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Complementary approaches to measure environmental odours emitted by landfill areas
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Abstract
This paper presents different methods to assess the odour emission and the odour annoyance in the surroundings. It is shown, on the example of landfill areas and composting facilities, that chemical analyses are helpful to identify key compounds of the odour release, and to set up the specification of a monitoring instrument. Sensitive methods, like dynamic olfactometry or sniffing team investigation, are mainly applicable to provide a global odour plume or an average annoyance zone. And the electronic nose can supply a warning signal to the plant manager or a real time estimation of the annoyance zone.
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1. Introduction
Electronic noses were initially introduced as instruments able to mimic the human olfactory system [1]. They include indeed similar corresponding components: the array of chemical sensors, the data processing unit and the pattern recognition engine respectively for the olfactory receptor cells, the olfactory bulb and the brain [2].
The vocabulary analogies (neural networks, genetic algorithms, ...) and the similarities of the objectives and of the approaches (odour recognition, overlapping sensitivity of the sensors, ...) contributed to keep alive a kind of ambiguity and to make believe that the artificial nose could compete with the human nose.
But, of course, the sensors of the electronic nose can respond to both odorous and odorless volatile compounds. It can be applied to any source which releases volatiles, whether they smell or not, provided that this occurs within the sensitive range of the sensors, which is rather narrow compared to human nose one. So, the initial enthusiasm for e-nose as instrument to assess the odour makes now way for a more realistic and scientific approach. The instrument continues to be used as "electronic nose" to detect odour emissions, but, rather to try to compare it to human nose, one uses it more as complementary tool with respect to chemical or sensitive methods.
This paper presents those various approaches to measure the odour on the specific case of landfill areas. It shows original ways of adapting some usual methods and tries to deduce the particular niches for each of them in the frame of the current trends of regulation or guidelines in various countries. In Europe, there is indeed a trend towards quantitative air quality criteria for odours, using dose-effect studies to determine a level where 'no justified cause for annoyance' exists [3]. That is to say that limits are generally prescribed at the emission level and not near the source. The exposure criteria to be respected near the receptor is translated into numerical value as an odour concentration (in ou/m3) with one hour averaging and a given percentile compliance. For example, the 98-percentile, for a given odour concentration, e.g. 5 ouE/m3 (odour unit per cubic metre) represents the contour line delimiting the zone at the ground level where that concentration is exceeded more than 2% in the year. In short notation: C98, 1-hr = 5 ouE/m3. Here, "1-hour" means that the concentrations are hourly averaged. This measure of exposure is calculated from the estimated or measured odour emission rate from the source, using an atmospheric dispersion model.
A precondition for this approach is the availability of odour measurement techniques with a known uncertainty that is sufficiently small for use in a legal framework.
Now, few measurement techniques are adapted to assess odour at remote locations, far away from the source, where odour and chemical concentrations are very low [4]. Particularly, electronic noses should be improved in order to preconcentrate the analytes prior the investigation [5].
In practice, exposure values are only obtained by atmospheric dispersion modelling, with suitable meteorological data. However, the odour emission rate needed by the model can be assessed by chemical analyses, sensitive methods or by electronic noses.
2. Experimental
Different odour investigation methods were applied to 9 solid waste disposal landfill areas in Wallonia (South of Belgium), which is a region characterised by quite homogeneous climatic conditions, with prevailing wind directions NE and SW. Generally, landfill sites are equipped with efficient landfill gas collection networks, so, although the biogas odour was sometimes perceived on some sites, the measurement concerned chiefly the fresh garbage odour, which was, by far, the most strong odour during activity periods and which generally corresponded to the complaints in the surrounding [6]. Two of the investigated landfill sites include also organic waste composting facilities, with a specific odour, which is mixed with the fresh waste one.
A first method, which is applied is gas chromatography-mass spectrometry (GC-MS) to estimate the chemical composition of the emission and the concentrations of main compounds. Air above waste surface is sampled during about 30min in Tenax and Spherocarb cartridges with a flow rate of the order of 140-200 ml/min and further thermo-desorbed and analysed in the lab with TD-GC-MS (TD from Markes International and GC-MS from Agilent). Apolar polysiloxane capillary column is used in GC and compound identification is made by comparing MS spectra to NIST 1992 library ones.
Complementary to those analyses, colorimetric tubes (Dräger) are used to detect H2S and NH3 in the field.
A second investigation method is dynamic olfactometry, which uses a panel of 6 persons sniffing different dilutions of the odour, according to European standard EN13725 [7]. Dynamic olfactometry aims at establishing the odour concentration in ouE/m3. Multiplying that concentration by the global effluent volumetric flow rate gives the odour emission rate, in oue/s, which is the appropriate variable used to assess the odour annoyance in the environment. Odour is sampled in Tedlar bags, placed in a sealed-barrel maintained under negative pressure by a vacuum pump (lung principle).
The landfill surface is typically an area source, for which the effluent flow rate cannot be measured separately. So, the emitted odour must be sampled through a dynamic flux chamber. We used a circular chamber with a cross-section of 0.2 m2, very similar to the EPA/600/8-86/008 one, and a sampling flow rate of 101/min, equal to the controlled flow of the carrier gas (nitrogen) released into the chamber. The subsequent analysis is made in the lab with Odile olfactometer (Odotech, Canada). The different dilutions of the odour are presented to the jury by a decreasing step sequence in geometric series of factor 1.58 and the testing mode is the triangular forced choice. The specific odour emission rate, defined as the quantity of odour emitted per unit time from a unit surface area (oue/s m2), is calculated from the concentration of odour (as measured by olfactometry) which is then multiplied by the volume of carrier gas passing through the chamber per unit time, divided by known cross-sectional area of the flux chamber. The global odour emission rate for the whole landfill site is then calculated by multiplying the specific odour emission rate by the total emission area.
