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Summary

In the frame of the D-NOSES project, in order to reach the goal
of creating common scientific guidelines for policy making, it is
extremely important to define the scientific framework of odour
pollution, by answering fundamental questions about the nature
of odour pollution, the ways to measure it, and the methods
available to reduce odour impacts. This document provides an
up-to-date review of the methods that can be used in order to
measure odours (Chaper 2), and the techniques that can be
adopted for odour emissions abatement (Chapter 3).

The document is structured in 3 chapters:

Chapter 1. ODOURS & ODOUR POLLUTION it presents the framework of the D-NOSES
project, by introducing the fundamental concepts of odour and odour pollution. Since the
definition of odour is strictly connected to perception, a short introduction regarding the human
sense of smell (olfaction) is provided. Also the main characteristics for describing an odour are
illustrated, which are in turn important to understand the mechanisms for odour annoyance.

Chapter 2. ODOUR MEASUREMENT METHODSIt illustrates the methods that are currently

available to assess the presence and quantify odours, with the aim of answering the question

Thow can odour be measured?fi. Il ndeed, this chapt
without describing other approaches based on mathematics or literature evaluations.

Regarding the structure of this chapter, each method has been described briefly anich simple

language by answering the following questions: i) What is it? ii) What can it be used for?, and iii)

What can it not be used for?. Each entry has been complemented with some examples of

relevant applications as well as a list of links to selectedeference articles for further detailed

information. Finally, a comparison of the different methods is provided in terms of their
applicability and limitations.

Chapter 3. ODOUR ABATEMENT TECHNIQUESIt presents an overview of the methods that
can be admted in order to reduce odour emissions and their impact on the territory. There are
several methods available to control odours- all with a variety of advantages, disadvantages and
degrees of costeffectiveness, and there is not a univocal rule to choosthe best odour control
strategy. This chapter provides an overview of the existing odour abatement techniques,
thereby distinguishing between end-of-pipe treatment techniques, which can be applied to
reduce the odour concentration emitted by conveyed (or point) sources, and other odour
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control methods, which can be applied to odour sources in order to reduce their impact on the
surroundings, and are usually also applicable to diffuse emissions. The descriptions of the
different techniques have been taken mainly from the European Integrated Pollution
Prevention & Control (IPPC) reference document on the Best Available Techniques for waste
water and waste gas treatment in the chemical sector, which refers to the abatement of VOCs
and other pollutants, and re-adapted to the specific case of odour emissions. At the end of the
chapter, a comparison of the different methods is also provided.
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1
ODOURS & ODOUR
POLLUTION

This section pesents the framework of the D-NOSES project, by
introducing the fundamental concepts of odour and odour
pollution.

1.1 What is an odour?

ODOUR

Odour is a property of a mixture of substances capable of stimulating the olfaction sense
sufficiently to trigger a sensation of odour. Odour perception starts in the nasal cavity and ends
up with the transmission of a stimulus to the brain, where it may cause pleasant or unpleasant
sensations, or even originate physical reactions, due to the involvement ohee trigeminal nerve
and of the higher levels of the brain.

THE HUMAN SENSE OF SMELL

The sense of smell is a primal sense for humans and animals. From an evolutionary standpoint it

is one of the most ancient of senses. Smell (or Olfaction) allows vertebi@s and other organisms

with olfactory receptors to identify food, mates, predators, and provides both sensual pleasure

(the odour of flowers and perfume) as well as warnings of danger (e.g. spoiled food, chemical

dangers). For both humans and animals, its one of the important means by which our
environment communicates with us. Despite this importance, olfaction is one of the less known

senses: in 2004 R. Axel and L. Buck won the NobBrize f or t hei r doderanb ver i es
receptors and the organizaton of t he ol factory system’.

Odour perception in humans begins with sniffing, which moves air containingdorant molecules

past curved bony structures called turbinates. Turbinates create turbulent airflow patterns that

carry the mixture of volatile compounds to the thin mucus coating of the nose olfactory
epithelium, which is an area of approximately 5 crhin the upper nasal cavity, where the nerve
cells that senseodorants are located.
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As VOCs pass over the mucus membrane lining the nose, they are trappég the mucus and
diffuse through to the epithelium. The sensory cells in the epithelium are covered in multiple
cilia-hair-like structures with receptors located on the cells outer membranes. Olfactory cells
are specialized neurons that are replicated appoximately every 30 days. The transformation of

a molecule into an odour begins when thissdorant molecule binds to a receptor protein. This
initiates a cascade of enzymatic reactions that result in depolarization of the cell membrane.
There are more than107 protein receptors in all, and about 103 different types. Each receptor
type is sensitive to severalodorants and eaclodorant is sensed by multiple olfactory neurons.
The sensory cells in the epithelium resiponal Ibeyd t
axons. Axons traverse a small hole in a bony structure in the base of the skull, known as the
cribriform plate, to reach the olfactory bulb, where they terminate in a cluster of neural
networks called glomeruli. The ca. 2000 glomeruli representthe first tier of central odour
information processing. All sensory neurons containing a specifiodorant receptor are thought

to converge on two or three glomeruli in the olfactory bulb. The pattern of response across
multiple glomeruli thus gives a firstcodification of olfactory quality.

The glomeruli are connected in groups that converge into mitral cells. From the mitral cells the
message is sent directly to the higher levels of the central nervous system in the corticomedial
amygdala portion of the brain (via the olfactory nerve) where the signaling process is decoded
and olfactory interpretation and response occurs.

ODOUR CHARACTERIZATION

The following odour components can be defined:

0 Odour threshold (concentration): it is the minimum concentration of an odorous
substance in order to provoke a given stimulus in humans. They are usually expressed at
50% or 100%, depending on the % of people that perceive the odour. It is important to
highlight that odour thresholds are not additive, giving that the odour of odorant
mixtures cannot be defined by simply summing the effects of singledorants.

Intensity: it is a measure of the strength of the odour stimulus, and it can be related to
odour concentration by specific |anaotWebenat i c al
F e ¢ h n e r,fetlewing @legarithmic or exponential relation .

Diffusivity: An odour can only be perceived when anodorous molecule reaches the
olfactory epythelium; for this reason, volatility (expressed as vapour pressure) is a
fundamental parameter for the estimation of the capability of a chemical substance to
cause an odour. The Odour index is defined as the ratio between the vapopressure of
an odorous compound and its odour threshold.

Quality: it can be determined by using specific odour classesmdescriptors. An example
taken from the German guideline VDI 38822 (1994) is illustrated in Figure 1.

Hedonic tone: The hedonic tone is a measure of the pleasantness/ unpleasantness of an
odour, which can be expressed in a scale ranging frord (extremely unpleasant) to + 4
(extremely pleasant), being 0 an odour that is not perceived neither as pleasant nor
unpleasant.

(@]

(@]

O«

(@]
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Evafuation scale Evalyation teale

1 2 3 4 5 6 7 ' ! 2 3 4 5 6 7

I 1 | T 1 1 1 | I LI 1 1
Strong - Weak Strong ‘ Weak
Coarse r=+058 Fine Coarse Fine
Depressing Elevating Deprassing Elevating
Sturdy Deiicate Sturdy Delicats
Heavy Light Meavy Leght
o Young Ond Young
Wild Gentls Wil Gernitls
Exciting Seathing Exciting Soathing
Rough Smooth . Rouyghr Smaoth
Dark Bright Dark Bright
Bitrer Sweat Bitter Sweet
Interesiing Boring fnteresting Borirg
Coid Hot Cold Hat
Awoke Tired Awake Tired
Shailow Deep Shaliow Deep
i Louvd Quiet Loud
Soft Hard Sofr r= =055 Hard
Tasty Filat Tasty Flat
Quli Punpent Dul! Pungent
Playful Serious Piay¥ul Serious
Empty Fult . Empty Fuli
Passive Active Passive Active
Frash Stala Fresh Stale
Cheerfuf Sullen Cheerful Sulifen
Harmonious Discardant Harmonious Discordant
Mitd Severe Miid Severe
Peace fuf Aggressive Peaceful Aggressive
Beautifuf Ugly Beautitul Lghy
Pleasant Unplossant Pleasant Unpleasant

u Stench & Thiophenol 8 Stench * Peppermint

Fig. 1. Evaluation profiles for the odorous stimuli thiophenal and peppsarmint and their respective associations with the term ~stench”
The respective profile similarities are highly aignificant {r= +0.98) and significantly negative (r=—-0.65).

Figure 1: Evaluation profiles for tbdorousstimuli thiophenol and peppermint, as reported by the German VDI

38822 (1994)eiOff abDeomrmination of Hedoni

c

Odc

Odour s ar e nowadays, among at mospheric pol l ut a

complaints to local authorities.

Several conventional pollutants are generally not perceived by populatio, even if they might be
harmful for human health, especially if normal exposure limit concentrations are exceeded.

On the contrary, some odaurs are perceived far below normal exposure limit concentrations,
due to the presence ofodorous compounds having etremely low odour detection threshold
concentration.

Odour complaints often reflect a fear that odours may involve a health risk, even though this is
generally not the case. Indeed, lte odour threshold (OT) values for many compounds are much
lower than their exposure limits (expressed as timeweighted-average threshold limit value
(TWA-TLV)), giving that the dangerous compounds can be smelled at much lower
concentrations than those causing adverse effects on health. For instance, the OT for.8B is
lower than 1 ppb, whereas its TWATLV is 1 ppm.

Although odorous compounds are not necessarily toxic or hazardous for human health, it is
known that odour exposure may cause adverse effects on citizens, and negatively influence
their psychophysical well-being andbehaviour.
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Prolonged exposure to odour can generate undesirable reaction in people, such as unease,
discomfort, irritation, anger, depression, nausea, headaches.

Thus, repeated exposure to odour can lead to a high level of annoyance, with the receptor
becoming sensitive to the odour,independently of the pleasantness of odour perceived.

For these reasons, odars are nowadays subject to control and regulation in many countries. As
a consequence, the need to regulate odour impacts entails the requirement of specifinethods
for odour measurement and odour impact assessment.

A lot of chemical substances coming from a variety of different activities may originate an odour
problem. Environmental odour emissions are generally composed by complex mixtures of
hundreds of different compounds.

Annoyance is the complex of human reactions that occurs as a result of an immediate exposure
to an ambient stressor (odour) that, once perceived, causes negative cognitive appraisal.

Nuisance occurs when people are affected by an odour hey can perceive in their living
environment (home, work, recreation) and:

O«

The perception of the smell is negative;

The appraisal is repeated,;

It is difficult to avoid the odour;

The smell is connected (often incorrectly) to a negative effect on health.

O« O¢ O«

If fluctuating concentrations of odour emissions in the field exceed the odour threshold, thus
resulting in odour perception, this does not necessarily induce an adverse effect in termof
odour nuisance.

When an individual exposed to odour perceives this asnwanted, it is argued that the following
factors are the main determinants (FIDOL factors):

0 Frequency of the odour exposure;
0 Intensity of the odour;

0 Duration of exposure to the odour;
0 Offensiveness of the odour;

0 Location: Tolerance and expectation of theexposed subject.

Studies of communities exposed to unwanted odour show that exposure can lead to evidence of
stress induced symptoms, such as sleep disorders, headaches, respiratory problems, nausea and
anxiety.

To better understand the nature of individual sH response to odour s, t wo
all sensory system shall be considered:
Adaptation : is a reduction in responsiveness during or following repeated exposure;
0 Sensitization: is an increase in responsiveness during or after exposure. Indduals who
are not particularly sensitive to odours may become sensitized through acute events or
as a result of repeated exposure.

O«
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2
ODOUR MEASUREMENT
METHODS

This section illustrates the methods that are currently available
for measuring odours, bothat emission and at receptor level.
Besides describing the different methods, focus is given on their

applicability and limitations.

