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Executive Summary 

In order to investigate and better understand atmospheric methane (CH4) emission sources, particularly 
from the coal seam gas industry, the NSW EPA commissioned CSIRO Energy to undertake a study to 
develop methods for characterising CH4 and other gaseous emissions from different area sources in NSW. 
While there are internationally recognised methods for estimating (rather than measuring) CH4 and other 
greenhouse gas emissions from many sectors of the economy for national inventory reporting, some of 
these methods do not provide sufficient accuracy for baseline monitoring in sensitive areas. Hence, 
methods for directly measuring emissions at the facility level are necessary for assessing the impacts of 
certain activities on greenhouse gas emissions, and assessing the effectiveness of mitigation measures.  

The specific aims of the project were to firstly develop and trial methods that can be used to locate, identify 
and quantify CH4 emissions from the CSG industry in particular but also other industries such as wastewater 
treatment, municipal solid waste disposal, coal mining, agriculture and natural sources. Secondly, 
investigations were undertaken to examine the possibility of attributing sources by measuring the chemical 
composition of the emissions and isotopic ratios of carbon and hydrogen in CH4 and carbon in carbon 
dioxide (CO2). Finally, ambient concentrations of volatile organic compounds were measured at various 
sites to gain an understanding of source related impacts on ambient air quality and to identify the 
prevalence of compounds that may specifically characterise a source. 

Measurements were made between June 2014 and May 2016 at 16 sites across NSW that included: 

¶ coal seam gas operations, 

¶ landfills, 

¶ wastewater treatment plants, 

¶ agriculture (a rice farm and cattle feedlot), 

¶ coal mining and 

¶ natural sources. 

In addition to the on site measurements, ambient CH4 concentration was measured across NSW throughout 
the course of the project. 

Methane Emissions 

A variety of methods for detecting and quantifying CH4 emissions were examined. Mobile surveys using a 
cavity ringdown spectrometer mounted in a 4WD vehicle was effective at locating CH4 sources even while 
being driven at highway speeds. More than 25,000 km of surveys were driven during the project and a wide 
variety of CH4 sources were detected. The surveys indicated that CH4 concentrations across the state are 
generally consistent with normal background levels expected in continental locations, with somewhat 
higher concentrations in urban areas compared to rural regions. There was also often variation in ambient 
concentrations due to atmospheric mixing conditions ς higher concentrations were often observed during 
the early morning. However, there were many locations in both rural and urban areas where significantly 
elevated CH4 concentrations were detected. In some cases, the source of the CH4 could be identified (e.g. 
landfills, agriculture, coal mining etc.); however in other instances, the source of the elevated CH4 
concentrations was not apparent. Some of the unidentified sources were located in urban centres where 
there was no obvious source of CH4; it is hypothesised that some of these sources may be due natural gas 
reticulation emissions. Further work is required to confirm this.  

Several methods for quantifying CH4 emission 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 number of sites where measurements 
were required for this project, these techniques were not considered to be feasible. Instead, periodic 
measurements were made at most sites at least four times (often many more times) using ground level 
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plume traversing and surface flux chamber methods. Later in the project, 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 throughout the current project. The method does, however, 
require suitable wind conditions and access to the plume so that the CH4 analyser can transect the plume. 
Unsuitable topography or the presence of buildings or other obstructions can reduce the effectiveness of 
the method. Consequently, this approach could only be used successfully at suitable test sites. Despite the 
limitations of this method, under favourable conditions, it is considered a useful method that has the 
advantages of simplicity, is rapid and can be applied at a range of scales. 

Another approach involved surface flux chambers. These were deployed at a wide range of sites including 
natural areas, a rice farm, a feedlot, coal mines, a CSG water treatment facility, wastewater treatment 
plants and landfills. Some sites required the construction of special chambers to suit the particular 
application ς for instance, a floating chamber was used at the wastewater and CSG water treatment 
facilities. 

Overall, flux chambers provide accurate flux results for the area covered by the chamber and the method is 
simple to use. The main disadvantage is that because the chamber can usually only cover a small area, 
many measurements are necessary to characterise a given site. Consequently, the technique is relatively 
slow and labour intensive if used for estimating emissions from large areas. Moreover, for some sites with 
high levels of emission variation across the surface (e.g. landfills), it can be very difficult to achieve a 
representative sample hence any site-wide estimate will have a high level of uncertainty. For other sites 
with less heterogeneity, surface flux chambers can provide good results. The method is well suited to 
investigate emissions from wastewater treatment plants since it can provide detailed information on 
emission routes from various parts of the process. However, suitable access to emission sources must be 
available and this proved to be a limitation at some sites. 

During the project, the use of a tracer gas for quantifying emission rates was examined. In this method, a 
tracer gas (acetylene was used in this project) is released at known rate from the CH4 source and the 
concentration of both CH4 and the tracer is measured downwind. The ratio of the two gases together with 
the tracer flow rate enable the CH4 emission to be calculated. A significant advantage of the tracer method 
over other atmospheric plume dispersion methods is that it is not necessary 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 CH4 at known rates yielded CH4 flux estimates that 
were within 10 % of the actual emission rate. The tracer method was used at several locations during the 
project. Excellent results were obtained at the Narrabri CSG field where other methods could not be readily 
deployed. There are challenges associated with using the tracer method 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 
many different sites under widely varying atmospheric conditions.  

Methane flux estimates were made at most of the sites examined including selected locations within four 
CSG fields. No emissions were found from the plugged, abandoned, and suspended wells in the Casino gas 
field. Emissions from production wells examined in the Camden and Gloucester gas fields were also very 
low, although in a few instances slightly elevated CH4 concentrations above background levels were 
detected in the immediate vicinity of some well pads. The maximum emission rate detected from these 
wells was 0.03 g CH4 min-1; most of those examined showed no emissions. However, there were areas 
within the Camden gas field where significantly elevated CH4 concentrations compared to background 
levels were detected on some occasions. In the Narrabri field, two of the six wells examined showed 
emissions that appeared to be mainly related to the operation of gas-powered pneumatic equipment on 
the pads. The emission rates measured at these wells ranged between 2.9 and 22.7 g CH4 min-1 (4.2 and 
32.7 kg day-1), which are within the range of emissions measured previously on Australian CSG wells. While 
the uncertainy associated with the individual emission rates determined for these wells is relatively low, 
extrapolating the few results reported here to the entire industry would introduce a much higher level of 
uncertainty. 
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Emissions measured from a produced water treatment facility in the Narrabri field were low and were 
calculated to be between about 18 and 32 kg CH4 day-1. However, it is likely that most of the CH4 contained 
in the produced water is emitted soon after being pumped to the surface so these estimates are probably 
an underestimate of the actual emissions associated with water production.  

Except for the natural areas and the rice farm, seasonal variation was not detected in the results from these 
measurements. To some extent, this was because of the relative infrequency of the measurements, which 
did not provide sufficient temporal resolution. More commonly, however, other factors at each site (e.g. 
the different operations at landfills, coal mines, etc.) obscured more subtle seasonal variability. Short-term 
meteorological influences such as changing air pressure is also known to affect emission rates at some 
sites. 

Implications for a NSW Methane Emission Inventory 

Estimates of CH4 emission 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 could be considered representative; rather 
they represent snapshots at that moment in time. All of the estimates made must be considered within the 
limitations of the measurements made on each site, which often resulted in substantial uncertainty. The 
uncertainty 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 the tracer gas method was used. However, we only 
examined a small number of wells that represent only a few percent of the total number of wells in NSW; 
the CH4 emission behaviour of the remaining wells is as yet unknown. In addition, the results obtained here 
may not 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 large uncertainties 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; however, the results of study suggest that developing an accurate CH4 emissions inventory for the 
state will be a major and challenging undertaking. There are numerous CH4 sources across NSW and while 
some of these are reported to the federal Clean Energy Regulator under the current National Greenhouse 
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. However, 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 the overall 
uncertainty of an inventory. Conversely, large sources with high uncertainties (e.g. agriculture) will 
dominate the uncertainty of the inventory. If attempting to better define a statewide emission inventory, it 
is therefore worthwhile targeting in the first instance the larger sources. 

During this project, several methodologies were examined and tested as to their applicability for directly 
measuring CH4 emissions from various sources. The results have also yielded some preliminary flux 
estimates but these are still a long way from inclusion in a robust inventory for NSW as a whole or even for 
individual industry sectors. Some of the methods trialled show considerable promise for measuring 
emissions from some sources on a routine basis; however, other sources 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 sources investigated in 
this project is provided in Table ES.1. The relative size of the emission sources shown in Table ES.1 is a 
ǎǳōƧŜŎǘƛǾŜ ŜǎǘƛƳŀǘŜ ōŀǎŜŘ ƻƴ ŎǳǊǊŜƴǘ ƴŀǘƛƻƴŀƭ ƛƴǾŜƴǘƻǊȅ Řŀǘŀ ŀƴŘ ǘƘŜ ŀǳǘƘƻǊǎΩ ƪƴƻǿƭŜŘƎŜ ƻŦ ŜƳƛǎǎƛƻƴǎ ŀƴŘ 
it is hence acknowlegeded that these magnitude estimates are at best a rough guide. Also shown in Table 
ES.1 are some methods for measuring or estimating emissions from these sources. It is noted that other 
sources of CH4 exist in 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 CH4 emissions in NSW. Note that the relative magnitude of the 
emission sources is a rough guide only. 

Source Relative Emission 
Source Size 

Uncertainty Notes 

Coal Mining Large Low to 
moderate 

Fugitive emissions estimated and reported under 
NGERS. Underground mines measure emissions and 
have low uncertainty. Open-cut operations use gas 
content data from coring ahead of mining; moderate 
uncertainty. 

CSG Currently small in 
NSW 

Moderate to 
high 

Potential emissions from wells, processing plants, 
water treatment facilities, pipelines etc. Emissions 
reported under NGERS but some estimates have high 
uncertainty (although others may have lower 
uncertainty e.g. some venting and flaring operations). 
The tracer gas method has application for measuring 
emissions from well sites and some other 
infrastructure. 

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

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

Wastewater 
Treatment 

Probably small High Feasible to measure with chambers and tracer; most 
emissions from biosolids storage. 

Wetlands Small High Likely to be a small component of NSW inventory. 
Difficult to measure directly but chambers or methods 
(e.g. eddy covariance) are feasible. 

 

Volatile Organic Compound Emissions 

Volatile organic compounds (VOCs) that are potentially associated with methane emissions sources have 
been investigated in this project to gain an understanding of source related impacts on ambient air quality 
and to study the prevalence of compounds which may specifically characterise a land-use activity. As such, 
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 suite of compounds 
that represent VOC emissions from anthropogenic sources was targeted and further, methodologies were 
implemented to isolate non-standard compounds of both biogenic and anthropogenic origin to provide 
added insight into source specific emissions that are 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 and processes that dictate source intensity. Ambient monitoring was undertaken for the 
source categories that were monitored for methane i.e. natural sources, the Camden region of CSG activity, 
animal feedlot, coal mining, CSG production facilities, landfills and wastewater treatment plants. Rice 
farming was excluded from VOC monitoring as this source was specifically selected for the purposes of its 
biogenic methane emissions and as such, ambient VOC determinations were not considered pertinent to 
this category. Monitoring campaigns for the Camden region encompassed ten sites across suburban and 
semi-rural areas where CSG operations were active and these sites were also monitored for seasonal 
variability in their emissions. 
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This work has reported the ambient concentrations for over 120 volatile organic compounds that are 
designated as priority pollutants in air quality assessment by Australian and International agencies. The 
suite of compounds comprised the hydrocarbon VOCs which are prioritised for photochemical assessment 
but which were targeted in this work as markers for urban transport and off-road vehicle emissions, liquid 
and gaseous fuels, and other combustion derived emissions. The priority air toxic VOCs were also evaluated 
as these characterise the emissions from various waste processing and industrial activities and are of 
importance in air quality assessment for human and environmental health purposes. 

Further VOC characterisation studies were undertaken to include non-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 extend the range of compounds that could be captured and isolated. The classes of compounds that 
were targeted included sulphur, oxygen and nitrogen containing species that are present as either volatile 
or semi-volatile compounds in ambient air, and which arise from 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 above C5 and aromatic compounds, which are not generally 
measured in these 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 project however, it was considered that this determination might 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 and validated for 
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 requirements 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 using GCMS 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 work have 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 observations and findings.  

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

¶ ! ƴǳƳōŜǊ ƻŦ ǘƘŜ CǊŜƻƴϰ ƎǊƻǳǇ ŀƴŘ ƻǘƘŜǊ ƘŀƭƻŎŀǊōƻƴǎ (specifically dichlorodifluoromethane, 
trichlorofluoromethane, 1,1,2-trichloro-1,2,2-trifluoroethane and carbon tetrachloride) and certain 
sulphur containing species (carbonyl sulphide and, tentatively, dimethyl sulphone) were observed 
at relatively consistent concentration at all sites. They are found at trace concentration (< 0.5ppbv) 
and are considered compounds which are ubiquitous in the atmosphere. 

¶ 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 site and petrol versus diesel 
hydrocarbon profiles could also be distinguished. Minor vehicular related impacts were apparent at 
semi-rural and suburban locations in the Camden region and the impact of on-site vehicles was 
apparent at a number of operational sites. 

