacted by lowvolume
traffic.

In meeting the objectives of the VOC component of the project, this work has brought together a volume of
informationon the levels of source related organic compounds in the ambient air in the vicinity efisgnd
activities in regional NSW and providesanbient VOC database for the Camden region. A basis for future
studies into the qualitative and quantitative impacts of various emission sources on air quality has now
been established.

Isotopic Analyses

Laboratory analyses of molecular composition atatbke isotopes were conducted on source gas samples
containing between 0.1 and 100 % {&dd/or CQ. Molecular composition using gas chromatography

based natural gas analysers gave very reliable bulk composition resultslRMSGvas used to analyse

carban and hydrogen isotopes on CSG and microbial source gases from landfibhstegvater treatment

plants. Plots of stable isotope data allowed seemingly similar gas samples to be differentiated into different
categories and contributing source characteristics identified. Contributions from thermogenic, CO
reduction and acetoclastic/methylotrophic geration were able to be made for samples with mixed

origins.

Some gas sampling techniques were found to be unsuited for isotopic analyses because they tended to
fractionate the isotopic signature of the gas yielding unreliable results. Extended perisasple storage
may also affect isotopic analyses and consideration must be given to the type of storage containers used
for sample collection and storage.

Analyses of ambient Glfor carbon and hydrogen isotopes were not possible using théRBS system
directly because of the low concentration of ZH prototype device designed to cryogenically concentrate
ambient Cklwas trialled; however it was adversely affected by significarttaygping of ambient oxygen

and nitrogen from the air. Further developmieof this system is required. The rationale for developing the
prototype system was that it would be able to measure both the carbon and hydrogen isotopes of CH
whereas the single commercially available system only measiueasarbon isotope®f CH with

limitations.

An alternative method using cavity ringdown spectroscopy for measuring isotopic rati@&"ét in

ambient ChHlwas trialled. Although this technique is now in widespread use, there are some limitations
with respect to using these data feource apportionment. With the instruments used in this project, it was
apparent that significantly elevated @ebncentrations above ambient were required to achieve a
satisfactory signal to noise ratio. Best results were achieved when thed@Eeentraton was above about 5
ppm. At this point in time, the cavity ring down spectroscopic technique cannot measure the hydrogen
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isotopes ofCH at atmospheric concentrations, limiting the resolving povi@rsource gas identification
using stable isotopes.
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1 Introduction

Methane is present in the atmosphere i@atively low concentrationgapproximately 1.8 ppmyhowever,
becauseof its high global warming potential relative @Q, it has a significant effect dhe balance of
incoming and outgoing energy from the atmosphere (eliative forcing. Moreover, CH has been
increasing in concentration in the atmosphesiece preindustrial times andsthe second largest
contributor to global warmingfter CQ (IPCC, 2007).

AtmosphericCH is derived from a wide range of natural and anthropogenic souidatiral sources

include wetlands, lakes and rivers, termites, bushfires, oceans, permafrost, and geological sources. Human
activities that result irCH emissions are largely associated with agriculture (e.g. ruminant aniricas,
production), waste (e.glandfills, sevage), biomass burning and fossil fuel production and utilisatina

global scaleit has beerestimated thatroughly 60 %f CH emissionsoriginate fromanthropogenic

sources (Kirschket al., 2013)however, these estimates are subjaotvery high uncertainty. In addition,

there are significant regional variations in emission fluixfeSH (Fraser et al., 2013).

Over the last few year§H emissions have been the focus of considerable scientific interest, especially in
relation tounconventional gas productiofshale gas, tight gas, coal seam gaAithough natiral gas

utilisation may producdower direct greenhouse gas emissidram combustioncompared to other fossil
fuels,some recent studies have found high levels of fugit*z emissiondrom shale and tight gas
productionin the United StatesThe results of these studies, howevieaye been variable and often have
high levels of uncertaintiemssociated with the reported emission estimat@tron et al., 2012Allen et
al.,2013;Karionet al., 2013Caulton et al., 201& Schneisingteal., 2014; Kort et al., 2014)

At present,almost all unconventional gas productionAustraliais derivedfrom coal seam gas (CSG). Most
production is currently in Queenslandhere severalexport liquefiednatural gas plants are in varying
stages of productioywith the first commencing@perationin late 2014 Despitemajor differences between
the U.S. and Australian unconventional gas industries, it has been suggestéaistraianCSG prduction
may also result itigh levels of fugitive emissions (Grudnoff, 2012). Howevegcent study of emissions
from a sample oCSG well pads Queensland and NSiund thatCH emissions were @nerally veryjiow
compared tomost ofthe resultsthat have beerreported forU.S shale and tight gas operatiofBay et al.,
2014).That study, however,only consideredwell padsg other infrastructure was not examinegland the
sample size was small compared to thealomumber of production wells inustralia.Further investigations
into methane emissions in the Surat BasifQueenslandre currently underway (Day et al., 2013; Day et
al., 2015)

Coal seam gas productionifew South Wales urrentlymuch less than in Queensland but there are
severd CSG projectism NSWat various stages of development. At present, there is relatively little publicly
available information oi€H emissions fronNSWCSG operationsonly six wells included in the Day et al.
(2014) study were in NSWo address thishe New South Wales Environment Protection Authority
(NSWEPA) commissioned a study to investigate emissions acros$\K@s\thisstudy was largely
motivatedby concern over thlSWCSGndustryand to inform future regulatory programmes in relation

to airemissions associated with CSG activities in NB&&tudy brief also required measurements to be
madeat other CH sourcessuch asvaste managemenbperations(landfills and wastewatereatment

plants), agricudlure (e.g. intensive cattle feedlots amide farming) naturalsources (e.gwetlands) and coal
mining.

Methods for estimating greenhouse gas emissions from many of thetbatiesalreadyexist mainly for

the purposes of compiling national greenhouse gas inventories. In Australia, fordastha National
Greenhouse and Energy Reporting legislation requires operators of many facilities to estimate and report
emissions according to specified mettmdogies However, ClHemissions are usually estimated rather than
actually measured (the notablexception being underground coal mining where fugitive emissions are
measured) and consequently may not have sufficient accuracy to be used for baseline monitoring or for
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assessing the effects of industrial activity within a region on local greenhoussiens (e.g. increased CSG
production) or mitigation measures

One of the key objectives of the study therefore, waslevelop reliable methodologidbhat can be applied

for measuring CiHemissionst the facility levefrom not only CSG operations baiso otherrelevant land
usesectors throughout NSW. The second object’éhe studywas to investigate the possibility of
characterising emissions from varioGsi sources and usinghemicaW ¥ A Yy ISNLINAy 1a Q G2
sourcesThis involvedietermining isotopic ratios offC/?C ancPH/*H inCH and C@samples collected

from various sitesthe determination of bemical composition oa wide range ofamplesandthe
determination ofambient concentrations cd suite ofvolatile organic compounds the vicinity of each

source Volatile organic compounds were investigated to gain an understanding of source related impacts
on ambient air and to study the prevalenceasimpounds thamay specifically characterise a source.

In this report, we present the results of this projeshich was conductetietween June 2014 and May
2016.
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2 Methane Emissions

AtmosphericCH concentrations have increased from about 720 ppb (0.72 ppm) duringittiel 8"
century to more than 1800 ppb (10§pm) during 2011 (Hartmann et al., 2013). 3éwalues represent
global averages but there are significant regional and seasonal variations in concenBasefine
atmospheric monitoringf clean aitat the CSIRO Cape Grim statiof asmanighows that current
southern hemisphere clean air concentrationsa# vary between about 1.75 to 1.79 ppmrith the higher
concentrations occurring during the winter mont{GSIRO, 2015).

According to the most recent IPCC Assessment RepoloalgcH emissiors during 2011 were estimated to
be 556 56 TgCH y!with 354 %45 TgCH y! (64 %attributed to anthropogeni@ctivitiesand 202 35
TgCH y! (36 %) from natural sourcégblartmann et al., 2013Y hese estimates, however, are subject to
considerable uncertainty due in some cases to limited data and also differences in the methodology used to
develop the inventories. For instance, Kirschke et al. (2013) estimated the Glddaidget for several
decades using toglown and bottomup methods. For the period between 2000 to 2009,-thgwn

methods yielded total emissions of between 5261&69 TgCH y* (mean 548CH y?) while the bottomup
approach gave an estimate of 542 to 852CHy* (mean 678TgCH y*). Emissions are not evenly spread
across the globandsubstantial regioal variationisapparent (Fraser et al., 2013). While the sources of
most of the globaCH budget are well understoodmproving estimates aémission fluxes is an area of
active research.

In Australia,anthropogenidCH emissiondrom energy use, agriculture, waste management and other
sectorsare estimated and reported in the annual National Greenhouse Gas Invemtdrie 2.1

summarises themission estimates reported for Australia dur@l3(AGEIS, 2015). Total emissions were
estimated to be 111.8 MEQ-e (~5.3 T@H) with agriculture (principally from ruminant animals)

comprising about 60 % &fH emissionsFugitive emissions fromoalmining andoil and gas production

werethe next largest source (26 %) followed by wadisposal activitie$l2 %). Much smaller amounts

were emitted through certain landise activities and industrial processes. Natural sourc&baire not

accounted fo in the National Inventoy WK A £ S A0 KlFa o6SSy adzZaaSadsSR GKI
methane emissions argerivedfrom natural sources, there &s yetvery little quantitative information on

the magnitude of these emissions (Dalal et al., 2008).
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Table 2.1. Chlemissions in Australia and NSW as estimated in the 2013 National Greenhouse Gas Inventory.

Category 2013CH Emissions (Gg)
Australia NSW
Energy 1,483 677
Fuel Combustior 86 27
Fugitive Emissions From Fui 1,397 650
Industrial Processes 3.3 1.7
Chemical Industry 0.7
Metal Industry 2.6
Agriculture 3,165 709
Enteric Fermentatior 2,685 656
Manure Managemen! 115 20
Rice Cultivatior 26 26
Prescribed Burning of Savann 327 0.1
Field Burning of Agricultural Residu 11 6.2
Landuse LandUse Change and Forestry KP 59 19
Afforestation and reforestatior 1.3 0.1
Deforestation 43 15
Forest managemen 10 1.3
Cropland Managemen 0.6 0.5
Grazing land managemel 2.8 14
Waste 615 203
Solid Waste Dispos:i 495 163
Biological treatmenbf solid waste 4.9 1.6
Wastewater treatment and discharg 115 38
Total 5,324 1609

Table 2.1 also shows tlgH emission data for NSW during the 2013 reporting year. Here, agriculture is still

the dominant emission source but represents only 44 % of ©OHkemissions compared to about 60 %

across the countras a wholeFugitive emigens from fuels, on the othemand, accountor approximately

nn 22 2 EHdmissionsi which are dusainlytotk S a i 4§ SQa  NSMHAhrredlg haga A y R dz
GSNE avYrftft 2Af FYyR 31&d AYRddzZAGNE a2 tSaa dGKFy p 32
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National greenhouse gas inventories are usually compiled according to the general methods described in
the 2006 Intergovernmental Panel on Climate Change Guidelines for National Greenhouse Gas Inventories.
For the purposes of compiling natiannventories, i is usuallynot practical to measure emissions directly.
Consequently, most of the methodologies provided in the 2006 Guidelines rely on using emission factors
derived for given processes. In tlaigproacha measure of the activity of the process is rplied by the
appropriate emission factor to yield the emission rate for that process. While this approach has the
advantage of simplicitysignificant uncertainty may be introduced#)the activity data arenicomplete or
inaccurate or (b) the emigm factor is not well defined.