2.1 Introduction

Odour characterization and measurement have become very important environmental issues,
duetothegere r a l publ i cHs growing awareness of the en\
on health and weltbeing, giving that nowadays odours are subject to control and regulation in
many countries. Regulating odour impacts entails the necessity of specific mettus for odour
measurement and odour impact assessment.

However, measuring odours is not a banal issue, since it entails the necessity of objectifying a
sensation. For this reason, specific methods shall be adopted for this purpose. In recent decades,
several techniques have been studied and developed for the characterization of environmental
odours.

This chapter provides an overview of the methods that are currently available for measuring
odours, both at emission and at receptor level, thereby focusing ortheir applicability and
limitations.

2.2 Overview of odour measurement
methods

Odour measurement methods belong to the wider category of odour impact assessment
methods, which also includes mathematical methods, such as dispersion models, which are not
discussed here.

Odour measurement methods shall be divided into four categories, depending if:
0 they are sensorial, i.e. they use the human nose as the receptor, orstrumental
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0 they can be applied in order to measure odours at themission level i.e. at tle odour
source, or at thereceptor level, i.e. directly where the citizens live and the complaints
come from.

Figure 2 schematizes the existing methods for odour impact assessment according to the above
described classification.

The following sections of tis document focus on the methods for odour measurement, in order

to provide an answer toshdemgasstedni I How can o
MEASUREMENTS MATHEMATICAL
METHODS
SENSORIAL INSTRUMENTAL
HUMAN NOSE
EMISSIONS/ ( ) ) ) -
SOURCES ) * Chemical analysis * QOdour Emission
. Dl\;nam'c * With Factors (OEF)
t t . .
(C)El\?ig_;nzggyooa) speciation * Emission
’ (GC-MS) databases
* Gas- * Single gases
chromatography- * Non specific
olfactometry * Electronic nose
(GC-0) (I0MS)
I I
m:':zﬂéiig\ésl + Field Inspection « Chemical analysis * Dispersion
(EN 16841:2016) * With models
. speciation
< F
ield olfactometry (GC-MS)
* C(Citizen Science * Single gases
% * Electronic nose
(IOMS)

Figure 2: Overview of odour impact assessment methmath in terms of measurement type, and from the
emissionorthe mmi ssi on (receptors#Hf perspective)

2.3 Emission level

DYNAMIC OLFACTOMETRY

What is it? (Method description)

Dynamic olfactometry is a standardised way of measuring odour concentrations using the

human sense of smell. It therefore belongt 0 t he so called Tsensori al
measurement of the odour concentration is related to the sensation caused by the sample

directly on a panel of opportunely selected peoplewith a standard sense of smell

Samples ofodorous air are collected at the source of the odour in suitable bags, then they are
analysed by diluting them with fresh, odourl ess

17
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The analysis is carried out by presenting the sample to the panel at increasing concentrations by
means d a particular dilution device calledolfactometer , until the panel members can detect an
odour that is different from the reference neutral air. The outcome of this measurement is the
odour concentration of the sample, which is expressed in European odoumits per cubic meter
(oug/m?®). This represents the number of times the sample has been diluted with neutral
(odourless) air to reach its odour detection threshold concentration. Thus, if the sample needs
to be diluted 100 times with clean air so that he panel cannot perceive the odour anymore, this
means that the sample has a concentration of 10@0ug/m?.

Background
The most significant step towards standardisation of olfactometry in Europe was the
introduction, in 2003, of the European standard EN 13725 TAir Q Weatérmirtatjon of

odour concentration by dynamic olfactometryfd, w h

measurement, such as sampling procedures and materials, sample presentationdad selection
of assessors, data recording, calculatin and reporting and performance quality requirements.

What can it be used for? (Applicability)

The scope of the EN 13725:2003 states that
objective determination of the odour concentration of a gaseous saple using dynamic
olfactometry with human assessors and the emission rate of odours emanating from point
sources, area sources with outward flow and area sources without outward flow. The primary
application is to provide a common basis for evaluation oddour emissions in the member states
of the European Union. T

Thus, dynamic olfactometry can be used to measure the concentration of odours emitted at the
source.

In some cases, odour regulations fix concentration limits at emissions (for instance in thesgion
of Puglia, Italy). In such caseslynamic olfactometry can be used to ascertain if regulations are
being breached.

The EN 13725:2003 only refers to dynamic olfactometry intended for the measurement of
odour concentration at emissions. However, there are other derivations of dynamic
olfactometry, described in German guidelines VDI 3882 Part 1 and VDI 3882 Part 2, which
describe how to apply olfactometric measurements for the determination of odour intensity and
odour pleasantness/ unpleasantness (hedoit tone). Odour intensity is expressed in a scale from
0 (not perceptible) to 6 (extremely strong), whereas hedonic tone is measured in a scale fro#
(extremely unpleasant) to +4 (extremely pleasant) with O corresponding to an odour that is
neither pleasant nor unpleasant (Figure 3). Differently from the odour concentration as
measured by the European standard EN 13725:2003, which can be considered an objective
parameter to measure odours both the intensity and the hedonic tone of the odours are
subjective parameters that may differ from person to person, although they can both be
measured in an standardized scale as described the German standardVDI 3882 Part 1 & 2

18
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_Odour concentration | Odour intensity Hedonic tone

Extremel
%Elm?’i |i| Extremely strong _ pleasanty
num_ber o_f dilutions _ @ very strong
required in order to bring
an odorous sample to its E strong
odour detection 3 | pitint e
threshold concentration nor unpleasant
(EN 13725:2003) T weak
50 |i| Very weak
Not perceivable 41 Perceivable
: odour odour II| Not perceptible _ Extremely
1 L unpleasant

Figure 3: Schematization of olfactometric techniques for the determination of odour concentration, intensity,
and hedonic tone

One important advantage of dynamic olfactometry is that it provides information that can be
used as input data for dispersion mo tbeodlours.n g
Indeed, the odour concentration, coupled with the information related to the emitted airflow,
all ows for the ev abdauadmission rateif , hichlisbaskally the adolr #ugd T
emitted to the atmosphere, and is the parameterthat effectively accounts for the amount of
odour that is emitted into the atmosphere by a given source. This datum can be used as input
data for specific mathematical models which combine this information together with
meteorological and geographical data, and thus calculatbow the emitted odour is transported
through the atmosphere to the affected citizensin the form of an average impact map

This is currently the preferred way in most countries to evaluateodour impacts caused by
different odour emitting activities on the surrounding communities.

What can it NOT be used for? (Limitations)

Dynamic olfactometry is a discontinuous measurement method, since samples are collected at
the source in a precise momat and then transported and analysed in a lab. For this reason, it
cannot be used to continuously monitor odour emissions.

Dynamic olfactometry cannot be used to gain information about odour quality, thus it cannot
identify odours or distinguish between different odours.

Dynamic olfactometry provides information about odour emissions. Thus, it cannot give
information about the presence of odours in ambient air (immissions). For this purpose, data
from olfactometric analysis should be combined with meteorological and geographical
information in a specific dispersion modelto estimate the average annual odour impact.

Examples of relevant applications

The objective determination of odour concentration provided by dynamic olfactometry makes
this odour measurement method a useful tool for the assessmentof the overall performance
and the efficiency of abatement systems in removing odours and volatile organic compounds
(VOCs).

For example, Gutierrez et al. in 2015 and Sowka et al. in 2017 proposed the adoption of this
technigue to test the efficiency of industrial biofilters by means of the characterization of
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samples collected upstream and downstream the abatement units. Gutierrez et al. proposed
also the combination of dynamic olfactometry with the GGTOFMS with the aim to identify,
among the VOGs analysed,the compounds responsible for the odour emission.

The most common application of dynamic olfactometry entails the combination withdispersion
modelling, since determining the odour concentration alone is not sufficient to assess the odour
impact on citizens. This approach involves the determination of theodour emission rate (OER)
of the odour emission sources, which represents the odour flux emitted to the atmosphere. The
OER is expressed imoug/s and is obtained as the product of the odour concentratiorby the air
flow associated with the source. The method adopted for estimating OER depends on the source
type, i.e. point, volume or surface sources (Sironi et al., 2014). This datum can be used as input
for dispersion models, which, combining source charaeristics, meteorological and
geographical data, estimate theaverageodour impact of the monitored activity on surrounding
territories , usually as annual valuegstimated for a specific percentile (i.e.Percentile 98).

In 2010, Sironi et al. presented a case study regarding the assessment of the odour impact in
presence of multiple similar souces, i.e. four rendering plants. Based on the results of
olfactometric surveys carried out in different seasons, the authors estimated the overall odour
emission rates emitted by each plant and identified the major contributor to the odour impact
on the monitored area. Furthermore, the CALPUFF model application allowed to quantify the
odour impact relevant to the four monitored plants on the surroundings.

In 2019, Romanik et al. presented the comparative analysis, based on the combination of
dynamic olfactometry and dispersion modelling, of the emission scenario relevant to an
industrial activity before and after the installation of abatement equipment. The study had the
twofold purpose to assess the odour impact at the sensible receptors and evaluate tlefficiency

of the technical intervention.
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CHEMICAL ANALYSIS- WITH SPECIATION

What is it? (Method description)

The chemical analysis (with speciation) ofodorous emissions consists in the complete

identificat ion and quantification of odorous chemical compounds in an odour sample. It is an
Tinstrumental analysisi because it investigates
tools are required for odour analysis. Different instrumentation can be applied for this purpose:

the main technique Gas Chromatography coupled with Mass Spectrometry (GC-MS). GC- MS

is a technique that combines the separation capability of gas chromatography (GC) with mass
spectrometry (MS), which allows for the identification of the separated compounds (Figure 4).

21


https://doi.org/10.3155/1047-3289.58.6.806
https://doi.org/10.1016/j.atmosenv.2006.06.052
https://doi.org/10.1016/j.atmosenv.2009.10.029
https://doi.org/10.1016/B978-0-12-409547-2.11042-X
https://doi.org/10.5277/epel70418

11. Control electronics

MS
Detector

3. Injector

1. Gas supply

GC
6. Interface Separative Sample inlet
Technique

v NS

0ooooo

B V4

oog f g
9. Detector

-

]

8. Mass analyser

7. lon source

Pump  10. Vacuum system

000

=

2. Pneumatic controls

Figure 4: Schematization of a GKIS analysis system

Gas chromatography can separate molecules depending on their chemicahysical properties:
such as a foot race, molecules run along the GC column and they reachettS detector in
different time (called retention time), according to their chemical characteristics. This
separation allows the MS to analyse molecules separately: indeed, mass spectrometer breaks
each molecule into ionized fragments, obtaining a mass sprum. A mass spectrum is a molecule
fingerprint, which is characteristic and allows to identify uniquely a substance.

So, we obtain a chromatogram, a diagram where we can observe different peaks, each peak
attributable to the different molecules separated by the GC column in function of time (Figure
5). Under every chromatographic peak, it is possible to analyse the mass spectrum and identify

every substance.
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Figure 5: Example of chromatogram (top) and mass spectrum (bottom) for the identificatiomolethdes
separated by GC
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Background

Since chemical analysiswithGEMS i s an T ol d7 and consolidated t e
first method that has been applied for odour analysis. However, it cannot be considered as a

method developed specificaly for odour measurement, which implies that the type of

information that can be obtained with this kind of analysis may be very accurate, though not

directly related to odour perception.

What can it be used for? (Applicability)

At the emission level, GEMS can be applied in order to obtain information about the chemical
composition of odour emissions.

As already mentioned, GEMS allows for the identification and quantification of complex odour
emissions. Identification and quantification of the chemical canpounds that are present in an
odour emission are fundamental to evaluate the impact of emitted compounds on the
environment and human health.

Chemical characterization also allows to evaluate compliance of the emissions with regulatory
concentration or flux limits that are fixed by the competent authorities in order to protect
workers and citizens from exposure to hazardous or toxic compounds.

