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1. Introduction

In the perspective of the improvement of life quality and citizens wellness, odour pollution
is becoming a more and more relevant topic. In fact, among the variables that could
influence the citizens” sense of a healthy environment, odour emissions play an important
role, as they deeply affect the human life quality and psycho-physical wellness.

An odour is a mixture of light and small molecules, that are able to stimulate an anatomical
response in the human olfactory system (Craven et al, 1996). The nose represents the
interface between the ambient air and the central nervous system; in fact chemicals interact
with the olfactory epithelium which contains different olfactory receptors and the signals
are transmitted to the brain, where the final perceived odour results from a series of neural
computations. The olfactory signals are processed also thanks to the memory effect of
previous experienced smells, thus accounting for the high subjectivity of the odour
perception (Freeman, 1991; Pearce, 1997).

In this way the sense of smell permits to detect the presence of some chemicals in the
ambient air and for this reason odour perception is sometimes associated with a risk
sensation (Dalton, 2003; Rosenkranz & Cunningham, 2003) or however it represents an
indicator of a not salubrious situation for people suffering for olfactory pollution. Although
odours do not involve toxic effects for human health, they could cause both physiological
symptoms (respiratory problems, nausea, headache) and psychological stress (Schiffman,
1998). For this reason in the last decade the scientific community has been developing an
increasing attention for odour pollution, generally caused by different types of industrial
activities such as tanneries, refineries, slaughterhouses, distilleries, and above all civil and
industrial wastewater treatment plants, landfills and composting plants. Moreover, the
proximity of these industrial plants to residential areas really affects the acceptability of
such activities causing population complaints (Nicell, 2009; Stuetz & Frechen, 2001; Yuwono
& Lammers, 2004).

This paper focuses on the necessity of a proper management for odour emissions during the
processes and the critical phases of landfills, and on the development of a proposal for a
guideline to evaluate odour emissions and odour impact. So, the methodological approach
of the guideline is described and compared with those commonly adopted in odour
regulations.
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2. Landfill odour emissions

Landfills are the most common way of disposing of municipal solid wastes (MSW).
Among the several existing types of industrial plants that generally cause odour nuisance,
they represent one of the major sources of odour emissions and complaints.
Emissions from municipal landfill sites approximately consist of 65% v/v methane and 35%
v/v carbon dioxide (Allen et al., 1997), while trace volatile organic compounds (VOC)
represent less than 1% v/v of landfill gas. Odour emission is attributed to the presence of
low concentrations of VOC, in particular esters, organosulphurs, alkylbenzenes, limonene,
other hydrocarbons and hydrogen sulfide (Young & Parker, 1983).
Odour emissions originate principally from the atmospheric release of compounds deriving
from biological and chemical processes of waste decomposition (ElFadel et al., 1997). In
particular, the anaerobic degradation of the biodegradable fraction of the MSW causes
several environmental problems such as methane and leachate production and VOC and
odours emission (Scaglia et al., 2011).
The odorous characteristics of landfill gas may vary widely from relatively sweet to bitter
and acrid, depending on the concentration of the odorous substances within the gas. These
concentrations could be affected by several factors, such as the waste composition, in
particular its organic fraction (OFMSW), the decomposition stage, the rate of gas generation
and the nature of microbial populations within the waste. Moreover the weather conditions
(wind speed and direction, temperature, pressure, humidity) significantly affect the
extension of the area in which odours spread away from the landfill boundaries.
Generally the presence of OFMSW in landfills can be reduced by three different approaches
(Scaglia et al., 2011):
- separation of OFMSW to produce compost;
- waste burning to produce energy;
- mechanical-biological treatment (MBT) (composting-like process) to produce a
stabilized material.
The MBT is often carried out directly in landfill plants; it consists in a solid-state aerobic
process (composting-like process) during which forced aeration in the biomass allows the
microbial oxidation of the organic fraction of MSW, reducing its potential impact (Scaglia &
Adani, 2008; Scaglia et al., 2010). In this process it is necessary to maintain the optimal
aeration conditions in the biomass in order to avoid the production of intermediates of the
anaerobic metabolism (e.g., sulphide and nitride compounds). In fact, odour emission
mainly occurs during the first phase of the aerobic process when oxygen limitation for the
aerobic biological process becomes more evident. Oxygen limitation could be due to both
the high rate of O, consumption, because of the great amount of degradable organic matter
present in the biomass, and to insufficient air diffusion.
However the main sources of odour emissions are represented by fresh waste dumps stored
everyday. In order to reduce these emissions, it is opportune using cover materials after
daily waste storage in landfills. Conventionally, materials deriving from the construction
and demolition industry have been considered suitable to the purpose (Hurst et al., 2005),
but other materials have been regarded as an alternative, such as paper mill sludge, fly ash,
mulched wood material and foams (Bracci et al., 1995; Bradley et al., 2001; Carson, 1992;
Hancock et al.,, 1999; Shimaoka et al., 1997). In the perspective of a sustainable waste
management, the use of the stabilized materials derived from MBT process is deemed
suitable for reducing odour emissions.
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3. Odour emission monitoring and control