Although the use of emission factors provides a relatively simple approach for estimating greenhouse gas
emissions, the emission factors themselves are based on measurements reported in the open scientific and
technical literatwe. In the following section, we briefgxaminemethodology that has been applied to

measure emissions from some of the main sou@eSH in Australia

2.1 Detection of Methane

There are currently many instrumental methods available to detect and anéligs In the simplest form,
inexpensive handheld gas detection sensors are frequently used in potehtablydous environments to
alert personnel to dangerous levels (i.e. explosive) ofi€@dertain workplaces such as underground coal
mines or gas preessing facilities. These instruments generally have limited senséivityypically display
in units of percentage of lower explosive limit (LEL, i.e. ~52Git v/v).

The next level of complexity includpertable gas detection systems that are afly used for leak

detection in industrial applications. Leak detection instruments have higher sensitivity than gas sensors
used for general workplace safety applicatipoffen being capable of measuring concentrations of a few
ppm above ambienlevels Theseinstrumentsoften have a wand with a sample inlet that can be placed
near a potential leak point such as a valve or pipe fittikgmote sensing instruments aresalused for leak
detection; these are typically hand held instruments that can be useduickly scan complex facilities such
as gas processing plants for leaks. Remote instruments includepgtknaser and infrared imaging
cameras.

Mobile openpath laser instruments have often been used to detect leaks in gas infrastructure. One such
sydem, the ALMA G2 instrument which is mounted on a helicgptas used in Queensland recently to

detect CHsources in a CSG production region (Day et al., 2015). Other vehicle mounted laser systems are
also now commercially available.

While gas detectorand leak detection systems are critical f&fety and routine maintenance atany

industrial facilities, these systems are less frequently usedsearch intdCH emissions particularly at the

near ambient levels encounteredore distantfrom the soure under investigationThere are many
instruments available with sufficient sensitivity to accurately measure low levels,oh @hhbient air e.g.
FTIRfuneablelasers, gas chromatography, etc. Some of these systems can be deployed in the field but
usualy onlyin fixed installations. Alternatively, samples can be collected and later analysed in a laboratory.
However, for detection o€H sources, it is usually more convenientusea mobile system wherareal

time instrument ismounted in a vehicle aaircraft.

Thecommercialdevelopment of cavity ringdowand offaxis integrated cavityuiput spectroscopy over

the last decade has provided instruments with resolution of 1 ppb oftesSH. Some of these

instruments are also capée of measuring isofaic ratics of'?C and*C in Clj whichmayprovide some
information on the source of the GHAs a result, these instruments are now commonly in use for
measuring CiHand other gasses) in ambient air and there have been numerous studies reported where
these instrument were usedn two recentexamples, Karion et al(2013)and Caulton et al. (208} used
aircraft mounted cavityingdown instruments to detect and quaft CH emission fluxes from
unconventional gas fields in the United Statéshicle mounted avity ringdown instruments have also
been usedsuccessfullyor locatingCH from a range of sources both in Australia (Maher et al., 2014;
Iverach et al., 2013)ay et al., 2015) and overse&@h(llips et al., 201 azeri et al., 2015)
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2.2 Coal Mines

Coal seams usually contaiid and sometime<Q that is stored within the pores of the coal. When the
coal is mined, this gas is released to the atmosphere as fugitive emiBimirsy 2013, fugitive emissions
from caal miningin Australiawere estimated to b&6.2Mt CQ-e, which represents about 5 &f

P dzZA ONF € AL Qa G204 f (DkpaBnteyt kKfzhdZAnSirordnerd, 2085 Sy (i 2 NB

All Australian coal mine operators are required underMaional Greenhouse andh&rgy Reporting
(NGERIegislation to report their annual fugitive emissions accordingethodology prescribed in the
Determination. In the case underground mines, emissions must be determined according to Method 4, i.e.
they must be directly measured rather than estimated. Most emissions from underground coal mines are
associated with th ventilation air and can be quantified by applying Equation 2.1.

0 w 6 6 2.1)
WhereQis the emissions raté/is the volumetric air flow out of the mine ar@is the concentration of
methane in the air stream an@, is the methane concenttan in ambient airAny methane that is drained
is also measured and included in the total annual emisskile there may be some uncertainties
involved in this approach (Day and McPhee, 2@8; et al., 201)lin general it yields accurate emission
data.

Emissions from openut mining, on the other hand, are much more diffidoltestimate because gas

escapes over the entire mine site, which may be very large in area, sedlbatetricflows and

concentrations are not readily measured. In an opehmine, some of the fugitive emissions are from

seam gas released as the coal is excavated. Additional emissions may occur from gas released from strata
that are disturbed but not actually excavated, and exposed by the mining process. These emissions are
particularly difficult to estimate since they depend on the gas content and composition as well as the

nature of the disturbance of the pit floor and highwall and the rate of leakage of the gase@sresult of

the technical challengesssociatedvith defining fugitive emissions from opesut coal mining, research

into methodology has been conducted in Australia and elsewhere for more than 20 years (Williams et al.,
1993;Kirchgessneet al., 2000;Saghafi et al., 2003; Saghafi, 2088ghafet al, 2008;Saghafi et al., 2012).

Despite the level of researchirect measurement of emissiofi®m individual opercutis not yet practical

for routine reporting although research is underway to investigate the use of atmospheric methods for this
purpose(ACARPBject C24017http://www.acarp.com.au/Media/ ACARPCurrentProjectsRepori) pAf
present, emissions from Australian opent coal mines are estimated for the purposes of NGERrtiego

using either Method 1, which is based on the use of state based emissions factors, or Metrab3

which usegas content data fromstratameasured for the reporting mine.

Method 1 was developed from research conducted during the early 1990s winetieane concentrations
across plumes of methane emanating fraamumber ofminesin NSW and Queenslangere measured at
ground level (Williams et al., 1993)he concentration datacombined witHocalwind speed
measurements were used in conjunction witlplume model to infer the methane flux from the mingése
results of that study yielded average emission estimates of 3 gemtonne of rurof-mine (ROM) for NSW
and 1.2 Mt for Queensland mines. While these results represented the first quamitastimates of
fugitive emissions from opeaut coalmining in Australia, there are a number of limitations with the
methodology that restrict its general applicability, which include:

Measurements can only be made under suitadi@mosphericconditions

Ground level plume tracking requirgehicleaccess to the plumavhich is often not possible
Separating individual mines can be difficult or impblesif mines are closely spaced.

The method requires specialispérsonneland equipment.

At the time the Williams study was conducted, limitations in the sensitivity of contemporary
instrumentation meant that discriminating low lev@H perturbations from background
concentrations introduced relatively large errors. However, recent developsriarambient
monitoring equipment (e.g. cavity ringdown spectroscopy) have largely overcome this problem
and modern commeially available instruments noprovide the ability to measure small

egeegee
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concentration differences with much higher precision than olftene ionisation detector
instruments.

Because of these issues)d the high uncertainties associated with applying average emission factors to all
mines, subsequenesearch focussed on developing a more manageable alternative method for estimating
fugitive emissions.

Initial work in this regard in Australia examined the feasibility of using surface flux chambers for measuring
gas emissions (Saghafi et al., 2008ile this work provided important information on the gas release

routes within opencut mines, the methodology required many individual measurements to build up an
accurate estimate of emissions. There were also a number of practical and safety limitations involved with
personnel operating in some parts of the mining operation. Moreover, becgaseelease from coal and

other strata varies with time, the time of measurement was an important factor in measuring emissions
using this method.

Later research investigated using the gas reservoir properties of coal and other strata to determine fugiti
emissions ofCH and CQ, which would overcome many of the practical problems gfitrmeasurements
while potentially providing minapecific data (Saghafi et al., 20@&3ghafi et al., 2005aghafi et al., 2008).
The work undertaken by Saghafi et@O003, 20052009 now forms thebasis for NGERethods 2 and 3,
which both use gas content data measured at the reporting mine to estimate fugitive emidsaaghat
Methods 2 and 3 are identical except in the case of Method 3, samples must be @bitaiaecordance

with appropriate Australian standards.

The general methodologyf this reservoir approacmvolves measuring thim situ gas contendf core

samples fronthe target coal seams and other stratallected- KSI R 2 F YAy Ay dtasée Y2 RSt
iT2ySQ Aa GKSy RS@St2LISR F2NJ GKS YAyS (2 SaldAyYlas
from the coal, other norcoal strata, and that from the highwall and pit floédthough the methodology is

complex and requires a detailed prograra of coring and gas content testi(rgfer to Chapter 3 of the

Technical guidelines for the estimation of greenhouse gas emissions by facilities in Audtigliza014
http://www.environment.gov.au/climatechange/greenhousgasmeasurement/publications/nger
technicatguidelines2014), it produces minespecific emission factors which yield emission estimates with

much lower ucertainties than those based on the Method 1 approach. Most Australian-optecoal mine
operatorsnow use Method 2 or 3 for reporting their fugitive emissions to the Regulator.

Emissions generated from extracting c@ak the largest component of coal mining fugitive emissions, in
somecases accounting formore tham7:"2 2 F | Y A y S Qyas emigsiors {DayFeNd5, 2008t 2 dza S
there areseveralother source®f fugitive emissionassociated with mining:

W Post Mning Emissiong Post mining emissiorare thosethat continue during the time the coal
leaves the mine and it reaches the end user. These emissions are currently poorly defined an
are estimated for NGER reporting by applying an emissicioifof 0.014t CQ-e per tonne of
ROM coal (~0.67 KgH t'1). At present,only post mining emissions frogassy underground
mines areestimated and reported.

W Abandoned Mineg Most mines continue to release fugitive emissions after they have ceased
operation. While bth underground and opewut decommissioned mines may emit
greenhouse gases, only underground mines are considered for NGER repdréntethod
used for estimating these emissioassumes that emissions from abandoned mines reduce
over time according toyd WS Y A & & A 2 Yy EmisSdhat &partizdizyd phitcaiter the
mine has closedm, arecalculatedby the expression:

0O 0O 00 p O (2.2
where Egnm IS the annual emission rate of the mine at closlEg, is the emissiondctor for a
mine at a point in time since decommissioning (calculated from the decay formuld}aisda

factor to account for emissions reduced by the inflow of water into the mieterm ERm is
given byEquation 2.3

00 p 00 2.3
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wheret is the time elapsed since mine closure &aandb are mine specific constants.

W Spontaneous Combustion and Low Temperature Oxid&tMfaste material from operut
coal mining often contains some carbonaceous material that malgrgo low temperature
oxidation. In some cases, spoil piles may undergehsalfing which if unchecked can lead to
spontaneous combustion. These processes lead to emissions of greenhousCzases et al
2009 Lilley et al., 2012 In some mines, these emissions may igaiicant but most mines
now effectively manage spoil and waste placement to avoid spontaneous combu3tgre
al., 201Q. Emissions from spontaneous combustion and low temperature oxidation of coal are
not includedin national greenhouse gasventories and are not reported for NGER purposes.