What can it NOT be used for? (Limitations)

Chemical analysis can turn out to be very difficult and not always eéctive, especially in the
characterization of complex odours.

Odours are not additive: inodorous mixtures, synergistic and masking effects between different

odorants may occur, giving that the chemical compsition of an odorous sample camot be

related to its odour concentration.

One way to relate the chemical composition of arodorous mixture to its odour concentration is

to eval uat e OtdureActisity Vawal | e@AV), which is calcul at ¢
ratio between the chemical concentration of each compound in the mixture and its odour

threshold concentration:

L
Q4T =3 —
= OT,
OAV = Odour Activity Value (oug m™)
G = Concentration of compound i (mg m?)
OT; = Odour Threshold of compound i (mg og™)

However, the odour concentration calculated through the OAV can be very imprecise. One
reason for this imprecision is the difficulty of finding reliable OT values, given that the values
that are found in literature for a single odorous compound often differ by several orders of
magnitude. Moreover, if synergic effects ofodorous compounds are present, such a calculation
will underestimate the odour concentration of the odorous mixture.

Finally, analytical techniques are not as sensitive as human nose to detect all nodrous
compounds. Indeed, there are som@dorous compounds, such asmercaptans, that have odour
threshold concentrations in the range of ppb (parts per billion) o even ppt (parts per trillion),
which are levels that are hardly detected by instrumental methods.
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Examples of relevant applications

Although chemical analysis does not provide information directly related to odour perception,
many literary papers proposed this technique for the characterization of odorous emissions
(Zhu et al., 2016, Fisher et al., 2017).

For example, in 2017, Wu et al.proposed the adoption of gas chromatography to assess the
odour impact of a landfill in Beijing (China).Odorous samples collected seasonally were
analysed by both chemical analysis and olfactometer to correlate the measured odour
concentration with the calculated odour concentration by means of the Odour Activity Value
(OAV). Aware of the variability of odour thresholds (OT) reported in the scientific literature,
authors measured the OT using a uniform methodology with the aim to mimhize the
imprecision of calculated and measured odour concentration, which resulted in a relatively
higher correlation coefficient (r=0.9194). The speciation of odour samples collected at the main
landfill odour sources highlighted that hydrogen sulphide, dimethyl sulphide and
trimethylamine contributed the most to odour emissions.

In 2019, Gonzalez et al. involved the TD G@/S to characterizeodorous emissions of a fullscale
sewage composting plant located in Majorca (Spain). In particular, 34 gaseous salep
representative of different points of the treatment processes were analysed with the aim to
monitor the odorous emissions during the composting process and evaluate the possibility to
define a correlation between the odour concentrations estimated by neans of OAVs and those
assessed by field olfactometry. The study highlighted that theodorous emissions tended to
decrease as the biological stability of the material increased and allowed to identify the
compounds most responsible for the emission of odor. However, a weak correlation was found
between the OAVs and the odour concentration values.

Chemical analysis with speciation can be used also to monitor the efficiency of abatement
systems. As an example, Gutierrez et al. in 2015 used GTOFMS in conjwunction with dynamic
olfactometry to monitor the performance of an industrial scale biofilter. The speciation allowed
to identify compounds most responsible for odour emissions and families that have similar
influence on the variance of the measure to mininze the number or suggest possible
intervention to limit the odour emission.
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CHEMICAL ANALYSIS- NON SPECIFIC

What is it? (Method description)
In those cases in which the odour problem is specifically related to hydrocarbon molecules (this
can be typically the case for refineries), a nosspecific gas analysis can be applied as a
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preliminary screening tool to assess the total amount of hydrocarbon compounds. This kind of
technigque is conducted with easy transportable and quite cheap tools, likeFID (Flame
lonization Detector) or PID (Photo lonization Detector) .

The principle on which these tools are based is the pyrolysis of the organic compounds that are
present in the analysed gas. This pyrolysis (which is conceptually similar to a combustion) is
made possible by the presence of an energy source, whighroduces ions detectable by an
electric sensor.

The main differencebetween these two kind of sensossis that the FID needs an hydrogen bottle
to maintain an hydrogen flame as energy source, while the PID uses an UV lamp.

Because of this different ionization mechanism, a FID is able to detect also methane, which is
odourless, while a PID, which has a weaker energy source, is useful to detect NMHC (Non
Methanic HydroCarbons).

The main drawback of this method is that the total hydrocarbon concentrationthat is measured
cannot be related directly to the odour concentration. The output of these type of instruments

is a total VOC concentration expressed in terms of a concentration equivalent to a calibration
gas concentration. Indeed, there are several dentific papers proving that the correlation
between total VOC concentration and odour concentration of gas samples is generally non
existent. Moreover, these instruments do not take into consideration the different odour
threshold of different compounds, the response factors of the electric sensor, and the mixing
effects.

What can it be used for? (Applicability)

This type of analysis can be extremely useful for the detection of gas leaks, which are potentially
associated with diffuse odour emissions.

One typical example is the case of refineries, where fugitive emissions from equipment and
piping can be detected by means of the measurement of the total VOC concentration. Where a
concentration of total VOC above a certain value (e.g. 1000 ppm) is measured,a leak is
present. The same approach is used in landfills in order to identify the presence of leaks in the
landfill cover, through which landfill is emitted into the atmosphere.

What can it NOT be used for? (Limitations)
This techni gqu e nformatia abgut thegodoureproferies ofithe analysedgas.

Examples of relevant applications

Non-specific chemical analysis is commonly adopted for estimating fugitive emissions. Many
authors proposed different techniques in the scientific literature for the detection and
quantification of gas leaks.

For example, in 2005, Rao et al. presented the application of Leak Detection and Repair (LDAR)
program in a refinery to estimate fugitive emissions in and around different process units, tanks,
truck loading and treatment plants by involving a Photo lonization Detector (PID). PID
detections were processed according to specific correlations to estimate the emitted fluxes.

In 2008, Chambers et al. proposed the adoption of differential absorption light detection and
ranging (DIAL) to remotely measure concentration profiles of hydrocarbons in the atmosphere
up to several hundred meters from the instrument. When combined with wind speed and
direction, downwind vertical DIAL scans can be used to calculate mass fles of the measured
gas leaving the site. This rapid estimation of fugitive leaks would improve the effectiveness of
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efforts to reduce emissions, quantify the reduction in emissions, and improve the accuracy of
emissions data that are reported to regulatorsand the public.

Similar approaches were proposed in the scientific literature also for the estimation of landfill
fugitive emissions. In 2018, Kormi et al. proposed the adoption of genetic algorithms based
optimization combined with standard Gaussian disgrsion model to estimate fugitive landfill
methane emissions by identifying locations and emissions rates. The authors presented four
case studies, which were carried out to evaluate the performance of the proposed methodology.
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CHEMICAL ANALYSIS- SINGLE GASES

What is it? (Method description)

There are some rare cases in which the odour pollution problem is due mainly to a single
compound, such as ammonia or hydrogen sulphide. In such cases, by a&sseg the concentration

of these single gases in emissions, it is possible to obtain a reliable quantification of odour
emissions.

In general, for the measurement of single gases in emissions, such as ammonia and hydrogen
sulphide, specific technical normsexist defining the sampling and analysis method.

Since concentrations are usually quite high (tens or hundreds of ppm), it is also possible to use
electrochemical sensors, which areeasy-to-use and cheap.

When determining the concentration of single gases in emissions or immissions, it is important
that the most suitable method is chosen in function of the expected concentration.
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What can it be used for? (Applicability)

This type of chemical analysis allows the quantification of the concentration okingle gases in
emissions. This can be used to verify compliance to emission limits relevant of specific
compounds.

In those rare cases in which the emitted odour is directly correlated to one specific compound
(tracer), then the determination of the compound concentration can be used to estimate the
emitted odour concentration. In such cases, this datum can be used as input for dispersion
modelling on order to evaluate odour impacts on the communities. For this purpose, it is
necessary that a correlation ketween the compound concentration and the odour concentration
has been preliminarily assessed.

What can it NOT be used for? (Limitations)

The chemical characterization of single gases is useless in the case of compbeborous mixtures,
whereby odour concentration is not related to the concentration of one single component. This
represents unfortunately the majority of the cases, since environmental odours typically are
mixtures of hundreds of different compounds.

This analysis doesn#Ht gi vtienof conipex nmxéutes. on about

Examples of relevant applications

In 2007, Qu et al. proposed use of an integrated system, including an electronic nose, asH
detector and a NHs detector, to predict odour concentration. The study involved the analysis of
odorous samples from swine manure sources. Both linear regression and artificial neural
networks were applied to develop correlations. Single detectors proved to be capable to predict
odour concentration with poor accuracy (i.e. about 50%), whereas the integratd system
achieved a good performance (R=0.75).

In 2018, Cangialosi et al. presented a case study involving the installation of a JeromeHl
analyser for the continuous monitoring of odour emissions at a landfill boundary. The kS
analyser was integrated with an automatic air sampler, which was activated in case of alert of
the H>S detector to withdraw samples to be sent to olfactometric analysis. However, no
correlation was found between H.S continuous measurements by Jerome J60%&nalyser and
oug/m? values obtained by dynamic olfactometry.
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GAS CHROMATOGRAPHY-OLFACTOMETRY (GGO)

What is it? (Method description)

Gas-chromatography-Olfactometry (GC-0O) is a method to combine the information supplied by
chemical characterization and by odour perception. Indeed, GE&D utilises a GCMS g/stem
equipped with an olfactory detection port: at the outlet of the GC there is a sniffer mask, where
a trained panellist can smell the gas and provide information about the presence of odour in it.
At the end of the GC column, after separation of the chmical compound sin the gas mixture, the
sample is divided and an equal flux of it reaches the MS detector and thmnellist. Thepanellist
sniffs the gas, and every time he/she sniffs andorous substance, he/she supplies a sensorial
response, in terms of pesence and type of odour. Indeed, every time theanellist perceives an
odour, he/she shall push a button and describe the odouintensity values can also be added to
the description of the odour types. This way, an olfactogram is obtained, which allows to
correlate the chemical information supplied by the chromatogram and the snsorial perceptions
of the panellist. Thus, GCO consists in the combination of instrumental capacities and human
nose and supplies both sensorial and chemical information.

One drawback of GGO is that it is affected by subjectivity and inattention of the panellist.
Indeed, panellist distraction can provoke important errors, in particular when odorous stimulus
is short or weak, thus a proper training and measurement procedure to avoid fatigue of the
panellist are of outmost importance.

aroma detection of single aroma compounds
sample and their odor characters
09
.'.: :. L Sensory description
& N’
l S
L . —
N ) I buttery  ereg
.'o. - Ny pel%e
. - .
Sniffing
o
port i
Vo
%
‘.

o e -*.'-P.’T KLY L

Electronic signal
Aroma compound separation 2 sy

Figure 6: Schematization of the @Cmethod

What can it be used for? (Applicability)

GC-0O can be used to provide important informationabout the odour character associated with
the different molecules contained in an odour sample. Thus, it allows to obtain information
about odour quality. This technique is particularly suited to the analysis of odours due to the
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use of human nose, whiclis way more sensitive than an instrumental detector: the human nose
is sometimes able to detect the presence of odou
any peak.

What can it NOT be used for? (Limitations)

This techni qgue do e atiofdboupthe@dour doacerdratign ofi the Saonplan
Since it operates a separation of the sample in its single components, the olfactory properties of
the sample as a whole are not considered. For this reason, data from QT analysis cannot
provide information about the odour impact, and neither can it be used directly as input for
dispersion modelling.

Examples of relevant applications

In 2010, Zhang et al. focused on the development of an odour characterization method for
guantitative analysis of the key odorants responsible for livestock odair by means of TD
MDGC-MS/O. Target compounds were separated in GC column and isolated compounds were
split into mass detector and sniff port in order to assess their concentration and their olfactory
properties (odour character, intensity, duration time and hedonic). In 2015, the authors
extended the study of 15 typical VOCs associated with livestock odour, identified the most
significant gases that contribute to relative odour impacts of livestock buildings, and estimted

a correlation between odour intensity and chemical concentration.