Odour emission monitoring and its regulation are characterized by a great complexity due
principally to the strict association of odour pollution to human perception. For this reason,
odour emission monitoring and its control can not be rigorously equalled to air quality
monitoring.

Commonly, for air quality monitoring the conventionally used approaches are focused on:

impact evaluation and estimation of the pollutant relapse on the territory. This aspect is
generally attained by means of decision making support tools and, in particular, of
dispersion models that estimate the downwind concentration according to emission
rates, meteorological parameters, that affect the transport and the diffusion of the
pollutants, and topography of the site. About odour emissions, dispersion models are
considered a useful tool for predicting odour impact. However, there are some typical
aspects that have to be taken into account when the modelling is performed for odour.
First of all, odour is a mixture, composed by a lot of chemical substances, with different
physical and chemical properties, that can react each other and change their
composition. In a dispersion model, odour is considered as a pure substance rather than
a combination of different chemicals. So, it is modelled as a single indicator compound,
usually with a low odour threshold and a high emission rate (Drew et al., 2007).
Moreover, in many cases the dispersion models are not suitable to describe the human
odour sensation that is activated by the odour stimulus in few seconds (Schauberger et
al.,, 2002). Odours therefore produce a response in the receptor quicker than other
atmospheric pollutants (Irish Environmental Protection Agency, 2001). Furthermore
odour emissions are discontinuous, alternating periods of high emission rate with
periods of low emissions (Drew et al., 2007); greater annoyance is mainly caused by
short periods of odour than by longer lasting odour emissions, as the olfactory sense is
able to adapt to persistent odours, thereby reducing annoyance (Guideline on odour in
ambient air [GOAA], 1999). For this reason, the fluctuations from the mean
concentration, rather than the mean value, frequently affect the odour perception (Best
et al., 2001). So, the average time used by dispersion models for the estimation of odour
concentration represents another critical point.

The dispersion models are normally based on long averaging time periods, usually 1
hour, whereas odours can generate community complaints from a series of short
detectable exposures (Mahin, 2001; Mussio et al.,, 2001). The concentration values,
predicted in this way, represent the concentrations of a mixed sample of ambient air
that have been sampled over a 1-h period. Since meteorological conditions are highly
variable over very short periods of time, the use of a 1 hour average masks the short-
term peak odour concentrations that are experienced by the population (Nicell, 2009).
However, 1 hour averaging time is also used because the most frequently available
atmospheric input data are recorded as hourly averaged variables. An approach for
overcoming this drawback involves the use of short averaging times for considering
concentration peaks and thereby obtaining a more accurate prediction of odour
dispersion. New generation air dispersion models can run at averaging times of less
than 1 h, as half-hourly mean (Schauberger et al., 2002) or 10 - minute averages (Nicell,
2009), even if they are typically not used by regulators. Furthermore only few
dispersion models are able to estimate short-term concentrations, while most models
use highly simplified and uncertain methods to convert the commonly estimated one-
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hour average concentrations to short-term averages (Nicell, 2009; Schauberger et al.,
2002).

monitoring through standard methodologies. Air quality monitoring is commonly
performed using conventional analytical methodologies that produce a list of
substances involved and their concentration. Even for odour emissions, an instrumental
approach, usually the conventional Gas Chromatography coupled with Mass
Spectrometry (GC/MS) (Davoli et al., 2003; Dincer et al., 2006), is widely used in order
to evaluate the odorous air chemical composition. Nevertheless the perceived odour
results from many volatile chemicals, often at concentration lower than the
instrumental detection limit, that synergically interact or add according to non
predictable laws (Craven et al., 1996; Vincent & Hobson, 1998, Yuwono & Lammers,
2004). Furthermore the GC/MS is expensive and does not give information about
human perception, thus not allowing a linear correlation between a quantified
substance and an olfactory stimulus (Di Francesco et al., 2001).