¶ Measurement of VOCs at the Cuba State Forest found minimal impact from anthropogenic activity 
and as such, this natural source established a baseline for biogenically derived compounds. This 
enabled land-use source emissions to be effectively allocated for compounds that were common to 
anthropogenic and biogenic sources (such as ethanol, acetone and other oxygenates). 
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¶ From an air quality perspective, 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 source and the location or processes within that environment. Measurements at 
natural and rural environments, and remote locations associated with mining or CSG activities, 
were in the trace to low ppbv concentration range and many of the priority VOCs could not be 
detected in these environments. 

¶ 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 the activity were apparent, such as biologically derived oxygenates 
and nitrogenous compounds, solvent residues and chlorinated compounds. 

¶ Source characterisation studies for non-standard VOCs revealed additional compounds and organic 
classes of compounds to those from the priority VOC suites. The 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 technique. Compounds with strong links to 
vegetation and biological processes, such as monoterpenes and more complex oxygenated 
compounds, were apparent at many sites. At higher intensity land-use sites these were overlain 
with compounds whose attributes were more specific to the source, such as odorous sulphur and 
nitrogen containing compounds for example. 

¶ Within each source category, site-specific operations and processes also dictated the intensity of 
the emissions and excursions from more typical measured levels were seen for particular 
operations at the feedlot, landfill and wastewater treatment sites. 

¶ The effect of the seasons on ambient VOC concentrations was investigated from four monitoring 
campaigns over a twelve-month period for ten sites across the Camden region. This evaluation 
showed a link to seasonal variability in the emissions of biogenic compounds and possibly, vehicle 
related emissions. However, these observations must be tempered by the many other factors, such 
as source intensity, emissions transport and atmospheric fate, which are well known to affect 
ambient concentrations of VOCs and other air pollutants. 

¶ The analysis of non-methane hydrocarbon VOCs in CSG sourced well gas was effective in providing 
quantitative results for minor hydrocarbon compounds which are not commonly measured in these 
gases, i.e. those above C5 and aromatic compounds; benzene, toluene and xylenes. Compounds at a 
concentration down to 0.007ppmv were measurable. The determination was informative in the 
recognition of a CSG source impact to ambient air and with respect to human and environmental 
health. 

Specific findings for VOC emissions associated with each source category are summarised in the following 
points: 

¶ Natural Sources (Yaegl Nature Reserve, Cuba State Forest) 
Compounds with strong links to vegetation and biological processes (such as isoprene and 
monoterpenes) and the oxygenated species (such as ethanol, acetone, isopropanol and more 
complex oxygenates) were observed. The Yaegl site showed a minor traffic related impact from 
nearby roadways. There was no detectable impact from anthropogenic sources in the ambient air 
collected from Cuba State Forest. The monitoring of this natural source was used for allocation of 
biogenic versus anthropogenic activity to the emissions from other land-use sources. 

¶ 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 semi-rural locations in the Camden region. 

A clear impact from traffic related emissions was seen in the hydrocarbon VOC profile observed in 
the ambient air for all ten sites monitored in Camden region. However, ambient concentrations of 
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the hydrocarbon VOCs were in the low ppbv range 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 
semi-rural atmosphere of the Camden regional sites. Compounds associated with biological 
processes included small oxygenates (ethanol, acetone and isopropanol) which were present at 
concentrations broadly similar to those observed in the natural environments. 2-butanone and 
more complex C4-C9 aldehydes, ketones and alcohols were also identified 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 in the vicinity of the Camden sites. 

o CSG impact on ambient VOCs ς 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 are components of CSG sourced well 
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 sourced well gas, a predicted ambient 
concentration for these compounds was compared to measured ambient concentrations. 
This evaluation concluded that ethane and propane emissions from CSG were negligible 
and their presence in ambient air in the Camden region was derived from other sources. 
Aromatic compounds were present in the well gas at extremely low concentrations and 
hence were not a measurable source of aromatic compounds to ambient air in the region 
(refer later point regarding well gas hydrocarbons). 

o Seasonal variability ς seasonal monitoring of VOCs across the Camden sites showed a 
general trend towards higher levels of biogenic compounds (such as oxygenated 
compounds, isoprene and monoterpenes) in 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 lower in summer than the 
levels measured in winter and a reduction in 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, which may be indicative of higher evaporative losses from petrol-fuelled vehicles. 
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. 

¶ Cattle Feedlot (Jindalee Cattle Feedlot). 
The ambient air at this site was rich in an array of oxygenated, nitrogenous and sulphur-containing 
compounds commonly associated with animal by-products and odour. Ethanol, acetone and 
2-butanone were found at higher concentrations than typically observed in vegetated 
environments and an excursion in ethanol (253ppbv) was measured on one occasion at the feedlot 
site. Odorous compounds related to animal by-products such as dimethyl sulphide and dimethyl 
disulphide, and to other biological processes; C4 to C8 aldehydes, ketones and alcohols were 
apparent in the emissions from this source. There were minimal emissions indicative of a vehicular 
or other source impacting the site indicating that the compounds found were directly attributable 
to the feedlot. 

With the exception of an excursion in ethanol, the overall ambient concentration of the priority 
VOCs associated with this source was lower than other more intensive land-use activities; i.e. 
landfill and wastewater treatment. 

¶ Coal mining (RiȄΩǎ /ǊŜŜƪ /ƻŀƭ aƛƴŜΣ DǳƴƴŜŘŀƘ .ŀǎƛƴ ƳƛƴƛƴƎ ǊŜƎƛƻƴύΦ 
!ƳōƛŜƴǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ŀǘ ǘƘŜ wƛȄΩǎ /ǊŜŜƪ ƳƛƴŜ ǎƛǘŜ ǿŜǊŜ ƎŜƴŜǊŀƭƭȅ ƭƻǿ ƛƴ most VOCs compared to 
semi-rural and the higher intensity land-use sites. Those hydrocarbons that were identified inferred 
a diesel emissions profile, which is likely to be consistent with the machinery operating at the mine 
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site. In the case of the Gunnedah Basin mine, it is possible that fugitive emissions of ethane from 
seam gas contributed to the hydrocarbon profile. 

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

¶ CSG facilities (Camden, Gloucester, Narrabri). 
The CSG production sites at Camden and Gloucester were characterised by a hydrocarbon profile 
that was dominated by C2-C4 alkane species, an absence in C2 and larger alkenes and the presence 
of aromatics. The dominance of alkanes in the hydrocarbon profile is consistent with that measured 
in CSG sourced well gases, however, these and the aromatics were disproportionately represented 
in the ambient samples compared to their profile in the well gases. Hydrocarbon concentrations 
were also not correlated with measured methane in the ambient air at the well pads. Hence, the 
hydrocarbon profile and concentrations found in the ambient air cannot be interpreted to be linked 
to CSG production at the Camden and Gloucester sites and an alternative source of VOCs is 
considered likely. The overall ambient concentration of VOCs measured at the Camden and 
Gloucester facilities was low compared with semi-rural sites, for example. 

The VOCs present in ambient air samples collected within the Narrabri CSG field and their 
concentrations were consistent with those found in a natural environment. 

¶ Landfills (Summerhill Waste Management Centre, Parkes Waste Facility). 
Compounds associated with household and chemical disposal were elevated in the ambient air at 
the landfill sites. An excursion in the ambient concentration of acetone (200ppbv), accompanied by 
2-butanone (18.0ppbv), were measured on one occasion at the Summerhill Centre. Chlorinated 
compounds such as trichloroethylene and tetrachloroethylene that are commonly used as markers 
for landfill emissions were identified at the Parkes Facility albeit at low (< 1ppbv) ambient 
concentrations. Other chlorinated solvent residues included dichloromethane, chloroform and 
benzyl chloride. The monoterpenes, limonene and a-pinene, which are used as fragrances in 
household products, were identified. 

Compounds derived from biological decomposition were also identified. C4 to C12 oxygenates as 
aldehydes, ketones, alcohols, phenol and esters are associated with biological processes more 
generally but are likely enhanced due to soil decomposition in landfills. These compounds 
contribute to the characteristic odour associated with landfills. 

The impact of allied sources such as exhaust emissions from on-site diesel trucks and those from a 
methane generation system were identified at the Summerhill site. 

¶ Wastewater treatment (Singleton Wastewater Treatment Works, Wagga Wagga Wastewater 
Treatment Plant, Picton Wastewater Treatment Plant). 
In certain aspects of the wastewater treatment process at the Singleton plant, VOCs were 
measured at ambient levels that were at the high end, or exceeded, those measured at other high 
intensity land-use sources, such as the landfill and the cattle feedlot. At the sewage inlet to the 
plant, emissions of acetone (93ppbv) accompanied by 2-butanone, were higher than other land-use 
sources, with the exception of an excursion in these compounds on one occasion at a landfill site. 
The Singleton WWTP was significantly higher than other sources in chlorinated compounds at the 
settling ponds; cis-1,2-dichloroethene (up to 13.5ppbv), trichloroethylene (up to 4.4ppbv) and 
tetrachloroethylene (up to 58.3ppbv). Compounds associated with odour, such as aldehydes, 
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 point, amount 
and type of emissions, meteorological variables and a range of other factors. However, 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 assessing air toxics along with odorous emissions from this source. 

In contrast, ambient VOC concentrations at the Wagga and Picton plants were broadly in the range 
measured at other intensive land-use sources, apart from an excursion in ethanol (40.9ppbv) on 
one occasion at the inlet location of the Wagga Wagga wastewater treatment plant. 

¶ CSG sourced well gas (Camden, Gloucester). 
Hydrocarbon VOCs were characteristically present as the alkane class and straight chain, cyclic and 
branched alkanes through to C8 were measured. Alkenes were not present in the hydrocarbon 
profile of the well gases. Aromatic compounds were detected at low concentration; the highest 
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 higher non-methane hydrocarbon 
concentration. The aromatics are considered consistent with components originating from gas 
formation processes. 

The ambient air equivalent concentration for the aromatic compounds, based on a worst-case 
emissions scenario in close proximity to a producing well, was estimated to be low pptv (parts per 
trillion by volume). This compares favourably with low ppbv (parts per billion by volume) 
concentrations measured in the ambient air of semi-rural regions that are impacted by low-volume 
traffic. 

In meeting the objectives of the VOC component of the project, this work has brought together a volume of 
information on the levels of source related organic compounds in the ambient air in the vicinity of land-use 
activities in regional NSW and provides an ambient 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 and stable isotopes were conducted on source gas samples 
containing between 0.1 and 100 % CH4 and/or CO2. Molecular composition using gas chromatography 
based natural gas analysers gave very reliable bulk composition results. A GC-IRMS was used to analyse 
carbon and hydrogen isotopes on CSG and microbial source gases from landfill and wastewater 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, CO2 
reduction and acetoclastic/methylotrophic generation 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 periods of sample 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 CH4 for carbon and hydrogen isotopes were not possible using the GC-IRMS system 
directly because of the low concentration of CH4. A prototype device designed to cryogenically concentrate 
ambient CH4 was trialled; however it was adversely affected by significant co-trapping of ambient oxygen 
and nitrogen from the air. Further development of 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 CH4; 
whereas the single commercially available system only measures the carbon isotopes of CH4 with 
limitations. 

An alternative method using cavity ringdown spectroscopy for measuring isotopic ratios of 13C/12C in 
ambient CH4 was trialled. Although this technique is now in widespread use, there are some limitations 
with respect to using these data for source apportionment. With the instruments used in this project, it was 
apparent that significantly elevated CH4 concentrations above ambient were required to achieve a 
satisfactory signal to noise ratio. Best results were achieved when the CH4 concentration 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 of CH4 at atmospheric concentrations, limiting the resolving power for source gas identification 
using stable isotopes. 
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1 Introduction 

Methane is present in the atmosphere at relatively low concentrations (approximately 1.8 ppmv); however, 
because of its high global warming potential relative to CO2, it has a significant effect on the balance of 
incoming and outgoing energy from the atmosphere (i.e. radiative forcing). Moreover, CH4 has been 
increasing in concentration in the atmosphere since pre-industrial times and is the second largest 
contributor to global warming after CO2 (IPCC, 2007). 

Atmospheric CH4 is derived from a wide range of natural and anthropogenic sources. Natural sources 
include wetlands, lakes and rivers, termites, bushfires, oceans, permafrost, and geological sources. Human 
activities that result in CH4 emissions are largely associated with agriculture (e.g. ruminant animals, rice 
production), waste (e.g. landfills, sewage), biomass burning and fossil fuel production and utilisation. On a 
global scale, it has been estimated that roughly 60 % of CH4 emissions originate from anthropogenic 
sources (Kirschke et al., 2013); however, these estimates are subject to very high uncertainty. In addition, 
there are significant regional variations in emission fluxes of CH4 (Fraser et al., 2013). 

Over the last few years, CH4 emissions have been the focus of considerable scientific interest, especially in 
relation to unconventional gas production (shale gas, tight gas, coal seam gas). Although natural gas 
utilisation may produce lower direct greenhouse gas emissions from combustion compared to other fossil 
fuels, some recent studies have found high levels of fugitive CH4 emissions from shale and tight gas 
production in the United States. The results of these studies, however, have been variable and often have 
high levels of uncertainties associated with the reported emission estimates (Pétron et al., 2012; Allen et 
al., 2013; Karion et al., 2013; Caulton et al., 2014a; Schneising et al., 2014; Kort et al., 2014). 