In 2018, Fisher et al. proposed the adoption of gas chromatography/olfactometry to
characterize odour emissions from wastewater treatment plants. This technique allowed to
identify compounds responsible for emission odour throughout biosolid processing and a
description of their odour properties was provided by odour wheels.

Relevant publications (links)

Di Gilio, A., Palmisani, J., De Gennario, G. (2018). An innovative methodoicgl approach for
monitoring and chemical characterization of odours around industrial sites. Advances in
Meteorology.

https://doi.org/10.1155/2018/1567146

Fisher, R. M., Barczak, R. J., Suffet, .M, Hayes, J. E., Stuetz, R. M. (2018). Framework for the
use of odour wheels to managepdorous throughout wastewater biosolids processing. Science
of the Total Environment, 634, 214-223.

https://doi.org/10.1016/j.scitotenv.2018.03.352

Zhang, S., Cai, L., Koziel, A. K., Hoff, S. J., Schmidt, D. R., Clanton, C., Jacobon, L. D., Parker, D. B.,
Heber, A. J. (2010). Field air sampling and simultaneous chemical and sensory analysis of
livestock odorants with sorbent tubes and GCMS/olfactometry. Bioproducts and Biosystem
Engineering, 146 (2), 427432.

https://doi.org/10.1016/j.snb.2009.11.028

Zhang, S., Koziel, J. A., Cai, L., Hoff,JS(2015).0dour and odorous chemical emissions from
animal buildings: part 5. Simultaneous chemical and sensory analysis with gas chromatography
mass spectrometry-olfactometry. Agricultural and Biosystem Engineering, 58 (5), 13491359.

30


https://doi.org/10.1155/2018/1567146
https://doi.org/10.1016/j.scitotenv.2018.03.352
https://doi.org/10.1016/j.snb.2009.11.028

https://101.13031/tras.58.11123

INSTRUMENTAL ODOUR MONITORING (ENOSEYS)

What is it? (Method description)

An electronic nose, or Enose, is a piece of scientific equipment designed to mimic the
mammalian olfaction in the detection and charaterization of simple or complex odours.

These devices allow the identification of mixtures of organic samples as a whole, providing their
olfactory fingerprint (identifiable to sources that released the mixture), without recognizing the
individual odour-gen er ati ng compounds, exactly as the hume
each singleodorant molecule to distinguish the odour of an apple from rotten eggs.

To do this, the instrument must be trained: it must be provided with a database of olfactory
fingerprints relating to the odours to which it may be exposed to during the analysis. That
database is put together byanalysing air samples with known olfactory qualities at different
odour concentration and thus defining the olfactory classes (odour types) to beecognized.

The e-nose is made up of three different components:

0 a series of chemical sensors which react to a wide range of odours (volatile organic
compounds responsible for odours interact with the sensor surface and cause a change
in certain chemicaland physical properties);

a sensor signal processing system which organises the information from the sensors;

an odour recognition system which compares this information received to a catalogue of

pre-stored datasets (i.e. the training set) to identifythe odours detected.

Each odour has a unique hfingerprint®# -nosdtmt ed t o
compare and identify each odour detected, in the same way a human nose would first detect an

odour and then process the stimuli and use mmory to identify the odour type.

A nice and easy explanation of how an electronic nose works is given in this video:
https://youtu.be/3 -IHCkK5faM

O¢ O«

Olfactory bulb

Odorous
compounds

Sampling ompreiol of
system system information

Odorous
compounds

Software

Figure 7: Schematization of amese structure compared to the human olfactory system
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Background

The name Telectronic n oirssholarly litdratuce hin the assly 19808 r odu c e

comes from a certain parallel of the measurement concept of the instrument and that of the
mammalian olfactory system.

What can it be used for? (Applicability)

Electronic noses have the enormous advantage that they can be used for continuous
determination of odour concentration at emissions.

In the case of emissions, they can also be used in order to monitor the efficiency otlour
abatement systems continuously.

When applied to emission monitoring, enose data can be used as input data for dispersion
modelling.

What can it NOT be used for? (Limitations)

E-noses camot measurethe intensity and the pleasantness of the odour(hedonic tone).

When used for the estimation of odour concentration at emissions, electronic noses shall be
trained with samples that are analysed by dynamic olfactometry. For this reason, they cannot
substitute dynamic olfactometry.

Examples of relevant applications

Electronic nose can be used also to monitor industrial processes. For example, in 2002,
Figueiredo and Stentiford used an enose to monitor the composting process and detect the
transition from aerobic to anaerobic conditions, using a laboratay reactor with controlled
temperature.

In 2012, Delgado-Rodriguez et al. evaluated the use of an electronic nose as dime, rapid
method to quantify the gases from Municipal Solid Waste (MSW) composting. The electronic
nose detected a clear differencein volatile compounds profiles relevant to the gases emitted
during composting, using Principal Component Analysis (PCA). PCA reduced the dataset from
the sensors to two principal components, which accounted for 74.5%, 68.8% and 62.8% of the
total variance by using patterns for initial, thermophilic and mesophilic composting phases,
respectively.

E-noses can be used at emission also to monitor continuously industrial emissions. In 2018,
Cangialosi et al. investigated the possibility to use a multisensory ektronic nose and a HS
continuous analyser to continuously monitor the malodours form a sanitary landfill for non
hazardous waste, located in the Southern Italy. The electronic nose was trained towards landfill
odours and, after installation, it proved its effectiveness for ontline monitoring, quantifying and
identifying the odour produced by the landfill. On the contrary, the detections of the HS
continuous analyseswere poorly correlated with odour concentration in ambient air measured
by dynamic olfactometry.

Relevant publications (links)

Blanco-Rodriguez, A., Camara, V. F., Campo, F., Becheran, L., Duran, A., Vieira, ¥. Gascia-
Ramirez, A. R. (2018)Development of an electronic nose to characterize odours emitted from
different stages in awastewater treatment plant. Water research, 134, 92-100.
https://doi.org/10.1016/j.watres.2018.01.067
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Cangialosi, F., Intini, G., & Colucci, D. (201&)n Line Monitoring of Odour Nuisance & a Sanitary
Landfill for Non-Hazardous Waste. Chemical Engineering Transactions, 68, 12732.
https://doi.org/10.3303/CET1868022

https://www.aid ic.it/cet/18/68/022.pdf

Capelli, L., Sironi, S., & Del Rosso, R. (201B)ectronic noses for environmental monitoring
applications. Sensors, 14(11), 1997220007.
https://doi.org/10.3390/s141119979

Chirmata, A., Ichou, I. A., & Page, T. (2015). A continuous electronic nasgour monitoring
system in the city of Agadir Morocco. Journal of Environmental Protection, 6(01), 54.
http://dx.doi.org/10 .4236/jep.2015.61007

Deledo-Rodriguez, M., RuizMontoya, M., Giraldez, I., Lopez, R., Madejon, E., Diaz, M. J. (2012).
Atmospheric Environment, 51, 278-285.
https://doi.org/10.1016/j.atmos env.2012.01.006

Deshmukh, S., Bandyopadhyay, R., Bhattacharyya, N., Pandey, R. A., & Jana, A. (2015).
Application of electronic nose for industrial odours and gaseous emissions measurement and
monitoring gAn overview. Talanta, 144, 329340.

https://doi.org/10.1016/j.talanta.2015.06.050

Figueiredo, S., Stentiford, E. (2002). Evaluating the potential of an electronic nose for detecting
the onset of anaerobic conditions during composting. Biopraess Solid Waste Sludge, 2,-17.

2.4 Receptor level

FIELD INSPECTION

What is it? (Method description)

Dynamic olfactometry should be limited to source sampling. In order to assess the presence of
ambient odours it is possible to useh u ma n T sstéractyy i the field. It is possible to rely on
trained assessors by running field inspections such as grid or plume measurements to evaluate
the extent of the area impacted.

The main idea of field inspections is to estimate the degree of annoyance ia determined
problematic area by means of the olfactory capacities of a group of people (panel) specially
trained and "calibrated" for this purpose.

Two different approaches for field inspection can be applied:

0 grid method, which uses direct assessment of mbient air by panel members to
characterize odour exposure in a defined assessment area.

plume method for determining the extent of the downwind odour plume of a source
(there is no direct relation between the presence of recognizable odours and the
occurrence of odour annoyance).

(@]
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Background

Although field inspections have been applied for a long time especially in Belgium, their
standardization at European level is quite recent. Two European standards were published in
2016: EN 16841-1T A mb i e-Déternairiation of odour in ambient air by using field inspection
-Part 1: Gri d BENd68#l2d A md n é-Detérmiration of odour in ambient air
by using field inspection-Par t 2: Pl ume met hodT .

What can it be used for? (Applicability)

ThelT grid methodi allows to estimate the degree of
hoursT in a determined problematic area.
With the Tplume methodT, it i s possible to dete

facility under specific meteorological conditions.
With a suitable training, assessors carrying out field inspections may provide some information
about odour quality and recognize its provenance.

What can it NOT be used for? (Limitations)
I't canHt give us infomtowmati on about odour concent

Examples of relevant applications

In 2018, Oettl et al. compared the odourhours based on field inspections carried out in the
vicinity of a pig-fattening farm with modelled ones using Lagrangian particle model GRAL. Field
inspections were carried out in 12 measurement points between February and July 2017
according tothe plume method. Authors reported good correlations between the two different
methodologies.

In 2017, Yacoof et al. proposed the comparison between field inspection and CALPUFF
dispersion model adopted for the assessment of the odour impact relevant to a palm oil mill. 18
possible receptors, including residential area, institution and public area, were considered for
the comparison. The field inspection, carried out by 5 panellists accaling to the plume method,
and the CALPUFF model were compared by running the process on the same area for three
alternate days. The outcomes of the two methods differed in odour concentration values, but
they showed the same trends over the monitoring perod.

In 2016, Mannebeck et al. presented the results of a case study carried out in the German cities
of Mainz and Wiesbaden, characterized by the presence of several commercial and industrial
areas in close neighborhood to living area. 21 panel assessorsained towards the typical
odours of industrial activity to be monitored, were involved. The study lasted six months for a
total of 157 measurements, which were managed by means of a central online platform OFIM.
The perceived odours show the complete range of industrial odours during measurements. The
odour frequency exceeded the limit of 10% for the majority of the grid area and near the
industrial areas the determined values exceeded 40%.