In fact, a reliable odour monitoring technique must be representative of human
perception, trying to overcome the subjectivity due to the human olfaction variability
and providing accurate and reproducible results. The more sensitive and broader range
odours detector is undoubtedly the mammalian olfactory system; so, there is a growing
attention for odour measurement procedures relying on the human nose as detector, in
compliance with a scientific method (Craven et al., 1996; Pearce, 1997; Walker, 2001). So,
dynamic olfactometry represents the standardized method for the determination of
odour concentration; it is based on the use of a dilution instrument, called olfactometer,
which presents the odour sample, diluted with odour-free air according to precise
ratios, to a panel of selected human assessors. In the last years, the conventional
instruments for chemical analysis (GC/MS) have been coupled with sensory detection
developing a gas chromatography-olfactometry (GC-MS/O) technique in order to
study complex mixtures of odorous compounds. GC-MS/O allows a deeper
comprehension of the odorant composition in terms of compounds identification and
quantification, offering the advantage of a partial correlation between the odorant
chemical nature and the perceived smell (Friedrich & Acree, 1998; Lo et al., 2008).

Both analytical and sensorial methods provide punctual odour concentration data and do
not allow to perform continuous and field measurement, useful for monitoring odour
emissions that can vary over the time in consideration of the industrial processes. To the
purpose, artificial olfactory instruments (E - Noses) miming the biological system (Craven
et al., 1996; Pearce, 1997; Peris & Escuder-Gilabert, 2009; Snopok & Kruglenko, 2002) have
been developing. E-Noses are based on “an array of electronic-chemical sensors with
partial specificity to a wide range of odorants and an appropriate pattern recognition
system” (Gardner & Bartlett, 1994). The chemo-electronic signals are processed by pattern
recognition techniques (i.e., artificial neural networks, multivariate statistical analysis) for
their classification in order to identify odour and quantify the concentration. These
systems present lower costs of analysis, rapidity of the results and allow to carry out
continuous field monitoring nearby sources and receptors. After a training phase,
electronic noses are able to preview the class of an unknown sample and consequently to
associate environmental odours to the specific source.

In the following paragraphs the principal methodologies for odour monitoring (dispersion
models, chemical characterization, dynamic olfactometry and chemical sensors) will be
described, presenting their applications for landfill monitoring.
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3.1 Dispersion models

Atmospheric dispersion models are computer programs that use mathematical algorithms

to simulate how pollutants disperse in the atmosphere and, in some cases, how they react.

Since it is impossible to use direct measurements to evaluate odour dispersion over a long

range and/or make predictions, dispersion models are widely applied to odour

investigation. The use of dispersion models is indispensable in the studies for authorization
processes, evaluation of odour impact at the receptors and process control.

Dispersion models calculate odour concentration at ground level using emission data,

meteorological data and orographic data.

Emission data can be determined analyzing samples, collected at each source of the plant,

by dynamic olfactometry and then calculating the odour emission rates (Hayes et al., 2006;

Sironi et al., 2010). The indispensable input meteorological data include wind speed, wind

direction, air temperature and solar radiation in the study area over a long enough period

(Hayes et al., 2006; Sironi et al., 2010). Orographic data are useful to take into account the

effects of the topography on odour dispersion (Chemel et al., 2005).

Simulated concentrations at receptors can be processed to calculate parameters to be

compared with reference limits, such as annual or daily average values expressed as

concentration percentiles. The averaged odour concentration, calculated at each receptor,

has to be compared with exposition criteria employing percentiles, that represent a

distribution of concentration values. The choice of a percentile indicates a level of exposition

to odour nuisance, since it represents a value below which a fixed percentage of
observations falls. For example, the 98th percentile of one year hourly simulations is equal to

175 hours; this means that the 98th percentile of a series of values is the datum not exceeded

by the 98% of the distribution values (Capelli et al., 2010; Romain et al., 2008).

Three main categories of atmospheric dispersion models are currently used: Gaussian,

Lagrangian, and Eulerian (Dupont et al., 2006):

- Gaussian models are relatively simple statistical models describing the scalar plume
downwind from a source point as a Gaussian-type curve. This kind of models are
suitable for flat areas but not for areas with a complex orography (McCartney & Fitt,
1985). These are parametric models, because they calculate odour concentrations on the
basis of a set of input parameters. Even if they introduce extreme simplifications of the
phenomena, they are quite simple to apply, and so, widely used (Chen et al., 199§;
Hayes et al., 2006; Holmes & Morawska, 2006; Wang et al., 2006).

