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Non -Technical S ummary  

 
Assessment of the efficacy of permeable pond covers over a three-year period has confirmed that 

they are a cost-effective odour management tool.  They have an anticipated life expectancy of at 

least ten years.  Investigation of emissions of volatile chemicals and gases, as well as pond chemistry, 

has not provided any justification to avoid recommendation of this relatively low cost technology.  

Regulatory agencies are now in a position to accept this technology as one that has been adequately 

investigated, and as a consequence of which, predictable performance may be anticipated. 

 

Adoption of this technology by the pig industry as an odour control tool should be limited only by 

site-specific circumstances and the costs and benefits of alternate technologies. 

   

Selection of Cover Material  

The efficacies of straw- and polypropylene and shadecloth composite covers at reducing odour 

emissions are quite similar. 

 

It is recommended that polypropylene and shadecloth covers be used in preference to supported 

straw covers on the basis of cost and reduced maintenance over the life of the cover. 

Maintenance of polypropylene and shadecloth covers appears to be largely driven by site-specific 

factors, provided the polypropylene is protected from UV damage. 

 

Performance, Life Expectancy and Costs of Permeable Pond Cover 

Efficacy of Reduction of Odour Emission Rates 

When compared with the emission rate of the uncovered liquor of each pond, polypropylene and 

shadecloth covers reduced odour emission rates by about 74%, shadecloth-only covers reduced 

odour emission rates by about 70% while a supported straw cover reduced odour emission rates by 

about 66%. 

 

When compared with the emission rate of an uncovered pond, a polypropylene and shadecloth 

cover reduced odour emission rates by 50%, while a shadecloth-only cover reduced odour emission 

rates by 41%. 

 

The true efficacy of these covers is probably a lot higher ð the nature of the odour released from 

the various cover surfaces is much less offensive than that emitted from the liquor.  The apparently 

poor performance of the permeable covers is a reflection of the process of dynamic olfactometry - a 

presence/absence test, rather than a test of odour character or offensiveness. 

 

Cover Life Expectancy 

The life expectancy of the straw component of a supported straw cover is about 12 months.  Cover 

efficacy can be maintained by an annual application of good quality straw. 

 

Polypropylene covers require careful protection to ensure an acceptable life expectancy.  Direct 

sunlight causes severe deterioration of the non-woven cover material within a 12-month period.   

Manufacture and deployment of a composite cover comprising a non-woven geofabric, shadecloth 

and flotation devices is likely to provide a cost-effective odour management device with an effective 

life of at least ten years. 
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Cover Costs 

A polypropylene and shadecloth cover is likely to cost about $ 12.00/m2 for the initial construction 

and deployment.  Taking into account the costs of managing the cover over an effective life of 10 

years, the total costs over this period are likely to be about $ 35,000.00 (about $ 3,500.00 per 

annum per 1000 m2 area). 

 

Ongoing management is probably limited to infrequent inspection of the cover and periodic 

management of vegetation around the pond margin.  The presence of a cover will not unnecessarily 

complicate sludge removal provided a suitable method is used and some simple precautions are 

taken.  

 

Impact of Permeable Pond Covers on Pond Characteristics and Performance 

Impact on Pond Performance 

No evidence of impairment of anaerobic waste treatment was observed.  There was no sign of 

decrease in pond liquor pH at any of the ponds.  Liquor from the covered pond at piggery C had 

lower volatile solids, chemical oxygen demand and total solids concentrations than the uncovered 

control pond.  Values of these variables at all covered ponds were within the ranges previously 

observed across a number of uncovered ponds surveyed in southeast Queensland. 

   

Impact on Pond Physico-Chemical Characteristics 

Concentrations of volatile compounds appeared to increase in covered pond liquor.  The average 

concentration of sulphide in the liquor of covered ponds was up to five times higher than in the 

uncovered control pond at piggery C.  The lowest ammonia-N liquor concentrations occurred in the 

uncovered control pond; average ammonia-N concentrations were 20 to 550 mg/L higher in the 

liquor of the covered ponds.  

  

There was considerable variability in the concentrations of a number of water quality variables prior 

to the installation of the pond covers.  These differences arose from factors such as historical pond 

management and sources of fresh water inputs to the ponds.  Not all of the variation can be 

attributed to the presence of the pond covers.  Overall, there was no evidence that installing a pond 

cover caused changes in pond chemistry likely to compromise treatment processes or increase pond 

management requirements. 

   

Impact on Pond Microbiological Characteristics 

Limited data makes it difficult to draw strong conclusions.  The presence of a pond cover appeared 

to alter the microfloral population in terms of algal species and numbers quite substantially.  The 

major change was the reduction in numbers of blue-green algae.  The total number of algae was 

reduced significantly.  Effective removal of light explained these observations. 

 

Impact on Gaseous Emissions 

On-going difficulties associated with equipment made quantification of volatile organic compounds 

(VOCs) difficult.  It was soon apparent that collection of measurable amounts of odorants was an 

onerous task, quite different to the analysis of the standard òAir-toxicsó suite (as identified by US 

EPA methodology).  While the University of New South Wales (UNSW)-style wind tunnel provides 

emission rate estimates that are more credible than those of other sampling devices, the operating 

conditions within the wind tunnel effectively dilute the odorants.  Collection of volatile chemicals 

from large volumes of air onto Tenax® sorbent tubes appeared essential.  This made access to a 

modern, sensitive gas chromatography-mass spectrometry (GC-MS) system mandatory.  The sample 

inlet system should be reasonably flexible, allowing recovery of trapped odorants from sorbent tubes 
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using thermal desorption and other equilibrium-based sampling techniques such as solid-phase 

microextraction (SPME) and stir-bar sorptive extraction (SBSE). 

   

Odour emissions from Australian piggery pond treatment systems appear to be dominated by 

phenols and nitrogen heterocycles such as indole and skatole.  Volatile fatty acids appear to be 

present at concentrations lower than those measured in Europe and North America.  Phenol 

emission rates were not reduced significantly by permeable pond covers, whereas rates of emission 

of 4-methylphenol, indole and skatole appeared to be reduced quite markedly. 

 

Measurement of carbon dioxide emission rates using a UNSW-style wind tunnel was also difficult.  

The large flushing rates and relatively high background concentrations of carbon dioxide in the 

flushing air made measurement of the incremental change caused by the liquor beneath the 

permeable cover difficult.  No statistically significant differences in rates of emission were observed 

between covered and uncovered ponds using wind tunnel sampling systems. 

 

Using a US EPA dynamic emission chamber, net median and average carbon dioxide emissions were 

17% and 24% higher from covered pond surfaces than from an uncovered control pond.  These 

values were reasonably similar to those reported in the literature (increases in the range 33 to 38%, 

with one report of a 97% increase from a straw covered pond). 

   

A distinct diurnal pattern in carbon dioxide emissions was observed ð it is likely that biological 

activity in the surface of the cover may be responsible for the emission rate characteristics from the 

covered pond. 

 

Despite the difficulties experienced with measurement equipment, both wind tunnel and flux 

chamber sampling devices indicated hydrogen sulphide concentrations were greater from the surface 

of the permeable cover than the liquor of the control pond.  These results were consistent with the 

pond chemistry results, which indicated that average total sulphide concentrations were about five 

times greater in the covered pond liquor than the uncovered control. 

 

Impact on Pond Liquor Chemistry 

Differences in pond liquor quality between ponds appeared more significant than differences in pond 

chemistry caused by deployment of a permeable pond cover.  Liquor concentrations of hydrogen 

sulphide and ammonia appeared to increase following cover deployment.  No significant differences 

in concentrations of variables that might indicate pond treatment failure were observed.  Liquor pH 

values, and volatile solids and chemical oxygen demand concentrations showed no signs of increasing 

or decreasing trend.  The discharge from a covered pond did not appear to contain greater 

concentrations of under-treated waste material which could increase the loading rate on a 

secondary or facultative pond. 

 

Mechanisms whereby Permeable Covers Reduce Pond Emissions 

The reduction in odour emission rates observed over the period of this research indicate that both 

physical barrier and biofilter mechanisms are likely to contribute to the efficacy of the covers. 

   

Relationship between Odorant Concentrations and O lfactometry  

It was not possible to develop a model relating liquor odorant concentrations to the odour 

concentrations determined by dynamic olfactometry.  The volume of data available describing the 

odorant signature of the odour samples was inadequate for the task.   



 

4 

 

It was possible however to demonstrate that a sensor-array was able to provide quantitative and 

qualitative information which was entirely consistent with the information derived from 

olfactometry.  In view of the simplicity, lower capital and operating costs of sensor-based 

technology, together with demonstrated capability, this emerging technology is considered worthy of 

future investigation as an odour assessment tool.  

  

Impact of Pond Covers on Emissions from Housing or Effluent Irrigation Areas 

Use of a housing model indicated that odour emissions from housing flushed with covered pond 

liquor was likely to be about five times greater than that from liquor derived from an uncovered 

pond.  

  

Actual measurements from housing showed that the differences in emission rate from a shed flushed 

with liquor derived from covered and uncovered ponds were unlikely to have an impact on 

downwind receptors.  The exchange of odorants from the air space below the slats with the bulk air 

above the slats was probably less efficient than the exchange process that took place within the 

housing model, where a dynamic and turbulent interface was created between the air and liquid 

phases. 

 

No statistically significant difference in emission rate was detected between grass covered surfaces 

irrigated with liquor derived from covered or uncovered ponds.  The presence of an additional 

odorant load in liquor derived from a covered pond is likely to pose an odour risk only during the 

actual application period.  This is an inherently odorous activity ð the odour potential is best 

managed by timing the application appropriately, rather than desisting from effluent irrigation. 

 

Assessment of the Impact of Permeable Covers on Odour Intensity and Offensiveness 

Using an in-house method based on a published procedure, it was demonstrated that an inverse 

relationship existed between odour concentration and odour intensity score three (òdistinctó).  This 

trend coincided roughly with the different emitting surfaces.  Highly concentrated (and generally 

more offensive odour samples) were classified as òdistinctó at lower concentrations than samples 

derived from surfaces such as the pond covers.  Practical application of these results is not obvious 

at present, however; additional information, such as a rating of offensiveness, may be required before 

this technique may be used in an improved regulatory framework. 

 

Alternate Odour Assessment Tools 

While GC-MS is a well-established and sensitive investigation tool, it does appear to have specific 

limitations in the context of odour assessment.  Odorants elicit responses in receptors at very low 

concentrations.  These may be near the limits of detection for the GC-MS technique. 

   

Use of GC-MS for analysis of samples at these concentrations requires pre-concentration of the 

odorants.  Such pre-concentration unavoidably introduces discrimination into the analysis process by 

under- or over-representing certain constituents. 

  

Proton-transfer reaction mass spectrometry appears to offer very high sensitivity without the 

requirement for sample pre-concentration.  The high cost of the technique is likely to limit 

widespread use for odour assessment in the foreseeable future. 

 

 

 



 

5 

 

Sensor-array (electronic nose) technology offers immediate opportunities for air quality assessment.  

It was able to discriminate between odour samples derived from closely related odour sources.  It 

was also possible to quantify odour samples.  There is however, a requirement to demonstrate the 

capability of this technology for real-time odour measurement under ambient conditions.  
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1 Introduction  

 
Odour impact on nearby receptors continues to be a problem for intensive livestock industries.  

While compliance with regulatory requirements and high quality, dedicated management of an 

intensive livestock facility may reduce the potential for odour impacts, the combination of large 

numbers of animals, significant volumes of manure, spilt food and water and atmospheric dispersion 

processes makes elimination of odour impact impossible. 

 

Encroachment of residential settlement into areas of rural land use is happening across Australia.  