At present, almost all unconventional gas production in Australia is derived from coal seam gas (CSG). Most 
production is currently in Queensland where several export liquefied natural gas plants are in varying 
stages of production, with the first commencing operation in late 2014. Despite major differences between 
the U.S. and Australian unconventional gas industries, it has been suggested that Australian CSG production 
may also result in high levels of fugitive emissions (Grudnoff, 2012). However, a recent study of emissions 
from a sample of CSG well pads in Queensland and NSW found that CH4 emissions were generally very low 
compared to most of the results that have been reported for U.S. shale and tight gas operations (Day et al., 
2014). That study, however, only considered well pads ς other infrastructure was not examined ς and the 
sample size was small compared to the total number of production wells in Australia. Further investigations 
into methane emissions in the Surat Basin in Queensland are currently underway (Day et al., 2013; Day et 
al., 2015). 

Coal seam gas production in New South Wales is currently much less than in Queensland but there are 
several CSG projects in NSW at various stages of development. At present, there is relatively little publicly 
available information on CH4 emissions from NSW CSG operations ς only six wells included in the Day et al. 
(2014) study were in NSW. To address this, the New South Wales Environment Protection Authority 
(NSWEPA) commissioned a study to investigate emissions across NSW. While this study was largely 
motivated by concern over the NSW CSG industry and to inform future regulatory programmes in relation 
to air emissions associated with CSG activities in NSW, the study brief also required measurements to be 
made at other CH4 sources such as waste management operations (landfills and wastewater treatment 
plants), agriculture (e.g. intensive cattle feedlots and rice farming), natural sources (e.g. wetlands) and coal 
mining. 

Methods for estimating greenhouse gas emissions from many of these activities already exist, mainly for 
the purposes of compiling national greenhouse gas inventories. In Australia, for instance, the National 
Greenhouse and Energy Reporting legislation requires operators of many facilities to estimate and report 
emissions according to specified methodologies. However, CH4 emissions are usually estimated rather than 
actually measured (the notable exception being underground coal mining where fugitive emissions are 
measured) and consequently may not have sufficient accuracy to be used for baseline monitoring or for 



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

assessing the effects of industrial activity within a region on local greenhouse emissions (e.g. increased CSG 
production), or mitigation measures. 

One of the key objectives of the study therefore, was to develop reliable methodologies that can be applied 
for measuring CH4 emissions at the facility level from not only CSG operations but also other relevant land-
use sectors throughout NSW. The second objective of the study was to investigate the possibility of 
characterising emissions from various CH4 sources and using chemical ΨŦƛƴƎŜǊǇǊƛƴǘǎΩ ǘƻ ŀǎǎƛǎǘ ƛƴ ŀǘǘǊƛōǳǘƛƴƎ 
sources. This involved determining isotopic ratios of 13C/12C and 2H/1H in CH4 and CO2 samples collected 
from various sites, the determination of chemical composition on a wide range of samples, and the 
determination of ambient concentrations of a suite of volatile organic compounds in 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 prevalence of compounds that may specifically characterise a source. 

In this report, we present the results of this project, which was conducted between June 2014 and May 
2016. 
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2 Methane Emissions 

Atmospheric CH4 concentrations have increased from about 720 ppb (0.72 ppm) during the mid-18th 
century to more than 1800 ppb (1.80 ppm) during 2011 (Hartmann et al., 2013). These values represent 
global averages but there are significant regional and seasonal variations in concentration. Baseline 
atmospheric monitoring of clean air at the CSIRO Cape Grim station in Tasmania shows that current 
southern hemisphere clean air concentrations of CH4 vary between about 1.75 to 1.79 ppm, with the higher 
concentrations occurring during the winter months (CSIRO, 2015). 

According to the most recent IPCC Assessment Report, global CH4 emissions during 2011 were estimated to 

be 556 ° 56 Tg CH4 y-1 with 354 ° 45 Tg CH4 y-1 (64 %) attributed to anthropogenic activities and 202 ° 35 
Tg CH4 y-1 (36 %) from natural sources (Hartmann et al., 2013). These 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 global CH4 budget for several 
decades using top-down and bottom-up methods. For the period between 2000 to 2009, top-down 
methods yielded total emissions of between 526 and 569 Tg CH4 y-1 (mean 548 CH4 y-1) while the bottom-up 
approach gave an estimate of 542 to 852 Tg CH4 y-1 (mean 678 Tg CH4 y-1). Emissions are not evenly spread 
across the globe and substantial regional variation is apparent (Fraser et al., 2013). While the sources of 
most of the global CH4 budget are well understood, improving estimates of emission fluxes is an area of 
active research. 

In Australia, anthropogenic CH4 emissions from energy use, agriculture, waste management and other 
sectors are estimated and reported in the annual National Greenhouse Gas Inventory. Table 2.1 
summarises the emission estimates reported for Australia during 2013 (AGEIS, 2015). Total emissions were 
estimated to be 111.8 Mt CO2-e (~5.3 Tg CH4) with agriculture (principally from ruminant animals) 
comprising about 60 % of CH4 emissions. Fugitive emissions from coal mining and oil and gas production 
were the next largest source (26 %) followed by waste disposal activities (12 %). Much smaller amounts 
were emitted through certain land-use activities and industrial processes. Natural sources of CH4 are not 
accounted for in the National Inventory. WƘƛƭŜ ƛǘ Ƙŀǎ ōŜŜƴ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ǳǇ ǘƻ ŀ ǘƘƛǊŘ ƻŦ !ǳǎǘǊŀƭƛŀΩǎ 
methane emissions are derived from natural sources, there is as yet very little quantitative information on 
the magnitude of these emissions (Dalal et al., 2008). 
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Table 2.1. CH4 emissions in Australia and NSW as estimated in the 2013 National Greenhouse Gas Inventory. 

Category 2013 CH4 Emissions (Gg) 

 Australia NSW 

Energy 1,483 677 

Fuel Combustion 86 27 

Fugitive Emissions From Fuels 1,397 650 

Industrial Processes 3.3 1.7 

Chemical Industry 0.7  

Metal Industry 2.6  

Agriculture 3,165 709 

Enteric Fermentation 2,685 656 

Manure Management 115 20 

Rice Cultivation 26 26 

Prescribed Burning of Savannas 327 0.1 

Field Burning of Agricultural Residues 11 6.2 

Land-use, Land-Use Change and Forestry KP 59 19 

Afforestation and reforestation 1.3 0.1 

Deforestation 43 15 

Forest management 10 1.3 

Cropland Management 0.6 0.5 

Grazing land management 2.8 1.4 

Waste 615 203 

Solid Waste Disposal  495 163 

Biological treatment of solid waste 4.9 1.6 

Wastewater treatment and discharge 115 38 

Total 5,324 1609 

 

Table 2.1 also shows the CH4 emission data for NSW during the 2013 reporting year. Here, agriculture is still 
the dominant emission source but represents only 44 % of total CH4 emissions compared to about 60 % 
across the country as a whole. Fugitive emissions from fuels, on the other hand, account for approximately 
пл ҈ ƻŦ b{²Ωǎ CH4 emissions, which are due mainly to tƘŜ ǎǘŀǘŜΩǎ ƭŀǊƎŜ Ŏƻŀƭ ƛƴŘǳǎǘǊȅΦ NSW currently has a 
ǾŜǊȅ ǎƳŀƭƭ ƻƛƭ ŀƴŘ Ǝŀǎ ƛƴŘǳǎǘǊȅ ǎƻ ƭŜǎǎ ǘƘŀƴ р ҈ ƻŦ ǘƘŜ ǎǘŀǘŜΩǎ ŦǳƎƛǘƛǾŜ ŜƳƛǎǎƛƻƴǎ ŀǊŜ ŀǘǘǊƛōǳǘŜŘ ǘƻ ǘƘƛǎ ǎŜŎǘƻǊΦ 
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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 national inventories, it is usually not 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 this approach, a measure of the activity of the process is multiplied by the 
appropriate emission factor to yield the emission rate for that process. While this approach has the 
advantage of simplicity, significant uncertainty may be introduced if (a) the activity data are incomplete or 
inaccurate or (b) the emission 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 literature. In the following section, we briefly examine methodology that has been applied to 
measure emissions from some of the main sources of CH4 in Australia. 

2.1 Detection of Methane 

There are currently many instrumental methods available to detect and analyse CH4. In the simplest form, 
inexpensive handheld gas detection sensors are frequently used in potentially hazardous environments to 
alert personnel to dangerous levels (i.e. explosive) of CH4 in certain workplaces such as underground coal 
mines or gas processing facilities. These instruments generally have limited sensitivity and typically display 
in units of percentage of lower explosive limit (LEL, i.e. ~5% CH4 in air v/v). 

The next level of complexity includes portable gas detection systems that are usually used for leak 
detection in industrial applications. Leak detection instruments have higher sensitivity than gas sensors 
used for general workplace safety applications, often being capable of measuring concentrations of a few 
ppm above ambient levels. These instruments often have a wand with a sample inlet that can be placed 
near a potential leak point such as a valve or pipe fitting. Remote sensing instruments are also used for leak 
detection; these are typically hand held instruments that can be used to quickly scan complex facilities such 
as gas processing plants for leaks. Remote instruments include open-path laser and infrared imaging 
cameras. 

Mobile open-path laser instruments have often been used to detect leaks in gas infrastructure. One such 
system, the ALMA G2 instrument which is mounted on a helicopter, was used in Queensland recently to 
detect CH4 sources in a CSG production region (Day et al., 2015). Other vehicle mounted laser systems are 
also now commercially available. 

While gas detectors and leak detection systems are critical for safety and routine maintenance at many 
industrial facilities, these systems are less frequently used in research into CH4 emissions, particularly at the 
near ambient levels encountered more distant from the source under investigation. There are many 
instruments available with sufficient sensitivity to accurately measure low levels of CH4 in ambient air e.g. 
FTIR, tuneable lasers, gas chromatography, etc. Some of these systems can be deployed in the field but 
usually only in fixed installations. Alternatively, samples can be collected and later analysed in a laboratory. 
However, for detection of CH4 sources, it is usually more convenient to use a mobile system where a real-
time instrument is mounted in a vehicle or aircraft. 

The commercial development of cavity ringdown and off-axis integrated cavity output spectroscopy over 
the last decade has provided instruments with resolution of 1 ppb or less for CH4. Some of these 
instruments are also capable of measuring isotopic ratios of 12C and 13C in CH4, which may provide some 
information on the source of the CH4. As a result, these instruments are now commonly in use for 
measuring CH4 (and other gasses) in ambient air and there have been numerous studies reported where 
these instrument were used. In two recent examples, Karion et al. (2013) and Caulton et al. (2014a) used 
aircraft mounted cavity ringdown instruments to detect and quantify CH4 emission fluxes from 
unconventional gas fields in the United States. Vehicle mounted cavity ringdown instruments have also 
been used successfully for locating CH4 from a range of sources both in Australia (Maher et al., 2014; 
Iverach et al., 2015; Day et al., 2015) and overseas (Phillips et al., 2013; Zazzeri et al., 2015).  
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2.2 Coal Mines 

Coal seams usually contain CH4 and sometimes CO2 that is stored within the pores of the coal. When the 
coal is mined, this gas is released to the atmosphere as fugitive emissions. During 2013, fugitive emissions 
from coal mining in Australia were estimated to be 26.2 Mt CO2-e, which represents about 5 % of 
!ǳǎǘǊŀƭƛŀΩǎ ǘƻǘŀƭ ƎǊŜŜƴƘƻǳǎŜ Ǝŀǎ ƛƴǾŜƴǘƻǊȅ (Department of the Environment, 2015a). 

All Australian coal mine operators are required under the National Greenhouse and Energy Reporting 
(NGER) legislation to report their annual fugitive emissions according to methodology 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 the ventilation air and can be quantified by applying Equation 2.1. 

ὗ ὠ ὅ ὅ       (2.1) 

Where Q is the emissions rate, V is the volumetric air flow out of the mine and C is the concentration of 
methane in the air stream and Ca is the methane concentration in ambient air. Any methane that is drained 
is also measured and included in the total annual emissions. While there may be some uncertainties 
involved in this approach (Day and McPhee, 2008; Day et al., 2011) in general it yields accurate emission 
data. 

Emissions from open-cut mining, on the other hand, are much more difficult to estimate because gas 
escapes over the entire mine site, which may be very large in area, so that volumetric flows and 
concentrations are not readily measured. In an open-cut mine, 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 gases. As a result of 
the technical challenges associated with defining fugitive emissions from open-cut coal mining, research 
into methodology has been conducted in Australia and elsewhere for more than 20 years (Williams et al., 
1993; Kirchgessner et al., 2000; Saghafi et al., 2003; Saghafi, 2005; Saghafi et al., 2008; Saghafi et al., 2012). 

Despite the level of research, direct measurement of emissions from individual open-cut is not yet practical 
for routine reporting, although research is underway to investigate the use of atmospheric methods for this 
purpose (ACARP Project C24017, http://www.acarp.com.au/Media/ACARPCurrentProjectsReport.pdf). At 
present, emissions from Australian open-cut coal mines are estimated for the purposes of NGER reporting 
using either Method 1, which is based on the use of state based emissions factors, or Methods 2 and 3, 
which use gas content data from strata measured for the reporting mine. 