In the field, a third and rather original method is also used. It is an adaptation of the method of sniffing team campaigns [8] to the particular case of fresh waste odours. The method is based on the field determination of odour perception points, followed by a data processing with a bi-Gaussian-type model, adapted to handle the odours (Tropos, Odotech, Canada). TROPOS software implements the meandering model of Gifford [9], superposed to the Gaussian plume. The idea is to consider an instantaneous plume that meanders between the limits of Gaussian boundaries. By combining the Gifford model to the Gaussian model, it is possible to take account of both the evolution of the concentration fluctuations and the resulting homogeneous plume [10].
In a first step, field observers delineate the region in which odour impact is experienced. The typical duration of a sniffing field inspection is from 20 to 60 min. Each time, a portable meteorological station is placed on an elevated place, close to the tipping area, and wind speed, wind direction, solar radiation and temperature are recorded two times per minute. For each observation, the stability class is deduced from the Pasquill table [11]. The method is detailed in a previous paper [6], together with a complete discussion of underlying hypotheses and limitations. In short, the transitional stages from no odour perception to odour perception are recorded on a detailed map or by GPS, so that the odour area can be plotted and the maximum odour perception distance can be determined. In a second step, the emission rate is manipulated in a dispersion model until the predicted size of the impact zone matches that observed in the field. Practically, the emission rate entered into the model is adjusted until the simulated average isopleth for 1 ou/m3 at about 2 m height (the height of the human nose) fits the measured maximum perception distance. Such back-calculation is thus a method of assessment of the global odour emission rate.
As a last measurement method, portable electronic noses are also placed in the surrounding of the tipping area. Different self-made instruments are used: they all consist in battery powered sensor arrays and PC boards. Six or eight tin oxide sensors (Figaro™) are placed in a small stainless steel chamber and the ambient air is pumped through a Teflon tubing with a typical flow rate of 200 ml/min. The signal, image of the raw electrical conductance of the sensors, is continuously recorded and is directly used by the data processing tool. Different configurations of such sensor arrays are used; typical one is described in a previous paper [12].
When the odour emission rate of the source (in ou/s) is deduced from one of the above described measuring methods, the percentiles are calculated for average climatic conditions available for the closest synoptic station of the Belgian Royal Meteorological Institute (BRMI). The meteorological file is a set of occurrences of combinations 'wind speed class/wind direction sector/stability class' on the basis of about 40 years of hourly observations. Again, the bi-Gaussian model Tropos is used to calculate the percentiles.
3. Results and discussion
3.1. Chemical analyses
Literature provides many results of chemical analyses concerning solid waste atmospheric emissions [13,14]. Various chemical families are represented (alkanes, alkenes, aromatic hydrocarbons, halogen compounds, alcohols, esters, organic sulfurs, carboxylic acids) in very wide concentration ranges depending on the particular site.
In the frame of the present study, several chemical analyses were performed on landfill areas and composting facilities. Hundreds of different compounds are identified in the samples. Among them, terpenes, BTEX, chlorinated compounds, ketones, alcohols and aldehydes are the most represented. Table 1 shows some typical observed compounds together with their olfactory threshold according to Devos et al. [15]. Each of them could participate to the global odour. The ratios between measured concentrations and olfactory threshold concentrations might be used as very coarse estimations of their relative weights in the landfill odour.
Terpenes often are considered as typical molecules emitted by solid waste and particularly limonene, which is the most representative of them. Terpenes are produced by the degradation of lignin contained in wood-derived products as well as by fruits and plants (orange, mint). As expected from literature survey, BTEX are also recognized by our chemical analyses. However, those compounds could also be emitted by trucks and machines working on the landfill area. The typical relative proportions of BTEX for urban ambience are about 2:4:1:2.5 [16]. In our case, proportions are of the order of 2:4:3.5:2.5, i.e. close to the exhaust gases ones, but with much more ethylbenzene. Some chlorinated compounds are identified: they are probably generated by garbage containing solvents or by the degradation of PVC.
Most of the latter compounds are produced by the fresh waste itself, but its anaerobic degradation generates also very odorous chemical families. In the group containing oxygen (aldehydes, ketones, alcohols, esters and organic acids), we founded acetone, ethanol, ethylacetate, butylacetate, acetic acid and 2-butanone. Such volatiles are formed during the degradation of glucides, lipids and proteins. Ammonia is also a typical product of protein degradation. It was founded with a concentration ranging around 0.25 ppm. Few sulphur compounds were identified.
Anyhow, such chemical composition does not represent the global odour of solid waste, which is the result of the sensitive reception of a complex volatile mixture. But the specific niche of chemical analysis could be the monitoring of some key compounds, typical of waste odour. Limonene is the most typical chemical involved in the gas emission from solid wastes and could be suggested as such key compound to monitor that kind of odour. Nevertheless, limonene is released in large amounts to the atmosphere from many biogenic and anthropogenic sources. It is especially present in forests. Hence, its detection, particularly in rural areas, does not constitute an evidence of the release of an odour from fresh waste.
Table 1. Volumic olfactory threshold concentration for typical compounds found in solid waste emissions
	Compound
	Olfactory threshold concentration (ppm)