This creates the potential for odour arising from intensive livestock facilities to impact on large 

numbers of people.  There is therefore increasing interest by primary producers in identifying and 

implementing effective odour management strategies.  A number of quite diverse techniques and 

products have been proposed as odour management tools for the pig industry.  These include: 

 Modification to diet (specifically protein composition) (Nahm, 2003; Clark et al., 2005); 

 Incorporation of food additives to improve digestion and/or impair biochemical processes 

(McCrory and Hobbs, 2001); 

 Implementation of specific waste management products, such as rods claimed to energise 

waste treatment (Dunlop et al., 2003); 

 Implementation of advanced waste treatment processes primarily derived from municipal 

waste treatment systems, such as activated sludge processes and sequencing batch reactors 

(Tao et al., 1998; Chynoweth et al., 1998; Zhang et al., 2000). 

 
A number of odour management strategies recognise that odour is produced from different areas of 

the pig production system ð the odour emissions from these specific areas of production are then 

targeted for remediation.  

  

Emissions from housing may be minimised by careful attention to cleaning and management of the 

housing.  Careful design and construction may create conditions within the housing that encourage 

good dunging practices, reducing manure accumulation within pens or on the animals.  Spraying oils 

into the shed environment has been demonstrated to reduce particulate emissions.  This is thought 

to reduce odour emissions as well (Jacobsen et al., 1998). 

 

Previous research has shown that both animal housing and waste treatment ponds are significant 

sources of odour.  According to Zhang and Gaakeer (1998) and Smith et al. (1997; 1999) between 

50 and 85 % of odour emissions arise from manure storage or pond treatment systems.  As the 

dominant source of odour at conventional piggeries, it is therefore logical that pond treatment 

systems should be targeted for odour reduction. 

 

While pond treatment systems have relatively low construction costs, and are relatively inexpensive 

to operate, the simplicity of such systems limits the level of intervention possible in order to modify 

the waste treatment process.  The pond treatment systems installed at typical Australian piggeries 

do not allow for screening, stirring, recirculation or aeration, which are common practices at 

municipal or industrial wastewater treatment plants.  Implementation of improved waste treatment 

processes such as sequencing batch reactors will impose increased capital and running costs on the 

piggery.  It is also doubtful that most piggeries would have the human resources necessary to 

operate an advanced biological waste treatment system.  Implementation of advanced treatment 

systems would also make existing pond treatment systems redundant, presumably an unattractive 

proposition to most producers. 
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The remaining options for reducing odour emissions from anaerobic treatment ponds using simple, 

low cost odour reduction techniques are quite limited.  In an initial investigation undertaken on 

behalf of Australian Pork Limited (APL), permeable covers were identified as tools that might reduce 

odour emissions from anaerobic treatment ponds (Hudson et al., 2001).  A potential benefit over 

other treatment systems was the fact that such a cover was a low-cost, add-on technology, with 

minimal redundancy.  The literature review undertaken for this project provides a comprehensive 

background to this technology, including the evolution of permeable covers.  This information was 

summarised as a peer-reviewed scientific publication (Hudson et al., 2006). 

   

Laboratory and field scale trials undertaken on behalf of APL demonstrated that supported 

permeable covers had the potential to reduce odour emissions by at least 50%.  Field measurements 

showed that both supported-straw and polypropylene covers were able to reduce odour emissions 

by up to 90% over a period of almost 12 months.  Polypropylene-based covers offered cost 

advantages over straw covers.  In addition, polypropylene covers appeared to require less 

maintenance than straw-based covers. 

 

This reduction in odour emission rate significantly exceeded the performance hypothesized (50%) in 

the original proposal.  The fairly consistent odour reduction observed over the trial period also 

indicated that implementation of this technology may offer ongoing and predictable performance.  

Initial estimates indicated that covers of this type might be affordable for most producers.  It was 

estimated that supported straw covers could be installed for about A$ 12.00/m2, while covers based 

on polypropylene might be installed for about A$ 7.50/m2.  These costs compared very favourably 

with those associated with impermeable covers.  The cost for the materials, fabrication and 

installation of impermeable covers were estimated to be between A$ 30.00/m2 and A$ 80.00/m2.  

Additional plant is required to treat the biogas trapped under the cover.  Typically biofiltration or 

gas flaring is used to eliminate odour from this biogas.  Inclusion of these costs was estimated to 

raise the costs of an impermeable cover above A$ 130.00/m2.  Both biofilters and gas flaring 

treatments require ongoing maintenance and management ð these costs would be additional to 

those identified earlier. 

 

While permeable covers appeared to provide significant reduction of odour emissions from 

anaerobic treatment ponds, the initial trial provided òproof of conceptó, not a definitive guide to the 

industry regarding the long-term odour control performance, impact on waste treatment or likely 

capital and operating costs.  A major weakness in the initial field-scale trials was the fact that the 

odour performance was determined on a series of trial covers that covered less than 5% of the total 

surface of the treatment pond.  The impact of full coverage of the pond surface on odour control 

and waste treatment remained speculative.  In addition, the laboratory-scale trials had demonstrated 

that volatile chemicals (specifically carbon dioxide and hydrogen sulphide) were retained in the 

covered liquor.  This created the potential that odorants retained in the liquor might be released at 

other stages of the waste management process, such as during flushing (thereby increasing emissions 

from the housing), or during land application. 

 

It was recognised that these weaknesses in the original research would limit the implementation of a 

potentially very useful odour management tool.  Uptake of this research required full investigation of 

these issues.  As a consequence, APL agreed to fund a second, more comprehensive research 

project to further investigate these issues and to verify the performance of permeable covers over a 

longer period. 
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1.1 Objectives of the Research Project 

The research addressed seven specific objectives: 

1. Following trials over a minimum 30 month period, produce a comprehensive 

òhow toó guide to enable the construction, deployment and maintenance of 

perme able pond covers by producers.  

Selection of cover type, materials and manufacture would be described in detail. 

Suitable methods for deployment of cover support and application of straw would be 

described in detail. 

Maintenance schedule and methods of maintenance would be described. 

Diagnostic factors enabling sustainable pond management would be identified. 

2. Determine and report permeable pond cover life expectancy and costs.  

Pond cover performance would be identified and reported in terms of odour reduction over 

time for all cover materials trialled. 

Material life expectancy would be defined under the environmental and operating conditions 

that prevailed at the test site(s). 

The factors that most influenced cover life expectancy would be identified. 

This information would be used to estimate the costs of permeable cover technology over a 

10-15 year period to enable comparison of true costs with those of impermeable covers. 

3. Comprehensively report the impact permeable covers had on pond 

characteristics and pe rformance over a three -year period.  

The impact installation of a permeable cover had on the performance of an anaerobic pond, 

including supernatant chemical, physical and biological variables, would be clearly identified. 

The impact installation of a permeable cover had on gaseous emissions from ponds, including 

greenhouse and biogas components, as well as selected semi-volatile organic compounds 

(SVOCõs) and volatile organic compounds (VOCõs), known to be powerful odorants, would 

be clearly identified. 

Typical ranges for supernatant chemical and physical variables that might be expected if a 

permeable cover is in place for an extended period would be defined.   

If relevant, those factors that indicated that normal pond treatment processes were 

beginning to fail would be defined. 

4. Identify the basic processes whereby permeable covers reduce odour emissions.  

The processes whereby odour emission was reduced, i.e. is the permeable cover a biofilter 

or a physical barrier, or do both mechanisms play a role in odour management, would be 

identified. 

The relative success or failure of covers in reducing odour emission would be explained as 

far as possible. 

5. Investigate the relationship between ambient air odorant concentrations and 

olfactometry  

The relationship between air concentrations of individual odorants and olfactometry data 

would be quantified. 

The concentrations of odorants in supernatant would be compared with those in air above 

various cover types to improve predictive modelling of odour emission. 

Areas of future research whereby chemical, biochemical and physical processes could be 

manipulated at the molecular level (using permeable covers) to improve air quality 

management would be identified. 
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6. Investigate whether emissions from housing and effluent irrigati on areas are 

increased following the deployment of a permeable cover on a pond  

Rates of odour emission from standard pig housing before and after permeable covers were 

installed on an anaerobic pond used as a source of flushing liquid would be determined. 

Rates of odour emission would be determined from soils irrigated with effluent derived from 

covered and non-covered anaerobic ponds. 

The impact pond covers may have on whole of farm odour emission rates would be 

quantified.    

7. Assessment of impact of perme able covers on odour intensity and offensiveness  

Various techniques would be assessed to determine the impact of the covers on odour 

intensity and offensiveness.    

 

2 Introductory Technical I nformation  

 
Review of the scientific literature published since the original report was released provided some 

additional information regarding the performance of permeable cover materials. 

   

2.1 Straw-Based Covers 

Relatively few field trials have been conducted to assess the efficacy of straw-based permeable pond 

covers in reducing odour emission rate.  Clanton et al. (1999) performed large scale laboratory trials 

of unsupported straw covers over a 60 day period.  The straw cover reduced the odour emission 

immediately by 60% and by up to 78% three weeks later.  The trial could not be continued because 

the unsupported cover sank. 

 

In a subsequent trial, Clanton et al. (2001) used straw as a surface layer on a geotextile fabric base.  

Over a 10-week study period, odour emissions were reduced by 47% and 79% for 100 mm and 300 

mm thick layers of straw respectively.  The small òanaerobic waste volumeó to òcover thicknessó 

ratio caused by the experimental facilities selected for the trial may have caused under-loading of the 

cover with regard to odour.  

  

Cicek et al. (2004) undertook a short-duration assessment of the efficacy of an unsupported straw 

cover.  An entire pond was covered with a straw layer (thickness unspecified).  Odour samples were 

collected from the surface of this pond and a similar uncovered pond on a neighbouring farm.  Three 

sets of samples were collected over a 10-day period using a wind tunnel of the type developed at the 

University of New South Wales (Jiang et al., 1995).  These were analysed using dynamic 

olfactometry.  Although emission rates were not calculated, it was possible to compare the odour 

concentration of the samples because the wind tunnel was operated under standardised conditions.  

The straw cover reduced the odour concentration by an average 31% over the three sample days. 

   

2.2 Geofabric Based Covers 

Little information has been published regarding the performance of geofabric-based covers.  Clanton 

et al. (1999) evaluated a 0.3 mm geotextile cover on a series of 7,500 L tanks containing pig manure.  

Following an assessment period of approximately three weeks, it was concluded that a geotextile 

cover reduced odour by about 59%. 

 

In a subsequent investigation, Clanton et al. (2001) investigated the efficacy of three thicknesses of 

geofabric in reducing odour emissions.  Over a ten-week assessment period, 0.3 mm, 1.1 mm and 

2.4 mm thick geofabrics provided -22%, -4% and 39% odour reduction respectively. 
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Dobson et al. (2002) assessed the efficacy of a composite permeable cover based on geofabric.  The 

cover was a commercial product called BiocapÊ.  Odour reduction was assessed using field odour 

assessment techniques, so actual odour emission rates were not reported.  The number of field 

observations reported as òbelow the detection thresholdó was 84% for the covered pond, while it 

was 30% for an uncovered control pond.  The frequency of detection of objectionable odour near 

the covered pond was 16%, while it was 70% at the uncovered control.   

 

Bicudo et al. (2004) conducted a two year evaluation of a commercial permeable cover (BiocapÊ).  

The trial took place at full scale at three pig farms.  At each farm, one treatment pond was covered 

completely, while another pond was left uncovered as a control.  About 200 odour samples were 

collected from either the pond or cover surfaces over the trial period using a UNSW-style wind 

tunnel.  Olfactometry was performed according to the CEN standard (1999), upon which the 

Australian olfactometry standard is based (Standards Australia and Standards New Zealand, 2001).  