Method 1 was developed from research conducted during the early 1990s where methane concentrations 
across plumes of methane emanating from a number of mines in NSW and Queensland were measured at 
ground level (Williams et al., 1993). The concentration data, combined with local wind speed 
measurements were used in conjunction with a plume model to infer the methane flux from the mines. The 
results of that study yielded average emission estimates of 3.2 m3 per tonne of run-of-mine (ROM) for NSW 
and 1.2 m3 t-1 for Queensland mines. While these results represented the first quantitative estimates of 
fugitive emissions from open-cut coal mining in Australia, there are a number of limitations with the 
methodology that restrict its general applicability, which include:  

ω Measurements can only be made under suitable atmospheric conditions.  
ω Ground level plume tracking requires vehicle access to the plume, which is often not possible. 
ω Separating individual mines can be difficult or impossible if mines are closely spaced. 
ω The method requires specialised personnel and equipment. 
ω At the time the Williams study was conducted, limitations in the sensitivity of contemporary 

instrumentation meant that discriminating low level CH4 perturbations from background 
concentrations introduced relatively large errors. However, recent developments in ambient 
monitoring equipment (e.g. cavity ringdown spectroscopy) have largely overcome this problem 
and modern commercially available instruments now provide the ability to measure small 

http://www.acarp.com.au/Media/ACARPCurrentProjectsReport.pdf
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concentration differences with much higher precision than older flame ionisation detector 
instruments. 

Because of these issues, and the high uncertainties associated with applying average emission factors to all 
mines, subsequent research 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., 2003). While this work provided important information on the gas release 
routes within open-cut 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, because gas release 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 fugitive 
emissions of CH4 and CO2, which would overcome many of the practical problems of in-pit measurements 
while potentially providing mine-specific data (Saghafi et al., 2003; Saghafi et al., 2005; Saghafi et al., 2008). 
The work undertaken by Saghafi et al. (2003, 2005, 2008) now forms the basis for NGER Methods 2 and 3, 
which both use gas content data measured at the reporting mine to estimate fugitive emissions. Note that 
Methods 2 and 3 are identical except in the case of Method 3, samples must be obtained in accordance 
with appropriate Australian standards. 

The general methodology of this reservoir approach involves measuring the in situ gas content of core 
samples from the target coal seams and other strata collected ŀƘŜŀŘ ƻŦ ƳƛƴƛƴƎΦ ! ƳƻŘŜƭ ƻŦ ŀ ΨƎŀǎ ǊŜlease 
ȊƻƴŜΩ ƛǎ ǘƘŜƴ ŘŜǾŜƭƻǇŜŘ ŦƻǊ ǘƘŜ ƳƛƴŜ ǘƻ ŜǎǘƛƳŀǘŜ ŀƴƴǳŀƭ ŜƳƛǎǎƛƻƴǎ ǘŀƪƛƴƎ ƛƴǘƻ ŀŎŎƻǳƴǘ ǘƘŜ Ǝŀǎ ǊŜƭŜŀǎŜŘ 
from the coal, other non-coal strata, and that from the highwall and pit floor. Although the methodology is 
complex and requires a detailed programme of coring and gas content testing (refer to Chapter 3 of the 
Technical guidelines for the estimation of greenhouse gas emissions by facilities in Australia - July 2014 
http://www.environment.gov.au/climate-change/greenhouse-gas-measurement/publications/nger-
technical-guidelines-2014), it produces mine-specific emission factors which yield emission estimates with 
much lower uncertainties than those based on the Method 1 approach. Most Australian open-cut coal mine 
operators now use Method 2 or 3 for reporting their fugitive emissions to the Regulator. 

Emissions generated from extracting coal are the largest component of coal mining fugitive emissions, in 
some cases accounting for more than 7л ҈ ƻŦ ŀ ƳƛƴŜΩǎ ǘƻǘŀƭ ƎǊŜŜƴƘƻǳǎŜ gas emissions (Day et al., 2006) but 
there are several other sources of fugitive emissions associated with mining: 

ω Post Mining Emissions ς Post mining emissions are those that continue during the time the coal 
leaves the mine and it reaches the end user. These emissions are currently poorly defined and 
are estimated for NGER reporting by applying an emission factor of 0.014 t CO2-e per tonne of 
ROM coal (~0.67 kg CH4 t-1). At present, only post mining emissions from gassy underground 
mines are estimated and reported. 

ω Abandoned Mines ς Most mines continue to release fugitive emissions after they have ceased 
operation. While both underground and open-cut decommissioned mines may emit 
greenhouse gases, only underground mines are considered for NGER reporting. The method 
used for estimating these emissions assumes that emissions from abandoned mines reduce 
over time according to aƴ ΨŜƳƛǎǎƛƻƴǎ ŘŜŎŀȅ ŎǳǊǾŜΩΦ Emissions at a particular point after the 
mine has closed, Edm, are calculated by the expression: 

Ὁ Ὁ ὉὊ ρ Ὂ     (2.2) 

where Etdm is the annual emission rate of the mine at closure, Edm is the emission factor for a 
mine at a point in time since decommissioning (calculated from the decay formula) and Fdm is a 
factor to account for emissions reduced by the inflow of water into the mine. The term EFdm is 
given by Equation 2.3: 

ὉὊ ρ ὃὸ      (2.3) 

http://www.environment.gov.au/climate-change/greenhouse-gas-measurement/publications/nger-technical-guidelines-2014
http://www.environment.gov.au/climate-change/greenhouse-gas-measurement/publications/nger-technical-guidelines-2014
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where t is the time elapsed since mine closure and A and b are mine specific constants. 

ω Spontaneous Combustion and Low Temperature Oxidation ς Waste material from open-cut 
coal mining often contains some carbonaceous material that may undergo low temperature 
oxidation. In some cases, spoil piles may undergo self-heating which if unchecked can lead to 
spontaneous combustion. These processes lead to emissions of greenhouse gases (Carras et al., 
2009; Lilley et al., 2012). In some mines, these emissions may be significant but most mines 
now effectively manage spoil and waste placement to avoid spontaneous combustion (Day et 
al., 2010). Emissions from spontaneous combustion and low temperature oxidation of coal are 
not included in national greenhouse gas inventories and are not reported for NGER purposes. 

Estimates of fugitive emissions from post mining, abandoned mines and spontaneous combustion are 
generally subject to very large uncertainties. However, it is likely that the total contribution from these 
sources represent only a small proportion of greenhouse gas emissions from the coal mining industry. 

In NSW, fugitive emissions from coal mining during 2013 were estimated to be 14,381 Gg CO2-e which is a 
reduction of about 20 % compared to 2000 levels (Department of the Environment, 2015a). Although coal 
production has increased by about 70 % over this period (Australian Energy Statistics, 2015), emissions 
have decreased partially as a result of a shift in production from underground to open-cut mining as well as 
the implementation of mitigation schemes at many mines, such as flaring and gas capture systems. It is also 
likely that some of the apparent decrease is due to the implementation of the more accurate Method 2 
now used throughout the industry. 

2.3 CSG Production 

Coal seam gas is one of several types of so-called unconventional gas. Other types of unconventional gas 
include shale and tight gas. Shale and tight gas occur in source strata with permeability that is much lower 
than conventional reservoirs and 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 present as adsorbed 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 at present 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 differ substantially, which may in turn 
affect CH4 emissions. Some of the main points of difference between CSG, shale and tight gas are 
summarised in Table 2.2. 

Table 2.2. Key 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 
grained sedimentary rocks 

Various source rocks have 
generated gas that has 
migrated into low 
permeability sandstone 
and limestone reservoirs. 

Depth 300-1000 m 1000-2000+ m > 1000 m 

Gas Occurrence Physically adsorbed on coal 
organic matter 

Stored within pores and 
fractures but may also be 
adsorbed on organic 
matter. 

Within pores and fractures. 



 

Methane and Volatile Organic Compound Emissions in New South Wales | 9 

Property CSG Shale Gas Tight Gas 

Gas Composition Usually > 95 % methane. 
Small amounts of CO2 and 
other gases may be 
present. 

Mostly methane but may 
also contain significant 
quantities of higher 
hydrocarbons 
(condensate). 

Mostly methane. 

Extraction Technology Vertical and horizontal 
drilling employed. 
Hydraulic fracturing is 
sometimes required. 
Currently less than 10 % of 
wells in Australia require 
this treatment but this may 
increase as lower 
permeability seams are 
targeted. 

Hydraulic fracturing and 
horizontal wells are usually 
necessary.  

Large hydraulic fracturing 
treatments and/or 
horizontal drilling are 
required. 

Water Usage Water must be pumped 
from seams to reduce 
reservoir pressure and 
allow gas to flow. If 
hydraulic fracturing is 
necessary, water is 
required for the fracturing 
process. 

Water is required for 
hydraulic fracturing 

Water is required for 
hydraulic fracturing. 

Extraction Challenges Removal of seam water 
and its subsequent 
disposal. 

Overcoming low 
permeability. 

Minimising the amount of 
water required for 
hydraulic fracturing. 

Reducing infrastructure 
footprint. 

Reducing infrastructure 
footprint. 

 

Although CSG production 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 progressively over 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 production ς exploration, field 
production, processing, transmission and storage, and distribution. These emissions may be unintentional 
such as leaking valves and other equipment or accidental events like equipment failures and pipe ruptures 
that result in gas escaping to the atmosphere. However, some emissions are deliberate and include venting 
and flaring or the operation of certain types of gas powered pneumatic devices. 

In Australia, almost all unconventional gas production is CSG. All gas producers (both unconventional and 
conventional) are required to estimate their greenhouse gas emissions under the NGER legislation 
requirements although at present there is no distinction between conventional and unconventional 
production. Although much of the processing and distribution infrastructure is similar across conventional 
and unconventional operations, the large number of wells, water extraction and processing facilities, etc. 
associated with CSG production may provide additional routes for gas loss compared to conventional 
production methods. 
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CǳƎƛǘƛǾŜ ŜƳƛǎǎƛƻƴǎ ŦǊƻƳ Ǝŀǎ ƻǇŜǊŀǘƛƻƴǎ ŀǊŜ ŜǎǘƛƳŀǘŜŘ ōȅ ǎƻ ŎŀƭƭŜŘ ΨōƻǘǘƻƳ ǳǇΩ ƳŜǘƘƻŘǎ ǿƘƛŎƘ ŀǊŜ ōŀǎŜŘ ƻƴ 
estimating emissions from certain processes or even individual items of equipment then aggregating the 
results to obtain an estimate for the entire industry. Most of the estimates of fugitive emissions made by 
the Australian CSG industry for the purposes of NGER reporting are based on the use of emission factors 
that are provided in either the NGER Determination or the American Petroleum Institute (API) 
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 derived are relatively old and often limited. Consequently, some of the methods have very high 
uncertainties. Moreover, these methods were developed based on North American experience rather than 
current Australian practices. 

Given the rapid growth of unconventional gas production in recent years and the high uncertainties 
surrounding greenhouse gas emissions, there has been strong interest in fugitive emissions from the sector. 
Since about 2012, there have been a number of studies, mostly in the U.S. that have attempted to measure 
fugitive emissions from unconventional gas production, although it should be noted that all of these related 
to shale or tight gas rather than CSG.  

Most of the recent U.S. ǎǘǳŘƛŜǎ ƘŀǾŜ ǳǎŜŘ ΨǘƻǇ-ŘƻǿƴΩ ƳŜǘƘƻŘǎ to estimate emissions for gas producing 
regions. These methods are based on measuring atmospheric concentrations of CH4 and other gases and 
using information on atmospheric transport phenomena to calculate emissions rates for the area under 
investigation. Some researchers have used ground based methods where measurements were made either 
from vehicles or fixed monitoring towers (e.g. Pétron et al., 2012). Others have used airborne 
measurements (e.g. Karion et al., 2013; Caulton et al., 2014a) or satellite data (Kort et al., 2014; Schneising 
et al., 2014) to estimate emissions from gas production regions.  

Top-down methods have the advantage of measuring all emissions over the study area, thus unlike bottom-
up approaches, avoid the risk of missing emission sources. However, because all sources are included in the 
measurements if other unrelated emissions sources are present, complex data analysis and interpreation is 
required to properly attribute and quantify emission rates. A top-down system using a network of fixed 
ground stations is currently being developed to provide long term monitoring of CH4 from CSG and other 
sources in the Surat Basin in Queensland (Day et al., 2015). 

Although top-down methods have certain advantages for measuring emissions, depending on the scale at 
which they are applied, they usually give little detail on the routes of emissions. Some bottom-up 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 U.S. gas industry during the 1990s, a number of 
methods were used to measure emission rates (Kirchgessner et al., 1997). hƴŜ ŀǇǇǊƻŀŎƘ ǿŀǎ ΨōŀƎƎƛƴƎΩ 
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 rate E, is calculated from the total flow through the bag, fb, and CH4 
concentration in the gas stream, C, according to Equation 2.4. 

Ὁ Ὢ ὅ       (2.4) 

Because this method is very time consuming, an alternative method known as ǘƘŜ ΨIƛ-CƭƻǿΩ method 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 the CH4 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 2.4. The Hi-Flow system has since been developed into a commercially available portable 
instrument designed for routine leak rate quantification. However, there been a recent report suggesting 
that on one type of commercial Hi-Flow instrument, the range switching operation of the gas analyser may 
cause underestimation of leak rates (Howard et al., 2015). 