Relevant publications (links)

Dentoni, L., Capelli, L., SironiS., Guillot, J. M., & Rossi, A. N. (2013). Comparison of different
approaches for odour impact assessment: dispersion modelling (CALPUFF) vs field inspection
(CEN/TC 264). Water Science and Technology, 68(8), 1731738.
https://doi.org/10.2166/wst.2013.387
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Guillot, J. M., Bilsen, 1., Both, R., HangartneM., Kost, W. J., Kunz, W&, Van Elst, T. (2012). The
future European standard to determine odour in ambient air by using field inspection. Weer
Science and Technology, 66(8), 1691698.

https://doi.org/10.2166/wst.2012.375

Mannebeck, B., Mannebeck, C., Mannebeck, D., Hauschildt, H., van de Burg, A. S. (2016). Field
inspections accordingto prEN 16841-1:2015 in a naturally evolved neighborhood of industry

and living area. Stateof-the-art-technology of a comprehensive data collection, interaction of
different sources and effects on the perceiving citizens. Chemical Engineering Transactiob4,
181-186.

https://doir.org/10.3303/CET1654031

Oettl, D., Kropsch, M., Mandl, M. (2018). Odours assessment in the vicinity of pfatting farm
using field inspection (EN 16841.1) and dispersion moelling. Atmospheric Environment, 181,
54-60.

https://doi.org/10.1016/j.atmosenv.2018.03.029

Ranzato, L., Barausse, A., Mantovani, A., Pittarello, A., Benzo, M., & Palmeri, L. (2012). A
comparison of methods for the assessment obdour impacts on air quality: Field inspection (VDI
3940) and the air dispersion model CALPUFF. Atmospheric environment, 61, 57679.
https://doi.org/10 .1016/j.atmosenv.2012.08.009

Van Elst, T., & Delva, J. (2016). The European Standard prEN 16821 Determination of Odour

in Ambient Air by Using Field Inspection: Plume Method): a Review of 20 Years Experience With
the Method in Belgium. Chemical Enginering Transactions, 54, 175180.
https://doi.org/10.3303/CET1654030

Yaacof, N., Qamaruzzaman, N., Yusuo, Y. (2018). Comparison method of odour impact
evaluation using calpuff dispersion modelling and a-site monitoring. Engineering Heritage
Journal, 1, 02-05.

https://doi.org/10.26480/gwk.01.2017.01.05

FIELD OLFACTOMETRY

What is it? (Method description)

Field olfactometer are portable devices that create a series of discrete dilutions by mixing the

odorous ambient air with clean air (odourfree). In this case, panellists are moved to the
problematic area and use this device toto-create
Threshdl d,aft i®/. Thehrd@sHaltdionrati o is a measure o
needed to make theodorous ambi e sdte t @icrt albn @i .

What can it be used for? (Applicability)
It can be used to give an indication of the number of times that air needs be diluted to make it
non odorous close to an odour source.
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What can it NOT be used for? (Limitations)

I't doesn#Ht provi de oug/m’oQdour corcentatiom s ondy measuned by the
reference method (i.e. dynamic olfactometry accordingo EN 13725:2003) at emissions. It is not
recommended to be used at the fenceline or near the population affected. Results obtained
entail high variability, which is due to several factors, and thatmplies that results of field
olfactometry are not comparable with any reference method. The calibration of the assessors is
a key element, and sniffing sticks are not suitable for this calibration.

Examples of relevant applications

In 2016, Barczak et al. used field olfactometry to assess the odour concentratioat potential
emission sources of a wastewater treatment plant, located in Poland, and determine their range
of impact. In order to determine the range of the impact of odour sources receptor points were
localized downwind to the source depending on the wid speed and direction and the altitude
of the emission sources. All measurements were performed by two trained assessors, and for
each measurement point at least two replicates were carried out. This study allowed to identify
the emission sources most reponsible for the odour impact.

In 2017, Vieira et al. investigated the possibility to combine field olfactometry with plume
method measurements to monitor diffuse and discontinuous odour emission sources. The study
was carried out in Flanders and involvedhe field measurements around five industrial sites,
which were carried out by two panellists. The response time proved to be a critical aspect for
field olfactometry, especially at plume boundaries and far away from the odour sources
(intermittent odour). Moreover, panellist fatigue and high dilution gas consumption
compromise in-ffield odour-measuring devices to determine different odour intensity levels
within the odour plume. Nevertheless, near the odour sourceswith relatively constant odour
and steady condtions), measurements could be easily performed and odour strength assessed.
In conclusion, field olfactometry seems not suitable, in a general manner, for determining
different odour intensity levels within the global odour plume. However, it may provide useful
information to characterize the odour level at few points and then to validate dispersion
modelling results.

In 2018, Badach et al. proposed the use of field olfactometry to measure odour concentrations
in the vicinity of a municipal landfill, locatedin Gdank (Poland). The results of field olfactometry
were used as input for the CALPUFF model, which provided useful information in the process of
local spatial planning. The study involved four panellists, who carried out field measurements in
five measuement points situated along the landfill perimeter. The measurements were carried
out simultaneously by all panel members in triplicate.The authors suggesied the possible
integration of this approach with the qualitative characterization of odours.

Relevant publications (links)

Badach, J., Kolasinska, P., Paciorek, M., Wojnowski, W., Dymerski, T., Gebeki, J., Dymnicka, M.,
NAmiesnik, J. (2018). A case study of odour nuisance evaluation in the contect of integrated
urban planning. Journal of Enviroomental Management, 231, 417%424.
https://doi.org/10.1016/j.jenvman.2018.02.086
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Poland by field ofactometry. Chemical Engineering Transaction, 54.
https://doi.org/10.3303/CET1654056

Vieira, M., Guillot, J.M., Filho, P. B., Romai, A. C., Adam, G., Delva, J., Baron, M., Van ELst, T. (2017).
IWA ODOUR 2017.
http://hdl.handle.net/2268/220315

CITIZEN SCIENCE

What is it? (Method description)

The Citizen Science approach to monitoring odour brings together the power of many, using one
of the most effective odour sensors- the human noseg to generate new data sets (impossible to
obtain otherwise) that allow the co-creation of collaborative odour maps in the impact area.
Communities can record the frequency, intensity and type of odour that they experience and
combine the individual observations of many to build a clear picture of the issue. As more
citizens are involved in sharing their findings, or data, the level of subjectivity iseduced. The
analysis of theplausibility of the gathered data canperformed at different level s: 1) At individual
level § To disregard potential fake observations; 2) At collective level g To identify odour
episodes affecting more than one citizen in the same areaat an specific period of time.
Dispersion modelling can be usd to evaluate the potential origins of the perceived odours.

Background

Citizen Science (CS) is a flexible, innovative and effective approach based on the engagement in
scientific processes of people who do not work professionally in the relative field of study.
Giving the citizens the opportunity to observe their environment and share information, CS
projects create scientific knowledge outside institutionalized science, helping to align science
with society, building trust and democratising science CS projects in tie field of environment
have also the potential to inform new environmental policies through the gathered dataas
reflected by the JRC report TAn inventory of citizen science activities for environmental
policiesi from 2018 (https://doi.org/10. 2779/961304), which is the ultimate goal of the D-
NOSESProject.

What can it be used for? (Applicability)

When scientific standards are observed, CS allows to create large datasets and introduce
innovative ideas, fosters the acceptance through transparent proceduresand verifies practical
applicability in the field. It is an effective instrument to deal with complex social issues and
strengthen the research methodology.

Co-creative approaches of CS inalde citizens at early stages of a project and enable the
definition of questions or problems to be addressed, which are relevant for the affected
communities. In the case ofD-NOSES the Extreme Citizen Science modelderived from UCL
(Haklay atal., 2018) has been adapted tofulfil the project objectives. This is a highly inclusive
model that aims to involveall citizens, independently from their literacy levels, their gender, or
their socio-cultural or socio-economic levels,in the research process, from the very definition of
the research question, to data gathering, datanalysis or the cacreation of an action plan.
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CS often includes a wide variety of stakeholders from all areas, such as the public, policy maker
academics, industrial partners and NGOs. Through this inclusivity, CS allows collaborations
without borders and fosters good relationships between citizens, science, governments and
industries, increasing transparency and trust

What can it NOT be used for? (Limitations)

| t d o e dde &tibur gomcentration in oug/m3. Odour concentration is only measured by the
reference method (i.e. dynamic olfactometry according to EN 13725:2003) at emissions

CS is a scientific method with advantages and limitations, like every other approach. The
inclusion of citizens in research can be difficult when the methods require special training or
strenuous work. In addition, individual accuracies ca vary, depending on the difficulty of the
tasks. The element of variation in data collection and analysis done by citizens needs to be
carefully incorporated into the final analysis and interpretation of the data/project.

Also, ethical issues maye taken into account when includingcitizens in CSprojects, especially
in relation to data protection and to the possibility of raising false expectations

Examples of relevant applications

In 2018, Sowka et al. presented the results of field and sociological research aimed at identifying
odour sources and odour nuisance in a selected urban area located in the southepart of
Poland, on whidh many odour emission sources est. Field measurements were carried out
according to the Germanstandard VDI 3940:2006. The measurement points were selected in
the area where complaints were reported. Odour diaries with questions concerning thetype
and source of the odour, the assessment of the degree of odour nuisance in the form of a-so
called thermometer scale, prevailing meteorological conditions and the duration of the 'odour
situation’, were distributed among the inhabitants of the area.The conducted research allowed
the identification of prevalent emission sources and the extent of their impact on the area of the
examined city and community.

In 2019, Eltarkawe and Miller proposed the combination of wind direction and social
participatont o i denti fy odour sources in North Denver
of odour occurrence were collected by a smartphone app, which recorded time, date, location
and description of the odour perceived. The reporting tool provided a list of odur descriptions,
developed based on the odour complaints received byhe Denver Department of Public Health
and Environment received inprevious years. With the aim ofobtaining reproducible results,
randomly selected groups of 25 study participants were subjectedo a sensitivity odour test,
based on the psychophysical methodology of the ascending -Blternative Forced-Choice
met hod, which i nvol sdeudser&itivity teStrkib This tyf# efninvestigatidhs
highlighted most reported odours in the area and allowed the identification of possible
industrial activities responsible for them.

Relevant publications (links)
Balestrini, M., et al. (2017) "A city in common: a framework to orchestrate largescale citizen

engagement around urban issues." Proceedings of the 2017 CHI Conference on Human Factors
in Computing SystemsACM
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Routledge Handbook of Environmental Justice. Abingdon: Routledge, pp. 29308.

Haklay M. (2013) Citizen Science and Volunteered Geographic Information: Overview and
Typology of Participation. In: Sui D., Elwood S., Goodchild M. (eds.) Crowdsourcing Geographic
Knowledge. Springer, Dordrecht.

https://link.springer.com/chapter/10.1007/978 -94-007-4587-2_7

Sowka, I., Miller, U., Bezyk, Y., Nych, A., Grzelka, A., Dabrowski, L. (2018). Applicatibfield
inspection and odour observation diaries in the assessment of air quality and odour in urban
areas. E3S Web of Conferences, 45, INFRAEKO 2018.
https://doi.org/10.1051/e3sconf/201845000 86

CHEMICAL ANALYSIS- WITH SPECIATION

What is it? (Method description)

Chemical analysis (with speciation) can also be applied to ambient air.

Also in this case the analysis consists in the complete identification and quantification of
odorous chemicalcompounds in an odour sample. Different instrumentation can be applied for
this purpose: the main techniqueGas Chromatography coupled with Mass Spectrometry (GC-
MS). GG MS is a technique that combines the separation capability of gas chromatography (GC
with mass spectrometry (MS), which allows for the identification of the separated compounds.
If ambient air is analysed instead of emissions, even more sensitive and powerful tools are
required for odour analysis. For the analysis of ambient air, pre&oncentration of the sample is
needed in most cases.

Background

Since chemical analysiswithGG@MS is an T ol di and consolidated t e
first method that has been applied for odour analysis. However, it cannot be considered as a

method developed specifically for odour measurement, which makes that the type of

information that can be obtained with this kind of analysis may be very accurate, though not

directly related to odour perception.

What can it be used for? (Applicability)

At the receptor level, GGMS can be applied in order to obtain information about the chemical
composition of ambient air. As already mentioned, GEMS allows for the identification and
guantification of complex odour emissions. Identification and quantification of the chemical
compounds that are present in ambient air can be used to evaluate the impact on the
environment and human health.
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What can it NOT be used for? (Limitations)

Chemical analysis can turn out to be very difficult and not always effective, egxially in the
characterization of complex odours. Odours are not additive: inodorous mixtures, synergistic
and masking effects between different odorants may occur, giving that the chemical
composition of anodorous sample camot be related to its odour concentration.

Finally, analytical techniques are not as sensitive as human nose to detect all mdbrous
compounds. Indeed, there are someodorous compounds that have odour threshold
concentrations in the range of ppb (parts per billion) o even ppt (pag per trillion), which are
levels that are hardly detected by instrumental methods. Especially in the case of ambient air
analysis, chemical analysis may be unable to deteotlorous compounds that are present at very
low concentration levels.

