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'ABSTRACT

After reviewing the current situation with regard to the assessment of

odour nuisance, the development of a new approach is presented.

Descriptions are given of the new techniqueszwhich have been developed
for quantifying odour intensity, concentration, hedonic tone and
annoyance.  Statistical analyses of laﬁoratory and field test data
collected using these techniques provided mathematical re]atibnships
for the ;ssembly' of the odour nuisance assessment model. .The nuisance
criteria adopted was derivéd from various guidelines and standards from
fhe U.S.>_and Europe. For comp1etenéss an atmospherit dispersion model
was developed for estimating the behaviour of odours downwind of the
‘ source;_ This made it possible to assess the probabi]jty of an odour

nuisance occurring, using any one of a number of different points - of

knowledge, e.g. existing or future situations.

The assessment method has been tested against independent historical
‘data and been demonstrated to be an effective tool in predicting odour

nuisance with a consistency better than any existing method.

A listing dis provided for a computer program to enable the user to

app1y the model both quickly and effethve]y. e
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ABBREVIATIONS AND SYMBOLS

butano] abreviation for butan-1-o1 (CH3(CH»2)30H), otherwise known

as 1-butanol, n-butanol or butyl alcohol

cm centimetres
cmé square centimetres
d/¢ : © concentration ratio with reference  to- the threshold of.

complaints

d/qg concentration ratio with reference to the threshold of

odour detection

d/p concentration ratio with reference to the threshold of

odour recognition

}D/T dilutions to detéction threého]d_
}ECI‘  effectfve‘cont1nU9us intensity
g/m3 ~ grams per cubic metre

g/s | bgréms per ;econd

id “internal diameter



1 litres

169 ]ogarithm to basg 10
']/min ' 1itfes berminute
LTF o long term frequency
m o met res
mg/m3 . milligrams per cubicbmetre
ml  millilitres
ﬁ]/]- o miT]i]ffres pér litre
ml/min | millilitres per minute
m2 | | square metres’
mm . mi]]fmetrésv -
m3/s ~ cubic metres per éécohd
_km/s L ,fmefres péF seconqk
':n | | number of ' obééfvationé or psychophysiéal paraméter:

. dépending upon context



nm nanometres

NWA | numerjcé]]y weighted avér&ge annoyance
NWI numerically weighted averagé intensity
ppmy parﬁé per mj11ion b& volume
yal _ percentage ofA observations greater than odour detection
threshold | _
i
R - ;orre]ation cogf%icient
- RZ | e*p]ained yariance
RES.SD residua] standard deviatiOﬁ of statistical re]ationship
.SD' standard‘deviation of data samp]e;‘
SE - standard efroh bf estimate‘
Sg‘ 5 standard; : géometric | déviation, ~of  a concentrétion

distribution
STF short term frequency

'oy_" standard deviatidn of crosswindv direction of the plume

- concentration



~ UNEP

WSL

standard  deviation in the vertical of the plume

concentration

~standard deviation of puff diffusion in crosswind direction

Vstandard deviation of puff diffusion in vertical direction

standard deviation of centroid diffusion in  crosswind

direction

H

standard ~ deviation ‘of centroid diffusion in fventica]

direction

United Nations Environment Progfammé
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1.1.

GENERAL INTRODUCTION

Introduction

Atmospheric pollution due to human activity has become one of
the significant environmental health problems of our time. The
rise in mortality and morbidity from this cause is demonstrated
by the UK National Society for Clean Air (1978) which 1lists

notable air pollution events and the effects on health.

Health  hazards associated with air pollution have been
investigated since Victorian times and a vast body of knowledge
has been "assembled on the subject, e.g. by the UK Health and
Safety Executive (1985) and = United Nations Envifonmenta]
Programme (1979). Whilst not every hazard is understood or even
identified, our knowledge is far in advance of that related to
annoyance reactions produced by air pollution. Although people
have always been concerned about odours even from the earliest
times, as 1is evident by the development of perfumes, the
workings of the human nose are the 1least understood of our

senses (Ludel 1979).

A number of surveys in the United Kingdom by Department of
Environment (1974) and Institution of Environmental Health
Officers (1982), and in the United States by Flesh (1975) and

National Research Council (1979) - have been conducted to

1.1



identify the most common Sources of odour. Tables 1.1 and 1.2

from Artis (1984) show that there is a wide range of industrial

and rural activities that give rise to complaint.

Public concern over the years has resulted in legislation being
enacted to control odour annoyance, both Leonardos (1974) and
Artis (1984) give comprehensive reviews. There have also been
significant technical advances reported by Warren Spring
Laboratory in collecting, destroying, neutralising or masking
odours (Anon 1980). However, our knowledge on assessment
(Cheremisinoff  1975), which is the key to determining if
complaints are justified and how much control is necessary, is
very scanty in comparison to, say, dealing with a noise

nuisance, another key environmental problem of our times.