With properly operating and calibrated instrument, however, the Hi-Flow (and bagging) methods provide 
accurate emission rates and have been used successfully for measuring emissions rates from 
unconventional gas infrastructure. In the U.S., Allen et al. (2013) used the Hi-Flow 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 built apparatus similar in principle to the Hi-Flow method to measure emissions 
from CSG well pads in NSW and Queensland. 

Both bagging and Hi-Flow 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 requirements, preliminary screening of plant is usually conducted using portable 
leak testing or imaging instruments to locate leaks, which are then quantified using a suitable technique. An 
alternative method for quantifying emissions from infrastructure is to use atmospheric methods similar to 
the top-down techniques discussed above. One of the advantages of this approach is that it can also be 
used at a range of scales. For instance, Hirst et al. (2004) used an atmospheric dispersion method to 
measure hydrocarbon emissions from an oil and gas field several kilometres downwind. Others have used 
these methods to measure emissions at distances of less than 50 m from the source (Loh et al., 2009; Tsai 
et al., 2012). Day et al. (2014) used a ground based traversing method with a vehicle mounted CH4 analyser 
to estimate emissions from Australian CSG well pads. 

Most atmospheric methods require detailed knowledge of the plume transport characteristics to produce 
accurate results. In some cases, this information may be difficult to measure or estimate hence the 
uncertainty of the estimates is increased. Some of these problems are avoided by using a tracer gas that is 
released at a known rate from the same location as the source under investigation. Provided that the tracer 
is not reactive and is subject to the same dispersion behaviour as the target CH4 source, the emission rate 
can be calculated by multiplying the tracer release rate by the ratio of the methane concentration 
enhancement (i.e. the measured CH4 minus the background level) to the tracer enhancement. This method 
has been used to measure CH4 emissions from natural gas operations in the U.S. (Lamb et al., 1995; Allen et 
al., 2013). 

2.4 Wetlands 

Wetlands have been estimated to account for around 25 % of naturally occurring CH4 emissions globally 
(Waletzko and Mitsch, 2014) and hence have been the subject of intensive study over many years. In 
Australia, however, the contribution of wetlands to the overall CH4 budget is poorly defined with only a 
handful of studies reported. In addition, the range of emission rates reported is very wide ς Dalal et al. 

(2008) cite values for emission rates varying over four orders of magnitude between 3 mg CH4 m-2 h-1 and 44 
mg CH4 m-2 h-1. 

Australian wetlands are very diverse and include marine and coastal environments, inland wetlands and 
some man-made regions (Department of the Environment, 2015b). There are many factors that affect CH4 
emissions from wetlands and soil more generally such as temperature, seasonal effects, compaction (i.e. 
the degree to which air can penetrate the soil), moisture content and vegetation type. Given the diversity 
of wetland types, the wide range of emission fluxes is unsurprising. 

Measuring emission fluxes from wetlands is usually performed using either atmospheric methods or 
surface flux chambers. A comprehensive review of these methods, including their strengths and 
weaknesses, is provided in Denmead (2008). Remote sensing methods have also been used to estimate 
emissions from large areas such as the Amazon Basin (Melack et al., 2004) although because of the coarse 
spatial resolution of satellite imagery, this 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 hand are relatively simple to use in the field yet 
provide high sensitivity for measuring low emission fluxes accurately and consequently, this is the most 
common method used for measuring soil gas emissions. 

There are numerous chamber designs available, including a number of commercial systems, but essentially, 
all operate by enclosing an area of soil by placing a chamber on the ground surface and measuring the 
concentration of CH4 (or other gas) within the chamber over time. Typically, the area enclosed by the 
chamber is less than about 1 m2. Flux chamber measurements are often ƳŀŘŜ ƛƴ ǘƘŜ ΨǎǘŀǘƛŎΩ Ƴode in which 
there is no exchange of air between the inside and outside of the chamber and the gas concentration 
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within the chamber is measured over a period of time. The rate of change of CH4 concentration in the 
closed chamber is a function of the gas flux. Analyses of the gas within the chamber may be achieved with 
an analyser connected to the chamber; alternatively, small gas samples may be taken throughout the 
experiment using a gas syringe for later analyses in a laboratory (by gas chromatography, for example). 

Chambers can also be operated in a flow-through mode where a supply of clean air or other carrier gas is 
passed through the chamber at a constant rate. The flux is a function of the difference in concentration 
between the incoming and outgoing stream. However, the sensitivity of flow-through systems is less than 
static chambers so flow through systems are generally only used in areas with higher gas flux. 

Despite the relative simplicity of chambers systems there are a number of factors that must be considered 
when interpreting the results. One of the most obvious is that the chambers only cover a very small area 
relative to the study region. Hence, many measurements are necessary to achieve a reasonable level of 
coverage of even small areas. Moreover, 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 measurements. Small pressure differences 
between the inside and outside of the chambers 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 
chambers often have a small vent to allow the pressure to equilibrate, especially if an 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, which in turn has the potential to affect gas emissions. Generally, this problem is mainly associated 
with chambers that are left in place for extended periods ς shorter term experiments (of the order of a few 
minutes) are less likely to cause such changes. 

Another point relates to some static chambers where an internal fan is used to ensure that the gas is well 
mixed within the chamber. It has been demonstrated that high levels of turbulence induced by this mixing 
may affect the apparent emission flux (Denmead, 2008). It has also been suggested that static chambers 
may affect the flow of gas when high concentrations are reached in the chamber (Denmead, 2008) and for 
this reason, flow through chambers may be preferred when flux rates are high. Debate continues as to the 
optimum design of flux chambers (Pihlatie et al., 2013). 

2.5 Cattle Production 

Greenhouse gas emissions from livestock in Australia were estimated to be 59.7 Mt CO2-e during 2013 
ό5ŜǇŀǊǘƳŜƴǘ ƻŦ ǘƘŜ 9ƴǾƛǊƻƴƳŜƴǘΣ нлмрŀύΣ ǿƘƛŎƘ ǊŜǇǊŜǎŜƴǘǎ ŀōƻǳǘ тл ҈ ƻŦ ǘƘŜ ƴŀǘƛƻƴΩǎ ŀƎǊƛŎǳƭǘǳǊŀƭ 
emissions. Most of the livestock emissions are due to CH4 produced by enteric fermentation (56.4 Mt CO2-e 
or 2,685 Gg CH4), with manure management from intensive feedlots contributing a further 3.3 Mt CO2-e. It 
has been estimated that about 52 % of enteric fermentation emissions in Australia are derived from cattle 
(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 using Tier 2 methodology, which essentially 
relies on a linear relationship between CH4 production in cattle and their feed intake. However, recent 
research has shown that some of the factors used for compiling the Australian national inventory may be 
overestimating emissions by as much as 24 % (Charmley et al., 2015). 

Research into greenhouse gas emissions from cattle has been conducted over many years. Much of this 
work has been conducted using apparatus where individual cattle are enclosed in a flow-through chamber 
and provided with feed and water for the duration of the test, which may last for up to 24 hours (Tomkins 
et al., 2011). The temperature and humidity of the chamber are closely controlled while an air stream of 
perhaps 200-300 L min-1 is passed through the chamber. The air flow rate and concentration of CH4 in the 
outlet air stream are continuously measured over the duration of the experiment and are used to calculate 
the daily CH4 flux for the animal under test. A similar technique uses a hood that surrounds the test 
ǎǳōƧŜŎǘΩs head rather than the entire animal (Boadi et al., 2002). While chamber methods are potentially 
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very accurate, they require highly specialised equipment and facilities, emissions are measured under 
laboratory conditions rather than in the field, and the procedures have a low throughput. 

Other methods that allow measurements to be made while cattle forage normally include various 
atmospheric techniques. One approach uses SF6 as an inert tracer gas. Here, a permeation tube that 
releases SF6 at a known rate iǎ ƛƴǎŜǊǘŜŘ ƛƴ ǘƘŜ ŀƴƛƳŀƭΩǎ ǊǳƳŜƴΦ ! ǎŀƳǇƭƛƴƎ ǎȅǎǘŜƳ ŀǘǘŀŎƘŜŘ ǘƻ ǘƘŜ ŀƴƛƳŀƭ 
ŎƻƭƭŜŎǘǎ ŀƛǊ ŦǊƻƳ ƴŜŀǊ ǘƘŜ ŀƴƛƳŀƭΩǎ ƴƻǎŜ ŀƴŘ ƳƻǳǘƘ, which is later analysed by gas chromatography 
(Johnson et al., 2007). The emission rate of CH4 is calculated by multiplying the release rate of SF6 by the 
ratio of CH4 to SF6 concentrations in the sample. A similar tracer technique has also been used where 
instead of SF6, radioactive CH4 that has been labelled with either 14C or 3H is infused into the 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 is generally within about 5 % (Grainger et al., 2007; McGinn et al., 
2006). 

Chamber and 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 an atmospheric dispersion method where CH4 concentration is 
measured downwind of the source and inverted to provide an emission flux using a backward Lagrangian 
stochastic model (Tomkins et al., 2011; McGinn et al., 2011). This method was used by McGinn et al. (2008) 
to measure emissions from cattle feedlots in Queensland and Canada. 

As well as enteric fermentation, cattle manure may also be a significant source of CH4 and in some cases 
N2O, which is also a potent greenhouse gas. For the purposes of compiling national greenhouse gas 
inventories, the IPCC CH4 emission factor for manure management of non-dairy cattle in Oceania is 5 kg CH4 
head-1 y-1, which assumes that all manure management is by dispersal on pastures and ranges (IPCC, 1996). 
However, the amount of CH4 produced 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 of CH4. Intensive agricultural facilities like feedlots, on the other 
hand, tend to use liquid management practices where the manure is held in lagoons. In this situation, 
decomposition is by anaerobic activity that produces much larger quantities of CH4. The IPCC emission 
factor for liquid manure management (such as in a feedlot) in a warm climate with an annual average 
temperature above 25 °C is 38 kg CH4 head-1 y-1. 

Methane emissions from manure lagoons are generally made using some form of floating flux chamber 
(e.g. Husted, 1993; Kebread et al., 2006) or micrometeorological method (e.g. Kebread et al., 2006; Ro et 
al., 2013). However, it should be noted that there are obvious health and safety implications associated 
with direct contact methods such as flux chambers. 

2.6 Rice Cultivation 

Globally, rice cultivation is one of the main agricultural sources of CH4 and contributes about 10 % of 
atmospheric CH4 emissions (Dalal et al., 2008). In Australia, rice production is only a relatively small 
component of the local agricultural industry so the proportion of CH4 emissions from rice cultivation 
relative to overall agricultural production is much lower than the global average. Current annual CH4 
emissions from Australian rice cultivation are estimated to be 556 Gg CO2-e (~26.5 Gg CH4), which 
represents less than 0.7 % of emissions from the agricultural sector as a whole (Department of the 
Environment, 2015a). Almost all Australian rice is grown in NSW but even here, the contribution of rice 
emissions is 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, emission estimates are made using a Tier 1 method with an IPCC 
default emission factor of 10 g m-2 y-1 (Department of the environment, 2015c). Consequently, the 
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uncertainty on these estimates is high (although given the small size of the rice contribution to total 
greenhouse gas emissions in Australia, this is largely immaterial). 

Methane is emitted from rice paddies by several routes: transport through the vascular system within the 
plants, ebullition and diffusion through water to the atmosphere. It has been estimated that plant transport 
is the main mechanism (Jain et al., 2004) while ebullition accounts for perhaps 20 % of the flux. Diffusion 
contributes only a minor component of gas emissions. The rate at which CH4 is emitted is strongly affected 
by a wide range of factors. Perhaps the single largest influence on emissions is water management. For 
instance, mid-season drainage or intermittent flooding, which are practised in some rice growing regions, 
can significantly reduce CH4 emissions. The increased aeration of the soil promoted by these management 
regimes may also lead to increased CH4 oxidation further reducing emissions (Uprety et al., 2011). Other 
factors that affect CH4 emissions are seasonal and diurnal responses, temperature, pH of the water, type of 
cultivar, fertiliser application and others (Uprety et al., 2011; Dalal, 2008; Jain et al., 2004; Neue, 1997). 

Like wetlands, CH4 emissions from rice fields are most commonly measured using surface flux chambers. 
Often, these are purpose built for the task and may be deployed manually during field measurement 
campaigns (e.g. Cicerone et al., 1983; Khalil et al., 1991; Keerthisinghe et al., 1993). Alternatively, 
automated chambers may be installed in the field for long term monitoring (e.g. Schütz et al., 1989). If 
permanent fixed chambers are to be used it is important to ensure that they do not affect the growing 
cycle of the rice. Hence, 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 plants. Another feature of chambers used for rice emissions is that 
they must be high enough to accommodate the plants throughout the growing season. Accordingly, 
chambers are often relatively tall and require internal mixing with a fan to avoid concentration 
stratification during measurements. 

As well as chamber 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 % of NSW total greenhouse gas 
emissions (Table 2.1). Often emissions from landfills that are required to be reported (i.e. those from sites 
that generate more than 10,000 t CO2-e per annum) are estimated using Method 1, which is based on 
estimates of the amount of material within the landfill and that received at the facility during the reporting 
year, and a first order decay model. Higher order methods are also permitted in which emissions from the 
site that are not captured are estimated using a series of flux chamber measurements made over a 
representative area.  