Examples ofrelevant applications

In 2017, Bylinsky et al. investigated the capability of two dimensional gas chromatography
coupled with time of flight mass spectrometer and field olfactometry for the characterization of
odour properties of atmospheric air in Gdansk,where a wastewater treatment plant (WWTP)
and an oil refinery are located. The study involved the analysis of five samples collected by
means of absorption tubes in ambient air around oil refinery and WWTPThis investigation
allowed to identify the main pollutant present in the atmosphere in the area adjacent to the
industrial activity. A u t h oepostdsimilar ranges for odour concentrations estimated from
chemical composition and measured by dynamic olfactometry, but no specific correlation is
reported in the paper.

Relevant publications (links)

Bylinsky, H., Kolasinka, P., Dymerski, T., Gebiki, J., Namiesnik, J. (2017). Determination of odour
concentration by TD-GCxGG-TOF-MS and field olfactometry techniques. Manatach Chem,
148, 1651-1659.

https://doi.org/10.1007/s00706 -017-2023-8

CHEMICAL ANALYSIS- SINGLE GASES

What is it? (Method description)

There are some rare cases in which the odour pollution problem is due mainly to a single
compound, such as ammonia or hydrogen sulphide. In such cases, by assessing the concentration
of these single gases in ambient air, it is possible to obtain reliable and good measure of the
odour impact. There are different tools able to detect the concentration of these gases. When
the concentration are quite high (1-10 ppm),it is possible to use electrochemical sensors, which
are easyto-use and cheap. By the way, when ambient air should be measured, the target
concentrations are usually lower than the lower detection value of electrochemical sensors: in
these case more complex and expensive tools are needed, like chemiluminesceraxealyser for
ammonia or gold foil instruments for hydrogen sulphide.

In order to apply this type of analysisit is very important that the measured compound is not
ubiquit ous, but that its source is clearly idetifiable. Just to give a simpleexample, it would be
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nonsense to search forcompounds produced bya combudion plant close to a highway road
since the same compounds are likg to be emitted from car engines, and a chemical analysis
would be unable to distinguish the provenance of the compound.

What can it be used for? (Applicability)

This type of chemical analysis allows the quantification of the concentration of single gasein
ambient air.

In those rare cases in which the emitted odour is directly correlated to one specific compound
(tracer), and if the source of this compound can be univocally identified in a determined area of
study, then the determination of the compound concentration can be used to estimate the odour
impact.

For this purpose, it is necessary that a correlation between the compound concentration and the
odour concentration has been preliminarily assessed.

What can it NOT be used for? (Limitations)

The chemical characterization of single gases is useless in the case of complex odours, which is
unfortunately the most common case.

Moreover, the measurement of one single compound in ambient air is also useless if the
investigated compound is emitted by different sources. In such cases, the quantification of the
component will provide no information about its provenance.

Examples of relevant applications

In 2011, Heaney et al. investigated health and quality of life concerns afieighbours related to

air pollution caused by a landfill. Landfill neighbours were enrolled and kept twicalaily diaries

for 14 days about odour intensity, alteration of daily activities, mood states, and irritant and
other physical symptoms. Concurrently, hydrogen sulphide (H,S) air measirements were

recorded every 15 minutes. Relationships between HS, odour, and health outcomes were
evaluated using conditional fixed effects regression models. Results highlighted that landfill
odour increased 0.63 points (on 5point Likert-type scale) fa every 1 ppb increase in hourly
average HS when the wind was blowing from the landfill towards the community and that

odour was strongly associated with reports of alterations of daily activities or healthy
symptoms.

In 2012, BlanesVidal et al. investigated the association between regional and temporal
variation of ammonia concentration in five Danish nonrurban regions and
environmental odour annoyance perceived by local residents. Nkl concentration was
obtained from air pollution monitoring stations. This study provided evidence that NH;
concentration measured andmodelled as part of the national air quality programs could
be used as proxy of prevalence of odour annoyance in nearban residential
communities.

Relevant publications (links)

Blanes-Vidal, V., Nadimi, E. D., Ellermann, T., Andersen, H. V., Lofstrom, P. (2012). Perceived
annoyance from environmental odours and association with atmospheric ammonia levels in
non-urban residential communities: a crosssectional study. Environ Health, 11, 27.
https://dx.doi.org/10.1186%2F1476 -069X-11-27
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Heaney, C. D., Wing, S., Campbell, R. L., Caldwell, D., Hopkins, B., Richardson, D., Yeatts, K.
(2011). Relation between mabdour, ambient hydrogen sifide and healt in a community
bordering a landfill. Environ Res, 111, 847352.

https://dx.doi.org/10.1016%2Fj.envres.2011.05.021

INSTRUMENTAL ODOUR MONITORING (ENOSEYS)

What is it? (Method description)

An electronic nose, or Enose, is a piece of scientific equipment designed to mimic the
mammalianolfaction in the detection and characterization of simple or complex odours.

These devices allow the identification of mixtures of organicsamples as a whole, providing their
olfactory fingerprint (identifiable to sources that released the mixture), without recognizing the
individual odour-gener ati ng compounds, exactly as the hun
each singleodorant molecule todistinguish the odour of an apple from rotten eggs.

To do this, the instrument must be trained: it must be provided with a database of olfactory
fingerprints relating to the odours to which it may be exposed to during the analysis. That
database is put together by analysing air samples with known olfactory qualities at different
odour concentration and thus defining the olfactory classes ¢dour types) to be recognized.

The e-nose is made up of three different components:

0 a series of chemical sensors which &ct to a wide range of odours (volatile organic
compounds responsible for odours interact with the sensor surface and cause a change
in certain chemical and physical properties);

a sensor signal processing system which organises the information from theessors;

an odour recognition system which compares this information received to a catalogue of

pre-stored datasets (i.e. the training set) to identify the odours detected.

Each odour has a unique hfingerprinttH#@Enosdtmt ed t o
compare and identify each odour detected, in the same way a human nose would first detect an

odour and then process the stimuli and use memory to identify the odour type.

A nice and easy explanation of how an electronic nose works is givem ithis video:
https://youtu.be/3 -IHCkK5faM

O¢ O«

Background

The name Telectronic nosert, which was introduce
comes from a certain parallel of the measurement concept ofhe instrument and that of the

mammalian olfactory system.

What can it be used for? (Applicability)

Electronic noses have the enormous advantage that they can be used for continuous analysis of
ambient air in order to determine the odour impact of industrial activities at the receptor level.
Moreover, in case of multiple sources, enoses allow the identification of the sources that are
most responsible for the perception of odours at receptors through the recognition of odour
provenance.

Electronic noses ae widely used for environmental odour monitoring, since it can create
continuous and fast results with a limited budget.
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What can it NOT be used for? (Limitations)
The electronic nose cannot be used for the determination of the hedonic tone.

Examples ofrelevant applications

The most common application of electronic nose in the environmental field concerns the
assessment of the odour impact directly when the odour presence is lamented.

In 2007, Sironi et al. presentedthe monitoring of odours from composting plants by two
electronic noses, which were installed in a nearby house and inside the perimeter of the
composting plant to compare responses of both instruments. The instruments were trained with
samples collected at odour sources. Samples were chatterized by dynamic olfactometry and,
depending on their odour concentration, diluted with odourless air with the aim toprovide the
instruments odour concentrations to which they might be exposed during the monitoring. The
odour impact was assessed in tens of frequency of landfill odours detection by the electronic
nose over the monitoring period.

In 2017, Deshmukh et al. investigated the reatime measurement of municipal solid waste
odours using both electronic nose and chemicainalyserswith the aim to develop mathematical
models to predict odour concentration. The samples collected at major odour sources over a
period of 50 days were processed by Principal Component Analysis (PCA) to build the
classification model and by Monte Carlo simulation and Milti Linear Regression (MLR) to build
the correlation for estimating odour concentration.

In 2018, Licen et al. presented the enose monitoring of an integrated cycle steel plant in Trieste
(Italy) and discussed the building of a classification model by nams of chemometric approach
based on Self Organizing Maps (SOM). The study involved arm®se equipped with 4 MOS
(Metal Oxide Sensor) and 15 polymer/black carbon composite sensors and chemical nitrogen
and sulphur sensors, which was trained considering ambient air samplescellct ed af t er
calls and olfactometric characterization.

In 2018, Orzi et al. proposed the adoption of electronic noses for the assessment of the odour
impact of untreated cow and pig slurries and treated (digestate and liquid fraction of digestate)
manures when they were used on soil at field scale. The study involved the analysis by means of
dynamic olfactometry and PEN3 electronic nose, equipped with 10 MOS sensors, of samples
collected by means of a flux chamber both under lab conditions and inhe field, and the
comparison of results with the aim to investigate the effect of anaerobic digestion on odour
emissions. The enose analysis highlighted that anaerobic digestion stabilizes slurries and
reduces the variability among different matrices, independently of their origin.

Relevant publications (links)
Capelli, L., Sironi, S., & Del Rosso, R. (2014). Electronic noses for environmental monitoring

applications. Sensors, 14(11), 1997920007.
htt ps://doi.org/10.3390/s141119979

Deshmukh, S., Purohit, H. JVaidaya, A. N., Romain, A. C. (2017). MSW odour quantification
using electronic nose and chemicahnalysers, relative exploration of prediction capabilities and
robust model development.017 ISOCS/IEEE International Symposium on Olfaction and
Electronic Nose (ISOEN), Montreal, QC, 2017, pp.-B.
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http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumb er=7968853&isnumber=7968838

Licen, S., Barbieri, G., Fabbris, A., Briguglio, S. C., Pillon, A., Stel, F., Barbieri, P. (2018). Odour
control map: Self organizing map built from electronic nose signals and integrated by different
instrumental and sensorid data to obtain an assessment tool for real environmental scenarios.
Sensor and Actuators (B), 263, 476485.

https://doi.org./10.1016/j.snb.2018.02.144

Or zi , V., Ri va, z@no,G., Bambogd, k., &dani,B.. (2018p Ahkheropiodigestion
coupled with digestate injection reduced odour emissions from soil during manure distribution.
Science of Total Environment, 621, 168176.

https://doi.org/10.1016/j.scitotenv.2017.11.249

Sironi, S., Capelli, L., Centola, P., Del Rosso, R., & Grande, M. I. (2007). Continuous monitoring of
odours from a composting plant using electronic noses. Waste Management, 27(3), 38%97.
https://doi.org/10.1016/j.wasman.2006.01.029

The above mentioned methods are based on different principles and thus can be used to provide
very different type of answers. For this reason, it is difficult to make a comparison of such
methods. A limited comparison can be provided by stating the limits of applicability of each
method, fixing clearly what they should or should not be used for. This type of informaon,

which will be provided in the Odour Observatory, is summarized schematically in Table 1. This

Table has been added to the paper T Odour | mpact
Observatory as an Informative Tool for Citizen Science Based Approache to Odour
Managementi by Laura Capelli, Rosa Ari as, Jose

Conference SARDINIA19, 17th International Waste Management and Landfill Symposium, 30
September-04 October 2019, Santa Margherita di Pula, Italy.