- Lagrangian models deduce average concentration and deposition rates from the
trajectories of numerous individual particles. The odour concentrations are calculated
considering the random paths of single particles and require many simulations of
particles paths to achieve good results. According to the Lagrangian approach, the
virtual particles follow a prescribed wind field modified by turbulence, and the model
computes their spatial trajectories. As they cannot calculate the flow characteristics
themselves, these models require velocity and turbulence fields to be prescribed a
priori, which is not possible in most heterogeneous, real-world situations (Holmes &
Morawska, 2006; Kaufmann et al., 2003; Stohl et al., 1998; Stohl & Thomson, 1999).

- In Eulerian approaches the mean particle concentration is directly calculated by solving
the advection-diffusion equation in a tridimensional reference grid. Thus, the Eulerian
approach is simpler than the Lagrangian one. These models are generally applied on
mesoscale or urban scale, especially in the presence of complex chemical reactions. CFD
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(Computational Fluid Dynamics) models have been developed in Eulerian framework

for predicting flow and transport processes in urban or industrial environments taking

into account the effects caused from buildings presence (Holmes & Morawska, 2006).
Furthermore puff models have been developed in which the pollutant is assumed to be
emitted as a large number of puffs in rapid succession. They are non-stationary in time. This
kind of models can be applied on wide domains or areas with complex orography (Holmes
& Morawska, 2006; Wang et al., 2006).
Dispersion models are generally used in conjunction with other odour monitoring
techniques to evaluate the landfill odour impact at the surrounding areas (Li, 2003; Romain
et al., 2008) and to analyze the variation in odour exposure within communities surrounding
landfill sites (Sarkar et al., 2003).

3.2 Chemical characterization

Chemical analysis of odour samples is able to provide the chemical composition of the
single compounds in a mixture and their concentrations. Generally, characteristic
compounds generating odours in a landfill are ammonia, hydrogen sulfide and VOC
(volatile organic compounds) like amines, mercaptans, sulfur compounds, saturated and
unsaturated fat acids, aldehydes, ketones, hydrocarbons, limonene, chlorinated compounds,
alcohols, etc. (Bruno et al., 2007; Capelli et al., 2008; Dincer et al., 2006; Leach et al., 1999;
Ribes et al., 2007).

VOC samples are collected using canisters (Camel & Caude, 1995; Kumar & Viden, 2007;
Ras et al., 2009), polymer bags (Dincer et al., 2006; Ras et al., 2009) or adsorbent materials
(Ras et al., 2009). Adsorbent materials, packed in appropriate tubes, represent a handier
sampling method than canisters and bags because they allow to sample a great volume of
air reducing the analytes in a small cartridge. The critical point is the choice of adsorbents
(usually porous polymers or activated carbon, graphitized carbon black and carbon
molecular sieves) (Camel & Caude, 1995; Gawrys et al, 2001; Harper, 2000; Matisova &
Skrabakova, 1995) that depends on the chemical feature of compounds to be sampled
(Kumar & Viden, 2007). A combination of different adsorbents is preferred to sample a wide
range of compounds without breakthrough problems (Harper, 2000; Wu et al., 2003).
Sampling on adsorbent materials can be applied in “active”mode (defined volume of sample
air pumped at a controlled flow-rate) or “passive” mode (without the use of a pump but
through direct exposure to the atmosphere) (Bruno et al., 2007; Gorecki & Namiesnik, 2002;
Seethapathy et al., 2008). For both procedures the analytes can be recovered through thermal
desorption or liquid extraction (Bruno et al., 2007; Demeestere et al., 2007, 2008; Ras et al.,
2009; Ras-Mallorqui et al., 2007). After sampling, preconcentration techniques are required:
gas-solid enrichment using adsorbent materials, solid phase micro extraction (SPME),
cryogenic preconcentration and purge and trap (Davoli et al., 2003; Demeestere et al., 2007;
Ras et al., 2009). Since odours are complex mixtures of volatile organic compounds, in the
gas-chromatographic analysis of odour samples critical steps are the choices of the
appropriate column and detector to achieve a simultaneous determination of as much
compounds as possible (Demeestere et al., 2007; Ribes et al., 2007; Zou et al., 2003).
Nevertheless, it is very difficult to establish a correlation between analytical measurements
and odour intensities perceived, especially because of the different interactions between
odourants in a mixture.

Example of applications of chemical characterization for landfill monitoring. Not many
studies have been carried out on chemical characterization of odours in ambient air at a
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landfill site. Davoli et al. have analyzed air samples from different landfills using SPME and
GC-MS to better establish specific markers of olfactory pollution (Davoli et al., 2003). Dincer
et al. have investigated the composition of odorous gases emitted from a municipal landfill
to find a relationship between odour concentration and chemical concentration of VOC by
GC-MS (Dincer et al., 2006; Dincer & Muezzinoglu, 2006). Ambient air monitoring has been
conducted at landfills using thermal desorption and GC-MS determination of VOC to
identify the compounds responsible of potential odour nuisance (Capelli et al., 2008; Leach
et al., 1999; Ribes et al., 2007; Zou et al., 2003).