Estimates ofudgitive emissions from post mining, abandoned mines and spontaneous combastion
generally sulict to very large uncertaintieslowever, it is likely thathe total contribution fromthese
sourcegepresent only a small proportion of greenhouse gas emissionstiiernoal mining industry.

In NSW fugitive emissiams from coal mining during 2013 were estimated to be 14,3810Gge which is a
reduction of about 20 % compared to 2000 le&spartment of the Environment, 2035 Although coal
production has increasenly about 70 %ver this period Australian Energy Statistics, 201&issions
havedecreasedartiallyas a result o& shift in production from underground to opamut mining asvell as
the implementation of mitigation schemes at many mines, suchlasrfg and gas capture systentisis also
likely that some of the apparg decrease is due to the implemeation of the more accurate Method 2
now used throughout the industry.

2.3 CSG Production

Coal seam gas is one of several typesoafalledunconventional gagOther types ofinconventional gas
includeshale and tight gas. Shale and tight gas occur in source strata with permeability that is much lower
than conventional reservairand consequently require horizontal drilling and hydraulic fracturing
stimulation for economic extraction. Most of the gas in shale and tight gas reservoirs is stored within the
pores as compressed gas (i.e. free gas) although some may also be presdsurhed gas in organic

material in shale source rocks. Coal seam gas in contrast, is mainly stored as adsorbed gas within the
microporous structure of coal with relatively little free gas. Hydraulic fracturing stimulation may be used on
CSG wells but gresent is not widely practised in Australian CSG operations, although its application may
increase in the future as less permeable seams are developed.

The methods of gas production from the various types of reservoir diffestantiallywhich may in turn
affect CH emissions. Some of the main points of difference between CSG, shale and tight gas are
summarised in Table 2.2.

Table 2.2Key differences between CSG, shale gas and tight gas (from Day et al., 2012)
Property CSG Shale Gas Tight Gas

Source Rock Coal seams Low permeability fine Various source rocks have
grained sedimentary rocks generated gas that has
migrated into low
permeability sandstone
and limestone reservoirs.

Depth 3001000 m 10002000+ m > 1000 m
Gas Occurrence Physically adsorbed on co Stored within pores and  Within pores and fractures
organic matter fractures but may also be
adsorbed on organic
matter.

8| Methane and Volatile Organic Compound Emissions in New South Wales



Property CSG Shale Gas Tight Gas

Gas Composition Usually > 95 % methane. Mostlymethane but may  Mostly methane.
Small amounts o£Q and  also contain significant
other gases may be guantities of higher
present. hydrocarbons

(condensate).

Extraction Technology Vertical and horizontal Hydraulic fracturing and  Large hydraulic fracturing
drilling employed. horizontal wells are usually treatments and/or
Hydraulic fracturing is necessary. horizontal drilling are
sometimes required. required.

Currently less than 10 % o
wells in Austalia require
this treatment but this may
increase as lower
permeability seams are

targeted.
Water Usage Water must be pumped Water is required for Water is required for
from seams to reduce hydraulic fracturing hydraulic fracturing.

reservoir pressure and
allow gas to flow. If
hydraulic fracturing is
necessary, water is
required for the fracturing

process.

Extraction Challenges Removal of seam water  Overcoming low Reducing infrastructure
and its subsequent permeability. footprint.
disposal.

Minimising the amount of
water required for
hydraulic fracturing.

Reducing infrastructure
footprint.

Although CS@roduction methods are quite different to shale and tight gas, one common feature of all
unconventional gas is that many more wells are required for production compared to unconventional gas
fields. In unconventional gas fields, wells are drilled progvesover the life of the reservoir; as

production declines in old wells and are eventually abandoned, new wells are drilled to maintain the
required production rate from the field.

Methane emissions from gas production can occur at all stages of produotxploration,field

production, processing, transmissiand storageand distribution.These enissions may banintentional

such as leaking valves and other equipment or accidental elikaisquipment failuresand pipe ruptures

that result in gas esping to the atmosphere. However, some emissions are deliberate and include venting
and flaring or the operation of certain types@ds poweregneumaticdevices.

In Australiaalmost all unconventional gas production is CSG. Alpgakicers(both unconventional and
conventionallare required to estimate their greenhouse gas emissions under the NGER legislation
requirements although at present there is no distinction between conveatiand unconventional
production. Although much of the pressing and distribution infrastructure is simisross conventional
and unconventional operationghe large number of wells, water extraction and processing facilities, etc.
associated with CSG productioray provideadditional routes for gas logompaed to conventional
production methods
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estimating emissions from certain processes or even individual items of equipment then aggregating the
resultsto obtain an estimate for the entire industry. Most of the estimates of fugitive emissions made by

the Australian CSG industigr the purposes of NGER reportiage based on the use of emissitattors

that are provided in either the NGER Determinationtiee American Petroleum InstitutéAPI)

Compendium of Greenhouse Gas Emissions Methodologies for the Oil and Natural Gas Industry (API, 2009).
While the API Compendium is extremely comprehensive, much of the data upon which the emission factors
were derivel arerelatively old and often limited. Consequently, some of the methods have very high
uncertainties. Moreoverthese methods were developed based on North American experience rather than
current Australian pactices.

Given the rapid growth of unconvential gagproductionin recent yearsand the high uncertainties
surrounding greenhouse gasissionsthere has beestrong interest irfugitive emissions from the sector
Since about 2012, there have been a number of studies, mostly in the U.S. thattteswptad to measure
fugitive emissions fromnconventional gas productigalthough t should be noted that all of these related
to shale or tight gas rather than CSG.

Mostofthe recent U.Sa (i dzZRA Sa K R2S ydza SriddstiaaRiEnissions fagas producing
regions. These methods abased on measuring atmospheric concentrations of &td other gases and
using information on atmospheric transport phenomena to calculate emissions rates for the area under
investigation. Some researchers have ugealind based methodswhere measurements &re made either
from vehicles ofixed monitoring towerge.g.Pétronet al., 2012). Others hawesedairborne

measurements (e.darion et al., 2013; Caulton et al., 2@} dr satellite data (Kort et al., 201&chneising

et al., 2014}o estimate emissions from gas production regions.

Top-down methods have the advantage of measuring all emissivar the study areahus unlike bottom

up approachesavoid the risk ofissing enssion sourcesHowever, becausall sources g included in the
measurements if otheunrelated emissions sources are present, complex data analysis and interpreation is
required to properly attribute and quantify emission ratéstop-down system using a network tked

ground stationgs currently being developed to provide long term monitoring of f&& CSG and other
sources in the Surat Basin in Queensland (Day et al., 2015).

Although topdown methods have certain advantages for measuring emissions, depending on the scale at
whichthey are applied, they usually give little detail on the routes ofssions. Some bottorap methods,

on the other hand, are suitable to measure emissions from individual items of equipment. In a very
comprehensive study of fugitive emission from the |g&s industry during the 1990s number of

methods wereused to measure emission rat@éirchgessneretal., 199h yS | LILINR | OK gl & Wo
where the leaking component is enclosed in a flexible enclosure to trap the gas. A carrier gas is then passed
through the bag and the emissions rdigis calculated from the total flow through the bdg,and Chl

concentration in the gas strearft, according to Equation 2.4.

O "Q 0o (2.4)

Because this method is very time consuming, an alternative method knowrkaS-C & Prietftiod was

developed. This is similar to the bagging method except that the air around the leaking component is
entrained in an airstream generated by a blower and @té concentration in the entrained airstream is
measured with a suitable gas analyser. The emission rate is thus calculated using the same method as given
in Equation 2.4The HiFlow system has since been developed into a commercially availatibble

instrument designed for routine leak rate quantificatidtowever, there been a recent report suggesting

that on one typeof commercial HFlow instrumentthe range switching operatioof the gas analyseanay

cause underestimation of leak rates (Howardakf 2015).

With properly operating and calibrated instrumehipwever,the HiFlow (and bagging) methods provide
accurate emission rates and have been used successfully for measuring emissions rates from
unconventional gas infrastructure. In the U.Sle\kt al. (2013) used the #iow method to measure
emissions from leaks, pneumatic devices etc. on well pads while in Australia, Day et al. (2014) used both
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bagging and a purpose budlpparatus similar in principle to the-Hlowmethodto measure emigsens
from CSG well pads in NSW and Queensland.

Both bagging and Hilow techniques are usually only capable of measuring emissions from single items of
equipment so many measurements are required to survey even relatively simple infrastructure like well
pads. To reduce the time requiremenfsreliminary screening of plaig usuallyconducted using portable

leak testing or imaging instruments to locate leaks, which are then quantified using a suitable technique. An
alternative method for quantifying emissie from infrastructure is to usatmospheric methods similar to

the top-down techniques discussed above. One of the advantages of this approach is that it can also be
used ata range ofcales. For instance, Hirst et al. (2004) used an atmospheric d@parsihod to

measure hydrocarbon emissions from an oil and gas field several kilometres downwind. Others have used
these methods to measure emissionsdétancef less than 8 m fran the source (Loh et al., 2009; Tsai

et al., 2012) Day et al. (2014) ed a ground based traversing method with a vehicle mountegda@ilyser

to estimate emissions from Australian CSG well pads.

Most atmospheric methods require detailed knowledge of the plume transport characteristics to produce
accurate results. In sonmases, this information may be difficult to measure or estimate hence the
uncertainty of the estimates is increaseégbme of these problems are avoided by using a trgasrthatis
released at a known rate from the same location as the source under invéstigarovided that the tracer

is not reactive and is subject to the same dispersion behaviour as the @Hjsburce, the emission rate
canbe calculated by multiplying the tracer release rate by the ratio of the methane concentration
enhancement (i.ethe measurel CH minus the background level) to the tracer enhane This method

has been used to measure £#hnissions from natural gas operations in the U.S. (Lamb et al.; A965 et

al., 2013).

2.4 Wetlands

Wetlandshave been estimated taccountfor around 25 % of naturally occurring £hissions globally
(Waletzko and Mitscf2014) and hence have been the subject of intensive study over many \ars.
Australia,however,the contributionof wetlands to the overall CHbudget is poorly defined ith only a
handful of studies reported. In additipthe range of emissioratesreportedis very wideg Dalal et al.
(2008) cite values for emission rates varying deer orders of magnitude between 8y CHm2h?*and 44
mg CHm?2h?,

Australian wefands are very diverse and include marine and coastal environments, inland weedtzohd

some manAmade regions (Department of the Environment, 2Bl here are many factors that affect €H
emissions from wetlands and soil more generally such as temperature, seasonal effects, compaction (i.e.
the degree to which air can penetrate the $orhoisture content and vegetation type. Given the diversity

of wetland types, the wide range of emissiftuxes is unsurprising.