Applicable
Measurement  to emissions R o
method or ambient Applicability Limitations
air
0 Non-continuous monitoring of
0 Measure the concentration of odour emissions (discontinuous
odours emitted at the source method)
0 Ascertain if regulations are being 0 No information about odour quality;
Dynamic Emissions breached it cannot identify odours or
olfactometry 0 Provide information that can be distinguish different odours
used as inputdata for dispersion 0 No information about presence of
modelling in order to evaluate odours in ambient air (immissions): it
citizens®odwsposu only provides information about

odour emissions

44


http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7968853&isnumber=7968838
https://doi.org./10.1016/j.snb.2018.02.144
https://doi.org/10.1016/j.scitotenv.2017.11.249
https://doi.org/10.1016/j.wasman.2006.01.029

Obtain information about the
chemical composition of odours
Identification and quantif ication of

Very difficult and not always
effective, especially in the
characterization of complex odours
Odours are not additive due to
synergistic and masking effects

g::l?slicseg with Emissiqns ar?d/ the chemical compounds t_hat ar(_e betweer_1 pdorants, thus chemical
speciation or ambient air pres_ent in an odour emission or in composition of anodprous sample
ambient air can be used for the cannot be related to its odour
evaluation of the impact on the concentration
environment and human health Less sensitive than human nose for
malodorous compounds with low
odour threshold
Gain information about the odour
character associated with the No information about the odour
different molecules contained in concentration of the sample.
an odour sample, and thus odour Because of the separation of the
Gas quality sample in its single componentsthe
chromatography- . High sensitivity: human nose is olfactory properties of the sample as
Emissions o .
Olfactometry more sensitive than an a whole are not considered.
(GC-0) instrum ental detector; the human Cannot provide information about
nose is sometimes able to detect the odour impact, and neither can it
the presence of odours also where be used directly as input for
the chromatogranm dispersion modelling
any peak
Detection of gas leaks, which are
potentially associated with diffuse
Chemical odour emissions . .
! - . . No information about the odour
analysisg non- Emissions Very useful in the detection of .
i 2. L . properties of the analysedgas
specific fugitive emissions from equipment
or piping in refineries, or leaks in
landfill soils
Quantify the concentration of
single gases in emissions or
ambient air Useless in the case of complex
Estimate the odour concentration odorous mixtures, whereby odour
in emissions, in those rare cases in concentration is not related to the
Chemical which the emitted odour is directly concentration of one single

analysisg single
gases

Emissions and/
or ambient air

correlated to one specific
compound (tracer)

Measure the impact of odour in
ambient air, in those rare cases in
which the odour is directly
correlated to one specific
compound (tracer), and the source
can be univocally identified

component; this is the most common
case, since environmental odours
are mixtures of hundreds of

different compounds.

No information about the
composition of complex mixtures

Instrumental
odour monitoring
(E-noses)

Emissions and/
or ambient air

Continuous and fast results with a
limited budget

Continuous measurement of
odour concentration at emissions,
e.g.for continuous monitoring of
odour abatement systems
efficiency

Direct determination of the odour
impact at receptors andpotential
identification of odour provenance

No information about intensity and
pleasantness of the odour

Cannot substitute dynamic
olfactometry

Field inspections

Ambient air

Estimate the degree of annoyance
intermsof T odour ho
determined problematic area
(Tgrid methodT7)
Determine the extent of the odour
plume from a facility under specific
meteorol ogi cal c
met hodT)

With a suitable training, assessors

No information about odour
concentration
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may provide information about
odour quality

0 Involve citizens in the process of
odour impact assessment

0 Estimate the degree of annoyance

by directly referring to the effect

on citizens

Provide new, reattime data sets

that can be potentially correlated

to daily industrial operations to

reduce the impact on the

population

0 Increase dialogue between the

different stakeholders

Risk of biased information
Hardly applicable in conflictual
situations (e.g., law suits)

O¢ O¢

Citizen science Ambient air

Table 1: Schematization of different odour measurement methods in terms of their applicability and limitations
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3
ODOUR ABATEMENT
TECHNIQUES

This section provides an overview of the methods that can be
adopted in order to reduce odour emissions and their impact on
communities. Brief descriptions of the methods are given,
thereby focusing on their applicability to different types of odour
emissions.

3.1 Introduction

There are several methods available tocontrol odours - all with a variety of advantages,
disadvantages and degrees of coseffectiveness (Mills, 1995).

Some of the methods that are most commonly applied for controlling odour emissions include:
Prevention

Biofiltration

Activated carbon

Wet chemical scrubbing

Thermal oxidation

O¢ O¢ O¢ O¢ Ox

There is not a univocal rule to choose the best odour control strategy, but, in general, since
prevention is better than cure, prevention is by far the best strategy for odour control, if it can
be implemented. In some cass it may cost more than other, enebf-pipe abatement techniques,
but normally it has the advantage of leading to a better process control and operation, and an
improved working environment (Mills, 1995).

Odour sources are typically classified into:

0 conveyed sources (or point sources): emission sources ofodorous gases through
canalised ducts of defined dimension and flow rate (e.g., chimneys, vents)

diffuse sources: generically not conveyed sources, which do not have a defined waste air
flow, whereby the emission of odours occurs by diffusion/ convection fromodorous

O«

surfaces exposed to the atmosphere (Tarea

sourcesTi), or fr eanighgducs ol equipkent (Figure 8. n o n
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Figure 8: Examples of difeiedour sources

Odour abatement systems are typically applied to conveyed emissions, whereas for diffuse
emissions, in absence of a defined air flow, traditional abatement equipment is not applicable. In
the case of diffuse sources, odour emissions can kavoided by prevention, or other particular
odour control strategies can be applied, as will be described in the last part of this document.

In general,odour abatement technologies can be divided in the following categories, depending
on the type of process that is at the base of the abatement process:

0 physical
0 chemical
0 biological

Physical/chemical technologies have been widely used because of their low empty bed
residence time (EBRT), extensive experience in design and operation, and rapid startup. Oreth
other hand, biotechnologies have been marketed as lovwcost, environmentally friendly odour
abatement methods (Estrada et al., 2011).

Table 2 reports an exhaustive list of different existing technologies (some more consolidated,

other rather innovative) for odour abatement, belonging to the three above-mentioned
categories.
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Typology Abatement method Source type
Physical Dry-Adsorption Systems (Activated carbon and other adsorbers) Conveyed

Thermal Oxidizers (Direct, Recuperative, Regenerative, Conveyed
Catalytic)
Flares Conveyed
Cold plasma Conveyed
UV light Conveyed
Dispersion improvement (Conveying, flow Conveyed/
acceleration/verticalization, stack height increase) diffuse
Covers (for surfaces) Diffuse
Chemical Chemical scrubbers Conveyed
Ozonization Conveyed
Maskers/Neutralizers Conveyed/
diffuse
Biological Biofilters (open and closed) Conveyed
Suspendedgrowth bioreactors Conveyed
Bioscrubbers Conveyed
Biotrickling filters Conveyed
Rotating biological contactor Conveyed
Membrane bioreactors Conveyed
Air-lift bioreactor Conveyed
Two-liquid phase bioreactors Conveyed

Table 2: List of existing odour abatement technologies

In recent years, the European Integrated Pollution Prevention & Control (IPPC) Bureau has
done agreat effort in drafting a reference document regarding the Best Available Techniques
(BAT) for waste water and waste gas treatment in the chemical sector. This document is very
exhaustive, and covers all ugto-date technologies existing for the control and abatement of
odours and VOC emissions (it comprises specific sections dedicated to odour emissions). For

this reason, the present report was compil ed b
Techniques (BAT) Reference Document for Common Waste Waterand Waste Gas
Treatment/Management Systems in the Chemical Sectdr, dated June 2016), as

This document is openaccess and can be downloaded at the following website:
https://ec.europa.eul/jrc/en/publication/eur -scientific-and-technical-research-reports/best -
available-techniques-bat-reference-document-common-waste-water -and-waste-gas
Descriptions of the different techniques have been taken mainly from this European reference
document, which refers to the abatement of VOCs and other pollutants, and readapted to the
specific case of odour emissions.

Information about the different techniques have been further integrated with the data that can
be found in the free-accessible database made available by the Belgian company Vito at:
https://emis.vito.be/en/luss -0

The website provides decision guidance system (LUSS) that can help in the initial screening of
possible techniques for the treatment of industrial waste gas streams. The decision guidance
system itself can only be consulted in Dutch, but the technical descriptins of the techniques are
available in English as well.

Methods for the prevention/ reduction are described in detail in Section 3.5.4 of the
aforementioned BAT Reference Document (BREF) for Common Waste Water and Waste Gas
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Treatment/ Management Systems inthe Chemical Sector, and will therefore not be discussed
further in the present report.

3.2 End-of-pipe treatment techniques

OVERVIEW OF ODOUR ABATEMENT TECHNOLOGIES

As previously mentioned, endof-pipe technologies are those applicable to conveyeddour
emission sources.

Very high abatement efficiencies are required for the treatment of odorous emissions as
humans are sensitive to very low concentrations of certainodorous substances.

There are a number of parameters to consider for selecting treatrent techniques to minimise
odour emissions:

the flow rate of the odorous emissions;

the concentration of the odorous pollutant(s);

the physical and chemical properties of theodorous molecules, such as solubility, acidity,
basicity, polarity, adsorbability, biodegradability;

the efficiency of the techniques to abate the targeted odorous pollutants and the
variability over time of this abatement efficiency (especially when catalysts are used);
the generation of secondary pollutants;

the energy consumption ofthe techniques;

the technical limits/restrictions for the use of the techniques (e.g. temperature,
maximum pollutants concentration, moisture content);

the space requirements of the techniques;

the operation and maintenance requirements of the techniques;

the costs of the techniques.

O¢ O¢ O« O« O¢ O« O« O« O¢ O«

These are the main enebf-pipe treatment techniques among those listed by the BREF for
Common Waste Water and Waste Gas Treatment/Management Systems in the Chemical
Sector, in the section dedicated specifically to odour emissins (Section 3.5.5), which will
therefore be described more in detail in the next paragraphs:

0 Adsorption =

0 Thermal oxidation

0 Catalytic oxidation —  Physical

0 lonisation

0 Photo/UV oxidation

0 Wet scrubbers :— Chemical
0 Biofiltration

0 Bioscrubbing —  Biological
0 Biotrickling |
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ADSORPTION

Descripti on

Adsorption is a heterogeneous reaction in which gas molecules are retained on a solid or liquid
surface (adsorbent also referred to as a molecular sieve) that prefers specific compounds to
others and thus removes them from effluent streams. When the suiace has adsorbed as much
as it can, the adsorbed content is desorbed as part of the regeneration of the adsorbent. When
desorbed, the contaminants are usually at a higher concentration and can either be recovered

or disposed of.

Typical adsorbents includce (EIPPCB; 2016):
0 granular activated carbon (GAC), the most common adsorbent with a wide efficiency
range and not restricted to polar or non-polar compounds; GAC can be impregnated, e.g.
with oxidants such as potassium permanganate;

0 zeolites, properties depending on their manufacturing, working either as mere
molecular sieves, selective ion exchangers or hydrophobic VOC adsorbers;

0 macroporous polymer particles, which are used as granules or beads, without being
highly selective with respect to VOCs;

0 silicagel;

0 sodium-aluminium silicates.

Major types of adsorption systems are:

0 fixed-bed adsorption;

fluidised-bed adsorption;
continuous moving-bed adsorption;
pressure swing adsorption (PSA).

O« O« O« O

The most common adsorption systems for odour control are fixeebeds (Figure 10).
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Active carbon adsorption
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Figure 9: Diagram of active carbon adsorption system
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Figure 10: Examples of fixed bed columns: in series (left) and in parallel (right)
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Design, maintenance and efficiency

Since all adsorption processes are exothermic, they causa temperature rise, which is not
desirable for the adsorption of organic compounds. Carbon or metals on GAC as well as zeolites
can catalyse the oxidation of some compounds when the adsorbent is hot, resulting in bed fires
that also consume part or all othe GAC, but not the zeolite. This is a hazard when adsorbing
certain hydrocarbons (such as ketones or comparable active compounds) at ambient
temperatures that are close to those that cause the organic compound to oxidise. Such a GAC
bed fire can eitheralter the pore size of the remainder of the bed, or oxidise the bed to ash, which
is a serious incident that may burn down the whole facility. These fires may be suppressed by
humidification of the air and by intentional cooling of the GAC.

Temperature monitoring of the gas outlet of the GAC adsorber is required to prevent fire risk.
Another important measurement is the pressure drop across the adsorbent bed. Across the bed,
the pressure should remain roughly constant. There should be an alarm for high presre.