Odour emission rates from the covered ponds were reduced by between 15% and 76% over the 

trial period, with an overall average reduction of 51%.  It was observed that the performance of the 

cover deteriorated in the second year of the trial relative to the first year.  Deterioration in cover 

performance was speculatively attributed to òenvironmental factors and chemical reactions occurring 

within the geotextileó.  

  

The limited additional material published since the publication of the results from APL project 1473 

provided the following general information regarding the performance of permeable covers for 

odour reduction: 

1. Straw covers reduced odour emissions by between 31% and 90%;  

2. The performance of straw covers was dependent on the cover remaining above the 

liquor surface; 

3. Buoyancy or support was essential if long-term odour reduction or consistent 

performance was required; 

4. The performance of geotextile-based permeable covers appeared quite variable (-22% 

to 90% odour reduction), with no clear identification of causative factors. 

 

Other practical issues required investigation before this technology could be offered to the industry 

as attractive or dependable.  These are stated as a series of questions that might be asked by a 

producer or regulator: 

 How long will the various permeable covers last under operating conditions typical of my 

piggery? 

 Which type of cover will best suit my operation and where do I obtain the materials? 

 How do I manufacture and deploy a large cover, or can I outsource these tasks? 

 How will I maintain my waste treatment system once the cover is in place? 

 Is it necessary to remove the cover during desludging and how will it be done? 

 
Other, more scientific issues had been raised following completion of APL projects 1473 and 1628. 

These issues would most likely be of particular interest to regulatory agencies, who would be 

anxious to avoid the adoption of relatively untested technology.  Failure to answer these questions 

might lead to compromises of waste treatment processes or untimely failure of the odour reduction 

technology, leading to unexpected odour impacts: 

 Will a permeable cover compromise waste stabilisation? 

 Will odorants accumulate in the pond supernatant? 

 Will housing odour emissions increase during flushing if pond chemistry is altered? 
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 How well will these covers reduce odour emissions over daily, seasonal, annual or longer 

timescales? 

 What are the processes whereby permeable covers reduce odour emission?  

 Are reductions in odour emissions sustainable? 

 Can measured concentrations of odorants be related to olfactometry results? 

 

3 Research Methodology  

 
3.1 Estimation of Waste Loading Rates 

The spreadsheet model PIGBAL (Casey et al.  1999) was used to estimate pond loading rates.  

Utilising typical metabolic factors for pigs, feed composition and measured feed and water usage 

values, the model provided realistic estimates of waste production for typical Australian piggeries 

(McGahan et al., 2000).  Waste outputs are typically reported as mass of volatile solids per m3 active 

pond treatment volume per day (mass VS/m3/day). 

 

3.2 Field Trial Facilities 

Trials were undertaken at three different piggeries: 

   

Piggery A was a small piggery housing approximately 80 boars, producing semen for the artificial 

insemination market.  The animals were housed in a single, slat-floored building.  Waste was flushed 

from the building weekly using pond liquor sourced from a second, wet weather storage pond 

located on the property.  Hosing of the pens and laneways occurred every second day.  The waste 

was discharged directly into a small primary pond, measuring approximately 17 m x 9 m with a 

storage volume of 210 m3.  The waste loading rate was estimated to be about 130 g VS/m3/day. 

 

Piggery B was operated as a grow-out facility.  Weaners were received at eight weeks of age from 

piggery C and exited at about 23 weeks of age.  The average herd size of about 1,300 animals was 

housed in three separate buildings.  The liquor used for flushing the sheds was derived from a single 

9,200 m3 anaerobic pond, into which the waste derived from the sheds was discharged 

approximately daily.  The waste loading rate was estimated to be about 80 g VS/m3/day. 

 

Piggery C  was operated as a breeder-grow out unit, with one third of the pigs born on site raised 

until sent to market and the remainder sent off-site for finishing.  Animals were housed in nine fully 

slatted sheds.  All flushing and hosing water was derived from municipal supply.  Hosing occurred 

every second day, while flushing took place weekly.  Approximately 2,400 animals were housed on 

site at any time.  Waste was discharged to a pipeline that contained a splitter box.  This diverted 

approximately half of the waste load and volume to each of two similarly sized anaerobic ponds (40 

m x 35 m).  Excess liquor discharged from each pond into a single secondary pond.  Each primary 

pond experienced a waste loading rate of about 50 g VS/m3/day.  The parallel configuration of the 

two anaerobic ponds was very fortuitous ð it allowed one pond to be covered and the other to be 

left uncovered as a control. 

 

3.3 Permeable Pond Covers 

Two types of permeable pond cover were trialled ð polypropylene geofabric and supported straw.  

The polypropylene geofabric cover was manufactured from a non-woven, spun-fibre, needle punched 

polypropylene material.  Typical specifications for the felt-like material were 55 g/m2 density, 4.4 mm 

thickness and a specific gravity of about 0.9.  The fabric was supplied commercially as a 4 m x 60 m 

roll.  Lengths of fabric were sewn together to create a series of discrete pond cover units.  

Experience indicated that units larger than 400 m2 were too heavy to manoeuvre with available 
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resources.  Each cover unit was manufactured to provide òpocketsó running the length of the cover 

at about 2 m centres and across the breadth of the cover at about 4 m centres.  Polystyrene blocks 

wrapped in waterproof material were inserted into these pockets to provide buoyancy.  Previous 

experience with smaller cover units showed that this buoyancy was essential to ensure that the 

covers would not sink.  This was especially important along the cover margins. 

 

In a typical installation, the individual cover units were unrolled along the pond margin, the buoyancy 

was inserted into the pockets, and the cover unit moved out on to the pond.  The process was 

repeated for each unit in succession.  Once all the units were deployed, the fabric was attached to 

steel pickets around the pond perimeter.  Deployment of a polypropylene cover at pond A is shown 

in Figure 1 and Figure 2 : 

 

 
Figure 1:  Polypropylene cover ready for 

deployme nt  

 
Figure 2:  Polypropylene cover deployed on 

pond 

 

Deployment of a polypropylene cover at pond C is shown in Figure 3 and Figure 4: 

 

 
Figure 3:  Polypropylene cover ready for 

deployment  

 
Figure 4:  Polypropylene cover deployed 

on pond  

 

The supported straw cover was manufactured using similar materials to those described previously 

(Hudson et al., 2006).  In the initial deployment, the barley straw was manually applied to the 

supporting surface.  Figure 5 and Figure 6 show application of straw in progress.  Subsequent 

replenishment of the straw layer made use of a mechanical shredder coupled to a blower unit.  Bales 
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of straw were manually fed into the shredder and the resulting chopped straw was blown onto the 

cover.  This technique could cover a pond about 60 m wide under calm conditions. 

 

The pond at piggery A (pond A) was covered completely using a polypropylene geofabric cover.  

Approximately one-third of the surface of the pond at piggery B (pond B) was covered with a 

supported straw cover, while the remaining two thirds of the surface was covered with a 

polypropylene cover.  One of the ponds at piggery C (pond C, covered) was completely covered 

with a polypropylene cover.  The other pond at piggery C (pond C, control), was left uncovered as a 

control. 

 

A comprehensive guide to covering a pond is provided as Appendix 1. 

 

 
Figure 5:  Commencement of straw 

application to support  

 
Figure 6:  Straw applied to about  ¼ of 

straw -covered surface  

 

3.4 Modification in Response to Ultraviolet R adiation Damage to Covers 

Continuous exposure to intense sunlight caused obvious damage to the polypropylene geofabric 

within 12 months following deployment.  Where the cover was damp, damage did not occur.  This 

was attributed to the biomass that accumulated on the surface of the cover, providing protection 

from ultraviolet radiation.  In areas where the cover fabric was dry (e.g. along the ribs created by the 

buoyancy material), thinning of the fabric occurred, followed by the appearance of holes and finally, 

complete disintegration and disappearance of the fabric.  To overcome this problem, the entire 

polypropylene cover was overlain by a polyethylene shadecloth (95% + shade factor).  The 

shadecloth was deployed in the same manner as the polypropylene fabric.  Additional buoyancy was 

not required however ð the shadecloth was fully supported by the polypropylene layer.  This 

arrested further deterioration of the polypropylene cover. 

 

3.5 Odour Sample Collection  

To assess the impact of the various covers on odour emission, it was necessary to determine the 

odour emission rate for each surface.  A wind tunnel constructed according to Jiang et al. (1995; 

2001) was used for this purpose.  This is the same device that was used to collect samples for APL 

projects 1473 and 1628 (Hudson et al., 2001; Hudson et al., 2004).  The operation of the wind 

tunnel was previously described in these reports and in the literature (Hudson et al., 2006; Hudson 

et al., 2007).   

 

In our previous trials, it was possible to suspend a wind tunnel from a gantry floating on two 

pontoons (Hudson et al., 2006).  This gantry was manoeuvred above the supported cover, the wind 
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tunnel remotely lowered onto the pond cover and the samples collected.  With the surface of the 

ponds covered completely, it was not possible to use this method.  A cableway was created across 

each pond, from which the wind tunnel and accompanying air supply and sample lines were 

suspended (see Figure 7 and Figure 8).  The wind tunnel could in theory be positioned anywhere 

along the cableway transect.  Typically, samples were collected 12 m to 15 m from the pond margin.  

Once in position, the wind tunnel could be raised or lowered using remotely operated winch 

motors.  This ensured that the wind tunnel achieved a good seal on the emitting surface without 

submerging the cover excessively.  Absence of leakage at the interface between the wind tunnel and 

the emitting surface was assessed by measuring the air flow entering and exiting the wind tunnel.  A 

difference in airflow at these points indicated a leak and the necessary adjustments were made.   

 

 
Figure 7:  Wind tunnel suspended from 

cableway above liquor, control pond, 

piggery C  

 
Figure 8:  Close-up of wind tunnel 

suspended from cableway above liquor, 

control pond, piggery C  

 

All odour samples were collected using previously described materials and methods (Hudson et al., 

2006; Hudson et al., 2007).  Samples were stored in the shade until transported to the olfactometry 

laboratory for assessment.  Samples were collected from all emitting surfaces on each sampling 

occasion in duplicate.  All samples were analysed within six hours of collection. 

 

3.6 Odour Sample Collection Points 

To assess the efficacy of the pond covers, it was necessary to collect odour samples from the 

surface of the cover, as well as from the liquor beneath the cover.  At each pond, a òwindowó was 

created in the surface of the polypropylene-shadecloth surface to allow access to the liquor.  This 

window was usually covered by a flap of shadecloth.  This flap could be peeled back to expose the 

liquor surface.  The covered òwindowó and sampling off the exposed liquor is shown in Figure 9 and 

Figure 10. 
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Figure 9:  Sampling from cover, adjacent 

to òwindowó cut into polypropylene cover 

 
Figure 10:  Sampling from exposed liquor , 

accessed by peeling back shadecloth cover  

 

A number of sample points were defined for each pond:   

At pond A, samples were collected from i) the surface of the combination polypropylene-shadecloth 

cover; ii) the surface of the shadecloth in contact with the liquor and iii) from the exposed liquor 

(total of three emitting surfaces). 

 

At pond B, samples were collected from i) the surface of the combination polypropylene-shadecloth 

cover; ii) from the surface of the supported straw cover, and iii) from the exposed liquor (total of 

three emitting surfaces). 

 

At pond C, samples were collected from i) the surface of the combination polypropylene-shadecloth 

cover; ii) the surface of the shadecloth in contact with the liquor; iii) from the exposed liquor of the 

covered pond, and iv) from the surface of the control pond (total of four emitting surfaces). 

 

In all tables and charts, the data arising from each odour source is identified by the following 

abbreviations:  

 PP refers to the polypropylene-shadecloth cover surface; 

 S refers to the shadecloth-only cover surface; 

 SW refers to the supported straw cover;  

 L refers to the exposed liquor surface, and 

 Lcon refers to the liquor surface for the control pond (pond C only). 