	Limonene
	0.43

	p-Xylene
	0.49

	Decane
	0.74

	Toluene
	1.54

	1,2,4 trimethylbenzene
	0.15

	Ethylbenzene
	0.003

	m-Xylene
	0.32


In any case, chemical analyses can help to the selection of correct monitoring instruments, for example, it is particularly useful for the selection of sensors in an electronic nose. The chemical composition of exhaust air from waste tipping areas or compost windrows is also indicative of the decomposition process. There are different types of released substances: either compounds intrinsically contained into the waste or biogenic components (aerobic and anaerobic degradation by micro-organisms) or abiogenic substances (released by pure chemical reactions). Each of them is worth monitoring in order to control the processes. A study of the evolution of the chemical composition of the released air from a compost pile in one of the 9 studied sites (Fig. 1) has led to the identification of some compounds typical of stress events due to the absence of compost aeration (nitrogen compounds, carboxylic acids) and other ones which were predominant at the end of the maturation phase (furans and ketones) [17]. Such study shows that the "odour" can be considered as a process variable for the plant manager.
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Fig. 1. Time evolution of chemical compounds during a composting process (a) typical of a stress event and (b) typical of the end of maturation phase. The y axes refer to the ratio of masses of all the compounds belonging to the considered families to the total mass in the sample.
3.2. Dynamic olfactometry
Contrary to chemical analyses, sensitive methods of investigation provide directly the global olfactory perception. Moreover, they are more appropriate for field investigation owing to the low concentration of odorous compounds in the environment. However, particularly for waste management facilities, it is not easy to use the combination of sample surface collection and dynamic olfactometry to characterize the released odour and to calculate the odour emission rate. Spot samplings over the large and heterogeneous area of a landfill or a composting site make indeed questionable the representativeness of the results. The used dynamic flux chamber, although being a standard one, is rather small. Its aperture size is of the same order of magnitude as the size of the waste elements on the landfill area (Fig. 2) and the odour emission is highly dependant of the specific garbage material on which the chamber is placed. Air thickness is impossible to insure. However, an effective seal between the flux chamber and the studied surface is essential for accurate measurement of the emitted odour. That is particularly important in windy conditions. Thus, while providing stable and reproducible conditions for smooth and homogeneous surfaces, these sampling devices covering only a small portion of the total heterogeneous and uneven area are not adapted to collect odour emissions from solid waste disposal landfill sites.