Applicability
Table 3 shows application limits and restrictions associated with adsorption (adapted from
EIPPCB, 2016, Table 3.166).

Issue GAC Zeolites
Gas flow (Nn/h) 100-100000 <100000
Temperature (°C) 15-80 (ideally about 20) <250
Pressure MPa) 0.1-2 Atmospheric
Pressure drop (mbar) 10to 50 NI
Odour concentration (oug/m?) 5000 - 100000 NI
Low concentration

Low concentration to

3
Dust content (mg/Nm?>) prevent obstruction to prevgnt
obstruction
Relative humidity of the waste max 70% NI

gas
NI = no information available
Table 3: Application limits and restrictions associated with adsorption

Description

Thermal oxidation (also often referred to as 'incineration’, 'thermal incineration' or 'oxidative
combustion’) is the oxidation process of combustible gases anddorants in a waste gas stream
by heating a mixture of contaminants with air or oxygen above itsauto ignition point in a
combustion chamber and maintaining it at a high temperature for sufficient time to complete
combustion to carbon dioxide and water.

After thermal oxidation, the main constituents of the treated waste gas are water vapour,
nitrogen, carbon dioxide and oxygen. Depending on the pollutant content of the raw waste gas
being incinerated and on the opeating conditions of the thermal oxidiser, other pollutants may
be present in the treated waste gas such as CO, HCI, HF, HBr, HI, NOSQ, VOCs,
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PCDDs/PCDFs, PCBs, and heavy metal compounds (among others). It may require upstream
treatment depending on the raw waste gas composition or additional downstream treatment of
the treated waste gas. Depending on the combustion temperatures during the main stages of
incineration, volatile heavy metals and inorganic compounds (e.g. salts) are totally or partially
evaporated. These substances are transferred from the input waste to both the treated waste
gas and the fly ash it contains. A mineral residue fly ash (dust) and heavier solid ash (bottom ash)
are created.

Time, temperature (about 200§400 °C above autoignition), turbulence (for mixing) and the
availability of oxygen all affect the rate and efficiency of the combustion process. These factors
provide the basic design parameters for VOC/ odour oxidation systems.

Several types of thermal oxidisers are operated:
0 The straight thermal oxidiser , comprised of a combustion chamber and not including
any heat recovery of flue-gas.
0 Theregenerative thermal oxidiser , using the following steps:

0 waste gas stream entering the oxidiser through the common inlet and passing
into a regenerative chamber through a butterfly valve;

o then passing through a ceramic heat exchange matrix, which raises the gas
temperature almost to oxidation temperature;

o then entering the combustion chamber, which is maintained at 801000 °C by
burners, the released heat decreasing the fuel consumption of the burners;

o then leaving the combustion chamber through a second ceramic heat exchanger
matrix, transferring its thermal energy to be reused for preheating the next
cycle;

o0 releasing the clean gas streanthrough an outlet valve to discharge.

Due to the relatively high combustion space temperature, the large excess of air and the small
influence of the flame, only small amounts of carbon monoxide and Ngare formed.

This system is particularly suitable forwaste gas streams with flow rates in the range of ®00g
10,000 Nm3/h. Generally, 90997% heat recovery (waste gas preheating) is achieved.
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Regenerative Thermal Oxidizer
Airflow Diagram
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Figure 11: Scheme of a regenerative thermal oxidizer

0 Therecuperative thermal oxidiser , comprised of a combustion hamber, the waste gas
preheater and, if appropriate, a secondary energy recovery heat exchanger, the heat
continuously transferred to the preheater. This system is particularly suitable for waste

gas stream flow rates in the range of 100950000 Nm?®/h. Generally, 50980% heat
recovery is achieved.

Thermal Recuperative Oxidizer
Airflow Diagram

Figure 12: Scheme of a recuperative thermal oxidizer

0 Gas engines and/or steam boilers with 5767% energy recovery. The waste gas is burnt
in the engine. The concentration of the inlet gas has to be controlledotensure that it is
burnt efficiently in the engine. If necessary, natural gas can be added as support fuel or
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the waste stream may need to be diluted. Downstream generators produce electricity.
The engine contains a catalytic converter, principally to oxilise the carbon monoxide in
the gas stream. The engine is coupled with a steam boiler to use the waste heat of the
flue-gas for the production of steam. The boiler feed water is preheated by the engine
cooling water. With low combustion temperatures, the formation of NOx is low. The
flue-gas leaving the gas engine is led over oxidation catalysts to reduce the carbon
monoxide content.

Design, maintenance and efficiency

The design criteria for a thermal oxidiser system depend mainly on the nature of the wastgas
stream (i.e. chemical and physical characteristics such as particle size, composition, and also
thermal characteristics such as calorific value and moisture level), which determines the
combustion conditions.

Thermal oxidisers should be inspected rgularly and, if necessary, cleaned to maintain good
performance and efficiency. When excess depositions occur, preventive actions have to be

taken by cleaning the incoming gas before it enters the oxidiser.

Monitored parameters which should trigger an alam when set values are exceeded include:

0 combustion temperature;

0 concentration of VOCs;

0 concentration of carbon monoxide;
0 pressure;

0 feed of liquefied gas;

0 feed of compressed air.
A further important parameter to monitor is the oxygen content of the effluent gas, which
provides information about the combustion conditions. This is crucial when halogen compounds
are thermally oxidised.

Applicability
Table 4 shows application limits and restrictions associated with thermal oxidation (adapted
from EIPPCB, 2016,Table 3.204).

Issue Limits/ restrictions
900-86000 (straight and regenerative oxidiser)

Gas flow (Nn¥/h) 90-86000 (recuperative thermal oxidiser)
Temperature (°C) 900-1200

Pressure Atmospheric

Pressure drop (mbar) 10-50

Particulates content (mg/Nm3) <3

Residence time (s) 0.5-2

Table 4: Application limits and restrictions associated with thermal oxidation
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CATALYTIC OXIDATION

Description

Catalytic oxidisers operate in a very similar way to thermal oxidisers, with the main difference
being that the gas, after passing through the flame area, passes through a catalyst bed. The
catalyst has the effect of increasing the oxidation reaction rate, enabling conversion at lower
reaction temperatures than in thermal oxidation units. Catalysts, therefore, alsoallow smaller
oxidisers to be used. The principle is illustrated in Figure 13.

Recuperative catalytic oxidation

Catalytic oxidation Raw gas

Raw gas

Fan Catalyst

8
&
S
5 .
Bumer | % : )  Clean air
) X Bumer
&

Combustion chamber Combustion chamber

j Clean gas

Heat exchanger

Catalyst

Figure 13: Principle of catalytic oxidation (left) and catalytic oxidation with heat recovery (right)

The waste gas is heated by auxiliary burners to approximately 30§500 °C before entering the
catalyst bed. The maximum design waste gas temperature of the catalyst is typically 5700
°C. There are lowtemperature catalysts that work at temperatures of 200§250 °C.

The method of contacting the gas stream with the catalyst erves to distinguish catalytic
oxidation systems. Both fixed-bed and fluidised-bed systems are used.

Catalysts for VOC oxidation are typically either precious metals, such as platinum, palladium
and rhodium, supported on ceramic or metal, or base metalsupported on ceramic pellets, single
or mixed metal oxides, often supported by a mechanically strong carrier, such as oxides of
copper, chromium, manganese, nickel, cobalt, etc. Platinwinased catalysts are active for the
oxidation of sulphur-containing VOCs, whereas they are rapidly deactivated by the presence of
chlorine.

The presence of catalyst poisons or masking (blinding) agents in the waste gas stream, such as
particulates or reactive chemicals, can have a significant impact on the working life of the
catalyst. Poisoning by blinding can be reversible, e.g. coating of the catalyst surface by oils or
fats reduces its efficiency but the coating can be burnt off by raising the temperature. However,

if certain chemicals are present, the poisoning of the catlyst becomes irreversible.

As with thermal oxidation, straight catalytic oxidisers, regenerative catalytic oxidisers and
recuperative catalytic oxidisers are used.

Normal operating conditions for catalytic oxidisers include:
0 natural gas as the preferredfuel (when additional fuel is needed);

0 adistributed burner as a suitable burner;
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chambers constructed of stainless steel or carbon steel;

a burner section with a sufficient length to provide an even flow and temperature
distribution across the catalyst surface;

flat flow profile across the catalyst surface;

waste gas moving through the catalyst bed in 'plug flow" with minimum back mixing;

a typical residence time of 0.3)0.5 seconds.

O« O¢ O« O«

As with thermal oxidation, some waste gas prereatment can be necessarysuch as condensing
the water vapour from a wet waste gas, the removal of solids and liquids angltypical for the
catalytic system ¢ the removal of catalyst poisons.

Design, maintenance and efficiency
The catalytic oxidation should be designed in such avay as to facilitate the removal of the
catalyst for cleaning or replacement purposes.

Catalytic oxidisers should be inspected regularly, and, if necessary, cleaned to maintain good
performance and efficiency. When excess depositions occur, preventive ans should be taken
by (partially) cleaning the incoming gas before it enters the oxidiser.

The catalyst bed temperature, the pressure drop across the catalyst bed, the combustion
temperature and the carbon monoxide and oxygen content of the effluent gastream should be
monitored to maintain optimal combustion conditions.

Catalytic oxidation is most suited to systems with lower waste gas volumes, when there is little
variation in the type and concentration of VOCs, and where catalyst poisons or other foling
contaminants are not present.

Applicability
Catalytic oxidation is mainly used for the removal of VOC from solvent evaporation.
Implementation examples are:

0 Bulk-loading fuel stations;

0 Production of organic chemicals;

0 Production of rubber and polymers;

0 Resin production;

0 Application and drying of solvent-laden coatings.

Table 5 shows application limits and restrictions associated with catalytic oxidation (adapted
from EIPPCB, 2016, Table 3.209).

Issue Limits/ restrictions
1200-90000 (straight and regenerative cat. oxidiser)
Gas flow (Nn/h) 90-90000 (recuperative catalytic oxidiser)
300-500 before the catalyst
500-700 after the catalyst

Temperature (°C)

Pressure Atmospheric
Pressure drop (mbar) 10-50
Particulates content (mg/Nm?) <3
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Residence time (s) 0.3-0.5 (dependent on catalyst bed volume)
Table 5: Application limits and restrictions associated with catalytic oxidation

IONISATION

Description

In ionisation (also referred to as direct cold plasma technique), the air or the incoming gas flow
is led through a reaction chamber where it is submitted to a very strong electrical field (2§30
kV) generated by electrodes, causing ions, free electrons, radicals and other highly reactive
particles to be formed. However, no notable rise in temperature &kes place. The highly reactive
compounds cause the decomposition and (partial) oxidation of the pollutants present in the
incoming gas. The most active particles in this process are the N, O and OH radicals. They are
formed of nitrogen (N2), oxygen (Q) and water (H2O). With direct treatment, the removal of
organic chemicals is possible. In the case of injection of an ionised air stream, a modification of
the odour molecules occurs and, to a lesser extent, a removal of the organic load.

Figure 14: Diagra of anionisation system

The decomposition of VOCs can generate emissions of GOH,O,, CO, NG, etc. which can be
treated using a catalyst system.

Ozone created in the electrical field is a side product. If it is not completely reacted it leads to
ozoneemissions. Ozone has a distinctive smell and can be harmful in high concentrations. Under
normal atmospheric conditions, ozone is quickly transformed into oxygen. When placing a
catalyst in series after the ioniser, the ozone is completely removed. In ingstrial applications,
the ozone emission stays below one ppm.

Waste water is emitted as a small quantity of drainage water.

Design, maintenance and efficiency

The maintenance is minimal. If the unit is used to abate odour, a 'wagtown' once a week may
be needed and an internal inspection once a month would be recommended.

Voltage is the main parameter that is to be monitored.

59


































