 

3.7 Odour Sample Assessment 

Odour concentrations were determined using an eight-panellist, triangular, forced-choice dynamic 

olfactometer constructed and operated in compliance with the requirements of the Australian/New 

Zealand Standard for Dynamic Olfactometry (Standards Australia and Standards New Zealand, 

2001).  This Standard was largely based on European Standard EN 13725 (CEN, 1999).  Standard 

operating details were described previously (Hudson et al., 2006; Hudson et al., 2007).  Odour 

concentrations were reported as odour units/m3 (OU/m3).  Odour emission rates (OER or E) were 

calculated using Equation 1 and expressed in OU/m2 s: 

 

s

t
t

A

A
CVE   

Equation 1 
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where C  is the odour concentration in the sample bag (OU/m3), tV  is the wind speed inside the 

tunnel (m/s), tA  is the cross sectional area of the tunnel (m2), and sA  is the surface area covered by 

the tunnel (m2). 

 

Equation 1 assumes that all background odour is removed from the air introduced into the wind 

tunnel by the carbon filter, and there is complete mixing between the emissions and the airflow in 

the tunnel (Smith and Kelly, 1996). 

 

3.8 Measurement of Odour Emissions from Pasture Irrigated with Pond Liquor 

Typical effluent irrigation application rates were calculated with consideration of the following 

variables: soil type and likely direct nutrient losses, infiltration rates, crop type, management practice 

and likely nutrient removal rates and typical liquor nutrient characteristics.   

 

Values for critical variables used to calculate typical liquor application rates are summarised in Table 

1: 

 

Table 1:  Values used to calculate typical liquor application rates  

Variable  Value 

Pasture dry matter yield 9 tonne/Ha/year 

Nitrogen removal rate (@ 2% N) 180 kg N/Ha/year 

Nitrogen losses: 

 during application 

 from soil 

 

25% 

25% 

Maximum N application rate 320 kg N/Ha/year 

Typical liquor ammonia N concentration  537 mg/L 

 

Application rates were calculated using Equation 2: 

 

MLNmassionconcentratNliquorAverage

yearHaNmassratenapplicatioMaximum
ratenapplicatioLiquor

/

//
 

MLNkg

yearHaNkg

/537

//320
 

yearHaML //56.0  

yearmm/60  

 

Equation 

2 

On each day, six applications equivalent to 10 mm precipitation depth were made to the pasture, 

which required an application of 10 L/m2 on each pass.  Each application of the total volume of liquor 

took place over a period of 20 to 30 minutes.  This created an effective hydraulic application rate of 

20 to 30 mm/hour.   
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An area of kikuyu lawn at the Tor Street campus of DPI&F was selected for the liquor application. 

Approximately 200 L of liquor was withdrawn from the covered and control ponds at piggery C and 

transported to Toowoomba in 200 L polyethylene drums.  Liquor was applied to previously marked-

out areas of turf using plastic watering cans equipped with fine rose spray nozzles. 

 

Three areas were marked out for each application event.  These areas were randomly allocated as: 

 control area, where no liquor was applied,  

 covered liquor application area, and  

 control liquor application area. 

 
The experimental procedures for liquor application and odour sampling are illustrated in Figure 11 

and Figure 12. 

 

 

 
Figure 11:  Sampling from control area while covered liquor is a pplied to adjacent 

area 
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Figure 12:  Sampling from area to which control pond liquor was applied  

3.9 Measurement of Odour Emission Rates from Flume during Flushing  

A simple flume was constructed to compare emission rates derived from liquor sourced from the 

covered and control pond at piggery C under turbulent flow conditions, analogous to conditions that 

occur in the flushing channel under slatted floor housing.   

 

Liquor was pumped from either the covered or control pond using a centrifugal sump pump.  The 

liquor was discharged into a simple enclosed flume set up adjacent to the ponds.  The flume was set 

up on a sloping bed of crusher dust to create a fall of about 1°.  The flume was continuously 

ventilated during the flushing operation with a small 240 VAC fan, creating emission conditions 

similar to those in a wind tunnel.  The flume characteristics are summarised in Table 2: 

 

Table 2:  Characteristics of flume  

Var iable Value 

Flume length (m) 6.91 

Flume width (m) 0.6 

Flume height (m) 0.28 

Flume floor area (m2) 4.15 

Flume cross-sectional area (m2) 0.168 

Ventilation rate within flume (m3/s) ~ 0.042 

Wind velocity within flume (m/s) ~0.25 
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The construction of the flume is shown in Figure 13 and Figure 14.  The plastic lining was used to 

eliminate leakage from the flume.  Creases in the lining also provided some irregularity to the surface 

of the flume, creating turbulence similar to that expected in a concrete channel, which would 

presumably increase odour emissions. 

 

 
Figure 13: Partially constructed, unlined 

flume looking down -gradient  

 
Figure 14: Partially constructed lined 

flume looking down -gradient  

 

Figure 15 shows the numerous items of equipment required to operate the flume during odour 

sample collection (Figure 16).  It was necessary to split the volume of flow delivered by the pump, 

which had a greater capacity than that required to generate a moderate flow through the flume.  

  

 
Figure 15:  Ancillary equipment re quired during flume emission rate assessments  

 

Liquor discharge line Liquor sample pump

Liquor suction line

TeeLiquor discharge line

Air flushing line FanLiquor bypass line

Liquor discharge line Liquor sample pump

Liquor suction line

TeeLiquor discharge line

Air flushing line FanLiquor bypass line
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Figure 16:  Odour sampling from flume during flushing  

 

3.10 Measurement of Shed Odour Emission Rates Following Flushing 

3.10.1 Ventilation Rate Estimation 

It is difficult to accurately determine odour emission rates for naturally ventilated structures such as 

piggery buildings.  The area of openings in the housing is often automatically controlled; the amount 

that shutters or curtains are opened is primarily controlled by ambient and shed temperatures.  The 

effective air exchange rate is usually determined by the ambient wind speed.  Ventilation may be 

improved using internally and externally mounted fans.  Older style sheds may also have ridge vents 

to improve air flow.  The combination of these physical characteristics makes it extremely difficult to 

estimate the shed ventilation rate.  It is also difficult to identify a position where representative 

odour samples should be collected.  As a consequence, estimates of odour emission rate made 

under these conditions may be quite inaccurate and difficult to replicate.  

 

To overcome these issues, a small shed used to quarantine recently arrived weaners at piggery B 

was used to quantify shed odour emission rates.  The shed was temporarily converted into a tunnel-

ventilated structure, with well-defined air inlet and air exhaust points.  Adequate air flow was 

achieved by making a leak-tight connection between a doorway and a large ventilation fan.  The 

temperature control over the shutter openings was disabled while the shed was in tunnel ventilation 

mode.  Under these conditions, ventilation was a function of: 

 the fan capacity,  

 any flow measuring section attached to the outlet of the fan, or 

 any restriction to the air inlet to the shed.   

 
The shed therefore became a large wind tunnel, subject to similar factors as the wind tunnel used 

for sampling from cover or liquor surfaces.  This situation allowed ventilation rates to be set 

repeatedly and with the required accuracy.  

  

The characteristics of the weaner shed are summarised in Table 3: 

 

Odour sample pointOdour sample point
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Table 3:  Characteristics of the shed used to compare emissions resulting from use of 

covered and control liquor  

Parameter  Value 

Shed width (m) 5.5 

Shed length (m) 19.5 

Shed internal height at side walls (m) 2.61 

Shed internal height at apex (m) 2.71 

Shed cross-sectional area (m2) 14.63 

Flushing tank volume (L) 1,881 

Number of flushing tanks 2 

 

Table 4 summarises the performance data for the fan used to ventilate the shed, while  

Table 5 summarises the actual shed ventilation conditions achieved with the experimental setup 
chosen. 

 

Table 4:  Characteristics of the fan used to ventilate shed to compare emissions 

resulting from use of covered and control liquor  

Parameter  Value 

Fan diameter (mm) 400 

Typical air discharge velocity from fan (m/s) 25 

Typical fan discharge rate (m3/s) 3.1 

 

Table  5:  Shed ventilation characteristics during tunnel mode  

Parameter  Value 

Shed internal volume (m3) 285.3 

Ventilation rate (m3/hour) 11,500 

Exchange rate (/hour) 40 

Exchange interval (minutes) 1.5 

Wind velocity with shed (m/s) ~0.21 

 

The weaner shed is shown in Figure 17 and Figure 18.  The latter picture shows the side shutters 

raised by the automatic temperature control system, while in Figure 17 the shutters are lowered 

(tunnel ventilation mode). 

 

Figure 19 shows odour sample collection in progress.  The odour samples were collected from the 

discharge from the ventilation fan. 
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Figure 17: View of weaner shed from side 

where odour samples were collected  

 
Figure 18:  Making a leak -tight connection 

between shed doorway and fan  

 

 
Figure 19:  Odour sample collection  

 

3.10.2 Flushing of Shed with Covered and Control Liquor 

To assess the impact of the source of the liquor on the shed emission rate, it was necessary to flush 

the shed with liquor derived from both covered and uncovered ponds.  Weaners from piggery C 

were grown out at piggery B ð this made it possible to transport liquor from the control and 

covered ponds at piggery C to piggery B without raising biosecurity issues.  
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For this trial, liquor was withdrawn from the control pond and covered pond respectively into 

separate tankers by a commercial waste transport operator.  This liquor was transported to the 

weaner shed at piggery B and discharged into the concrete flushing tanks at the end of the building.  

The road transport and one of the two tanks used to flush the shed are shown in Figure 20 and 

Figure 21 respectively.  The air flow through the shed was derived from the doorway adjacent to the 

flushing tank shown in Figure 21. 

 

 
Figure 20:  Road tanker used to transport 

liquor from piggery C to piggery B  

 

 
Figure 21:  Concrete flushing tank on 

opposite end of she d to that used for 

odour sample collection  

 

During the flushing/odour sampling process, the following routine was followed: 

1. The shed was converted into tunnel ventilation mode and shed ventilation was stabilised. 

2. The shed was flushed with liquor derived from the local pond. 

3. Ventilation was allowed to proceed for about 30 minutes to allow odour emission to 

stabilise. 

4. Odour samples were collected to determine the background shed odour. 

5. The concrete flushing tanks were filled with liquor from the control pond of piggery C. 

6. The shed was flushed with this liquor and the collection of the odour samples commenced 

immediately. 

7. Ventilation was allowed to proceed for about 30 minutes to allow odour emission to 

stabilise once again. 

8. The concrete flushing tanks were filled with liquor from the covered pond of piggery C. 

9. The shed was flushed with this liquor and the collection of the odour samples commenced 

immediately. 

10. The shed was converted back into natural ventilation mode. 

 

Odour samples were collected after the initial flushing and stabilisation time (shed background 

odour), immediately after flushing with liquor from the control pond, and immediately following 

flushing with liquor sourced from the covered pond.  At least 30 minutes was allowed between 

sample collection periods to allow thorough ventilation of the shed and dilution of residual odour. 