Moreover, it is impossible to estimate the emitted odour flux when handling or transporting the solid waste. A very large emission chamber covering the whole landfill area is actually inconceivable. Hence, the result provided by that method is only a part of the total odour emission flux. The order of magnitude of the specific odour emission flux measured in a sample collected through the dynamic flux chamber simply laid on the garbage layer is quite low: typically 0.5 oue/m2s. Whenmultiplying it by the tipping face area (typically, about 3000 m2), that emission flux leads to rather low odour emission rate (1500 oue/s).
In summary, the specific niche of dynamic olfactometry for landfill odour assessment could be the comparison with some official emission limit value, because it is the only standardised method of odour measurement. The sampling technique using a dynamic flux hood could be applied to control some hot spots or to measure the landfill gas release through capped areas. However, it is not relevant to estimate the odour emission rate from fresh garbage during the activity periods.
Fig. 2. Photo of the dynamic emission chamber placed on the solid waste components of the landfill area.
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Fig. 3. 1 ou/m3 isopleth as estimated by TROPOS model for a landfill site and including at best the odour points identified in the field (black circles) and not the points where the odour is not perceived (crosses).
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3.3. Sniffing team inspection
The method of sniffing field inspection can be applied to assess odour generated during the transport and the handling of the garbage by scrappers and bulldozers. It produces twenty to hundred times larger odour emission rate values (typically 30,000... 150,000 ou/s).
Fig. 3 shows a representative 1 ou/m3 isopleth estimated by TROPOS model and including "at best" the odour points as identified in the field around a landfill site [6]. For that particular case, the maximum downwind distance of odour perception is about 450 m from the centre of the tipping area. By trial and error, using TROPOS model, we adjusted in this case an odour emission rate of 44 352 ou/s to surround nearly all the "odour" points and avoid the "no-odour" points (in this case, the five digits of the emission rate result from an accurate evaluation of the computer model, but the adjustment is carried out with an approximate margin of 100uo/s). The measurement campaigns on the 9 sites in Wallonia between 2003 and 2007 include a total of 140 such measurements. Some of them are typical of compost processing on two particular sites and the corresponding emission rate can reach more than 1 million of ou/s when the windrows are turned. For the 131 remaining observations, typical of usual landfill activities, the emission rate estimated values range from 8000 to 400,000, the geometrical mean is 60,000 ou/s with a the confidence interval around the mean of [51,700; 69,800].
Such method, based on dispersion modelling, is generally less acknowledged by scientific community than dynamic olfactometry or chemical analyses. The underlying hypotheses of models and the rather free extrapolation of the odour concentration concept lead to accept sniffing team inspection only as an indicative method which should be used in circumstances where no other tools are available or when it would be the most effective evaluation tool.
Now, activities on landfill sites may probably be considered as such particular circumstances where olfactometry based on bag samples lacks of relevance and of accuracy. Moreover, one of the main advantage of the sniffing team method is that the feeling of the observer is exactly the same as the resident one. So the calculated odour impact zone is not deduced from measurements at the emission level, but corresponds to the real sensitive perception in the environment.
3.4. Percentile evaluation
Whatever the method chosen to evaluate the emission rate, the extrapolation to the average climate of the region allows the assessment of a mean exposure zone delimited by a given percentile. As far as landfill odours are concerned, the 98th percentile corresponding to 1 ou/m3 was chosen.
Sensitive techniques provide thus useful results regarding exposition and annoyance in the surrounding of the landfill site. However, like chemical analyses, they are not suited for continuous operation.
3.5. Electronic nose