One of the main problems of developing techniques to assess
odour annoyance is our Tlack of detaf]ed knowledge about the
physiological mechanism of odour perception (Ludel) op. cit.
The aim of this study was to establish a criterion or af least a
method of assessing odours with respect to nuisance which is
better than the system currently employed. The following study
reviews the current situation and discusses possible
approaches. The research then describes a new method of
assessing odour nuisance which 1is tested against independent

empirical data.

1.2
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Table 1.1. Sources of odour emissions (cont'd)

47 Aluminium can 1 6
manufacture

48 Burning wood wastes con- 1 4
taining “formica” offcuts

49 Galvanising

50 Lead works

. 31 Trade refuse

52 Cooking of food

53 Drum/container cleaning

54 Electroplating

55 Resin manufacturing
industry

56 Roofing contractors/melt-
ing of bitumen

57 Stove enamelling

58 Farm sileage

39 Fumes from central heating
system

60 Metal recovery (copper 1 — 1
wire) '

61 Blast furnaces

62 Brickworks

63 Colliery spoil heap

64 Coke ovens

65 Donkey stables

67 Expanded foam
manufacture :

68 Mushroom farm/manufac- 2 some . some
ture  of  mushroom
compost

69 Railways

70 Radiator manufacture

71 Straw burning after harvest

72 Miscellaneous

— ) e e ()
w (98]

[§S)
—t

N NIV WO W
ey

0D e
[ O ey

few few -
few few

few few
some some
few few

bk b ek

1.
7
1
1

L e s Y
SCcoc

*Source No. 16 In addition regular complaints received through
the Area Residents Committee.

tSource No. 53 In addition complaints described as “numerous”
received by one local authority.
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Table 1.2. 0Odour Sources Affecting the Most Local Authorities

Source of Odour Number of % of those
' ‘ ' local au- local au-
thorities thoritics
having en-  which took
countered part in the
the odour'  survey
1. Manure spreading 42 - 65%
2. Intensive pig and poultry 38 58%
farms S
3. Chemical plants 35 54%
4. Animal by-product 26 40%
plants ' :
5. Foundries - 26 40%
6. Refuse tips 24 37%
7. Food processing plants 23 35%
8. Offensive trades 16 25%
9. Animal feed 14 . 226
manufacturers
10. Paint spraying/baking/ . 14 22%
curing® . - -

A survey of this type, whilst useful to illustrate the extent
of the odour problem in England does not, however, give
an accurate picture and may even underestimate the prob-
lem, as it is apparent that in many cases the public, for
various reasons do not complain. Often people become
accustomed to odours especially those arising from works
which have operated in a particular vicinity for a long time.
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2. GENERAL PRINCIPLES

2.1. Definitions and Terminology

In order to be

introduce certain

Acceptability

Annoyance

Concentration

quotient z

able to discuss odours it 1is necessary to

technical terms and definitions.

The scale of judgements with positive response
(acceptance or pleasure or liking) at the one
extreme and a negative response (non-
acceptance, displeasure or rejection) at the
other extreme. The position on the scale at
which a given stimulus is placed may differ
with different individuals, his condition,
environment, attitudes, experience, etc. (Anon
1970).

Annoyance involves a negative factor for the
individuals comfort and well being (Johnson
1984).

Non-dimensional ratio of the odorant concen-
tration (c) and the detection threshold
concentration (Cd) (the concentration at which

50% of people can just detect the smell).
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i.e. 2 =2C

Cd E2.1

However, since

Concentration (C) = mass odorant (M) E2.2

volume of odorant (v)

and (Cd) = mass of odorant (M) E2.3

volume of sample diluted to threshold (Vd)
then

=V E2.4

Thus the concentration quotient is also equal
to the non-dimensional ratio of the number of
times a volume of odorous air must be diluted
with non-odorous air before 50% of people can
just detect the smell. Sometimes expressed as
dilutions to threshold (D/T) (Anon 1970,
Johnson 1984) op. cit.

In this thesis a distinction is made between
which threshold (see below for aefinition).
For example d/d is used to denote the
concentration ratio with reference to the
detection threshold. d/r is used to denote

the concentration ratio with reference to the
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Duration of

odour

ECI

Frequency of

occurrence

Hedonic tone

recognition threshold. The odour
concentration is sometimes expressed as odour
units (m3)/m3 or odour units (ft3)/ft3. This
is identical to the concentration quotent.

The duration of an odour is expressed in units
of time and is often related to the long-term
frequency, e.g. for 45 minutes twice per day.
Effective continuous intensity (see
Section 8.2 for derivation).

It is convenient to consider the frequency 6f
occurrence of odour events in the short and
long term. The short term frequency (STF) can
be defined as that percentage of time or
number of breaths that the odour threshold is
exceeded in a period of, say, 10-15 minutes.
The 1long term frequency (LTF) is the rate of
occurrence over a much longer period and is
expressed as, say, twice a day or three times
a week.