3.3 Dynamic olfactometry

Nowadays the dynamic olfactometry is the standardized method used for determining
odours concentration and evaluating odour complaints (CEN, 2003; Schulz & van
Harreveld, 1996). Dynamic olfactometry is an instrumental sensory technique that employs
the human nose (a panel of human assessors) in conjunction with an instrument, called
olfactometer, which dilutes the odour sample with odour-free air, according to precise
ratios, in order to determine odour concentrations.

Odour sampling is carried out using odourless containers and sampling lines. In particular,
for olfactometric analysis, polymer bags of Tedlar® (polyvinyl fluoride) or Nalophan®
(polyethylene terephthalate) are used for the collection of odorous compounds.

For samples of ambient air or punctual emissions, odour bags are filled using a depression
pump that works on the basis of the ‘lung' technique: the bag is placed inside a rigid
container evacuated using a vacuum pump (AS/NZS, 2001; ASTM, 2004; CEN, 2003).

In the case of areal sources, instead, it is necessary to use auxiliary devices to collect odour
samples, because it is difficult to cover the whole emission area during sampling and so
representative sampling sites have to be established (Bockreis & Steinberg, 2005). The
investigations are conducted using a hood or a wind tunnel, depending on the measurement
conditions. For olfactometric analysis the examiners are selected in compliance with a
standardized procedure, performed using reference gases; only assessors who respect
predetermined repeatability and accuracy criteria are selected as panelists.

Commonly, there are two standardized methods for the presentation of odour samples to
panel: forced choice and yes/no method (AS/NZS, 2001; ASTM, 2004; CEN, 2003). In the
forced choice method, two or more sniffing ports are used; the odour sample is presented at
one port, and neutral air at the other port(s). In this case, the examiners have to compare the
different presentations and to choice the port from which odour exits. In the yes/no method
each examiner sniffs from a single port and communicates if an odour is detected or not.
Odorous sample diluted with neutral air or only neutral air can exit from the sniffing port.
The process continues until each panelist positively detects an odour in the diluted mixture;
at this stage the panelist has reached the detection threshold for that odour (AS/NZS, 2001;
ASTM, 2004; CEN, 2003).

Since odour perception is a logarithmic phenomenon (Stevens, 1960), in this type of
measurements it is necessary taking into account that odour concentration is associated to
odour intensity though a defined logarithmic relation.

The concentrations may be expressed as threshold odour numbers (TON) or dilution to
threshold (D/T) ratios. Although the concentrations are dimensionless, it is common to
consider them as physical concentrations, and to express them as odour units per cubic
meter (ou/m?3) (Frechen, 1994; Koe, 1989).
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Although dynamic olfactometry represents the standardized objective method for the
determination of odour concentration, it is affected by some limitations. First of all it
provides punctual odour concentration data, but it is not sufficient to evaluate completely a
case of olfactory nuisance, because it does not allow to perform continuous and field
measurements, useful for monitoring the industrial processes causing odour emissions.
Moreover, dynamic olfactometry considers the whole odour mixture and do not
discriminate the single chemical compounds and their contribution to the odour
concentrations. Odour samples are difficult to store, because of their instability, and so
require rapid time of analysis. Finally, as it is well-known, olfactometry is too time-
consuming and quite expensive and moreover frequency and duration of analysis are
limited.

Example of applications of dynamic olfactometry for landfill monitoring. Olfactometric
measurements have been employed by Sironi et al. (Sironi et al., 2005) for sampling the
principal odour sources of seven Italian landfills in order to estimate an Odour Emission
Factor (OEF). Sarkar et al. have used olfactometric analysis on samples from various
sensitive areas of a municipal solid waste (MSW) landfill site to find a relationship between
odour concentration and odour intensity (Sarkar & Hobbs, 2002). Many authors have carried
out odour measurement at landfills using more than one technique to characterize such
complex plants; so dynamic olfactometry has been coupled with GC-MS analysis (Capelli et
al., 2008; Page et al., 2008), electronic nose (Capelli et al., 2008; Li, 2003; Romain et al., 2008;
Snidar et al., 2008), dispersion modelling (Li, 2003; Snidar et al., 2008), odour patrol
monitoring (Li, 2003) and field determination (Romain et al., 2008).