Many studies that have examined landfill emissions have used surface flux chambers because of the 
simplicity and versatility of the method (e.g. Bogner et al., 1995; Mosher et al., 1999; Stern 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 so that large differences in flux may occur over short 
distances. In one study, emission rates were found to vary over seven orders of magnitude from less than 
0.0004 g m-2 day-1 to more than 4000 g m-2 day-1, which introduces potentially very large uncertainties into 
estimates based on inadequate numbers of flux chamber measurements (Bogner et al., 1997).  

As a result of the sampling difficulties posed by chamber methods, other techniques have been investigated 
to measure emissions from landfills. Most 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 methods are atmospheric techniques and include eddy covariance 
(Hovde et al., 1995; Tuomas et al., 2007), tracer gases (Czepiel et al., 1996; Mosher et al., 1999; Czepiel et 
al., 2003; Spokas et al., 2006) and plume mapping (USEPA, 2012; Amini et al., 2013). The latter method may 
use open path laser instruments to measure the integrated CH4 concentration 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 general methodology 
of this approach is now the basis of USEPA method OTM 10 ς Optical Remote Sensing for Emission 
Characterisation from Non-Point 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 reporting under the 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 effluent. At present, there is no 
provision for direct measurement of CH4 emissions from wastewater treatment plants. As a result, 
estimates for many plants probably have a relatively high degree of uncertainty. However, the contribution 
of wastewater treatment plants to overall CH4 emissions is fairly low and based on current estimates 
(notwithstanding the uncertainty of these ŜǎǘƛƳŀǘŜǎύΣ ǊŜǇǊŜǎŜƴǘ ƭŜǎǎ ǘƘŀƴ о ҈ ƻŦ b{²Ωǎ /I4 inventory 
(Table 2.1). 

Most wastewater treatment facilities in Australia and elsewhere comprise a number of processes (primary, 
secondary and sometimes tertiary) with varying levels of CH4 emissions. A range of techniques has been 
applied at facilities to measure emissions throughout the treatment process. 

Toprak (1995) measured CH4 and CO2 emissions rates from an anaerobic waste pond using a fixed 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 a flow meter connected to the funnel. The average gas flow rate measured during 
the study was approximately 19.6 m3 day-1 (combined CH4 and CO2) although there was a significant level of 
diurnal variation in the rate. Moreover, the volume of gas produced was also found to increase with 
increasing ambient air temperature. 

One of the advantages of such a 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 feasible with infrequent periodic 
measurements. However, this methodology samples over a single, very small area (~ 0.1 m2) so the 
representativeness or otherwise introduces a level of uncertainty to the results.  

More commonly, flux chambers of some design are used for measuring emission fluxes from wastewater 
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 was placed 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 rapid 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 unconventional oil and gas industry (Field 
et al., 2014). The CSG sector is somewhat different in Australia to that in the United States, 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 volatile organic compounds 
for the various methane emissions sources. The VOC emissions have been addressed from an ambient air 
quality 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 certain 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 where the pattern of the measured 
compounds follows the intensity of the activity. Long term averaging techniques 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 factors 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 for statistical analysis and the identification of factors that 
may be assigned to specific sources or source groups.  

The work conducted for this project focuses on the trace level detection of a large suite of volatile organic 
compounds in order to gain an understanding of source related impacts on ambient air and to study the 
prevalence of compounds that may specifically characterise a source. As far as we are aware, a VOC study 
as comprehensive as this one has not been undertaken in Australian gas fields, nor for the number of 
source categories examined in regional New South Wales. 
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4 Isotopic Ratios 

The isotopic ratio of carbon in CH4 όʵ13C CH4) is a measure of the stable isotopes of carbon (13C/12C) within 
the CH4 gas molecule being analysed. The units for ʵ13C ŀǊŜ ǊŜǇƻǊǘŜŘ ƛƴ ǇŀǊǘǎ ǇŜǊ ǘƘƻǳǎŀƴŘ ό҉ύ ŀƎŀƛƴǎǘ ǘƘŜ 
international standard Vienna Pee Dee Belemnite (VPDB).  Similarly the isotopic ratio of hydrogen in 
ƳŜǘƘŀƴŜ όʵ2H CH4) is a measure of the stable isotopes of hydrogen (2H/1H) within the methane gas 
molecule. The units for ɻ 2H ŀǊŜ ǊŜǇƻǊǘŜŘ ƛƴ ǇŀǊǘǎ ǇŜǊ ǘƘƻǳǎŀƴŘ ό҉ύ ŀƎŀƛƴǎǘ ǘƘŜ ƛƴǘŜǊƴŀǘƛƻƴŀƭ ǎǘŀƴŘŀǊŘ 
Vienna Mean Standard Ocean Water (VSMOW). The 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 of CH4 have a different affinity for the 12C and 13C isotopes and similarly for the 
2H and 1H isotopes. .ȅ ŀƴŀƭȅǎƛƴƎ ʵ13C CH4 ŀƴŘ ʵ2H CH4, different sources (of CH4 in the atmosphere or in the 
ground) may be distinguished. 

4.1 Bulk Gas Composition 

The bulk molecular composition of gas is widely used to differentiate the origin of the sample. Biogas 
derived samples are characterised by high CH4 and significant carbon dioxide levels (anaerobic 
methanogenesis) and almost no heavier hydrocarbons. Hydrocarbon derived natural gases are influenced 
by biogenic versus thermogenic formation (e.g. Strapoc et al., 2011; Scott et al., 1994; Golding et al., 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; Boreham et al., 2001). Coal seam gas consists of mainly light hydrocarbons (C1-C5) in 
various proportions and CO2 (Papendick et al., 2011), and in some cases small amounts of nitrogen (N2) 
(Smith et al., 1985; Smith and Pallasser, 1996; Hamilton et al., 2014), hydrogen (H2), helium (He) (Clayton, 
1998) and hydrogen sulphide (H2S) (CƭŀȅǘƻƴΣ мффуύΦ ¢ƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ΨǿŜǘǘŜǊΩ components such as propane, 
butane, etc. tends to be a reflection of coal or other organic matter rank and pure microbial gases are 
characterised by exceptionally low concentrations of ethane and heavier hydrocarbons (Li et al., 2008; Faiz 
and Hendry, 2006). Gas derived from petroleum oil and shale oil/gas accumulations is characterised by a 
significant greater proportion of heavier hydrocarbons (C2-C5+) in addition to the CH4, much more so than in 
coal seam gas (Golding et al., 2013).   

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 (NASA, GISS, 2013). The primary removal 
mechanism of methane from the atmosphere is through chemical reactions with the hydroxyl radical (OHω) 
forming CO2.  The OHω reacts with a number of gases in the atmosphere and is commonly referred to as a 
chemical species ǘƘŀǘ ΨŎƭŜŀƴǎΩ ǘƘŜ ŀǘƳƻǎǇƘŜǊŜΦ 

CƛƎǳǊŜ пΦн ƛǎ ŀ ǎŎƘŜƳŀǘƛŎ ŎǊƻǎǎ ǎŜŎǘƛƻƴ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ŎǊǳǎǘΣ ǎƘƻǿƛƴƎ ƻǊƛƎƛƴΣ ƳƛƎǊŀǘƛƻƴ ŀƴŘ ŀŎŎǳƳǳƭŀǘƛƻƴ ƻŦ 
CH4.  Origins of CH4 include conversion of organic material by micro-organisms (biogenesis), thermal 
decomposition of buried organic matter (thermogenesis) and deep crustal processes (abiogenesis). Buoyant 
CH4 migrates upward through rock pores and fractures and either accumulates under impermeable layers 
or eventually reaches the surface and dissipates into the atmosphere. 

Abiogenic CH4 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 al., 2006; Horita and Berndt, 1999). This methane is generally formed by the 
reduction of CO2, a process which is thought to occur during magma cooling, in hydrothermal systems 
during rock-water interactions and the serpentinisation of ultramafic rocks. In the context of global 
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hydrocarbon reservoirs, abiogenic contribution is only a minor fraction based on isotopic signatures (Lollar 
et al., 2002). 

 

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

 

 

Figure 4.2 Schematic cross section of sub-surface methane generation pathways (Howell et al., 1993) 
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4.2 Carbon and Hydrogen Isotopes of Gases 

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 et al., 1989; Whiticar, 1994), and the thermal maturities of their 
source rocks (e.g. Boreham et al., 2001, 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 temperature. Methane 
also forms as a product of anaerobic microbial metabolism. Methane carbon isotope values between -20 to 
-рл ҉ VPDB typically indicate thermogenic gas and values lower than -рл ҉ ŀǊŜ ƛƴŘƛŎŀǘƛǾŜ ƻŦ ōƛƻƎŜƴƛŎ 
influences (Schoell 1980, 1988). Intermediate values (-50 to -сл ҉ύ Ƴŀȅ ōŜ ǘƘŜ ǊŜǎǳƭǘ ƻŦ ƳƛȄƛƴƎ ƻŦ 
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 biogenic contributions 
Ŏŀƴ ōŜ ǇǊƻōƭŜƳŀǘƛŎ ƻƴ ǘƘŜ ōŀǎƛǎ ƻŦ ʵ13C signatures alone. Table 4.1 summarises commom natural and 
anthropogenic methane sources. 

Isotopic values for atmospheric CO2 tend to range from -8 to -мн ҉ ŘŜǇŜƴŘƛƴƎ ƻƴ ŀƛǊ Ǉƻƭƭǳǘƛƻƴ ƭŜǾŜƭǎ 
(Longinelli et al., 2005, Clark-Thorne and Yapp, 2003) and values for carbon isotopes of CO2 in coal seams 
worldwide range between -ну ҉ ŀƴŘ Ҍмф ҉ ό{Ƴith et al., 1985; Rice, 1993; Kotarba and Rice, 1995; 
Clayton, 1998). Bacterial reduction of CO2 leads to isotopically heavier C isotopes in the residual gas, in 
severe cases positive values (Emery and Robinson, 1993).   Carbon isotopic values of CO2 between -5 
to -28 ҉ ŀǊŜ ƛƴŘƛŎŀǘƛǾŜ ƻŦ ǘƘŜǊƳƻƎŜnic sources (Irwin et al., 1977; Chung and Sacket, 1979; Clayton, 1998; 
Golding et al, 2013). Isotopic values of endogenic CO2 are close to the main value for elemental C in the 
upper mantle and vary from -10 to -р҉ ό{ƳƛǘƘ Ŝǘ ŀƭΦΣ мфурΤ WŀǾƻȅ Ŝǘ ŀƭΦΣ мфусΤ IƻŜŦǎΣ мфутΤ WŜƴŘŜƴ Ŝǘ ŀƭΦΣ 
1993). 

The hydrogen isotopic composition of CH4 generated from the biogenic samples utilising anaerobic 
digestion of organic material generally ranges from -олл ҉ ǘƻ -орл ҉ ±{ah²Φ ¢ŀƪŜƴ ǘƻƎŜǘƘŜǊ ǿƛǘƘ 
carbon isotope values of CH4, these values are generally consistent with bacterial origins and methyl type 
fermentation. During bacterial CO2 reduction, the formation water supplies the hydrogen, whereas during 
fermentation, up to three quarters of the hydrogen comes directly from methyl groups in the coal or other 
organic precursors, which is already depleted in the heavier deuterium atoms, hence explaining the very 
depleted hydrogen isotope signature.  In contrast, most coal samples (Surat, Bowen, Sydney, Gloucester 
Basin, etc.) have typical hydrogen isotope values -200 to -нсл ҉ ±{ah²Σ ŘŜǇŜƴŘƛƴƎ ǳǇƻƴ Ŏƻŀƭ ǘhermal 
maturity and mixing inputs from secondary microbial CH4 (Golding et al., 2013) which tend to be dominated 
by bacterial carbonate reduction. 

¢ƘŜ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ ǘƘŜ ʵ13/ ŀƴŘ ʵ2H data for CH4 in a cross-plot generally provide insights into their origins 
(see Whiticar, 1999). In Figure 4.3, some differentiation of CH4 sources is possible but one needs to bear in 
mind that there are always exceptions to this broad classification due to the intrinsic nature 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 CO2 and CH4 were used to give insights into the origin of gases.  
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Figure 4.3 Stable isotope cross-plot of carbon and hydrogen isotopes of CH4 (Whiticar, 1999) 
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Table 4.1 Carbon and hydrogen isotopes of common natural and anthropogenic CH4 and CO2 sources 

Methane Source 
ʵ13C CH4 

ό҉ ±t5.ύ 
Upper Lower 

ʵ2H CH4 
ό҉ ±{ah²ύ 

Upper Lower 
ʵ13C CO2 
ό҉ ±t5.ύ 

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 Grassland  -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 Sewage  -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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Methane Source 
ʵ13C CH4 

ό҉ ±t5.ύ 
Upper Lower 

ʵ2H CH4 
ό҉ ±{ah²ύ 

Upper Lower 
ʵ13C CO2 
ό҉ ±t5.ύ 

Upper Lower 

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 (commercial, Eastern Australia)  -39 -35 -41 -214 -200 -220 -2 -1 -9 

Traffic Exhaust (California, USA)  -46 -30 -49 -110 -100 -130 
  

  

 

References: (Anthony et al., 2012; Boreham et al., 2001; Burra et al., 2014; Craig et al., 1988; Dlugokencky et al., 2011;  Draper and Boreham, 2006; Faiz and Hendry, 2006; Golding 
et al., 2013; Hamilton et al., 2014; Keeling, C. D., 1960; Kinnon et al., 2010; Li et al., 2008; Lowe et al., 1991; Montiel et al., 2011; Pacific Environment, 2014; Quay et al., 1999; Rust, 
F. E., 1981; Schaefer et al., 2016; Schoell, M., 1988; Smith et al., 1982; Stevens, C. M., 1988; Stevens and Rust, 1982; Strapoc et al., 2011; Townsend-Small et al., 2012; Umezawa et 
al, 2012; Zimmerman et al., 1982). 