 

3.10.3 Calculation of Shed Odour Emission Rate 

Odour emission rates (OER) were calculated using Equation 3 and expressed in OU/m2 s: 
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areafloorshed

areafaceshedvelocityairshedionconcentratOdour
OER  

Equation 3 

 

 

3.11 Calculation of Odour Reduction Efficiency of Various Cover Types 

For pond A and pond B, the performance of the pond covers was calculated as a òrelativeó 

reduction in odour emission rate, using the odour emission rate measured from the various cover 

types and from the exposed liquor normally enclosed by the cover using Equation 4: 

%100
OERliquor  Exposed

OERcover  Pond
100reductionPercent  

Equation 4 

For pond C, the performance of the pond covers was calculated as a òrelativeó reduction in odour 

emission rate as above using Equation 4 or as an òabsoluteó measure of odour reduction using 

Equation 5: 

 

%100
OERliquor  pond control Uncovered

OERcover  Pond
100reductionPercent  

Equation 5 

  

3.12 Pond Liquor Sampling 

A single grab sample of the pond liquor was collected on each sampling occasion.  Samples were 

collected approximately 100 mm below the surface to prevent contamination by surface scum and 

debris.  The samples were stored on ice in the field in 1 L opaque containers until they were 

delivered later on the day of collection to the laboratory.  Typically, samples were analysed to 

determine the concentrations of total Kjeldahl nitrogen, ammonia-, nitrate-, and nitrite - nitrogen, 

total phosphorus, ortho-phosphate, chloride, sulphate, sulphide, total sulphur, sodium, magnesium, 

potassium, calcium, manganese, copper, iron, zinc, total solids, volatile solids and chemical oxygen 

demand in the pond liquor.  Electrical conductivity and pH values were also measured for each 

sample.  APHA methods (APHA, 1998) or methods derived from APHA methods were used for all 

analysis. 

 

3.13 Investigation of Pond Water Quality Data U sing PHREEQC 

PHREEQC is a model based on the equilibrium chemistry of aqueous solutions interacting with 

minerals, gases, exchangers and sorption surfaces.  The model incorporates an extensive chemical 

database.  The model was used as-received, modified only to include a number of additional 

magnesium-, nitrogen- (as ammonium) and phosphorus-containing minerals and species identified 

from research into struvite recovery (Ali et al., 2003; Ali et al., 2005). 

 

Results of analysis of pond liquor were input into the model for each pond.  Saturation indices for 

various minerals predicted by the model were used to identify differences in pond chemistry for all 

ponds, particularly between the covered and control ponds at piggery C. 

 

3.14 VOC Sample Collection 

Two different but complementary techniques were used to assess the removal of specific odorants 

from the airstream as it passed through the biofilter system. These techniques included: 

 Stirrer bar sorptive extraction (SBSE) sample collection (commercialised by Gerstel as 

TwisterÊ); and 

 TenaxÊ sample collection. 
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3.14.1 SBSE Sample Collection 

Stirrer bar sorptive extraction (SBSE) is a variant of the solid phase microextraction (SPME) 

technique originally developed by Chai and Pawliszyn (1995).  SBSE also relies on partitioning of 

volatile materials between a polymer surface (polydimethylsiloxane, PDMS) and a fluid sample 

surrounding the polymer surface.  In this situation, the fluid was air samples derived from the 

exhaust stack of the UNSW wind tunnel.  A customised spiral stainless steel wire holder was used 

to position and hold the stirrer bar in the air stream during the sampling period.  The sample was 

collected by exposing the SBSE device (see Figure 22) to the air stream for a fixed period of time.  

Sampling periods ranging from 20 to 120 minutes were assessed to determine optimal exposure 

periods.  It was necessary to expose the SBSE device to the sample for at least 40 minutes to obtain 

detectable amounts of odorants.   

 

The materials adsorbed on the stirrer bar were analysed without further treatment by placing the 

bar in a glass insert in the inlet port of the Gerstel® thermal desorption unit (TDU) attached to an 

Agilent 6890 gas chromatograph (GC).  The volatile materials were recovered by rapidly heating the 

inlet port to 250 °C.  These volatile substances were then trapped on a cooled inlet device (Gerstel® 

CIS), from which they were introduced onto the GC analytical column.   

 

 
Figure 22: SBSE device (centre), storage bottle and customised spiral holder 

(mm s cale) 

 

3.14.2 Tenax Sample Collection 

Two techniques were used to sample volatile materials from the air discharged from the wind tunnel 

using thermal desorption tubes packed with TenaxÊ.  These techniques were determined by the 

equipment used to recover the volatile material and introduce it to the GC.  

 

In the first technique, stainless steel tubes designed for a Perkin Elmer Turbomatrix TDU were used.  

Tube dimensions were ¼'' od x 90 mm, with a bed length of about 55 mm.  In the second method, 

samples were collected on tubes designed for the Gerstel® TDU system.  The glass tubes were 6 

mm od x 60 mm, with a bed length of 30 mm.  For both types of tube, samples were collected using 

vacuum pumps (SKC® PCXR8 with low flow adaptor) operated at a measured flow rate, typically 
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100 mL/min.  Sample collection periods were typically 30 to 60 minutes duration, giving effective 

sample volumes of 3 L to 6 L of air. Samples collected on the Perkin Elmer tubes were analysed by 

Queensland Health Scientific Services using a Perkin Elmer Turbomatrix TDU coupled to a Varian 

ITD GC-MS system.  A standard òAir Toxicsó analytical procedure was used for all samples. 

 

Samples collected with the Gerstel® tubes were analysed by DPI&F, using the GC-MS system 

operated by Sustainable Intensive Systems (SIS), Toowoomba.  

 

Details regarding collection of the sample from the wind tunnel are shown in Figure 23 to Figure 25: 

 

 
Figure 23:  Wind tunnel with sample tube manifold and sampling pump  
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Figure 24:  VOC sampling pump   

Figure 25: Sample tubes attached to 

manifold  

3.14.3 Gas Chromatography (SIS, Toowoomba) 

The GC was operated using the following settings: 

The initial TDU temperature of 15 °C was held for 1 minute.  The TDU was then heated to a final 

temperature of 250 °C at 25 °C/minute, which was held for 3 minutes.  The pneumatic system was 

set to solvent vent mode (analogous to splitless mode) for this operation. 

 

On completion of the TDU heating and cooling cycle, the CIS was heated from 5 °C to 250 °C at 25 

°C/minute, which was held for 1 minute.  The pneumatic system was operated in splitless mode 

during the sample transfer period.  Commencement of the CIS heating cycle also started the GC 

analytical system.  The initial oven temperature of 35 °C was held for 2 minutes, followed by a multi-

step heating program of 2 °C/min to 70 °C, 4 °C/min to 140 °C and 8 °C/min to a final temperature 

of 250 °C which was held for 5 minutes.  The pneumatic system was operated in constant flow 

mode.  Helium carrier gas flow through the 30 m x 250 µm x 0.25 µm film thickness HP-5MS 

capillary column was maintained at 1.2 mL/min, giving a nominal average velocity of 40 cm/s.  

 

3.14.4 Mass Spectrometric Detection (SIS, Toowoomba) 

Materials eluted from the GC column were detected using an Agilent 5973 mass-selective detector. 

It was operated in electron impact ionisation (EI) mode.  Specific odorants were identified on the 

basis of retention times and their mass spectra.  Quantification of specific odorants was made using 

chromatograms derived from the total ion chromatogram using the selected ion mode (SIM). 

 

3.15 Measurement of Hydrogen Sulphide Emission Rates 

In a previous investigation undertaken for APL, a wet chemical scrubber method was utilised to trap 

hydrogen sulphide (H2S) in air samples derived from a UNSW-style wind tunnel (Hudson et al., 

2004).  It was concluded that concentrations of H2S in samples derived from wind tunnels were too 

low to be detected unless unreasonably large volumes of air were collected.  The technique was also 

quite irreproducible, providing very different results for samples collected consecutively from a 

treatment pond surface.  As a consequence, use of this technique was discontinued.   

 

For the current study, a TEI model M101E fluorescence H2S analyser was utilised.  Identical UNSW-

style wind tunnels were deployed on the parallel treatment ponds at piggery C.  Identical operating 

conditions were established in each wind tunnel.  Sample air was collected continuously from each 
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wind tunnel exit stack at about 500 mL/min through ½'' TeflonÊ sample line.  In addition, identical 

US EPA dynamic emission chambers were set up on the polypropylene and shadecloth cover and on 

the liquor of the control pond.  These devices were operated in accordance with recommended 

conditions (Gholson et al., 1989).  Air was sub-sampled from these devices using the SQUID, a 

sample multiplexer developed within SIS.  The multiplexer allowed up to five different air samples to 

be directed to the analyser.  The sample lines were automatically selected by a series of solenoid and 

rotary valves, the timing of which was controlled by a National Instruments Programmable Logic 

Controller (PLC).  The H2S analyser continuously analysed the air flowing through the reaction cell, 

reporting concentration data at 5 s intervals.  These results were captured on a DT 500Ê data 

logger.  Data were retrieved from the data logger either by dial-up modem or manually during the 

frequent site visits.  The H2S analyser was calibrated manually using a standard gas mixture in 

nitrogen (BOC P/L).   

 

It was necessary to deploy a mobile laboratory on site adjacent to the ponds at piggery C.  The 

laboratory was constructed from a modified 20' insulated shipping container.   

 

3.16  Measurement of Carbon Dioxide Emission Rates 

Carbon dioxide (CO2) concentrations in the air discharged from the same wind tunnel and flux 

chamber arrangement described in Section 3.15 were measured using a Vaisala model GMT 220 

sensor and transmitter.  In this study, the sensor was not calibrated because the focus was on 

comparing the concentrations derived from identical devices operated on different surfaces.   

Air samples derived from the wind tunnel were directed to the CO2 analyser using the SQUID 

multiplexer described previously.  CO2 concentrations were collected at 5 s intervals and captured 

on a DT 500Ê data logger.  The data were retrieved in the same way described previously.   

 

3.17 Determination of Physical Strength Characteristics of Polypropylene Cover Fabric  

Samples of the polypropylene cover fabric (3 m x 1 m) were physically cut out of the cover, washed 

thoroughly and submitted to a commercial laboratory.  A range of tests were completed to describe 

the physical strength of the cover fabric.  These included: 

1. Determination of tensile properties ð wide strip method (AS 3706.2) ð ten replicates per 

direction; 

2. Determination of trapezoidal tear strength (AS 37606.3) ð five replicates per direction; 

3. Determination of bursting strength ð California Bearing Ratio (CBR) plunger method (AS 

3706.4) ð ten replicates per sample; 

4. Determination of puncture resistance ð Drop cone method (AS 3706.5) ð ten replicates per 

sample;  

5. Determination of maximum force and elongation using the strip method ð narrow strip 

method (AS 2001.2.3.1 ð 2001) ð five replicates per direction. 

 

3.18 Statistical and Graphical Analysis 

Standard procedures in the statistical software package Genstat (Lawes Agricultural Trust, 2005) 

were used to generate summary statistics and prepare line graphs and perform analysis of variance. 

Genstat was used to prepare box-and-whisker plots according to the method of Tukey (1977).  In 

these plots, the box spans the interquartile range of the values in the variate, with a line within the 

box indicating the median.  Whiskers extend beyond the ends of the box as far as the minimum and 

maximum values.  If several variates are input into the software, a box is drawn for each of them 

using the same scale.  The plots allow for quick comparison of sets of data derived from different 

sources.  In general, if the boxes overlap, formal significance testing confirms that the data sets are 

not significantly different.  
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Each odour sample was collected in duplicate.  For the ANOVA analyses, each discrete odour 

emission rate value was used for the comparison.  The individual results for each pair of samples for 

each emitting surface were randomly assigned to one of two groups.  Each emitting surface was 

therefore represented by two sets of data.  This allowed a comparison between the individual 

emitting surfaces as well as an assessment of the influence of the olfactometry on this comparison. 

 

3.19 Electronic Nose Device 

3.19.1 Electronic Nose Hardware 

The electronic nose (EN) consisted of 12 different Metal Oxide Semiconductor (MOS) sensors. The 

sensors used for the EN are summarised in Table 6.  The sensors were installed in a hexahedron-

shaped stainless steel sensing chamber with an internal volume of 575 mL.  Some of the components 

associated with the electronic nose are depicted in Figure 26. 