3.4 Chemical sensors

The need of a more analytical approach to the quantitative measurement of odours has led
to the use of chemical sensors. The response of the chemical sensors with partial selectivity
is measured upon exposure of the sampled odour or multicomponent gas-mixture and the
pattern based on the overall response of a sensors array defines a chemical fingerprint
related to a given sampled odour. The recorded data of the sensors array response towards
various odours can be usually processed by pattern recognition techniques (i.e., artificial
neural networks, multivariate statistical analysis) for their classification, in order to identify
an odour and quantify the concentration.

Chemical sensors are integrated with a sampling system and a signal processing unit to
have an electronic nose (E-Nose), that is a device developed to reproduce the human
olfactory system. An E-Nose requires a training for any specific application, but, on the
other hand, it is a rapid and economic alternative to other techniques of odour
measurement. The type of chemical sensors which can be used in an E-Nose need to be
responsive to molecules in the gas phase. At present, there are two main types of gas sensor:
metal oxide (MOX) and conducting polymer (CP) resistive sensors.

Gas sensors, based on the chemical sensitivity of semiconducting metal oxides, are readily
available commercially and have been more widely used to make arrays for odour
measurement than any other single class of gas sensors. A deep overview on sensor
materials for odour detection can be found in literature (Gopel et al., 1992; Sbreveglieri,
1992).

All chemical sensors comprise an appropriate and chemically-sensitive material interfaced
to a transducer, hence, the solid-state sensors are essentially constituted by a chemically
sensitive interface (sensitive material) and a transducer. The classification of chemical
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sensors can be realized on the basis of the transducer used: conductometric (resistive),
optical, electrochemical, mechanical/acoustic or ultrasonic, thermal, MOSFET (metal-oxide-
semiconductor field-effect transistor) (D’ Amico & Di Natale, 2001; D’ Amico et al., 1995). A
transduction process is realized by converting the input-event or measurand into an output
electrical signal (analogue voltage or current, digital voltage) correlated to the measurand
that generates it. The output electrical signal is properly conditioned, processed and stored
for analysis.

Example of applications of chemical sensors for landfill monitoring.

Many multiparameter portable sensor-systems have been studied and exploited in field
measurements for air quality control of toxic pollutants (NOx, CO, SO,, H2S) (Al-Ali et al.,
2010). Moreover, sensors arrays have been used for odour monitoring of landfill municipal
sites and for odour quantification (Micone & Guy, 2007; Nicolas et al., 2000; Persaud et al.,
2005, 2008; Penza et al., 2010). Comini et al. have tested solid-state chemoresistive gas
sensors based on mixed-oxides thin films to detect odourous compounds in gases produced
by a landfill (Comini et al., 2004). Perera et al. implemented an electronic nose with a small
computer to easily provide remote control of bad odours in landfill sites (Perera et al., 2001).
Persaud et al. (Persaud et al., 2008) used a single-point E-Nose instrument for continuous
monitoring of odours in the biogas produced by wastes fermentation along the perimeter of
a municipal landfill site. Since landfills represent one of the major causes of odour
complaints (Sironi et al., 2005) and a kind of plant difficult to monitor, because of the great
variety of substances that may cause odour nuisance, the use of more than one technique for
odour determination is required. For a complete characterization of odours, Capelli et al.
have used olfactometry, chemical analyses with GC-MS and electronic noses, finding that
even if the results of the three different odour characterization techniques do not necessarily
correlate, each one contributes to solve the complexity of odour measurement in the
environment (Capelli et al, 2008). Other comprehensive investigations on landfill areas used
olfactometry in combination with: dispersion modelling, odour patrol monitoring and E-
Nose (Li, 2003); dynamic olfactometry, field determination of odour perception points and
electronic noses (Romain et al., 2008). Another approach was carried out using results of
olfactometric analysis as input for a dispersion model and E-Noses for continuous
monitoring to determine the landfill odour impact on a specific receptor (Snidar et al., 2008).

4. A methodological approach for the definition of an odour guideline

4.1 Odour regulations: the principal approaches

The odour emission regulation is generally tackled valuating two aspects:

- emissions, expressed as the odour concentration released by a particular source. In this
case, two approaches have been adopted by the legislations of the different countries,
establishing precise limits for the whole odour mixture and/or for single chemical
compounds. In the first case, the odour concentration is expressed in odour units
(ou/m3) and detected through dynamic olfactometry. In the second one only the
concentrations of specific compounds are set, expressed in typical mass/volume units;
the limits have been established based on odour thresholds rather than toxicological
impacts (RWDI Air Inc., 2005). Such odour limits are related with compounds that have
a typical odorous impact (e.g., ammonia, hydrogen sulphide, methyl mercaptans)
(Nicell, 2009).
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Because of the wide range of odour industrial processes and sources (punctual or
active/passive areal sources), the prescriptive limits for the odour mixtures usually
refer to specific sources (above all punctual or active areal sources) and to precise plants
(above all composting plants). In particular, for passive areal sources, such as dumps in
landfills, it is extremely critical fixing limits, due to the variability of the amount of
stored materials and of the area extension.