  



 

Methane and Volatile Organic Compound Emissions in New South Wales | 23 

5 Experimental 

5.1 Sampling Sites 

The original project brief specified that measurements were to be made at 15 sites across NSW covering a 
range of CH4 sources: 

ω Four main CSG regions i.e. Camden, Narrabri, Gloucester and Casino 
ω One landfill site at a country location 
ω One landfill site in major city 
ω One rice farm 
ω One coal mine in the Hunter region 
ω One coal mine in the Narrabri/Gunnedah region 
ω Four wastewater treatment plant , i.e. sewage treatment plants (STP); three in 

country NSW; one in the Sydney metropolitan or major regional centre 
ω One intensive agriculture site such as a feed lot or a pig farm 
ω One natural source of methane such as natural seep, forest or drainage line. 

Sites for field measurements and sampling were selected from each of the categories listed above by the 
NSWEPA (except the rice farm, which was selected by CSIRO after consultation with CSIRO Agriculture 
officers). An initial selection was made in consultation with the EPA regional offices, after which facility 
operators were then invited to participate in the project. A number of the operators of the some of the 
invited facilities declined to participate, so alternatives were then sought by the EPA. A consequence of this 
was that none of the coal mines in the Narrabri/Gunnedah region were available to participate in the 
project so two Hunter Valley mines were included instead. 

In the case of CSG operations, the negotiations to gain access to some facilities were somewhat protracted 
and hence detailed on-pad measurements did not commence at these sites until about the middle of 2015. 

In general, sites were selected to be spread across NSW but because in most cases participation in the 
project was voluntary, the final selection of sites was largely dependent upon the operators agreeing to 
provide access to their sites. In addition to this, some consideration was given to the proximity of the CSIRO 
base in Newcastle to some sample sites to assist in the logistics of visits to the sites over the course of the 
project (for example, the Summerhill Waste Management Centre in Newcastle was selected to represent 
the city landfill site, and the Singleton Wastewater Treatment Works was chosen as one of the country 
sewage treatment plants). 

A brief description of each site are provided in Table 5.1. Approximate locations of each site are also shown 
in Figure 6.1 in the Results section. 
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Table 5.1. Details of the sampling sites investigated during the study 

Site Owner Category 
Approximate 

Location 
Notes 

Camden Gas Project AGL Energy CSG production -34.12°, 150.77° 144 wells, with 96 producing. One gas 
processing plant. The Camden gas 
project is currently the only CSG 
producer in NSW selling gas 
commercially. 

Gloucester Gas 
Project 

AGL Energy CSG production -32.05°, 151.97° Four pilot wells producing gas. 
Produced gas is flared. The project was 
cancelled in February 2016, and since 
then all wells have been suspended 
with no gas production.  

Narrabri Gas Project Santos Limited CSG production -30.63°, 149.65° About 50 pilot wells with gas and water 
treatment facilities. Some of the gas 
produced is used in the Wilga Park 
Power Station; the remainder is flared. 

West Casino Gas 
Project 

Metgasco 
Limited 

CSG production -28.82°, 152.96° This project is now cancelled. All wells 
are either suspended or plugged and 
abandoned. 

Parkes Waste Facility Parkes Shire 
Council 

Country landfill -33.13°, 148.14° The largest of a number of landfills 
operated by Parkes Shire Council. The 
site has been operating since 1995 and 
is currently licensed to accept up to 
20,000 t of solid waste per annum. 
Waste is periodically buried ς there is 
no gas capture at this site. 

Summerhill Waste 
Management Centre 

Newcastle City 
Council 

Metropolitan 
landfill 

-32.89°, 151.64° This is the primary waste 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. 

Yanco Agricultural 
Institute 

NSW 
Department of 
Primary 
Industries 

Rice farm -34.62°, 146.42° The Institute conducts research into 
sustainable agriculture, especially rice 
production and horticulture. 
Measurements were made in an 
experimental rice crop.  

wƛȄΩǎ /ǊŜŜƪ /ƻŀƭ aƛƴŜ The Bloomfield 
Group 

Hunter Valley 
coal mine (open-
cut) 

-32.53°, 151.12° Open-cut operation producing 
approximately 2.5 Mt run-of-mine 
(ROM) coal per annum. 

Wambo Coal Mine Peabody Energy Hunter Valley 
coal mine (open-
cut and 
underground) 

-32.57°, 150.99° This mine is a combined open-cut and 
underground operation. Total 
production is about 7.5 Mt ROM coal 
per annum. 
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Site Owner Category 
Approximate 

Location 
Notes 

Camden Gas Project AGL Energy CSG production -34.12°, 150.77° 144 wells, with 96 producing. One gas 
processing plant. The Camden gas 
project is currently the only CSG 
producer in NSW selling gas 
commercially. 

Gloucester Gas 
Project 

AGL Energy CSG production -32.05°, 151.97° Four pilot wells producing gas. 
Produced gas is flared. The project was 
cancelled in February 2016, and since 
then all wells have been suspended 
with no gas production.  

Singleton 
Wastewater 
Treatment Plant 

Singleton 
Council 

Country STP -32.60°, 151.18° The facility located on Army Camp road 
receives all of the wastewater from 
Singleton for treatment. The capacity 
of the facility is about 20,000 
equivalent persons (EP). 

Dubbo Wastewater 
Treatment Plant 

Dubbo City 
Council 

Country STP -32.20°, 148.63° The Boothenba Road plant is the main 
sewage treatment facility for Dubbo. 
The plant is currently operating at the 
limit of its capacity (approx. 38,000 EP) 
and a new facility adjacent to the 
existing plant was under construction 
during this project. The new plant was 
commissioned during late 2015. 

Wagga Wagga 
Narrung Street 
Wastewater 
Treatment Plant 

Wagga Wagga 
City Council 

Country STP -35.09°, 147.36° The Narrung Street plant is the largest 
of several wastewater treatment 
facilities operated by the Wagga Wagga 
City Council. It treats both domestic 
and industrial effluent. 

Picton Wastewater 
Treatment Plant 

Sydney Water Metropolitan 
STP 

-34.20°, 150.62° The Picton plant is one of six treatment 
facilities in the Hawksbury-Nepean 
catchment operated by Sydney Water. 
It has a capacity of approximately 
13,000 EP. 

Jindalee Feedlot Teys Australia Intensive 
agriculture ς 
cattle feedlot 

-34.46°, 147.77° Cattle are sourced from farms within 
about a 500 km radius for fattening. 
The facility has a capacity of around 
17,000 head. 

Yaegl Nature Reserve NSW National 
Parks and 
Wildlife Service 

Natural area -29.46°, 153.23° The reserve comprises a floodplain of 
mainly paperbark forest and some 
coastal saltmarsh. The total area of the 
reserve is 312 ha. Because it is a 
wetland there are no tracks through 
the reserve so vehicle access is limited. 

 

In addition to these 15 sites, further measurements of ambient concentrations of CH4 and volatile organic 
compounds (VOCs) were made within the Camden gas field south of Sydney and at site within the Cuba 
State Forest, approximately 30 km west of Leeton (approximate location -34.60°, 146.08°). Generally, 
during field trips, the vehicle-mounted methane analyser was operating for most of the time the vehicle 
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was driven between sites. This provided a large database of ambient methane concentrations across NSW 
over almost a two-year period. 

5.2 Methane Measurements 

There are many choices available for measuring CH4 fluxes 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 fixed installations (e.g. eddy covariance and inverse 
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 prohibitive. Accordingly, we adopted 
methods that could be applied during periodic visits to each site. 

Ambient CH4 concentrations and in many cases, the emission flux, were measured at the sites listed in 
Table 5.1 using a range of methods, which are described in the following sections. 

5.2.1 MOBILE SURVEYS 

Ambient CH4 concentration was usually measured using a Picarro Model G2301 CH4, CO2, H2O cavity ring-
down spectrometer, which was fitted into a four-wheel-drive vehicle. On some other occasions, CH4 
concentrations were measured using other Picarro or Los Gatos Research instruments (see following 
sections). A Picarro Mobile Kit provided power to the vehicle mounted gas analyser via an inverter that 
ƻǇŜǊŀǘŜŘ ƻŦŦ ǘƘŜ ǾŜƘƛŎƭŜΩǎ мн ± ǇƻǿŜǊ ǎǳǇǇƭȅΦ !ƴ ŀǳȄƛliary battery fitted to the vehicle allowed the 
instrument to be operated for up to several hours without the engine running. The Mobile Kit also includes 
a GPS receiver (Hemisphere R330 GNSS receiver) and software so that concentration data can be processed 
and displayed in GIS software. Wind speed and direction at sampling sites were measured using a 2-
dimensional sonic anemometer (Climatronics Sonimometer) mounted on the roof of the vehicle 
(measurements were made only while the vehicle was stationary). 

The nominal operating range of the analyser is 0-20 ppm CH4 with a resolution of about 1 ppb. However, 
we have previously found that the analyser can reliably measure concentrations of at least 300 ppm, 
provided that the instrument is calibrated against suitable standards (Day et al., 2014). The data acquisition 
rate of the Picarro instrument is typically 0.3 Hz when used to measure CH4, CO2 and H2O concentrations 
simultaneously, however the acquisition rate decreases when operated above 20 ppm CH4. Details of the 
instrument specifications can be found at 
http://www.picarro.com/products_solutions/trace_gas_analyzers/co_co2_ch4_h2o.  

The calibration of the analyser was regularly checked against several standard gas mixtures including a high 
precision reference air sample containing 1.732 ppm CH4 and 383 ppm CO2 prepared by the CSIRO Oceans 
and Atmosphere, GASLAB (Francey et al., 2003). The CH4 concentration indicated by the Picarro instrument 
was always within about 0.2 % of the nominal concentration of the reference air (i.e. <4 ppb CH4). Other 
standards were also used from time to time for higher concentrations. These less precise mixtures were 
commercially purchased calibration standards containing between 10.8 ppm and 103 ppm CH4. 

During mobile surveys, the spectrometer was operated continuously while the vehicle was travelling but 
ŀƭǎƻ ŦƻǊ ŜȄǘŜƴŘŜŘ ǇŜǊƛƻŘǎ ǿƘŜƴ ǎǘŀǘƛƻƴŀǊȅΦ !ƛǊ ǿŀǎ ǎŀƳǇƭŜŘ Ǿƛŀ ŀ ѻέ ƴȅƭƻƴ ǘube attached to the front of the 
vehicle about 1 m above ground level. The normal flow rate of sample air to the spectrometer is 
approximately 100 mL min-1; however, to minimise the lag time between air entering the inlet tube and 
reaching the analyser, an auxiliary pump in the Mobile Kit was used to increase the flow rate up to about 5 
L min-1. The residence time of the sample within the sample line was less than 0.5 s at this flow rate. When 
used for flux chamber measurements (Section 5.2.4), the auxiliary pump was bypassed using a three-way 
valve. 

Surveys were made by driving the vehicle on public and sometimes private roads at speeds up to about 110 
km h-1. 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, 

http://www.picarro.com/products_solutions/trace_gas_analyzers/co_co2_ch4_h2o
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resulted in an offset of several hundred metres at this speed. However, when surveys were made on the 
selected sites, the vehicle speed was much lower (typically <20 km hr-1) 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 Ultra-Portable Methane/Acetylene Analyser. This 
instrument has an operating range of 0-1000 ppm CH4, 0-1 % C2H2 and 0-7 % H2O (full specifications can be 
found at http://www.lgrinc.com/documents/LGR_Portable_FAMA_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 
C2H2, respectively, were also used. 

5.2.2 PLUME TRAVERSES 

In some circumstances, it is possible to estimate CH4 emissions from sources using a plume dispersion 
method. In this method, the CH4 concentration profile in a plume originating from the CH4 emission source 
is measured at some distance downwind by performing traverses across the plume. This method, among 
others, was used by Day et al. (2014) to estimate CH4 emissions from Australian CSG well pads. The 
technique is illustrated in Figure 5.1. 

 

Figure 5.1. Schematic representation of the plume traversing experiments (from Day et al., 2014). 

By traversing across a plume downwind of the source, the emission flux, F, may be estimated by integrating 
the CH4 concentration enhancement, C, of the plume in the horizontal, y, and vertical, z, directions and 
multiplying by the average wind velocity, u. 

Ὂ ό᷿ ᷿ὅώȟᾀὨώὨᾀ       (5.1) 

Because concentration measurements are made only at ground level, the vertical dispersion must be 

estimated by reference to plume dispersion models such as the Pasquill-Gifford curves of sz (i.e. the 
standard deviation of the distribution of CH4 concentration in the vertical direction) as a function of 
downwind distance under given atmospheric turbulence conditions (Hanna et al., 1982). In this approach 
we assume that the maximum CH4 concentration in the vertical column occurs at ground level; the vertical 
concentration profile of CH4 within the plume is then assumed to decrease from the ground level 
concentration with height according to a Gaussian distribution. Because the maximum concentration must 
be at ground level, the source must also be at or near ground level. The method is therefore unsuitable for 
elevated sources, although other plume dispersion methods can often be applied in these cases. 