Measuring emission fluxes from wetlands is usyadlsformedusing eitheratmospheric methodsr
surface flux chamberg\ comprehensive review of these methods, including their strengths and
weaknesses, is provided in Denmead (20B&mote sensing methods have also beeerd to estimate
emissions from large areas such as the Amazon Basin (Melack et al., 2004) attboaigbe of the coarse
spatial resolution of satellite imagerthis is not suitable for smaller areas.

Many of the methods mentioned above are complex requiring specialised instrumentation and sometimes
infrastructure such as towers. Flux chambers, on the other laadelatively simple to use in the field yet
provide high sensitivity for measuring low esion fluxes accurately and consequently, this is the most
common method used fameasuring soil gas emissions

There are numerous chamber designs available, including a number of commercial systems, but essentially,
all operate by enclosing an area ofldny placing a chamber on the ground surface and measuring the
concentration of Ckor other gas) within the chamber over timgypically, the area enclosed by the

chamber is less than about 1°nfrlux chamber measuremendse oftenY' | RS Ay {(dd&inWwhichi I G A OC
there is no exchange of air between the inside and outside of the chambeharghs concentration
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within the chamber is measured over a period of tirfilee rate of change of Gldoncentrationin the

closed chambeis a function of the gasuk. Analyses of the gas within the chamber may be achieved with
an analyser connected to the chambalternatively,small gas samples may be takbroughout the
experimentusing a gas syringe for later analyses in a laboratory (by gas chromatogramxarfgsle).

Chambers can also be operatedaifiow-through mode where gupply of clean air or other carrier gas is
passed through the chamber at a constant rdfiee flux is a function of the difference in concentration
between he incoming and outgoingream. However, the sensitivity of flowhrough systems is less than
static chambers stiow through systemsre generally only used in areas with higher gas flux.

Despite the relative simplicity of chambers systems there are a numbactirs thatmustbe considered
when interpreting the result®One of the most obvious is that the chambers only cover a very small area
relative to the study regiortHence many measurements are necessary to achieve a reasonable level of
coverage of even small areas. Moweo, the inherent heterogeneity of soils mean that significant
differences in flux may occur over small distances.

More subtle factors may also affect the results of flux chamber measurem@ngdl pressure differences
between the inside and outside oféhlchambers may lead to large errors. Denmead (2008) cites results
where a pressure differential of 100 Pa changed the measured flux by a factor of 10. Because of this, static
chambersoften have a small vent to allow the pressure to equilibrate, espedfaly analyser with a flow

return system is used to measure the gas concentration.

Because chambers enclose a section of ground, there is the potential to alter the microclimate above the
soil, whichin turn has the potential to affect gas emissio@&neaally, this problem is mainly associated

with chambers that are left in place for extended peri@dshorter term experiments (of the order of a few
minutes) are less likely to cause such changes.

Another pointrelates to ®me static chamberg/here aninternalfan is usedo ensure that the gas is well

mixed within the chambeit has been demonstrated that high levels of tulénce induced by ik mixing

may affect the apparent emission fluRg€nmead, 2008). It hadsobeen suggested that static chambers

may affect the flow of gas when high concentrations are reached in the chamber (Denmead, 2008) and for
thisreason flow through chambers may be preferred when flux rates are .Higtbate continues as to the
optimum design of flux chambers (Pihlatie et 2D13).

2.5 Cattle Production

Greenhouse gas emissions from livestock in Australia were estimated to be 59.7%#l00ang 2013

O05SLI NIYSYyld 2F GKS 9YDPANRYYSY(HZ HnmplUuI S6KAOK NBL
emissions. Most of the livesck emissions are due to @ptoduced by enteric fermentation (56.4 Mt &©

or 2,685 Gg CHf with manure management from intensive feedlots contributing a fur&Mt CQG-e. It

has been estimated that about 52 % of enteric fermentation emissionasir#iia are derived froncattle

(Charmely et al., 2015).

Because agriculture is not included in the NGER legislation, emissions from cattle are estimated for the
purposes of compiling the National Greenhouse Gas Inventory Tiggn@methodology, whiclessentially
relies on a linear relationship between ioduction in cattle and their feed intakelowever, recent
research has shown that some of the factors used for compiling the Australian national inventory may be
overestimating emissions by as mue 24 % (Charmley et al., 2015).

Research into greenhouse gas emissions from cattle has been conducted over many years. Much of this
work has been conducteasingapparatuswhere individual cattle are enclosed in a fldwrough chamber

and providel with feed and water for the duration of the testvhich may last for up to 24 hours (Tomkins

et al., 2011). The temperature and humidity of the chamédwer closely controlled whileraair stream of
perhaps 20800 L mirt is passed through the chamber. The awflrate and concentration of Glih the

outlet air stream are continuously measured over the duration of the experimenaamdsed to calculate

the daily CH flux for the animalunder test.A similar technique uses a hood that surrostige test

& dzo & Be@diradher than the entire animal (Boadi et al., 2002hile chambermethods are potentially
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very accurate, they requirkighly specialised equipment and facilitiesyissions areneasuredunder
laboratory conditions rather tham the field and theprocedures havea low throughput.

Other methodghat allow measurements to be made while cattle forage normalijude various

atmospheric techniques. One approach usesaSFn inert tracer gas. Here, a permeation tube that

releases SFataknownrated AYaSNISR Ay (GKS |yAYlFfQa NHzYSyo ! &
O2fttSOGA AN FNRBY vy SI, Nhidnk Bterlanalysday ga©chronyatodréphyl y R Y 2 dzi
(Johnson et al., 2007)he emission rate of Gk$ calculated by multiplying the release rate of BFthe

ratio of CHto Sk concentrations in the samplé similar tracer technique has also been used where

instead of S§ radioactive Cithat has been labelled with eithéfC or®H is infused intahe rumen

(Hegarty et al., 2007).

There have been a number of studies made to validate the tracer method against the chamber method and
agreement between the two methods generally within about 5 ¥&rainger et al., 2007; McGinn et al.,
2006).

Chamber ad tracer methods are designed to measure emissions from individual cattle, however, there
have also been numerous studies aimed at measuring emissions from entire herds or intensive feedlot
facilities.These studies often used atmospheric dispersion mhbd where Cllconcentrationis

measured downwind of the sour@ndinverted to provide an emissidiux using a backward Lagrangian
stochastic model (Tomkins et al., 20McGinn et al., 2011Yhis method was used by McGianal. (2008)

to measure emissins fromcattle feedlosin Queenslanénd Canada

As well as enteric fermentation, cattle manure may also be a significant source af€ld some cases
N0, which is also a potent greenhouse g&m. the purposes of compiling national greenhouse gas
inventories, the IPCCH emission factor for manure management of ndairy catte in Oceania is kg CH
head! y!, which assumes that all manure management is by dispersal on pastures and (t26§&s1996).
However, the amount of Ghproduced varies substantially depending on the type of management. For
most beef cattle in Australia, manure is dispersed throughout the rangelands, which results in mainly
aerobic decomposition with low emissions df.Cintensive agricultural facilities like feedlots, on the other
hand, tend to use liquid management practices where the manure dsihdagoons. In this situation,
decomposition is bpnaerobic activity that producesuchlarger quantiies ofCH. ThelPCC emission
factor for liquid manurenanagemenisuch as in a feedlot) in a warm climate with an annual average
temperatureabove 25 °C is 38 kg {i¢ad! y™.

Methaneemissions from manure lagooase generallymade usingsome form of floatindlux chamber

(e.g. Husted, 1993ebread et aJ 2006) or micrometeorological method (e.g. Kebread et al., 2006; Ro et
al., 2013)However, it should be noted that there are obvious héadind safety implications associated
with direct contactmethodssuch as flux chambers

2.6 RiceCultivation

Globally, rice cultivatiors one of the main agricultural sources ofs@Hd contributes dout 10 % of
atmospheric CiHemissiongDalal et al., 2008). In Australia, rice producti®onlyarelativelysmall
component of the local agricultural industsp the proportion of CkHemissions from rice cultivation
relative to overall agricultural production is much lower than the global aver@geentannualCH
emissions from Australian rice cultivation argtimated to be556 Gg C&e (~26.5 Gg GH which
represents less than 0%of emissions from the agricultural sector as a wh@epartment of the
Environment, 2015aAlmost allAustralianrice isgrown in NSW but evelmere,the contribution of rice
emissionss less than 3 % of all NSW agriculture greenhouse gas emissions (Department of the
Environment 2015b).

Specific emission data for Australian rice emissions is very sparse and for the purposes of compiling the
National Greenhouse Gas Inventory, emisgstimates are made using a Tiemethod with an IPCC
default emission factoof 10 g n? y* (Department of the environment, 2015€}onsequently, the
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uncertainty onthese estimates ikigh (although given the small size of the rice contribution to total
greenhouse gasmissionsn Australia this is largely immaterial).

Methane is emitted from ricpaddies by several routes: transport through the vascular system within the
plants, ebullition and diffusiothrough water to the atmospherdt has been estiated that plant transport

is the main mekanism (Jain et al., 2004 e ebullition accounts for perhaps 20 % of the flux. Diffusion
contributes only a minor component of gas emissiortee rate at which CHs emitted is strongly affected

by a wide rang®ef factors. Perhaps the single largest influence on emissions is water management. For
instance, midseason drainage or intermittent flooding, which are practised in some rice growing regions,
cansignificantlyreduce Cklemissions. The increased aeratiofithe soil promoted by these management
regimes may also lead to increasedsGkldation further reducing emissions (Uprety et al., 200ther

factors that affect Clemissions are seasonal and diurnal responses, temperature, pH of the water, type of
cultivar, fertiliser application and others (Uprety et al., 20D&ajal, 2008Jain et al., 2004Neue, 199Y.

Like wetlands, CHemissions from rice fields are most commonly measured using surface flux chambers.
Often, these are purpose built for the taakd may be deployed manually during field measurement
campaigns (e.g. Cicerone et al., 1983; Khalil et al.,;3®&drthisinghe et al., 1993Alternatively,

automated chambers may be installed in the field for long term monitoring Selijtz et al., 198). If
permanent fixed chambers are to be used it is important to ensure that they do not affect the growing
cycle of the riceHence these chambers have lids that can be automatically opened after each
measurement to allow normal airflow to the plants. The chambers are also normally constructed from clear
plastic so as not to block sunlight to the plamsother feature of chambers ed for rice emissions is that
they must be high enough to accommodate the plants throughout the growing seAsoatdingly,
chambers are often relatively talhdrequire internal mixing with a fan to avoid concentration

stratification during measurements

As well aghamber methods, micrometeorological methods such as eddy covariance may also be used for
measuring emissions from rice paddies (Uprety et al., 2011).

2.7 Landfills

Emissions from landfills are currently estimated to comprise about 10 % oftdt8Mgreenhouse gas
emissions (Table 2.1Qften emissions from landfills that are requireddereported (i.e. thosefrom sites
that generate more than 1,000t CQ-e per annum) are estimated using Method 1, which is based on
estimates othe amount ofmaterialwithin the landfill and that received at thacility during the reporting
year, andafirst order decay model. Higher order methods are also permitted in which emissiongtfeom
site that are not capturedre estimated using a series of fluxaohber measurements made over a
representative area.