- odour impact criteria, defined as odour concentration limits considered acceptable for
avoiding odour annoyance at receptors. They are typically expressed in terms of a
concentration (i.e., in ou/m?3) considering an averaging time and a frequency of
exposure (e.g., 98th percentile of hourly average concentrations in one year). Odour
concentrations at receptors are estimated using appropriate dispersion models, that
determine whether the emissions are in compliance with odour impact criteria. These
limits have a predictive nature and establish very low odour concentrations that are not
detectable by available measurement methodologies.

Both the aspects present some limitations, such as the difficulty of assigning an emission

limit because of the wide range of odour sources and/or the complexity of choosing the

opportune parameters for models. So, it seems necessary to consider an integrated approach
in order to overcome these drawbacks.

4.2 An approach for an odour guideline

The actual approaches for odour regulation do not adequately satisfy the requests of
monitoring and control expressed by the population directly exposed.

In this section, a proposal of an odour guideline is presented with the purpose of defining
acceptability and monitoring criteria for odour emissions produced by landfills.

According to the principle of pollutant prevention and reduction, commonly adopted by
environmental legislations, the present methodology suggests a coupling between a
predictive approach, based on dispersion models, and a systematic approach to carry out
the monitoring and the control through reliable methodologies.

The acceptability criteria, resulting from the odour guideline proposal, will be verified and
applied taking into account the background values detected on the territory. Such
background levels could be assessed by means of ad hoc measurements (in appropriate
meteorological conditions or when sources are not active) carried out by dynamic
olfactometry. In particularly complex cases, such as co-presence of other significant odour
sources, this evaluation could be executed through chemical characterization of ambient air
samples. In addition, depending on the plant odour impact, an appropriate continuous
monitoring system should be planned in order to perform a processes control.

The focus of the proposal consists in the implementation of two approaches for the
authorization of odour emissions:

- assessment of acceptability criteria using predictive methods;

- the buffer zone approach.

4.2.1 Assessment of acceptability criteria (Y) using predictive methods

This approach employs the use of mathematical models to predict the downwind odour
concentrations at receptors on the basis of odour emission rates, topography and
meteorological data referred to a selected period of time. Such models aim to determine
whether the estimated emissions at sensitive receptors are in compliance with ambient air
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quality criteria, considered acceptable for the exposure of the population. These criteria,
named Y, can be defined on the basis of several parameters, such as:

- presence of sensitive receptors;

- distance between the plant and sensitive receptors;

- land use (residential, commercial, agricultural, industrial);

- existing or new plants;

- distribution of concentration values expressed as percentiles;

- averaged time considered for simulations.

So, Y is set as a specific percentile value related to an averaging time calculated through
dispersion models.

For example, assuming that Y is equal to 2 ou/m?3 as 98th percentile of hourly average
concentrations in one year at the first receptor, figure 1 and figure 2 illustrate modelling
simulations executed for a landfill. In figure 1 the receptor is situated in an area where the
predicted odour concentration is lower than 2 ou/m3, so the Y limit is fulfilled; on the
contrary, figure 2 shows the case in which Y is not attained at the receptor.

M
| s |

a

Fig. 1. Map showing Y predicted in compliance with Yiimit. The white rectangle delimits the
landfill perimeter; the white points inside the plant represent the odour sources. R indicates
the position of the receptor.

According to the ratio between the limit value and the predicted one (Ypredicted / Yiimit), the
implementation of continuous monitoring systems should be planned in order to perform a
process control, at the boundaries of the plant and/or at the sensitive receptors, useful for
identifying critical phases, under different meteorological conditions. Figure 3 shows the
case in which, at receptor, the ratio between Y predicted and Yiimit is greater than an acceptable
value (e.g. 0.80). The figure illustrates the implementation of three monitoring systems,
positioned at the plant perimeter, according to the predominant wind directions, and at the
receptor.
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The output data of sensors or analyzers used for continuous monitoring must show a
correlation with odour concentration, expressed in odour units.

L TERTE
—

Fig. 2. Map showing Y predicted NOt in compliance with Yiimit. The white rectangle delimits the
landfill perimeter; the white points inside the plant represent the odour sources. R indicates
the position of the receptor.