A psychological state attaching to a specific
experience ‘and ranging from pleasant to
unpleasant. If, for example, the hedonic
impact of a smell 1is positive, it has an
associated connotation of pleasure, the
negative impact leads to unpleasant

associations (Anon 1970) op. cit.
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Intensity

Nuisance

The suprathreshold perceived intensity of an
odour experience. It can be assessed through
scaling or by comparison to reference
standards (Anon 1970) op. cit.

A comprehensive definition of nuisance is

given by Artis (1984). Briefly summarised

. this says that odours which can be described

as  disagreeable and cause annoyance are a
"nuisance" 1in the ordinary meaning of the
word. However this does not necessarily mean
they are a nuisance in law. This 1is because
when there 1is an actionable nuisance the law
provides a legal remedy by way of injunction
or damages but it is not prepared to do this
in respect of every odour found to be annoying
or objectionable. It is just not practicable,
particularly as odours are notoriously

subjective.

Two types of 1legal nuisance are recognised in
common law. They are private nuisance and
public nuisance. A private nuisance may be
and normally 1is, caused by a person doing on
his own land something which he is entitled to
do. This conduct only becomes a nuisance when
the consequences of his acts are not confined

to his own land but extend onto his
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neighbour's land. For such action to be a
tort, i.e. a civil wrong, the conduct must

cause either:

1) physical damage to his neighbour's land or
buildings or works or vegetation on it, or

2) wunduly interfere with his neighbour in the
comfortable and convenient ehjoyment of
his  land. In other words action for
private nuisance is designed to protect
the use and enjoyment of 1land. Only the
occupiers of that 1land may take this

action.

A public nuisance is both a crime and a tort.
The aim of the law of public nuisance is to
prevent interference with the rights of the
general bub]ic.'

Odours can amount to a public nuisance if they
substantially 1inconvenience a sufficient
number of people. Lord Denning said that "A
public nuisance is a nuisance which is so wide
spread in range and so indiscriminate in its
effect that it would not be reasonable to
expect one person to take proceedings on his
own responsibility to put a stop to it but
that it would be the responsibility of the

community at large." Anon (1957).
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Nuisance is also recognised under Statute
Law. The Public Health Act 1936 defines a
statutory nuisance in Section 92(1) as -

(a) "Any premises in such a state as to be
prejudicial to health or a nuisance"

(b) "any animal kept in such a p]ate or manner
as to be prejudicial to health or
nuisance."

(c) "any accumulation or deposit which is
prejudicial to health or a nuisance."

(d) "any dust or effluvia caused by a trade,
business or manufacture or process which
is prejudicial to health or are a nuisance
[to the inhabitance of a neighbourhood]."

(f) "any other matter dec]abed by the
provision of this Act to be a statutory

nuisance."

The words in the square brackets were repealed
by Local Government (Miscellaneous Provisions)

Act 1982.

Nuisance can also be thought of as

unacceptable annoyance (author's definition).

Except where specified, e.g. when discussing
the Tlegal situation with regard to odours,
nuisance in this report is taken as the

ordinary meaning of the word.
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NWA

NWI

Odorant

Odour

Odour

descriptors

Odour emission

rate

Odour note

Odour profile

Numerically-weighted average annoyance (see
Section 8.2 for derivation).

Numerically weighted average inténsity (see
Section 8.2 for derivation).

Any chemical compound which can stimulate the
olfactory sense (Anon 1970) op. cit.

Product of the activation of the sense of
smell on olfactory experience (Anon 1970) op.
cit.

An adjective given to an odour note (see below)
usually referring to an odour commonly
experienced, e.g. floral, caramel, sewer odour
(Johnson 1984) op. cit.

The product of the odour concentration ratio in
dilutions to detection threshold and the
volumetric flow rate at standard conditions in
cubic metres per second (m3/s). |

Unique olfactory sensation derived ) from
specific chemical functional groups. They are
subject to‘ modification by variations in
molecular structure and substituents (Johnson
1984) op. cit.

A plot of the frequency with which panel
members  assign  individual descriptors of
applicability to a test 6dorant'(Johnson 1984)

op. cit.
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Odour unit

Olfactometers

Pervasiveness

Quality

MKS system - 1 odour unit = 1 cubic metre of
air at the odour threshold.

FPS system - 1 odour wunit = 1 cubic foot of
air at the odour threshold (Johnson 1984).
Instruments which are used to produce various
concentrations of an odorous sample by mixing
a known quantity of the sample with a known
quantity of odourless air. The mixtures are
then presented to a panel of noses to
determine at which concentration 50% of the
panel can only just detect the odour (some
investigators work to a recognition rather
than a detection threshold) (Johnson 1984) op.
cit. See also Section 3.