Many studies that have examined landfill emissions have used surface flux chambers because of the
simplicityandversatilityof the method(e.g.Bogner et al., 19953ylosher et al., 1999Stern et al.2007)
However, flux chambers only measure a small surface area during each measurement and thus many
individual measurements are required to estimate emissions from a large site such as landfills. Moreover,
landfills are often particularly inhomogeneous that large differences in flux may occur over short
distancesln one study, emission rates were found to vary over seven orders of magnitude from less than
0.0004 g it day* to more than 400@ n? day?, which introduces potentially very large uncerttes into
estimates based on inadequate numbers of flux chamber measureni@agmer et al., 1997)

As a resulbf the sampling difficulties posed by chamber methoathertechniqueshave been investigated
to measure emissions from landfilldost of these methods overcome the sampling problems associated
with flux chambers but often require more elaborate equipment and higher levels of data analyses and
interpretation. The majority of useful methodse atmospheric techniques and include eddy covaeanc
(Hovde et al., 1995fuomas et al., 2007fxacer gases (Czepiel et al., 1996; Mosher et al., 1828piel et

al., 2003; Spokas et al., 2006) goidme maping (USEPA, 2012; Amini et 2013).The latter method may
use open path laser instruments toeasure the integrated Giloncentration between the plume and a
series of fixed reflectors (sometimes at elevated locations to measure the vertical component) then
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combining with local wind speed data to calculate an emission flux from the site. The lgee¢nadology
of this approach is nowhe basis of USEPA method OTM;I0ptical Remote Sensing for Emission
Characterisation from NeRoint Sources.

A description of the tracer and flux chamber methods are described in Section 5.2.3 and 5.2.4 of this
report, respectively.

2.8 Wastewater Treatment

For the purposes of national greenhouse gas reportingeutite current NGER legislation, wastewater

treatment plants estimate emissions based on the population of the region they serve. Method 1 use the
population and default emission factors to estimate emissions while higher methods (Methods 2 and 3)

also use measurements of the chemical oxygen demand (COD) of the effluprgsét,there is no

provision for direct measurement of Cemissions from wastewatdreatment plants. As aesult,

estimates for many plants probably have a relativelyh degree of uncertaintyHowever, the contribution

of wastewatertreatment plants to overall CiHemissions igairly low andbased on current estimates
(notwithstanding the uncertainty of thesea G A Y 1§ S& 03X NB LINB & Syiinvefitdya & (K y
(Table 2.1).

Most wastewater treatment facilities in Australia and elsewhere comprise a number of processes (primary,
secondarnyand sometimes tertiary) with varying levels ofs@khissionsA range of techniques h&gen
applied at facilities to measure emissions throughout the treatment process.

Toprak (1995) measured £&hd CQemissions rates from an anaerobic waste pond uaifiged system to
collect gas evolved from the plant. The apparatus comprised an inverted plastic funnel with a diameter of
365 mm that was fixed below the surface. Gas bubbles were collected in the funnel and the gas flow rate
measured directly using &fv meter connected to the funnelhe average gas flow rate measured during
the study was approximately 19.6°may* (combined Ckand CQ) although there was a significant level of
diurnal variation in the rate. Moreover, the volume of gas produced alss found to increase with

increasing ambient air temperature.

One of the advantages of dua system is that it can be left in place for an extended period and with a
simple logging system can yield continuous emission data, which is not feasiblefreittuent periodic
measurementsHowever, this methodology samples over a single, very small area (-)0sb the
representativeness or otherwise introduces a level of uncertainty to the results.

More commonly, flux chambeiof some design are used foreasuring emission fluxes fromastewater
facilities.Czepiel et al. (1993) used a floating metal flux chamber to measure gaseous emissions from the
non-aerated parts of the treatment process. For aerated operations, they used a modification of the flux
chamber where a collapsible plastic bag supported on a wooden frame \aas@in actively aerated

ponds.
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3 Volatile Organic Compounds

Air quality concerns regarding unconventional gas production has gained momentum in the United States
due primarily to the apid expansion of the onshore gas industry and the associated use of hydraulic
fracturing. Methane along with volatile organic compounds (VOCs) and other pollutants have been studied
with respect to air quality and health impacts related to the unconvergioil and gas industry (Field

etal., 2014). The CSG sector is somewhat diftareAustralia to that in the Unite@ates, as has been
discussed in the previous sections, but nevertheless emissions inventories are important in quantifying the
contribution of air emissions from a particular source category to ambient air quality.

This study expands the understanding of source emissions with the inclusion of volatileca@gapounds

for the various methanemissions sources. The VOC emissi@ve tbeen addressed from an ambient air
guality perspective, not as an emissions inventory as such, to provide information on ambient
concentrations across a region or close to a particular source and to investigate whether it is possible to
ascertain certm characteristics of that source.

The contribution of a source to ambient VOC concentrations at a particular location is dependent on a
number of factors, such as the source strength, source proximity, transport mechanisms (dispersion,
dilution and mixing, and atmospheric chemical transformation. Meteorology will produce variability in the
ambient concentrations observed and photochemistry will reduce the concentration of reactive
hydrocarbons in the atmosphere. Emissions may show diurnal variation whepattern of the measured
compounds follows the intensity of the activity. Long term averaging technigues and large data sets are
required to allow the seasonal variation of VOC emissions to be detected over shorter term variation arising
from the many &ctors that control emissions flux and fate. While statistical techniques such as positive
matrix factorisation are used to identify a source and its relative contribution, this technique requires large
sample sizes to generate the data set required fatistical analysis and the identificationfaictors that

may be assigned to specific sources or source groups.

The work conducted for this projefiicuseson the trace level detection of a large suite of volatile organic
compounds in order to gain an uedstanding of source related impacts on ambient air and to study the
prevalence otompounds thatmay specifically characterise a source. As far as wavaaee,a VOC study
as comprehensive as this one has not been undertaken in Australian gas fielfis, thernumber of

source categories examinéa regional New South Wales
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4  Isotopic Ratios

The isotopic ratio of carbon i@H 6 ¥¥C Ch) is a measure of the stable isotopes of carb8@/2C) within

the CH gas molecule being analysélhe unitsfor 1 3CF NB NB L2 NI SR Ay LI NI a LISNJI {
international standard/ienna Pee Dee Belemnite (VPDB)milarly the isotopic ratio of hydrogen in

Y S i K I 34 EH) i a measure of the stable isotopes of hydrogeti'H) within the methane gas

molecude. The unitsfor t2HIF N NBLIRZ2 NI SR Ay LI NIia LISN) GK2dzal yR 6::0
Vienna Mean Standard Ocean Water (VSMOMIE same system of nomenclature can also be used for

other hydrocarbons and carbon dioxide.

Often referred to as the isotopic signature or fingerprint of a molecule, this parameter is relevant since
different sources and sinks 6H have a different affinity for thé’C and*C isotopes and similarly for the
2H and'H isotopes. & | y | ¥CER A y BH GH, different sources (0€H in the atmosphere or in the
ground) may be distingsihed

4.1 Bulk Gas Composition

The bulk molecular composition gés is widely used to differentiate the origin of the sample. Biogas
derived samples are chatacised by highCH and significant carbon dioxide levels (anaerobic
methanogenesis) and almost no heavier hydrocarbons. Hydrocarbon derived natural gases are influenced
by biogenic versus thermogerfiarmation (e.g. Strapoc et g12011; Scott et al., 199 Golding et aJ 2013),

the maturity of their source rocks (e.g. Rezniko, 1969; Stahl, 1974; Connan and Cassou, 1980) and
elemental composition of the organic matter in coal or shale source rock, especially hydrogen/carbon ratio
(Rice et al., 1989; Boram et al, 2001). Coal seam gas consists of mainly light hydrocarbeqs) (G

various proportions and G@QPapendick et al2011), and in some cases small amountsitobgen (Nz)

(Smith et al., 1985; Smith and Pallasser, 1996; Hamilton,&x(dl4) hydrogen (), helium He) (Clayton,

1998) anchydrogen sulphideHe9 (G | @ 12y S Mpdy 0 @ ¢ soSipohdnNtuctSas répare, ¥ Wo S
butane, etctends to be a reflection of coal or other organic matter rank and pure microbial gases are
characteriged by exceptionally low concentrations of ethane and heavier hydrocarbons (Li20@8; Faiz

and Hendry, 2006). Gas derived from petroleum oil and shale oil/gas accumulations is characterised by a
significant greater proportion of heavier hydrocarbd@-Gs.) in addition to the CiH much more so than in

coal seam gas (Golding et, &013).

The schematic in Figure 4.1 shows pictorally some of the most common sources of methane release into
the environment from natural and anthropogenic sources (NABAS, 2013). The primary removal
mechanism of methane from the atmosphere is through chemical reactions with the hydroxyl radial (OH
formingCQ. The OHMreacts with a number of gases in the atmosphere and is commonly referred to as a
chemical specie8 KI i WOt SIyaQ GKS |GY2aLKSNB®

CAIdz2NBE non A& | a0OKSYFGAO ONRaa aSodAazy 2F (GKS 9t
CH. Origins ofCH include conversion of organic material by miacnganisms (biogenesis), thermal
decomposition oburied organic matter (thermogenesis) and deep crustal processes (abiogenesis). Buoyant
CH migrates upward through rock pores and fractures and either accumulates under impermeable layers

or eventually reaches the surface and dissipates into the atmasphe

AbiogenicCH is the least understood system but its documented discovery at an East Pacific Rise
hydrothermal vent and in other crustal fluids supports the occurrence of an abiogenic source of
hydrocarbons (Lollar et ak006; Horita and Berndi999). Tis methaneis generally formed by the
reduction ofCQ, a process which is thought to occur during magma cooling, in hydrothermal systems
during rockwater interactions and the serpentinisation of ultramafic rocks. In the context of global
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hydrocabon reservoirs, abiogenic contribution is only a minor fraction based on isotopic signatures (Lollar
et al, 2002).

cH, 2 co,

Methane Sources:
A.Mining and natural gas leaks
B. Agriculture: ruminants
C.Landfills

D. Agriculture: rice paddies
E.Natural wetlands

F.Hydrates

Figure 4.1. Schematic of sources of methane in the environment (NASA, GISS, 2013)

te and Sandstone

\S
GENES™  DEEP CRUSTAL GAS
C + 2H,0 — CH, + O,

MANTLE GASES (CO, + CH,?) (Graphite + Water)

pB\O

Figure 4.2 Schematic cross section of suifacemethane generation pathways (Howell et al1993)

18| Methane and Volatile Organic Compound Emissions in New South Wales



4.2 Carbon and Hydrogen Isotopes @d<es

The isotopic compositions of natural gases has long been used to help identify its origins (e.g. Golding et al
2013, Stahl, 1977; Schoell, 1980; Rice efLl&B9; Whiticar, 1994), and the thermal maturities of their

source rocks (e.g. Boreham et, &001, Stahl and Carey, 1975; Dai and Qi, 1989; Berner and Faber, 1996).
Thermogenic gases are generated from organic matter and oil by cracking at high tempekéetinane

also forms as a product of anaerobic microbial metabolism. Methane carbon isotope values be2@d¢en

-p n YPDRBypically indicate thermogenic gas and values lower tgam :':  F NS Ay RAOF A @S
influences (Schoell 1980, 1988). Inteutiwe valuesH0to-c n 3: 0 YI & 06S (GKS NBadzZ (
thermogenic and secondary biogenic gases. Because variable contributions of the end members can result

in a wide variety of carbon isotope values, distinguishing between thermogenic and biogetnibudions

OFy 0SS LINEROf SYI ¥Cikignatdrgs alonk. Fable 4. & surimagsé&s commom natural and
anthropogenic methane sources.