 

 
(a) Electronic nose system comprising 

power supply and electronics, pneumatics 

control, s ensor chamber and PC  

 
(b) Mass flow controllers and sensing 

chamber  

Figure 26:  DPI&F MK 1 electronic nose system  

Signals from all sensors were sampled at 60 Hz using a DT 800Ê data logger.  The outputs of 

temperature and relative humidity probes and sensor responses were acquired using a real-time data 

logging program developed in-house using Labview 7.1Ê.  Odorous air samples were presented to 

the sensing chamber of the electronic nose at a flowrate of 500 mL/min.  The sequence used for data 

acquisition is outlined in Table 7.  

 

A temperature and relative humidity (RH) calibration model developed using chemometric 

approaches, was applied to the raw sensor responses of the EN (Sohn, 2007).  The EN outputs were 

adjusted to provide results at 25°C and 25% RH, respectively.  
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Table 6: MOS sensors and operating condition s used for the DPI&F electronic nose  

Logger  

channe
l 

Sensor  

ID  
Sensor type  

Load 

resistor  
(RL, ɋ) 

Signal 

voltage  
(VC, V) 

Heater 

voltage  
(VH, V) 

1 G TGS 2620 120K 5.00 5.00 

 A TGS 832 27K 5.00 5.00 

 L TGS 2610 119K 5.00 5.00 

2 H TGS 2602 220K 5.00 5.00 

 B TGS 813 330K 5.00 5.00 

 K TGS 826 220K 5.00 5.00 

3 J TGS 2611 140K 5.00 5.00 

 C TGS 813A 330K 5.00 5.00 

 F TGS 880 330K 5.00 5.00 

4 I TGS 2600 180K 5.00 5.00 

 E TGS 821 56K 5.00 5.00 

 D TGS 822 27K 5.00 5.00 

5 Temperature 
Thermocouple 

K 
n/a 5.00 n/a 

 
Relative 
humidity 

Honeywell n/a 5.00 n/a 

 

Table 7: Data acquisition cycle used with electronic nose Data acquisition cycle used 

with the DPI&F electronic nose  

Operating stage 1 Time (seconds)  

Stabilisation 30 

Sample 600 

Purge2 & reference 600 

1 Repetition: 3 times/ sample 
2 Purging gas: instrument grade clean air from a cylinder 

 

3.19.2 Analysis of Electronic Nose Output 

3.19.2.1 Data Pre-Processing 

Raw voltage responses from the electronic nose were converted to sensor resistances for further 

analysis.  The data derived from the 12 sensors, plus temperature and relative humidity data, were 

stored in a personal computer (PC) in a binary format.  Pre-processing algorithms were then applied 

to scale and normalise the input data prior to conducting principal component analysis (PCA).  

Seventy eight data files were available from the electronic nose trial.  The pre-processing work and 
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data analysis was conducted using the SPSSÊ statistical package and the Partial Least Squares (PLS) 

Toolbox 3.5 for MatlabÊ.  

 

3.19.2.2 Outlier Handling  

Prior to developing any model, it was necessary to identify and remove data which was classified as 

outliers.  These were results significantly different from homologues belonging to the same 

population.  Samples identified as outliers (greater than three standard deviations from the mean 

value, p < 0.001) were removed. 

 

PCA was used to display data and detect outliers using the Q  and 2T diagnostic tests.  Q  is defined 

as the sum of the squares of residual matrix of each sample and indicates how each sample conforms 

to the PCA model.  The 2T test, known as Hotellingõs 2T  statistic, is a measure of the variation in 

each sample within the PCA model.      

 

3.19.2.3 Pattern Recognition Techniques for Qualitative Assessment 

In the multidisciplinary field of sensor array analysis, the use of appropriate data analysis protocols is 

essential.  Choosing appropriate pattern recognition algorithms for a given dataset is a critical 

component in the successful application of an electronic nose for odour assessment.  In this project, 

Principal Component Analysis (PCA) and Partial Least Squares Discriminant Analysis (PLSDA) were 

used as classifiers to analyse outputs from the electronic nose.  The Partial Least Squares (PLS) 

Toolbox 3.5Ê for MatlabÊ was used for the pattern recognition analysis.  

 

3.19.2.4 Principal Component Analysis 

PCA is an unsupervised data reduction method.  The method allows the variation of a multivariate 

data set to be described in terms of a set of uncorrelated variables, each of which is a particular 

linear combination of the original variables.  The original data matrix is projected from a high 

dimensional space into a lower dimensional space, preferably planar or three-dimensional.  During 

the process the dimensionality of the original data set is reduced, i.e. is compressed, with as little 

loss of information as possible.  This is achieved by filtering out the noise in the original data matrix, 

without removing essential information described in the variance of the data (Massart et al., 1988; 

Otto, 1999). 

 

ETPX  

Mathematically, the PCA process decomposes the original ji  data matrix X  into its ki  score 

matrix T , its jk  loading matrix P  and the residual matrix E  according to: 

 

ETPX  Equation 6  

Where, i  is the number of samples, j  is the number of variables and k  is the number of principal 

components (PCs). 

 

PCs are linear combinations of the original variables and can be calculated as follows: 

111212111111 ... pp pxpxpxt  Equation 7  

where, 11t  is the first element of the first PC, x the original variables and p  the loadings. 
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The PCs are determined on the basis of the maximum variance criterion.  Each subsequent PC 

describes a maximum variance, which is not modelled by the previous one.  According to this, the 

first PC contains most of the variance of the data (Otto, 1999; Everitt and Dunn, 2000).  The 

relationship between samples can be visualised by plotting the scores against each other.  

 

3.19.2.5 Partial Least Squares Discriminant Analysis  

Partial Least Squares Discriminant Analysis PLSDA is often used to sharpen the separation between 

groups of observations by rotating PCA components such that a maximum separation among classes 

is obtained.  PLSDA can also provide useful information about which variables carry the class 

separating information.   

 

PLSDA is very similar to another common discrimination technique called Linear Discriminant 

Analysis (LDA).  In fact, PLSDA is essentially the inverse-least-squares approach to LDA and 

produces essentially the same result but with noise reduction and variable selection advantages of 

the Partial Least Squares (PLS) modelling technique.  In PLSDA, PLS is used to develop a model that 

predicts the class number for each sample. 

 

3.19.2.6 Partial Least Squares Regression for Quantitative Assessment 

When the variables are few in number, are not significantly redundant, and have a well-understood 

relationship to the responses, then Multiple Linear Regression (MLR) may be appropriate to turn 

data into information.  However, the results from an electronic nose system may have many 

variables and non-obvious relationships, especially when the electronic nose is used to measure 

samples with complicated matrices.  Odour is a very complex mixture of volatile substances.  

Therefore, a PLS regression was chosen as a more appropriate tool to construct an odour 

prediction model.   

 

PLS regression is a method for constructing predictive models when many factors exist and are 

significantly redundant.  PLS regression has been used in disciplines such as chemistry, economics, 

medicine, psychology, and pharmaceutical science where predictive linear modelling, especially with a 

large number of predictors, is necessary.  PLS regression has become a standard tool for modelling 

linear relations between multivariate measurements in chemometrics. 

 

PLS regression is an extension of the MLR model (e.g., Multiple Regression or General Stepwise 

Regression).  In its simplest form, a linear model specifies the (linear) relationship between a 

dependent (response) variable Y, and a set of predictor variables, the X's, so that  

 

pp XbXbXbbY 322110  
Equation 8  

In this equation, ob  is the regression coefficient for the intercept and the xb  values are the 

regression coefficients (for variables 1 through p ) computed from the data.  

 

3.19.2.7 Prediction Model Development Procedure 

Figure 27 shows the multi-step process for transformation of the raw electronic nose responses to a 

database for PLS model development, as well as the odour prediction procedure, using the PLS 

model developed from the odour samples collected during the continuous odour monitoring trial.  

The following steps explain the procedure for the PLS odour prediction model development 

depicted in Figure 27: 
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1. The 68 odour samples were measured using the DPI&F electronic nose Mk 1. 

2. The responses of the electronic nose sensor array were saved in ASCII format (.txt 

files in the figure) using the electronic nose LabviewÊ operating program.  

3. The sensory data in the text files was converted into resistance values (Ý) and 
processed using pre-processing algorithms. 

4. The processed electronic nose outputs were imported into MatlabÊ to build data 
matrices. 

5. From the matrices, the sensor responses corresponding to the equilibrium phase 
were extracted and used as the PLS factor dataset of the odour prediction model. 

6. The 68 odour samples were also presented to the olfactometry panel to determine 

odour concentration (OU/m3). 

7. The odour concentrations were saved in text file format for establishing an odour 

concentration database. 

8. Odour concentration database was imported into MatlabÊ. 

9. The odour concentrations were saved as a PLS response dataset. 

10. Removed outliers using PCA. 

11. Developed an odour prediction model and check the root-mean-square error of 
cross-validation (RMSECV).  

12. The database from continuous odour monitoring trials was used to develop a model 
for predicting odour concentration. 
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Figure  27:  Process used to develop an odour prediction model using electronic nose 
responses and olfactometry results  

 

4 Results and D iscussion 

 
4.1 Production of a Comprehensive òHow toó Guide Regarding Manufacture and Use of 

Permeable Pond Covers 

4.1.1 Selection of Cover Type, Materials and Manufacture 

The selection of materials and manufacture of a permeable pond cover was covered briefly in 

Section 3.3.  A comprehensive illustrated guide is included as Appendix 1.  The Appendix identifies 

useful material from which a permeable cover may be constructed as well as some practical tips to 

simplify the manufacturing process.  The document also summarises the experience that the 

research team has gained over the past six years regarding maintenance requirements for these 

covers.   

 

It is not really appropriate to provide a prescriptive òrecipe bookó to guide potential users.  Each 

application will create a specific set of obstacles which will have to be overcome by the team 

undertaking the deployment.  The Appendix therefore identifies a set of basic principles to assist 

prospective users, rather than an exhaustive list of things that must be done.  It is our belief that 

innovative producers will identify better ways of manufacturing and supporting these covers. 
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4.1.2 Methods of Maintenance and Maintenance Schedules 

In similar vein, maintenance of permeable covers will also be strongly influenced by site-specific 

circumstances.  While the Appendix provides adequate information regarding maintenance of 

permeable covers, it is worth emphasising some basic principles: 

 While in general terms a polypropylene cover will probably require less maintenance than a 

supported straw cover, it is essential that the fabric be protected from UV damage.  The 

consequences of failing to provide such protection are provided in Section 4.2.2.3. 

 Permeable covers are not intended to support any additional weight.  Ponds should therefore 

be adequately fenced to keep stock away.  If it is desired to keep vegetation off the cover, 

good weed control should commence soon after cover deployment. 

 Wind damage remains an ongoing threat to the shadecloth used to provide UV protection.  

The shadecloth must be anchored adequately around the entire margin of the pond.  The joins 

between individual lengths of shadecloth should also be inspected periodically to identify 

requirements for repair. 

 The straw layer of a supported straw cover will require òtopping upó at least annually.   

 The life expectancy of the straw layer appears dependent on the quality of straw used ð it is 

recommended that good quality, well dried material be used wherever possible. 

 
4.1.3 Diagnostic Factors Regarding Sustainable Pond Management 

Section 4.3.1.3 discusses the impact permeable pond covers had on pond treatment processes.  

There is no evidence that placement of a permeable cover impairs waste stabilisation.   It was not 

possible therefore to identify factors, actions or processes that may in general improve the 

sustainable management of a covered anaerobic treatment pond. 

 

One area that should be considered is the requirement for removal of accumulated sludge from a 

covered pond.  All types of cover are quite bulky and difficult to move once deployed on a pond.  

Complete removal of a cover is therefore impractical.  Even partial removal is likely to be difficult 

and will carry the risk of damage to the cover. 