Complementary to previous methods, electronic nose is able to continuously monitor a global "odour" response in the vicinity of a landfill area and to predict the possible emergence of an annoyance in the surroundings. Nevertheless, the limit of detection of the sensors is too high to allow the measurement of the very low concentrations of chemicals at remote located sites, far away from the source. Moreover, the method is not normalized and cannot be used so far to verify the compliance with some emission or exposition criteria. However, for a given odour type and for given sensor array and operating conditions, it is possible to estimate the odour concentration from the sensor responses. We experienced one of our portable electronic noses in the ambience of a landfill site including a composting area. Firstly, the air was sucked just above the compost windrow. By suitable calibration with typical chemicals of the "stress" or the "maturation" phases, illustrated in Fig. 1, we shown that an e-nose was able to monitor the odour considered as a process variable of the compost formation [12]. We built specific indicators of the monitoring of those composting phases using canonical correlation analysis between the signals of 7 tin oxide sensors and either the relative concentration of compounds emitted during the "stress" phase or the ones, which emerge at the end of the maturation phase. Tracing the time evolution of those indicators can be used for on-line detection of typical failures or important steps of the composting process.
Fig. 4. Relation between the conductance of TGS 822 sensor (Figaro™) and the odour concentration for compost emission.
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Another application in the composting facility consists, from time to time, in recording the sensor signals and, in parallel, in collecting samples of the odorous ambience in the hall and measuring the odour concentration by dynamic olfactometry. Using a multilinear regression between odour concentration and sensor responses, a calibration curve is built, which allows assessing the real time "odour level" from the electronic nose signal. Such calibration is only possible for a given atmospheric emission if its "chemical" concentration is correlated to its "odour" concentration. Hence, it can be expected that the chemical sensors used in the e-nose would also exhibit a response proportional to the odour. That is verified for compost emission: there is a quite linear relationship between odour concentration and sensor response (Fig. 4 for TGS 822 sensor from Figaro™). Again, that shows the huge importance of collecting the useful information from different measurement techniques. To be able to validate such calibration curve, three techniques are applied in parallel: chemical analyses, dynamic olfactometry and electronic nose. Thanks to that suitable calibration model, the global e-nose response is translated into odour concentration unit (ou/m3) and could be compared to a warning threshold concentration, e.g. 700 ou/m3 in the case of Fig. 5, which shows the time evolution of the translated e-nose response for a compost emission. By multiplying it by the volumetric air flow emitted by the compost windrow, the odour emission rate (in ou/s) can be estimated [17]. And finally, by introducing that value in a dispersion model, it is possible to predict in real time the "odour annoyance" zone in the neighbourhood.
Fig. 5. Time evolution of the odour concentration calculated from the response of an array of 7 tin oxide sensors in the ambience of a compost hall.
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4. Conclusions
Different methods of odour investigation are available and presented in this paper. Each one presents both advantages and drawbacks and none of them is sufficient. However, by using them complementary and by exploiting the strong points of each of them, it is possible to tackle the whole investigation of a site, like a landfill area, and both to examine the emission of volatiles, which cause the odour and to assess the odour annoyance in the living environment to verify the compliance with an exposure limit.
Electronic noses remain promising instruments to monitor the transient odour level near the source. Currently, available sensor arrays have not proven efficient at remotely located sites, owing to their lack of adequate sensitivity to many of the offending VOCs in odorant mixtures. However, e-nose measurements made at the source could serve as input to mathematical dispersion models that can predict odour concentrations at remote locations given accurate meteorological data [5]. Artificial sensing systems, such as electronic noses, have always to be compared with human sensors which are not concurrent, but complementary.
But implementing various measurement techniques is not sufficient if the results provided by each one of them are not coherent. It is thus essential that future works aim at cross validating those different methods one with respect to the other for some typical cases of odour emissions.
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