Isotopic values for atmospher@Q tend to range from8to-MmH :: RSLISYRAY 3 2y | ANJ LR
(Longinelli ¢al., 2005, Clarghorne and Yapp, 2003) and values for carbon isotopes oh@0al seams

worldwide range betweemt y :': | Y R ithmtdl.19850Rjce 1993; Karba and Rice, 1995;

Clayton, 1998). Bacterial reduction of G€ads to isotopicalljeavier C isotopes in the residual gas, in

severe cases positive values (Emery and Robinson, 1993). Carbon isotopic valuéetiéan-5

to-28: | NB Ay RAOI dids@uscesyIfvin étklS MR72ChEhg and Sacket, 1979; Clayton, 1998;
Goldirg et al, 2013). Isotopic values of endogenic &® close to the main value for elemental C in the

upper mantle and vary fromlOto-p:': 0 { YAGK SO | f ®X mpypT WFHFz2e Si | f
1993).

The hydrogen isotopic composition of Qjdnerated from the biogenic samples utilising anaerobic

digestion of organic material generally ranges framn n :z0 plin2:: *{ah2 ® ¢ { Sy G23Si
carbon isotope values of GHhese values are generally consistent with bacterial origins and mettg/| typ
fermentation. During bacterial G@duction, the formation water supplies the hydrogen, whereas during
fermentation, up to three quarters of the hydrogen comes directly from methyl groups in thecogher

organic precursorswhich is already depletein the heavier deuterium atoms, hence explaining the very

depleted hydrogen isotope signature. In contrast, nusil samples (Surat, Bowelydney Gloucester

Basin, etc.) have typical hydrogen isotope vak2@® to-H c n :': *{ ah2 X RSLIBeyhiRA y 3 dzLJ2
maturity and mixing inputs from secondary microltad (Golding et al., 2013) which tend to be dominated

by bacterial carbonate reduction.

¢KS O2Y0AY AR FRI@FordHAS crossplot generally provide insights into their origins
(see Whiticar, 1999). In Figure 4.3, some differentiatio@ldfsources is possible but one needs to bear in
mind that there are always exceptions to this broad classification due to thasitnature of gases (i.e.
multiple sources can rapidly mix, gas samples easily leak and suffer fractionation effects, etc.).

In the present study, analysis of the bulk composition and isotopic compositions of carbon and hydrogen
for CQ and CHwere usedo give insights into the origin of gases.
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Figure 4.3Stable isotope crosglot of carbon and hydrogen isotopes @H (Whiticar, 1999)
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Table 4.1 Carbon and hydrogen isotopes of common natural and anthropog€ri@and CQ sources

113C CH 113C Co

Methane Source &'t £t 5. Upper Lower Gt Upper Lower &'t £t 5. Upper Lower

Natural Sources

Wetlands (swamps) -55 -50 -58 -258 -229 -314 10 18 2
Wetlands (bogs and Tundra) -65 -52 -70

Oceans -59

Mud Volcanoes -40

Termites -57 -52 -76 -22 -8 -28
Wild Animals -62

Atmospheric Methane -47 -46 -48 -86 -83 -89

Methane Hydrates -55 -50 -60

Permafrost (Siberian Thaw Lakes) -65 -50 -80 -300 -290 -320

Anthropogenic Sources

Biomass burning (C4 vegetation) Savanah Grassl -17 -14 -20 -200

Biomass burning (C3 vegetation) Boreal Forest -26 -23 -30 -200

Enteric fermentation (C4 vegetation) Ruminants -50 -45 -55 -340

Enteric fermentation (C3 vegetation) Ruminants -63 -60 -76 -350

Landfill -56 -51 -62 -254 -230 -310 15 24 5
Food Digester (anaerobic) -49 -47 -56 -326 -305 -340 10 17 3
Domestic Seage -57 -46 -60 -300 -298 -330 8 12 2
Feedlot Manure -58 -47 -61 -341 -280 -350 4 6 -20
Rice Farms -62 -59 -67 -323 -305 -365 16 18 -29
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113C CH 12H CH 113C Co

Methane Source &t o+t 5. Upper Lower &t +{ah Upper Lower Gt +t 5. Upper

Coal extraction -35 -14 =77 -223 -219 -230 -17 -12 -25
Coal Seam Gas (Sydney Basin) -49 -23 -72 -251 -200 -273 15 25 -21
Coal Seam Gas (Surat Basin) production -56 -50 -60 -212 -205 -217 9 15 -27
Coal Seam Gas (Surat Basin) desorbed -51 -45 -59 -221 -202 -238 4 8 -3
Coal Seam Gas (Bowen Basin) -60 -23 -78 -215 -200 -220 19 20 -13
Natural Gas (North Sea) -35 -25 -37 -180 -178 -213

Natural Gas (Siberia) -50 -47 -53 -190 -183 -221

Natural Gas (Australia) -38 -27 -50

Natural Gas (commercidEastern Australia) -39 -35 41 -214 -200 -220 -2 -1 -9
Traffic Exhaust (California, USA) -46 -30 -49 -110 -100 -130

References: (Anthony et a2012; Boreham et al2001; Burra et al 2014; Craig et al1988; Dlugokencky et.aR011; Draper and Boreham, 200Baiz and Hendry, 2006; Golding
et al, 2013; Hamilton et a) 2014, Keeling, C. D., 19&0nnon et al., 201Q;i et al, 2008; Lowe et 311991; Montiel et a) 2011;Pacific Environment, 2014; Quay et al., 1999; Rust,
F. E 1981;Schaefer et al., 201&choell, M., 1988; Smith et,al982; Stevens, C. M., 198evens and Rust, 198rapoc et a] 2011; Townsen®mall et al 2012;Umezawa et

al, 2012;Zimmerman et aj 1982).
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5 Experimental

5.1 Sampling Sites

The original project brief specified thateasurements were to be made at 15 sites across NSW covering a
range ofCH sources:

w Four main CSG regions i.e. Camddarrabri Gloucester and Casino

One landfill site at a country location

One landfill site in major city

One rice farm

One coal mine infte Hunter region

One coal mine in the Narrabri/Gunnedah region

Fourwastewater treatment plant , i.esewage treatment plantéSTP)three in
country NSW; one in the Sydney metropolitan or major regional centre

() One intensive agriculture site such as a fésdr a pig farm

() One natural source of methane such as natural seep, forest or drainage line.

Eegegeee

Stes for field measurements and sampling weedectedfrom each of the categories listed abobg the
NSWEPA£except the ricdarm, whichwas selected by CSMRafter consultation with CSIRO Agriculture
officers) An initial selection was made in consultation with the EPA regional ofiftes which facility
operatorswere then invited to participate in the project. A number of the operators of the some of the
invited facilities declined to participatso alternativesvere then sought by the EPA. A consequence of this
was that rone of the coal mines in the Narrabri/Gunnedah region were available to participate in the
project so two Hunter Vally mines were irladed instead.

In the case of CSG operations, the negotiations to gain atwesse facilitiesvere somewhat protracted
and hencdletailed orrpad measurements did not commence at these sites until about the middle of 2015.

In general, sites were selectéal be spreadacross NSW but because in most cgsasicipation in the

project wasvoluntary, the final selection of sites was largely dependent upon the operators agreeing to
provide access to their sites. In addition to this, some consideratasgiven to theproximity of the CSIRO
base in Newcastl®n some sample site® assist in the logistics of visits the sites over the course of the
project (for examplethe Summerhill Waste Management Centre in Newcastle was selected to represent
the citylandfill site, and the Singleton \Mtawater Treatment Works was chosen as one of the country
sewage treatment plants).

A brief descriptiorof each site are provided in Table 5.1. Approximate locations of @ehre also shown
in Figure 6L in the Resus$ section
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Table5.1. Details of the sampling sites investigated during the study

Approximate
Location

Category

Camden Gas Project AGL Energy CSG production -34.12,150.77

Gloucester Gas AGL Energy CSG production -32.05, 151.97
Project

Narrabri Gas Project Santos Limited CSG production -30.63, 149.65

West Casino Gas Metgasco CSG production -28.82,152.96
Project Limited

Parkes Wast€&acility Parkes Shire Country landfill -33.13,148.1%4
Council

Summerhill Waste  Newcastle City Metropolitan -32.89, 151.64

Management Centre Council landfill
Yanco Agricultural NSW Rice farm -34.62,146.42
Institute Department of

Primary

Industries

wA EQ&a / NB ¢ The Bloomfield Hunter Valley — -32.53,151.12°
Group coal mine (open
cut)

Wambo Coal Mine  Peabody Energy Hunter Valley  -32.57, 150.99
coal mine (open
cut and
underground)
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144 wells, with 96 producing. One gas
processing plantThe Camden gas
project is currently the only CSG
producerin NSWselling gas
commercially.

Four pilot wellgproducing gas
Produced gas is flaredhe project was
cancelled in February 26, and since
then all wells have been suspended
with no gas production.

About 50pilot wells with gas and wate
treatment facilities. Some of the gas
produced is used in the Wilga Park
Power Station; the remainder is flared

This project is now cancelledllwells
are either suspended or plugged and
abandoned

The largest of a number of landfills
operated by Parkes Shire Council. Th
site has been operating since 1995 ar
iscurrently licensed to accept up to
20,000 t of solid waste per annum
Waste is periodically buriegithere is
no gas capture at this site.

This is the primaryaste management
facility in Newcastle. It is licensed to
accept up to 220,000 t of solid waste
per annum. A gas collection system is
installed which is used to generate up
to 2 MW of electricity on site.

The hstitute conducts research into
sustainable agriculture, especially rice
production and horticulture.
Measurements were made in an
experimental rice crop.

Opencut operation producing
approximately 2.5 Mtun-of-mine
(ROM coal per annum.

This mine is aombined opercut and
underground operation. Total
production is about 7.5 MROMcoal
per annum.



Category

Approximate
Location

Camden Gas Project AGL Energy

Gloucester Gas AGL Energy
Project

Sindeton Singleton
Wastewater Council
Treatment Plant

Dubbo Wastewater Dubbo City
Treatment Plant Council
Wagga Wagga Wagga Wagga
Narrung Street City Council
Wastewater

Treatment Plant

Picton Wastewater  Sydney Water

Treatment Plant

Jindalee Feedlot Teys Australia

Yaegl Nature Reservi NSW National
Parks and
Wildlife Service

CSG production

CSG production

Country STP

Country STP

Country STP

Metropolitan
STP

Intensive
agricultureg
cattle feedlot

Natural area

-34.12,150.77

-32.05, 151.97

-3260° 151.18°

-32.20, 148.63

-35.09, 147.36

-34.20°, 150.62

-34.46,147.77

-29.46, 153.23

144 wells, with 96 producing. One gas
processing plantThe Camden gas
project is currently the only CSG
producerin NSWselling gas
commercially.