 

Successful removal of accumulated sludge therefore depends on use of a technique which does not 

require removal of the cover.  A contractor was able to remove most of the sludge from the 

covered pond at piggery C using a large PTO-driven agitator and a vacuum tanker.  The following 

steps had to be performed during this activity: 

1. Inflow of waste to the pond was diverted to the adjacent control pond. 

2. The cover was detached from the pickets anchoring it around the margin on three sides. 

3. The cover was pulled away from the edge toward the opposite bank of the pond, creating a 

strip of exposed liquor along one margin. 

4. The cover was secured in this position with ropes to maintain the strip of clear liquor along 

the margin.  Care was taken to ensure that the cover margin was maintained above the 

liquid surface to avoid accumulation of solids on the cover and submerging it further. 

5. The contractor installed machinery to agitate the sludge layer, creating a viscous, 

homogenous liquid. 

6. While agitation of the pond contents was maintained, sludge and liquor was withdrawn from 

the pond for land disposal. 

7. As the pond liquid level was reduced, the cover subsided with the liquor, remaining afloat at 

all times. 

8. On completion of sludge removal, waste was once more directed into the pond, allowing it 

to refill over a period of a few weeks.   
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9. Once the pond level was restored, the cover was moved back into place, and re-anchored 

around the pond margin. 

 

4.2 Determine and Report Permeable Pond Cover Odour Reduction Performance, Life 

Expectancy and Costs 

4.2.1 Efficacy of Reduction in Odour Emission Rate 

Odour emission data derived from all ponds and surfaces at the three trial sites over the assessment 

period is summarised in Table 9 to Table 11.  The data for each trial site are also summarised as a 

series of box and whisker plots in Figure 28 and as a series of time series plots in Figure 29.  

Statistics regarding odour concentrations and rates for all ponds and surfaces are summarised in 

Appendix 3. 

 

The efficacy of the various cover types in reducing odour emission rate is summarised in  

 

Table  8.  Results for each pond are discussed separately in Sections 4.2.1.1 to 4.2.1.3. 
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Figure 28:  Comparison of odour emission rate by emitting surface, pond A, pond B and  

the ponds at piggery C  
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Figure 29:  Comparison of odour emission rate over time by emitting surface, pond A, pond B and the 

ponds at piggery C  
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Table 8:  Reduction in odour emission rate by pond cover type  

Pond 
Nature of 

comparison  

Comparison 

surface 

Reduction in odour emission rate by surface 

(%) 

Exposed 

liquor  

Polypropylene -

shadecloth  
Shadecloth  Straw  

A Internal 
Exposed 

liquor 
- 77 65 - 

B Internal 
Exposed 

liquor 
- 76 - 66 

C Internal 
Exposed 

liquor 
- 77 73 - 

C External 
Control 

liquor 
-121 50 41 - 

4.2.1.1 Efficacy of Odour Reduction - Pond A 

Emission rate characteristics for surfaces associated with pond A are summarised in Table 9.   

 

Table 9:  Emission rate characteristics of surfaces at pond A  

Statistic  

(n = 50) 

Odour emission rate (OU/m 2 s) 

Liquor  

Polypropylene 
geofabric & 

polyethylene 
shadecloth cover  

Polyethylene 

shadecloth only  

 

Average 88.2 20.0 31.3 

Median 87.8 11.0 30.0 

Minimum 32.7 1.6 3.9 

Maximum 149.1 118.0 59.5 

Standard deviation 35.4 26.5 16.8 

 

For pond A, it was only possible to evaluate the odour reducing efficacy as an internal comparison, 

where the cover emission rates were compared with that of the exposed liquor surface of the same 

pond (see  

 

Table  8).  The average reduction in odour emission rate over the entire trial period was 77% for 

the polypropylene-shadecloth cover and 65% for the shadecloth-only cover.  Reduction in median 

emission rates for these covers were 87% and 66% respectively.   

 

Considerable variability in emission rate was observed from all surfaces over the trial period.  There 

was however no trend indicating deterioration in cover performance over the trial ð the OER of the 

polypropylene-shadecloth cover was consistently lower than that of the exposed liquor.  ANOVA 
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testing (Table 10) indicated a significant difference between the odour emission rates of the exposed 

liquor and both the polypropylene-shadecloth cover and the shadecloth cover at the 5% level.  

There was no significant difference in OER between the two cover types at the 5% level. 

 

Table 10:  Results of ANOVA comparing emissi on rates of surfaces at pond A  

Emitting 

surfacea 

Mean OER 

(OU/m 2 s) 
Difference at 5% level b 

PP1 23.2 A   

PP2 28.2 A B  

S2 38.1  B  

S1 38.2  B  

L1 88.4   C 

L2 91.7   C 

Least significant difference of means 12.4 
a The numbers indicate results for paired duplicate odour samples, separated randomly into two 

groups 
b Emission rates for surfaces with same letter not significantly different 

 

4.2.1.2 Efficacy of Odour Reduction - Pond B 

Emission rate characteristics for surfaces associated with pond B are summarised in Table 11.  

  

Table 11:  Emission rate characteristics of surfaces at pond B  

Statistic  

(n=32) 

Odour emission rate (OU/m 2 s) 

Liquor  

Polypropylene 
geofabric & 

polyethylene 
shadecloth cove r 

Supported straw 

cover  

 

Average 57.6 13.7 25.1 

Median 50.7 9.1 21.0 

Minimum 10.7 3.1 4.8 

Maximum 121.1 55.5 73.4 

Standard deviation 33.8 12.6 20.0 

 

The average relative odour reduction provided by the polypropylene-shadecloth cover at this pond 

was 76%, while the median value was 82%.  These results were very similar to those observed using 

a similar cover at pond A.  The supported straw cover also provided good odour reduction.  

Average and median odour reduction relative to the uncovered liquor was 66% and 59% 

respectively.  These values were very similar to those measured for the shadecloth cover at pond A.  

During our previous investigations of supported straw covers we observed quite rapid deterioration 

and thinning of the straw layer from 100 mm to about 20 mm within a 12-month period (Hudson et 

al., 2006).  Similar deterioration was observed for the larger straw cover used in this trial.  Despite 
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the deterioration in cover thickness however, it continued to provide consistent reduction in odour 

emission rate.   

 

ANOVA testing (Table 12) indicated a significant difference between the odour emission rates of the 

exposed liquor and both the polypropylene-shadecloth cover and the supported straw cover at the 

5% level.  There was however, no significant difference in OER between the two cover types at the 

5% level. 

 

Table 12:  Results of ANOVA comparing emission rates of surfaces at pond B  

Emitting 

surface 

Mean OER 

(OU/m 2 s) 
Difference at 5% level a 

PP2 10.3 A  

PP1 17.5 A  

SW2 23.3 A  

SW1 26.4 A  

L2 55.5  B 

L1 59.6  B 

Least significant difference of means 17.7 
a Emission rates for surfaces with same letter not significantly different 

 

The reduction in odour emission rate by the supported straw cover was not as good as that 

reported in our earlier study (Hudson et al., 2006).  Previously, odour emission rates were reduced 

by between about 79 and 83% relative to the liquor.  The apparently inferior performance of the 

supported straw cover in the current study could be explained in terms of the changes caused by 

complete coverage of the pond.  Previously, average odour emission rates for the partially covered 

pond liquor were about 14 OU/m2 s.  In the current trial, however, this value increased four-fold to 

about 57 OU/m2 s.  The increased liquor odorant concentration obviously raised the potential for 

odour emission, which was observed as a reduction in cover performance. 

 

Previously we reported difficulties in achieving a good seal between the uneven straw surface and 

the wind tunnel base (Hudson et al., 2006).  We overcame the problem by employing a semi-

detached polymer òskirtó and weighted frame.  In the current study however, it was not feasible to 

utilise this system.  A shorter, more rigid skirt constructed from a sheet of PVC was attached 

directly to the wind tunnel base.  It provided a relatively flat, extended base to the wind tunnel, 

extending out from the perimeter by 400 mm.  While it provided a greater area for contact between 

the wind tunnel and the straw, it was observed to bend and deform in response to the uneven straw 

surface.  The seal was not as good as that obtained previously.  To achieve a good seal, there was a 

tendency to lower the wind tunnel excessively on the straw surface, partially submerging it at times.  

Liquor could then permeate through the cover and increase the measured emission rate.  The 

reported efficacy of the supported straw cover should therefore be regarded as conservative, worst-

case performance.   
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4.2.1.3 Efficacy of Odour Reduction - Pond C 

Emission rate characteristics for surfaces associated with pond C are summarised in Table 13.  

 

Table 13:  Emission rate characteristics of surfaces at pond C  

Statistic  

(n = 36) 

Odour emission rate (OU/m 2 s) 

Liquor 

control 
pond 

Liquor 
covered pond  

Polypropylene 

geofabric & 
polyethylene 

shadecloth cover  

Shadecloth 
only  

 

Average 36.3 80.2 18.1 21.5 

Median 29.8 69.8 11.3 22.2 

Minimum 4.8 3.0 3.6 3.3 

Maximum 81.4 181.5 72.3 39.7 

Standard 
deviation 

22.9 53.4 16.5 11.1 

 

The paired measurements made on two ponds at this site allowed both within-pond (relative) 

assessment and between-pond (absolute) assessment.  Both ponds experienced relatively light waste 

loading rates over the trial period.  This was verified by the generally low odour emission rates 

measured from the control pond.   

 

The within-pond assessment indicated that the polypropylene-shadecloth cover reduced average and 

median odour emissions relative to the exposed liquor by about 77% and 84% respectively.  The 

shadecloth-only cover reduced mean and median odour emission rates by 73% and 68% respectively.  

These results were very similar to those observed for the other two trial sites.  The time-series 

graph for the two ponds at piggery C in Figure 29 indicated that the performance of the covers was 

very consistent over the entire trial period, with no evidence of deterioration in cover performance.   

Comparison of odour emission rate results for the covered pond and the uncovered control pond 

indicated that a polypropylene-shadecloth cover reduced the average and median odour emission 

rate by 50% and 62% respectively.  The shadecloth-only cover reduced average and median odour 

emission rates by 41% and 26% respectively over the same period.  Emission rates measured off the 

exposed liquor confirmed that odorants accumulated in the liquor beneath the permeable cover.  

The average and median odour emission rates of the covered liquor were 121% and 134% greater 

than those of the uncovered control. 

 

ANOVA testing (Table 14) indicated a significant difference between the odour emission rates of the 

control pond liquor and those of the temporarily exposed liquor of the covered pond, the 

polypropylene-shadecloth cover and the shadecloth cover at the 5% level.  There was a significant 

difference in OER between the two cover types and the exposed liquor of the covered pond at the 

5% level. 
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Table 14:  Results of ANOVA comparing emission rates of surfaces at pond C  

Emitting 

surface 

Mean O ER 

(OU/m 2 s) 
Difference at 5% level a 

PP2 12.2 A   

S2 18.8 A B  

S1 24.3 A B  

PP1 26.6 A B  

Lcon1 36.6  B  

Lcon2 36.6  B  

L1 71.5   C 

L2 67.4   C 

Least significant difference of means 22.6 
a Emission rates for surfaces with same letter not significantly different 

 

4.2.1.4 Performance of Polypropylene-Shadecloth Permeable Covers 

The long-term average performance of these covers was about 76% (using internal comparison) and 

50% based on comparison with an adjacent, uncovered pond ( 

 

Table  8).  Although the efficacy of odour reduction based on relative performance was greater than 

about 75%, the performance was not as convincing when calculated relative to the emission rates of 

the uncovered control.  When making this judgement, however, it is important to consider the 

nature of olfactometric assessment.   