0
Fig. 3. Individuation of continuous monitoring points. The white rectangle delimits the
landfill perimeter; the white points inside the plant represent the odour sources. R
indicates the position of the receptor. The red circles represent the continuous monitoring
systems.
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4.2.2 The buffer zone approach (2)

The buffer zone identifies an area around the plant boundaries, outside of which a
prescriptive limit, named Z, expressed in odour units and detectable through dynamic
olfactometry, must never be exceeded. Furthermore, in the area between the plant perimeter
and the buffer zone boundaries a maximum concentration value, named X, must never be
exceeded. The buffer zone can have a more or less regular shape, individuated according to
the predominant wind directions, the presence of receptors and the geographic location. The
buffer zone extension can be defined using dispersion models based on the meteorological
scenarios that have determined the worst odour dispersion conditions in a defined period of
time. These scenarios have to be described so that a possible exceeding, determined by a
meteorological situation worse than those previously considered, could be permitted. If the
Z limit is fulfilled inside the plant boundaries, the buffer zone overlaps with the plant
perimeter.

Figure 4 and figure 5 explain how the buffer zone is defined according to the worst
scenarios. For example, if Z is equal to 50 ou/m?3, the buffer zone must comprehend the area
where 50 ou/m3 are overcome in the worst meteorological conditions. In figure 4 (case 1) the
buffer zone is outside the plant perimeter, while in figure 5 (case 2) overlaps with it. In this
last case, the Z value must be applied and verified at the plant perimeter.

Fig. 4. Maps illustrating the individuation of the buffer zone considering the worst odour
dispersion conditions for a landfill (case 1). The white rectangle delimits the plant perimeter
while the red one individuates the buffer zone perimeter; the white points are the odour
sources. In all maps, the buffer zone is defined on the bases of the isoline of 50 ou/m3.

The definition of a buffer zone is a valid approach particularly for landfills that present areal
emissions, usually located in ground-line; in fact, in this type of emissions the odour
concentration decreases moving away from the sources. Z and X values must be verified by
means of olfactometric measurements of ambient air samples. For this purpose, a
monitoring plan should be proposed and verified. An example of monitoring plan is
presented in Figure 6 where the six sampling points, located at the buffer zone perimeter,
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have been chosen upwind and downwind according to the predominant wind direction
detected during the sampling. The other sampling points within the buffer zone have been
located moving away from the plant boundaries along the predominant wind direction.

Fig. 5. Maps illustrating the individuation of the buffer zone considering the worst odour
dispersion conditions for a landfill (case 2). The white rectangle delimits the plant perimeter;
the white points are the odour sources. In all maps, since the isoline of 50 ou/m?3 falls within
the plant perimeter, the buffer zone overlaps with the plant boundaries.

Fig. 6. An example of a monitoring plan. The white rectangle delimits the plant perimeter
while the red one individuates the buffer zone perimeter. The red arrow shows the
predominat wind direction; the orange circles indicate the location of the sampling points.

As described for Y limit, the implementation of continuous monitoring systems can be
planned in relation to the extension of the buffer zone and the presence of receptors inside
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or near it. According to the different conditions, these systems can be situated at the
receptors and/or at the boundaries of the buffer zone and of the plant.
Figure 7 shows an example for the localization of the monitoring systems; in this case the
systems have been positioned at the receptors and at the boundaries of the buffer zone
considering the predominant wind directions.

.}EDD

100

150

a

Fig. 7. An example of the localization of continuous monitoring points. The white rectangle
delimits the plant perimeter while the red one individuates the buffer zone perimeter. The
red arrow shows the predominat wind direction; the orange circles indicate the continuous
monitoring systems. R indicates the position of the receptors.

5. Conclusions

The increasing attention of the population to olfactory nuisance and the proximity of
industrial plants to residential areas have created the need of evaluating odour impact and
regulating odour monitoring and control. Nowadays the adopted regulations do not
adequately satisfy the requests of monitoring and control expressed by the population
directly exposed.

In this paper, a proposal of a guideline for assessing landfill odour impact has been
described; the guideline integrates a predictive approach based on dispersion models and a
systematic approach to carry out the monitoring and the control. The novelty of the
proposal is represented by the introduction of a buffer zone, individuated by means of
dispersion models, in which prescriptive limits have to be fulfilled and verified by standard
measurement methodologies. In addition, the odour guideline recommends to perform a
process control for particularly impactful plants, realized through continuous monitoring
systems. This methodological approach can be easily adopted even for the regulation of
other industrial activities that cause odour emissions.
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