Four pilot wellgproducing gas
Produced gas is flared@he project was
cancelled in February 26, and since
then all wells have been suspended
with no gas production.

The facility lcated on Army Camp roa
receivesall of the wastewater from
Singleton for treatmentThe capacity
of the facility is about 2000
equivalent personsHPB.

The Boothaba Road plant is the main
sewage treatment facility for Dubbo.
The plant is currently operating at the
limit of its capacityapprox. 38000 EP)
and a new facility adjacent to the
existing plant was under construction
during this project. The new plant was
commissioned during late 261

The Narrung Street plant is the larges
of severalwastewatertreatment
facilities operated by the Wagga Wag
City Council. It treats both domestic
and industrial effluent.

The Picton plant isne of six treatment
facilities in the Hawksburilepean
catchment operated by Sydney Water
It has a capacity of approximately
13,000 EP.

Cattle are sourceérom farms within
about a 500 km radius for fattening.
The facility has a capacity of around
17,000 head.

The reserve comprises a floodplain of
mainly paperbarkorest and some
coastal saltmarsh. The total area of th
reserve is 312 ha. Because it is a
wetland there are no tracks through
the reserve so vehicle access is limite

In addition to thesel5 sites,further measurements odmbient concentrations of GHnd volatile organic
compounds (VOCs)ere made within the Camden gas field south of Sydney and at site within the Cuba
State Forestapproximately 30 knwest d Leeton(approximate location34.605 146.089. Generally,

during field trips, thevehiclemounted methane analyser was operating for most of the time thacleh
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was driven between sites. This provided a large database of ambient methane concentrations across NSW
overalmost a tweyearperiod.

5.2 Methane Measurements

There are many choices alable for measuring GHluxes as discussed in Section 2. However, this project
required measurements to be made at many sites and at multiple times throughout the project period so it
was not considered practical to use methods based on fixedllatibns (e.g. eddy covariance amyerse
modelling) for all sites. While such systems have to the potential to yield continuous data, the cost of
setting up 16 monitoring systems across NSW would have been prohiBitieerdinglywe adopted

methods that cou be applied during periodic visits to each site.

AmbientCH concentrations and in many ses, the emissiofiux, weremeasuredat the sites listed in
Table 5.1 using a range of metlx) which are described in the following sections.

5.2.1 MOBILE SURVEYS

AmbientCH concentration wasisuallymeasured using a Picarro Mod&301CH, CQ, HO cavity ring

down spectrometer, which was fitted into a fourheeldrive vehicleOn some other occasions, £H
concentrations were measured using other Picarro or Los Gatos Research inss(seeribllowing

sections)A Picarro Mobile Kit provided power to threhicle mountedyas analyser via an inverter that

2LISNF GSR 2FF (KS @SKA Qiarngatery fitted tarthe hvithiglSaNdweddbielLJt & & | v
instrument to be operated for up several hours without the engine running. The Mobile Kit also includes

a GPS receivéHemisphere R330 GNSS receiaa) software so that concentration data can be proeeks

and displayed in GIS software. Wind speed and direction at sampling sites were measured tsing a 2
dimensional sonic anemomete€limatronics Sonimometemounted on the roof of the vehicle

(measurements were madenly while the vehicle was stationary).

The nominal operating range of the analysed-20 ppmCH with a resolution of about 1 pptHowever,

we have previously found that themalyser can reliably measure concentrations of at least 300 ppm,
provided that the instrument is calibrated againsitable standard§Day et al., 2014). The data acquisition
rate of the Picarro instrument is typically 0.3 Hz when used to med&3HreCQ and H,O concentrations
simultaneouslyhowever the acquisition rate decreases when operated above 20 ppnDEtdilsof the
instrument specifications can be found at
http://www.picarro.com/products_solutions/trace_gas_analyzers/co_co2_ch4.h20

Thecalibration of theanalyser wasegularly checkedgainstseveral standard gas mixtures including a high
precision referenceir sample containing 1.732 ppm £ithd 383 ppmCQ prepared by theCSIRO Oceans
and Atmosphere, GASLAB (Francey et al., 2003 CHtmncentrationindicated by the Picarro instrument
was always within about 0.2 % of the nominal concentration of the referendeaix4 ppb ChHl Other
standards were also used from time to time for higher concentrations. Tlesserecisenixtures were
commerciallypurchased calibratiostandards containingetween10.8 ppm and 103 ppi@H.

During mobile surveys, the spectrometer was operated continuously while the vehicle was travelling but
lf&42 FT2NJ SEGSYRSR LISNA2R& ¢ KSy ubddttdched ty theNdnbof theh NJ 6 |
vehicle about 1 m above ground level. The normal flow rate of sample air to the spectrometer is
approximately 100 mL mity however, to minimise the lag time between air entering the inlet tube and

reaching the analyser, auxiliary pump in the Mobile Kit was used to increase the flow wat® about 5

L min'. The residence time of the sample within the sample line was less than 0.5 s at this floWhate.

used for flux chamber measurements (Section 5.2.4), the ayxpiamp was bypassed using a thheay

valve.

Surveys were made by driving the vehicle on public and sometimes private roads at speeds up to about 110
km hl. The rate of measurement of the instrument was such that relatively small methane anomalies could
be detected at highway speed although the response time of the instrument, which was about 14 s,
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resulted in an offset of several hundred metres at this spétmlveverwhen surveys were made on the
selected sites, the vehicle speadis much lowe(typically <20 km hrt) and often little more than walking
pace so the offset yielded by the vehicle speed could usually be ignored.

Later in the project, we acquired a Los Gatos Research-RittrableMethane/AcetyleneAnalyser. This
instrument has an operating range ofl000 ppmCH, 0-1 %CGH, and 67 %H,O (full specifications can be

found athttp://www.lgrinc.com/documents/LGR_PortableAMA Datasheet.pdf A GPS receiver could

also be connected to the analyser to provide spatial information if required. Calibrations were periodically
made using the standard mixtures as for the Picarro; two additional standards containing 4.1 and 20.6 ppm
GH,, respectivelywere also used.

5.2.2 PLUME TRAVERSES

In somecircumstancesi is possible to estimat€H emissions from sources using a plume dispersion
method. In this method, th€H concentration profile in a plume originating from tk#4 emisson source
is measured at some distance downwind by performing traverses across the glbisenethod, among
others, was used by Day et al. (2014) to estin@i®emissions from Australian CSG well padwe
technique is illustrated in Figure 5.1.

Plume Characteristics
.
X - Emission Source
y—  |@
. / o
Wind Direction N
&Q’&
@6‘0&\

Figure5.1. Schematic representation of the plume traversing experimelfisom Day et al., 2014)

By traversing across a plume downwind of the source, the emissioriflongy be estimated by integrating
the CH concentration enhancemeng, of the plumen the horizontaly, and verticalz, directions and
multiplying by the average wind velocity,

O 60, . 64 QwQa (5.)

Because concentration measurements are made only at ground level, the vertical dispersion must be
estimated by reference to plume dispersion models such as the Pa&iffdlid curves os; (i.e. the
standard deviation of the distribution of GEbncentraton in the vertical direction) as a function of
downwind distance under given atmospheric turbulence conditions (Hanna et al., 19&2% approach
we assume that the maximum gebncentration in the vertical column occurs at ground leve; vertical
concentration profile of CHwithin the plumeis thenassumed to decrease from the ground level
concentration with height according to a Gaussian distributBgrcause the maximum concentration must
be at ground level, the source must also be at or neaugd level. The method is therefore unsuitable for
elevated sources, although other plume dispersion methods can often be applied in these cases.
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Plumes that undergo significant rise from momentum or buoyancy effects would also be unsuited to these
simpleground level traverses because the maximum plume concentration would most likely be well above
ground levelWhile CHlis less dense than air and therefore is buoyant, most of the sources examined in
this study emit ClHover diffuse areas so that any em@ss are rapidly entrained in the prevailing #daw,
whichrapidly dilutes the CHConsequentlythe density difference between the plume and surrounding air
mass is very small and buoyancy effects are negligible. Previous experiments using grourel/krgels

have confirmed this (Williams et al, 1993; Day et al., 2014).

Estimating the vertical extent of the plume introduces a significant source of uncertainty because the
vertical concentration profile must be estimated from information on the spdisttibution of the source

(i.e. an area or point source), downwind distance and prevailing atmospheric stability. Often these data are
not well defined.In carefully designed experiments, ground based plume measurements can yield high
levels of accuracfe.g. Loh et al., 2009; Humphries et al., 2012). However, in less favourable conditions,
such as short term measurementsade during occasional site visitigher uncertainties are expected. In

the case of the CSG well measurements, Day et al. (201Ajadst that the uncertainty of their
measurements, which were made within less than 50 m of relatively small point sources, was of the order
of 30 % when sufficient traverses could be made to provide a reasonable average. Significantly higher
uncertaintiesof up to 100 %esulted when estimates were based on only one or two traverses. Other
researchersising this methodhave reported uncertainties of a factor of two or three when applied to large
diffuse sources such as coal mines (Williamg).etL993 Liley et al., 2012).

Notwithstanding the uncertainties associated with this methpldime traverses were attemptedt some
sites. Measurements were made using the vehileunted Picarro analyser downwind of the source.
BackgroundCH concentrations were measured by performing traveraps/ind of the source

5.2.3 TRACER GAS

Because of the uncertainties associated with ground level traverse methods and other preaisieoctated
with sitetopography, access and variable winds, we ingaséd an alternative approach to determine
emission ratg based on the use oftaacer gasHere, a stable gas unrelated to the soymigch as
acetyleneis released at a known rat€yace; from the same location as tieH source. Simultaneous
downwind measurements ahe concentration enhancement (i.e. concentratiabovebackground) of
both the tracer,Crraces andCH Cers are made and the emission rate of methahgys calculatedaccording
to Equation 52.

O O 0 5 (5.2)
The tracer method avoids the need to estimate the vertieH profile in the plume In additionas shown in
Equation 5.2information on wind speed, direction or the width of the plume is not required to calculate
the emission rateThe method, howevedoes require additional analytical capability to measure the tracer
gas with sufficient accuracy and precisitinis also essential that the tracer experience the same plume
transport phenomena as the target so it is important thiaé tracer is well mixed in the plume.

A series of experiments were conducted using controlled releas€sidb validate the procedure.

Methane was released from a cylinder in an open area at ftateswere measured using a flow meter

(Fisher and PortdRotameter) that had been calibrated against a NIST traceable calibrator (Bios DryCal
DR2) Acetylene was released from the same location at rates between about 1 and 2 lwhich were

also measured with the flow meter. Initially samples were colleétech within the plume with evacuated
stainless steel canisters and later analysed in the CIStR® Ryde laboratories faCH and GH, using

Fourier transform infrared spectroscopy (FTIR). Although this approach yielded reasonable results, only a
small number of plume samples could be analysed and there was a delay of days or even weeks between
the time the sample was taken and the arssdy.