 

While olfactometry provides a quantitative estimate of odour concentration, it is based on a 

presence/absence test.  During each round of assessment, panel members are expected to identify 

one of three samples presented as different.  The nature of the odour is not considered during 

conventional odour assessment ð it is the detection threshold that is determined.  Samples derived 

from the permeable pond covers have a measurable odour concentration.  Visual inspection of the 

cover helps explain why this should be.  The covers are damp, have an abundant supply of nutrients, 

adequate oxygen supply and are exposed to full sunlight.  Within days of deployment, the cover 

surface appears green, as a microbiological population colonises the surface.  After rainfall, shallow 

pools of rainwater form on the cover surface and become bright green in response to rapid changes 

in biomass numbers and composition.  Over time, generations of microfauna and flora grow and die, 

forming a black, sludge-like material on the cover surface.  During field sampling, the sample team 

occasionally assessed the odour arising from this material by sniffing the odour just above the cover 

surface.  The odour was not offensive.  It persistently presented as a sea-weed like odour, or was 

reminiscent of algae-covered rocks.  This background odour created by the biomass on the cover 

would obviously generate a response during the olfactometric process.  During the odour sample 

collection, it was also possible for the sampling team to assess the air exhausted from the wind 

tunnel.  While the air exhausted from the tunnel when in contact with either the covered or control 

liquor had a characteristic and highly offensive òpiggeryó odour, when in contact with the 

polypropylene-shadecloth cover, it was either difficult to detect an odour, or the odour was 

inoffensive.   
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Though the olfactometry process did indicate that permeable pond covers reduce odour emissions, 

anecdotal observations by the sampling team suggest that their performance was greater than those 

results indicate.  Evidence of this was seen during deployment and partial removal of the covers.  It 

was noted that odour emissions were greatly reduced following cover installation, whilst ambient 

odour concentrations increased immediately following partial cover removal as odorants in the 

liquor came into contact with the atmosphere. 

 

Consideration of the growth of biomass on the pond cover and the nature of olfactometric 

assessment provides possible explanations for the apparent decline in performance observed by 

Bicudo et al. (2004).  It was possible that the absence of biomass on the cover during the first year 

of assessment may have produced a surface with emission rate characteristics similar to those of a 

new cover, or a partial cover not subject to the full odour òloadó generated by the pond.  The latter 

circumstance would be similar to the situation described in our initial field-scale assessment (2006).  

One way to validate this hypothesis would be to measure the hedonic tone or offensiveness of the 

odour collected from the various surfaces.  We propose that the odour emitted by the pond covers 

may be significant in terms of concentration, but will not be nearly as offensive as that emitted by the 

open liquor surface.  The effective efficacy would be greater than the 50% reduction in odour 

concentration indicated by paired, between-pond comparison.  Confirmation of this hypothesis 

would also support adoption of the technology by producers.  

 

Analysis of water quality samples indicated that odorants (hydrogen sulphide in particular) appeared 

to accumulate in the covered liquor (see Section 4.3.2.7).  This was confirmed anecdotally when 

assessing the influence of flushing liquor using the flume.  Liquor derived from the covered pond at 

piggery C had a distinctive òrotten eggó smell, characteristic of elevated concentrations of hydrogen 

sulphide.  Consideration of the factors that control emission processes identifies wind speed and the 

difference in concentration of odorants between the emitting liquid and air above the liquid as 

dominant driving forces.  Sections 4.3.1.2 and 4.3.2.7 indicate that hydrogen sulphide concentrations 

increased five- to 10-fold once a cover totally covers the liquor surface.  In the previous 

investigation, only a small fraction of the liquor surface was covered.  This would not allow odorants 

to accumulate or the large concentration difference to develop.  The long-term study therefore 

provides a more realistic assessment of the efficacy of a permeable cover. 

 

4.2.1.5 Efficacy of Shadecloth-Only Covers 

The performance of the shadecloth-only covers was unexpectedly good ( 

 

Table  8).  Although the shadecloth was of the highest density available commercially, it has a 

relatively open weave.  Considerable care was necessary when deploying the wind tunnel on the 

shadecloth surface to avoid submerging the cover below the liquor.  In order to achieve an adequate 

seal between the wind tunnel base and the shadecloth surface, submergence of the cover around the 

edge of the wind tunnel was unavoidable.  This caused some of the pond liquor to form a continuous 

pool above the surface of the cover around this margin.  The liquor was obviously odorous and the 

presence of a limited amount of liquor above the surface of the cover would be expected to raise 

the odour emission rate.  The shadecloth odour emission rates should therefore be regarded as 

worst-case results.  Despite this situation, the shadecloth appeared able to reduce odour emission 

rates by more than 60% relative to the exposed liquor surface. 

 

4.2.1.6 Efficacy of Supported Straw Covers 

The performance of the supported straw cover used to partially cover the pond at piggery B was 

very similar to that of the shadecloth only surface ( 
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Table  8).  The cover provided about a two-third reduction in odour emission rate on the basis of 

an internal comparison.  On the basis of odour reduction, it might be concluded that either a 

shadecloth or straw cover could be used to reduce odour emissions.  It is therefore necessary to 

consider other factors when making a decision regarding selection of cover type.  These are 

discussed fully in Section 4.2.2.6, where it becomes apparent that when factors such as construction 

cost, maintenance and practicality make a shadecloth cover more attractive. 

 

While the performance of the straw cover was not as good as observed in the first investigation, 

factors similar to those noted in the discussion of the performance of polypropylene and shadecloth 

covers need to be considered.  The measured increase in concentrations of odorants in the covered 

liquor is particularly relevant.  This long-term study therefore provides a more realistic assessment 

of the efficacy of a supported straw cover for odour control. 

 

4.2.2 Assessment of Cover Life Expectancy 

A weakness in the results of the first investigation was that it was not possible to assess cover 

longevity under field conditions in a short term assessment.  The initial study indicated that the 

biological material used to construct a supported cover would last approximately 12 months.  No 

information was provided regarding the life expectancy that could be anticipated for a 

polypropylene-type cover. 

 

4.2.2.1 Physical Strength Testing of Polypropylene Fabrics 

Three samples of polypropylene fabric were submitted to a consulting laboratory to assess how the 

physical characteristics of the fabric had been influenced by this application under field conditions.  

Details of the deployment periods up to the date of sampling are summarised in Table 15: 

 

Table 15:  Details regarding polypropylene cover sunlight exposure prior to strength 

testing  

Cover location  
Period deployed prior to 
shadecloth installation 

(days) 

Total deployment period 
prior to sampling for 

strength testing (days)  

Piggery A 438 905 

Piggery B 413 759 

Piggery C 455 857 

 

The results of mechanical strength tests are summarised in Table 16.  The tabulated results are the 

average values derived from the number of replicates described in Section 3.17. 

 

All cover fabric samples failed to comply with the specifications for new material.  The magnitude of 

departure from the specification appeared to relate to the length of time the fabric had been 

exposed to sunlight, the total time the fabric had been deployed or a combination of these factors.  

Formal correlation analysis confirmed this initial interpretation and indicated a number of highly 

significant negative correlations [> ±  0.950, (probability)]: 

 total deployment period and tensile strength (narrow strip) [-0.999 (0.1260]; 

 total deployment period and tensile strength (wide strip) [-0.991 (0.0428)]; 

 period of unshaded deployment and burst strength (CBR) [-0.999 (0.013)]; 

 period of unshaded deployment and trapezoidal tear [-1 (0.0078)], and 
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 period of unshaded deployment and tensile strength (wide strip) [-0.955 (0.0954)]. 

 
Additional sampling and analysis is scheduled to continue until 2010.  The additional results should 

confirm these findings.  They should also indicate whether chemical or microbiological processes 

occurring within the pond are contributing to ongoing deterioration of the cover fabric. 

 

Table 16:  Results of mechanical  strength tests  

Cover 
sample 

 

Tensile strength ð 
wide strip (kN/m)  

Trapezoidal tear 
strength (N)  

Bursting 

strength 

ð CBR 

method 
(N)  

Puncture resistance ð 
drop cone method  

Tensile strength ð 
narrow  strip  

Machine 
direction  

Cross 
direction  

Machine 
direct ion 

Cross 
direction  

 

Puncture 
diameter 

d500 

(mm)  

Puncture 
resistance 

h50 (mm)  

Machine 
direction  

Cross 
direction  

Pond A  21.3 33.6 602 820 4499 12 4130 1174 1080 

Pond B  32.7 43.1 734 1088 6429 10 5120 1628 2280 

Pond C  26.4 14.6 520 367 3371 17 2380 1307 779 

Specification 
of new 

material 

 31.5 875 7455 - - 1875 

4.2.2.2 Life Expectancy of Supported Straw Covers 

The current study confirmed that the straw or hay used to manufacture a supported cover would 

probably have a life expectancy of 12 months or less.  Being in direct contact with the liquor, it was 

inevitable that the straw layer would become damp, encouraging composting which would slowly 

erode the straw layer thickness.  This appeared to take up to 12 months before the straw layer 

became too thin to provide an effective cover.  

  

The series of photographs in Figure 30 illustrate the change in cover over a 14-month period during 

the current investigation.  There is no clear explanation for the apparent difference in cover 

deterioration in different areas of the cover evident in iii) and iv).  The cover area closest to the 

camera has clearly deteriorated more rapidly than the bulk of the cover further from the camera.  

One plausible explanation is that the material applied to the covers came from different bales of 

straw.  Figure 7 and Figure 8 of Appendix 1 show the bales of straw arranged along the pond margin 

before application.  It is likely that the area closest to the camera in Figure 30 iii) and iv) came mainly 

from one bale.  The quality of straw may have been different to the other bales supplied.  Another 

possibility is that the straw was applied less thickly than in other areas of the cover.  The area of 

damage in the foreground of Figure 30 ii) arose from a wallaby venturing onto the cover, becoming 

trapped and then drowning. 
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i) November 2003 (during initial 
application)  

 

ii) March 2004 (four months after 
deployment)  

 

iii) August 2004 (nine months after 

deployment)  

 

iv) February 2005 (14 months after 
deployment)  

Figure 30:  Gradual deterioration in supported straw cover observed over 14 -month 

period  

 

4.2.2.3 Life Expectancy of Polypropylene Covers 

A polypropylene cover constructed from light-weight needle-punched, spun fibre fabric was trialled 

during the final four-month period of the initial investigation (March ð June 2001).  This cover 

remained viable until it was removed prior to the installation of the complete pond cover in 2003.  

There was no evidence of deterioration, fraying or UV damage to any part of the cover during this 

period.   
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July 2002 

 
March 2003 

Figure 31:  Representative photographs of first polypropylene cover during its life 

(March 2001 ð April 2003)  

 

Similar results were observed for a larger composite trial cover (Figure 32).  This cover was 

manufactured as a mosaic from both woven and non-woven polypropylene materials of various 

densities and thicknesses.  This cover was deployed and assessed to identify any immediate issues 

relating to the selection of cover material, as well as to trial flotation devices.  While the cover was 

in place less than one year, all cover materials appeared to perform acceptably for odour control 

and no obvious issues regarding durability were observed. 

 

 
Immediately following deployment, June 

2002 

 
Prior to decommissioning and removal, 

March 2003 

Figure 32:  Representative photographs of trial composite polypropylene cover during 

its life (June 2002 ð April 2003)  

 

On the basis of these experiences, it was concluded that both woven and non-woven polypropylene 

fabrics provided similar odour reduction and exhibited similar physical strength characteristics and 

stability to UV radiation.  In particular there was no evidence of fraying, weakening or disintegration 

that could be attributed to UV degradation.  The project team had some concerns that the woven 

polypropylene fabric might provide quite limited permeability (restricted to the intersection of weft 

and warp elements).  This might cause large volumes of biogas to be trapped under the cover, 

creating cover management issues.  As a consequence, it was proposed that the non-woven, 

punched fibre polypropylene be used for future cover construction. 






















































































































