Plume Characteristics

z

y

x Emission Source

http://www.lgrinc.com/documents/LGR_Portable_FAMA_Datasheet.pdf
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Plumes that undergo significant rise from momentum or buoyancy effects would also be unsuited to these 
simple ground level traverses because the maximum plume concentration would most likely be well above 
ground level. While CH4 is less dense than air and therefore is buoyant, most of the sources examined in 
this study emit CH4 over diffuse areas so that any emissions are rapidly entrained in the prevailing air flow, 
which rapidly dilutes the CH4. Consequently, the density difference between the plume and surrounding air 
mass is very small and buoyancy effects are negligible. Previous experiments using ground level traverses 
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 spatial distribution 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 accuracy (e.g. Loh et al., 2009; Humphries et al., 2012). However, in less favourable conditions, 
such as short term measurements made during occasional site visits, higher uncertainties are expected. In 
the case of the CSG well measurements, Day et al. (2014) estimated 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 
uncertainties of up to 100 % resulted when estimates were based on only one or two traverses. Other 
researchers using this method have reported uncertainties of a factor of two or three when applied to large 
diffuse sources such as coal mines (Williams, et al., 1993; Lilley et al., 2012). 

Notwithstanding the uncertainties associated with this method, plume traverses were attempted at some 
sites. Measurements were made using the vehicle-mounted Picarro analyser downwind of the source. 
Background CH4 concentrations were measured by performing traverses upwind of the source. 

5.2.3 TRACER GAS 

Because of the uncertainties associated with ground level traverse methods and other problems associated 
with site topography, access and variable winds, we investigated an alternative approach to determine 
emission rates based on the use of a tracer gas. Here, a stable gas unrelated to the source, such as 
acetylene, is released at a known rate, FTracer, from the same location as the CH4 source. Simultaneous 
downwind measurements of the concentration enhancement (i.e. concentration above background) of 
both the tracer, CTracer, and CH4 CCH4, are made and the emission rate of methane, FCH4, calculated according 
to Equation 5.2. 

Ὂ Ὂ
ὅ

ὅ       (5.2) 

The tracer method avoids the need to estimate the vertical CH4 profile in the plume. In addition as shown in 
Equation 5.2, information on wind speed, direction or the width of the plume is not required to calculate 
the emission rate. The method, however, does require additional analytical capability to measure the tracer 
gas with sufficient accuracy and precision. It is also essential that the tracer experience the same plume 
transport phenomena as the target so it is important that the tracer is well mixed in the plume. 

A series of experiments were conducted using controlled releases of CH4 to validate the procedure. 
Methane was released from a cylinder in an open area at rates that were measured using a flow meter 
(Fisher and Porter Rotameter) 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 L min-1, which were 
also measured with the flow meter. Initially samples were collected from within the plume with evacuated 
stainless steel canisters and later analysed in the CSIRO North Ryde laboratories for CH4 and C2H2 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 analyses. 

Later measurements were made using the Los Gatos Research (LGR) Ultra-Portable Methane/Acetylene 
analyser, which provided real-time analyses of the plume and due to the rapid sampling rate (up to 1 Hz) 
yielded many data pairs of CH4 and C2H2 concentrations, which improved the precision of the method. 
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The results of one of the validation experiments are shown in Figure 5.2 where the concentrations of CH4 
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 plume ς the 
instrument was simply moved to ensure that measurements were made within the plume. In this example, 
the actual CH4 flow rate (measured by the calibrated flow meter) was 4.32 L min-1 and the acetylene flow 
was 1.95 L min-1, both released from the same point. 

 

Figure 5.2. Methane and acetylene concentration enhancements measured as a function of time during a controlled 
release experiment. 

There is an excellent correlation between the CH4 and acetylene traces, which is illustrated even more 
clearly in Figure 5.3 where the acetylene enhancement is plotted as a function of the CH4 enhancement. 
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Figure 5.3. Correlation of the methane and acetylene enhancements shown in Figure 5.2. 

The CH4 emission flux calculated from this experiment using Equation 5.2 yielded a mean value of 4.68 L 
min-1, a difference of about 8 % 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 5.4. These experiments were conducted over two days in light to moderate wind 
conditions (1-5 m s-1). Measurements were up to about 50 m downwind of the point emission source. It is 
seen that the CH4 emission rate determined from the tracer method was in each case well within 10 % of 
the true CH4 release rate (indicated by the horizontal lines in Figure 5.4). 
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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 rate (Experiments 1 and 2: 4.32 L min-1; 

Experiments 3-6: 19.2 L min-1). 

Although the use of a tracer is a powerful technique, there are some limitations that must be considered. 
Firstly, the tracer must be well mixed with the plume for optimum accuracy. This usually means that some 
level of wind and a reasonable downwind distance are needed to allow adequate mixing to occur. Secondly, 
the tracer should be released at the same location as the source gases. In some situations such as CSG 
wells, where CH4 emissions are released from a relatively small area, it is often simple to release the tracer 
in approximately the same location as the target. Where the source is released over a larger area, co-
release may not be possible. This may be compensated for by sampling further downwind so that the 
separation from the source and tracer is small relative to the downwind distance. However, for very large 
sources spread over larger areas (e.g. landfills or coal mines) the downwind distance required may be too 
large to be practical (e.g. the tracer becomes too dilute to accurately measure). For large sources such as 
these, alternative methods, perhaps requiring multiple sources of tracer are required. It may also be 
possible to use a hybrid method of tracer release and plume dispersion methods to estimate emissions 
from large sources (Lamb et al., 1995). 

The tracer technique when available and determined to be suitable was deployed at several sites, including 
the CSG well sites visited as part of the project. 

5.2.4 SURFACE FLUX CHAMBERS 

Surface flux chambers were used at many of the selected sites to measure CH4 and CO2 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 outside atmosphere so that the CH4 (and CO2) concentration within the chamber 
usually increases with time. Some natural surfaces show a decrease in CH4 concentration, which is due to 
microbial activity in the soil. The general principle of the operation of static flux chambers is illustrated in 
Figure 5.5. 
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Figure 5.5. Schematic representation of a flux chamber operated in the static mode. The plot to the left shows the 
methane concentration within the chamber during a controlled release experiment as a function of time. 

In this mode of operation the gas flux, F, is calculated from the rate of change in concentration inside the 
chamber, dC/dt (i.e. the slope of the plot shown in Figure 5.5) according to Equation 5.3 

Ὂ  (5.3) 

where V is the volume of the chamber and A is 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 this project, emissions from ground and liquid surfaces were often measured using a variety of 
chamber designs. Initially we used a simple chamber comprising a plastic cylindrical chamber 37.5 cm in 
diameter and 40 cm high with a total volume of about 45 L and an area of coverage of 0.11 m2. The 
chamber was connected to the inlet and return ports of Picarro analyser in the vehicle via 6 mm nylon 
tubing. After placing the chamber on the test surface, the concentration of CH4 and CO2 in the chamber was 
measured over a period of at least several minutes while a small electrically powered fan inside the 
chamber ensured that the air was well mixed during the experiment.  

At some locations, especially where high fluxes were apparent (typically above 10 g CH4 m-2 day-1), a 
commercially manufactured battery powered portable flux system was used. This system (West Systems, 
Srl) used an aluminium chamber with a volume of 6 L and surface coverage of 0.03 m2 (not that the 
chamber was smaller than other chamber so introduced a slight sampling disadvantage due to is smaller 
area of coverage). The analytical system was a tuneable laser diode CH4 analyser and a non-dispersive 
infrared CO2 analyser housed in a portable case. 

While these two systems were suitable for most of the sites where surface flux measurements were made 
(e.g. natural surfaces, landfills, coal mines), there were some occasions when more specialised chambers 
were required. In particular, wastewater treatment plants and the rice farm required purpose built 
chambers to adequately measure emissions. 

At one wastewater treatment plant, we fitted fixed chambers in two of the ponds and made measurements 
of flux during periodic visits to the site. One of the chambers is shown in Figure 5.6. 
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Figure 5.6. Fixed flux chamber in operation at the Singleton wastewater treatment plant 

Each chamber was constructed from a 60 L polyethylene drum with the base removed and fixed to a 
walkway so that the open base of the chamber was submerged in the liquid. A length of 6 mm tubing 
allowed the chamber to be connected to the vehicle mounted analyser. A recirculating fan provided mixing 
within the chamber during each measurement. Because CH4 and CO2 accumulated in the chambers during 
intervening site visits, prior to flux measurements, each chamber was flushed with clean air for several 
minutes until the CH4 and CO2 concentrations within the chamber were close to ambient levels. The fixed 
chambers were only deployed at the Singleton wastewater treatment plant. 

In addition to the fixed chambers, floating systems were built to enable the spatial distribution of emissions 
to be determined on water surfaces. The chambers were made from 60 L polyethylene drums cut in two 
and fitted with a circular float (Figure 5.7). Tubing was fitted so the unit could be attached to the Picarro 
analyser while a battery powered fan provided internal mixing. These chambers could be used up to about 
20 m from the vehicle and were used at all four wastewater treatment sites. The floating chambers were 
also used to measure CH4 flux from a CSG water treatment facility and occasionally on the wetland. 

Fixed chamber in position

Tubing for circulation fan 
and sample extraction
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Figure 5.7. Floating flux chamber in use at a sewage treatment plant 

Flux measurements at the rice farm also required specially designed and built chambers. Since 
measurements were made during the growing season, the chambers had to have sufficient height to 
accommodate the rice plants, which reached a maximum height of about 1.2 m before harvesting 
(Figure 5.8). 

 

Figure 5.8. Purpose-built flux chamber used for measuring CH4 emissions from rice 

The photograph on the left of Figure 5.8 shows 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. 
During each measurement, the chamber was placed over the rice to seal onto a fixed polyethylene base, 
which was permanently set into the soil. The CH4 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, which is 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 field and left in position for the duration of the growing season. This allowed 
measurements to be made at various locations to assess the spatial variability of the emission profile. As 
well as measurements made on the fixed bases, other locations throughout the paddock were selected 
from time to time. 

5.3 Volatile Organic Compound Determinations 

5.3.1 PRIORITY VOCS 

The volatile organic compounds (VOCs) targeted in this study are prioritised under Australian and 
International guidelines for air quality assessment. They comprise a comprehensive range of compounds 
that also allow the evaluation of source contribution and source recognition, of importance in this project. 
¢ƘŜǎŜ ŎƻƳǇƻǳƴŘǎ ŀǊŜ ƛƴŎƻǊǇƻǊŀǘŜŘ ƛƴǘƻ ǘǿƻ ±h/ ǎǳƛǘŜǎ ǘŜǊƳŜŘ ǘƘŜ Ψt!a{ ƘȅŘǊƻŎŀǊōƻƴ suiteΩ ŀƴŘ ǘƘŜ Ψ¢h-
мр ŀƛǊ ǘƻȄƛŎǎ ǎǳƛǘŜΩΦ 

The PAMS (Photochemical Assessment Monitoring Stations) suite is prioritised under United 
States Environmental Protection Agency (USEPA) and California Air Resources Board (CARB) protocols as 
the major organic precursors to the formation of ozone in the atmosphere. The suite comprises 57 aliphatic 
and cyclic hydrocarbons, including aromatic compounds, in the C2 ς C12 hydrocarbon range which, by their 
nature, provide information on urban transport emissions, liquid and gaseous fuels and combustion derived 
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 TO-15 (Toxic Organics - Method 15) air toxics suite is prioritised under USEPA ambient air quality 
guidelines for human and environmental health. The TO-15 suite comprises 65 organic compounds that 
include halogenated and oxygenated species, along with certain hydrocarbons. These compounds 
characterise the emissions from various waste processing and industrial activities and aspects of emissions 
from natural processes. 

Included in these suites are the aromatic compounds prioritised under the Australian National 
Environmental Protection (Air Toxics) Measure (Air Toxics NEPM), i.e. the BTX group; benzene, 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 prioritised due to its 
toxicity as a primary emission (particularly from furnishings to indoor air and as a component in exhaust 
emissions to ambient air) and its role as a secondary pollutant of importance in the formation of 
atmospheric aerosol. These aspects were of 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 and analysis that involves in-situ derivatisation as the mode of collection and 
liquid chromatography as the method of analysis. Benzo[a]pyrene is a particle-bound, semi-volatile 
compound that is primarily generated from combustion sources. This compound requires a filter-based 
method of collection and specific analytical and instrumental modes of analysis. Particles and semi-volatile 
organics were not the prime focus of this study.  

The VOC suites are listed in Tables 5.2 and 5.3 for PAMS hydrocarbon and TO-15 air toxics VOCs 
respectively. The compounds are named according to IUPAC convention except where the alternative name 
is in common usage (such as toluene rather than methylbenzene) and in this case, both names are 
provided. The VOC tables of site results, presented in Appendix B, use the primary name as listed in Tables 
5.2 and 5.3 and compounds common to both suites are reported in the PAMS listing only. The compounds 
are ordered by chromatographic retention time (down each column) as this provides a level of guidance as 
to their relative boiling point and volatility.  

These compounds were determined using dedicated instrumentation that incorporated gas 
chromatography and detection using mass spectrometry and flame ionisation (GCMS and GCFID). These 
methodologies provided analysis at trace levels, below 0.1 part per billion by volume (ppbv) mixing ratios 










































































































































































































































































































































































































































































































































