Later measurements were made using the Los Gatos Resgas&t)Jltra-Portable Methane/Acetylene
analyser, which provided reéime analyses of the plume and due to the rapid sampling rate (up to 1 Hz)
yielded many data pairs @H and GH concentrdions, which improvel the precisionof the method.
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The results of one of the validation experiments are shown in Figure 5.2 where the concentratitiis of
and acetylene are plotted as a function of time as the LGR instrument was moved through the plume at
between about 20 and 50 m from the source. Unlike the plume traverse methods described in Section
5.2.2, there was no attempt in this experiment to make perpendicular transects across the pthme
instrument was simply moved to ensure thraeasurementsvere made within the plumeln this example,
the actualCH flow rate (measured by the calibrated flow meter) was 4.32 L'raimd the acetylene flow

was 1.95 L mih both released from the same point.
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Figure 5.2. Methane and acetylene concentratienhancements measured as a function of time during a controlled
release experiment.

There is an excellent correlation between t6é} and acetylene traces, which is illustrated even more
clearly in Figure 5.3 where tlaeetylene enhancement is plotted adumction of the Chlenhancement.
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Figure 5.3. Correlation of the methane and acetylene enhancements shown in Figure 5.2.

TheCH emission flux calculated from this experiment using Equation 5.2 yielded a mean value of 4.68 L
min?, a difference of aboud %from the actual emission rate.

A number of other experiments were made using this method and the results of the measurements are
summarised in Figure 5.Fhese experiments were conducted over two diykght to moderate wind
conditions (35 m s'). Measurements were up to about 50 m downwind of {h@&nt emission sourcdt is
seen that theCH emission rate determined from the tracer method was in each case well within 10 % of
the true CH release rate (indicated by thieorizontallines in Figure 8).
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Figure 5.4. Summary of controlled release experiments where the methane emission rate was estimated using the
tracer gas method. The horizontal lines show the actual methane release ratedixents 1 and 2 4.32Lmin%;
Experiments 3-6: 19.2 L mirt).

Although the use of a tracer is a powerful technique, there are some limitations that must be considered.
Firstly, the tracemust be well mixed with the plume for optimum accuracy. This uguadans thasome

level of windand a reasonable downwirdistance are needetb allow adequate mixingo occur. Secondly,

the tracershould be released at the same location as the source gases. In some situations such as CSG
wells, whereCH emissions are released from a relatively small area, it is often simple to release the tracer
in approximately the same locatias the target Where the source is released over a larger area, co
release may not be possible. This may be compensated fsarypling further downwind so that the
separation from the source and tracer is small relative to the downwind distance. However, for very large
sourcesspread over larger areas (e.g. landfills or coal mines) tivendiind distance required may hieo

largeto be practical (e.qg. the tracer becomes too dilteaccurately measule For large sourasuch as

these, alternative methods, perhaps requiring multiple sources of tracer are requimadylalso be

possible to use a hybrid method of tracer release alume dispersion methods to estimate emissions

from large sources (Lamb et al., 1995).

The tracer techniquavhen available and determined to be suitamas deployed at several sites, including
the CSG well sites visiteg part ofthe project.

5.2.4 SWRFACE FLUX CHAMBERS

Surface flux chambers were used at many ofgbkectedsites to measur€H and CQ emission rates for
soil and liquid surfaces. In all cases, the chambers were operated in the static mode where there is no
exchange of air with the oaide atmosphere so that theH (andCQ) concentration within the chamber
usually increases with time. Some natural surfaces show a decre@s¢éoncentration, whichs due to
microbial activity in the soil. The general principle of the operationatfcstlux chambers is illustrated in
Figure 5.5.
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Figure 55. Schematic representation of a flux chamber operated in the static mode. The plot to the left shows the
methane concentration within tle chamberduring a controlled release experimeras afunction of time.

In this mode of operatiothe gas fluxF, is calculated from the rate of change in concentration inside the
chamber,dC/dt(i.e. the slopeof the plot shown in Figure 5.5ccordng to Equation 5.3

0o — - (5.3)

whereVis the wlume of the chamber anAis the area of surface covered by the chamber.
Chambers can be various sizes and shapes and made from various materials including plastic or metal

During thisproject, emissions from groundnd liquidsurfaces were often measurel using a variety of
chamber designdnitially we used a simple chamber comprisingastic cylindrical chamber 37.5 cm in
diameter and 40 cm high with a total volume of about 45 L and an area of coverage of20THem
chamber was connected to thrlet and return ports oPicarro analyser in the vehicle via 6 mm nylon
tubing. After placing the chamber on the test surface, the concentration eB@HCQin the chamber was
measured over a period of at least several minutes while a small elegtiicadlered fan inside the
chamber ensured that the air was well mixed during éx@eriment

At some locations, especially where high fluxes were appdtgpically above 10 g Gkh2day?), a
commercially manufacturebattery poweredportable fluxsystem was used. This system @\8ystems,

1) used an aluminium chamber with a volume of 6 L and surface coverage of D(08tihat the

chamber was smaller than other chamber so introduced a slight sampling disadvantage due to is smaller
area of coveage).The analytical system was a tuneable laser diodea@blyser and a nodispersive

infrared CQanalysethoused in a portablease.

While these two systems were suitable for most of the sites where surface flux measurements were made
(e.g. natural grfaces, landfills, coal mineshere were some occasions when more specialised chambers
were required. In particulamyastewatertreatment plants and the rice farm required purpose built

chambers to adequately measure emissions.

At onewastewater treatmat plant, wefitted fixed chambers in two dhe ponds and made measurements
of flux during periodic visits to the sit®ne of thechambers is shown in Figure 5.6
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Figure 5.6 Fixed flux chamber in operation at the Singletovastewatertreatment plant

Each chamber was constructed from a 60 L polyethylene drum with the base remuodéided to a
walkway so that th@penbase of the chamber was submerged in the liquid. A length of 6 mm tubing
allowed the chamber to be connectéd the vehicle mounted argser. A recirculating fan provided mixing
within the chamber during each measurement. Becakkand CQaccumulated in the chambers during
intervening site visits, prior to flux measurements, each chamber was flushed with clean air for several
minutes wntil the CH and CQ@concentrations within the chambeavere close to ambient level$he fixed
chambers were oy deployed at the Singleton wastewater treatment plant

In addition to the fixed chambers, floating systems were built to enable the spatidbdifon of emissions
to be determinedon water surfacesThe chambers were made from 60 L polyethylene drums cut in two
and fitted with a circular float (Figure 5.7Tubing was fitted so the unit could be attached to the Picarro
analyser while a battergowered fan provided internal mixing. These chambers could be ustn aiput
20 m from the vehicle andere used at all four wastewater treatmesites. The floating chambers were
also used to measure Gfux from a CSG water treatment facility and asionallyon the wetand.
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Figure 5.7 Floating flux chamber in use at a sege treatment plant

Flux measurements at the rice farm also required specially designed and built chambers. Since
measurements were made during the growing season, the chamberfohaave sufficient height to
accommodate the ricelants, whichreached a maximum height about 1.2m before harvesting
(Figures.98).

Figure 5.8 Purposebuilt flux chamber used for measuring @GEmissions from rice

The photograph otthe left of Figure 5.8hows the chamber in position immediately after the rice crop was
sown while the right hand image shows the chamber in use about two months into the growing cycle.
Duringeach measurement, the chamber walsiced over the rice to séanto a fixed polyethylenbase,
whichwas permanently set into the soil. TR#4 concentration in the chamber was measured as for the
other chambers by connecting a nylon tube (visible in left hand photo) to the Picarro instrument in the
vehicle, whichd parked at the side of the paddock. The chamber was also mixed continuously during each
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measurement using a small electrically powered fan visible on the top of the chamber. Six bases were
installed in the rice fieldand left in position for the duratioof the growing season. Thadlowed

measurements to be made at various locations to assess the spatial variability of the emission profile. As
well as measuremestmade on thdixed bases other locations throughout the paddock were selected

from time to tme.

5.3 \Volatile Organic Compounideterminations

5.3.1 PRIORITY VOCS

Thevolatile organic compounds (VO@a)geted in this studyre prioritised under Australian and

International guidelines for air quality assessment. They comprise a comprehensiveofaoggpounds

that also allow the evaluation of source contribution and source recognition, of importance in this project.

¢t KSaS O2YLRdzyRa | NB AYyO2NLER NI §SR Ayisuittgy2R kKIS a40eAr
Mp FANJ G2EAQE adaAaiGSQo

The PAMSRhotochemical Assessment Monitoring Stations) suite is prioritised under United
StatesEnvironmental Protection Agency (USEPA) and California Air Resources Board (CARB) protocols as
the major organic precursors to the formation of ozone in the atmosphEne. suite comprises 57 aliphatic

and cyclic hydrocarbons, including aromatic compounds, irGlgeGi, hydrocarbonrange which, by their

nature, provide information on urban transpogmissions, liquid and gaseous fuels and combustened
emissions. Of importance to this project, these components assisted in attributing compounds to the
primary source emissions as well as identifying possible contributing sources for each source category.

The T@L5 (Toxic OrganicdMethod 15) air toxis suite igrioritised under USEPA ambient air quality
guidelinesfor human and environmental healtithe TGL5 suite comprise65 organiccompoundghat
includehalogenated and oxygenated spegiatong with certain hydrocarbons. These compounds
characterse the emissions fromariouswasteprocessing and industrial activitiasd aspects of emissions
from natural processes.

Included in these suites athe aromatic compoundsrioritised under the AustraliaNational

Environmental ProtectionAir Toxick Measure (Air ToxiddEPN), i.e. the BTX grouflnenzene, toluene and
xylenes(NEPC, 2011). Note that formaldehyde and benzo[a]pyrene are also NEPM priority air toxics but
these were not included in this study for a number of reasons. Formaldehyde is peidritile to its

toxicity as a primary emission (particularly from furnishings to indoor air and as a component in exhaust
emissions to ambient aigndits role as a secondary pollutant of importance in the formation of
atmospheric aerosol. These aspectg@vef lesser importance to the major aims of this work; the
characterisation of VOCs from methane sources. Formaldehyde is also reactive and therefore requires a
specific method of sampling arahalysis thatnvolvesin-situ derivatisation as the mode obdlection and

liquid chromatography as the method of analysis. Béajpyrene is a particbound, semivolatile

compound thats primarily generated from combustion sources. This compound requires abfii$ed
method of collection and specific analyti@and instrumental modes of analysis. Particles and sextaitile
organics were not the prime focus of this study.

The VOC suites are listed in Tab®2 and 5.3or PAMS hydrocarbon and X3 air toxics VOCs

respectively. The compounds are named acauydd IUPAC convention except where #digernative name

is in common usagesuch agoluenerather thanmethylbenzeng and in thiscase both names are
provided.TheVOC tables of site results, presented in AppendixsBthe primary name as listed in blas

5.2 and 5.3 and compounds common to both suites are reported in the PAMS listingfenigompounds

are ordered by chromatographic retention time (down each column) as this provides a level of guidance as
to their relative boiling point and volatijit

These compounds were determined using dedicatestirumentation thatincorporated gas
chromatography and detection using mass spectrometry and flame ionisation (GCMS and GCFID). These
methodologies provided analysis at trace levels, below 0.1 parbiiem by volume (ppbv) mixing ratios
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