The attribute of odour which pertains to the
rate of change of odour intensity with change
in odorant concentration, i.e. the slope of
the intensity/concentration plot (Johnson
1984) op. cit.

The property which permits identification of a-
given odour characteristic through “the
berception of the unique balance of qualities
comprising the experience (Anon 1970) op.

cit., i.e. what it smells like.
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2.2.

Thresholds

Detection A hypéthetica] lower or zero point on a
scale. It is the 1lowest odour concentration

capable of reliably exciting the sense of

smell.
Recognition Concentration at which recognition is possible.
Difference Just noticeable difference in concentration.

A11 of these thresholds vary from observer to
observer, from stimulus to stimulus, and from
time to time, for a given observer (Anon 1970)

op. cit.

Physiology of Olfaction

Before odour nuisance can be examined in detail it is necessary

to consider the act of olfaction and the sense of smell.

Olfaction starts in the nose. Inhaled air eﬁters the nostrils
and passes through the nasal cavities - one set for the left
nostril and one set for the right. These are complicated
structures containing a number of bones and piecés of cartilage
which are designed to remove dust, from the sampled air, and

adjust its temperature and humidity.
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Out of the main air stream at the top of each cavity is -an area
where the olfactory receptors are 1ocafed. Normally only about
2% (Stuiver 1958), (Ludel 1974) to 5% (Douek 1974) of inspired
air reaches the olfactory region but this can be increased to
about 20% during sniffing (Anon 1980) op. cit. Air can also

reach the olfactory region from the back of the throat.

The olfactory areas of the epithelia cover about 10 cm2 in
total. These are covered in mucus and contain 10;30 million
receptor cells with corresponding numbers of supporting and
basal cells. The receptdr cells are just the naked dendritic
endings of neurons. Each dendrite or rod ends in a knob with
about ten cilia of diameter 0.1u and of length up to 100u. If
is generally assumed (Anon 1980) op. cit. that the olfactory
receptor sites are on the cilia surface membrane, as a result
the effective total receptor bearing area is about 50 cm? (Anon

1980) op. cit.

The means by which some molecules stimulate the receptors and
produce the sensation of odour whi]é other mo]ecu}es fail to do
so is a complete mystery. It is generally believed that the
smell stimulus is 1in some way related to the molecular
characteristics, but exactly how is not known. Various theories
have been put forward to explain the process of olfaction but so
far none completely accounts for all of the observed phenomena.

Five of the more important theories are described below.
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2.2.1 Chemical Composition

One approach-to understanding how olfactory receptors work was
to list the chemical composition or formulae of oddrous
substances and to look for a pattern. Von Skramlik (1925) gives
the chemical formulae for about 200 substances; Moncrieff (1944)

‘gives more.

Of all the chemical elements only about 16 seem to play any role
in the production of odours. Haycraft (1889). These 16,

according to their chemical families,! are:

a) hydrogen

b) carbon, silicon

c) nitrogen, phosphorus; arsenic, éntimony, bismuth
d) oxygen, sulphur, selenium, te]]urium

e) the ha]ogens; fluorine, chlorine, bromine, iodine

Only the halogens and ozone are odorous as elements.

Thevgreat majority of odorous substantes are organic containing

hydrogen, oxygen and/or nitrogen.

Within each of the fami1ies similar Compounds have» similar
odours.  In the halogen family, for examp1é; the elements
- }théselvéS have"simi1af'~ odours. - The ~Compounds chloroform -
(CHCL3), brpmoforh '(CHBf3) and idoform (CHI3) also have similar
- odours. From ch1or1ne through bromine to iodine the atomic

-wefght and other atomic properties;change progressively and to
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this chemical series there is a corresponding odour series. The
odour of bromine 1is ‘“heavier" than chlorine and the odour of
iodine 1is heavier still. Similarly the odour of bromoform is

midway between thosé of chloroform and iodoform.

There are many series of organic cémpounds which show a
graduation of odour quality and a]so"bdorous intensity. The
"lower" members of the series with small light mo]ecu]es‘have
]1tt1e.odour; the intermediate members have more while still
higher members ére non-volatile and -have no odour. One such

series is shown in Table 2.1.
Whilst this 'theory seems promising it fails to exp]aih why
similar substances give similar odours and at the same time

dissimilar substances also give similar odours.

2.2.2 Moiecu]ar Structure

Passy (1892) suggested that this phenoménon could be explained
by molecular structure. It was thought that fﬁe way atoms are

arranged in the molecule was important.
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Table 2.1. Organic compound series and odour threshold

Name of Acid Formula Threshold Quality

mg/m3
Formic CH202 25 Pungent
Acetic CoHy07 5 Sour
Propionic C3Hg02 0.05 Sour
Butyric C4Hg02 0.001 Rancid
- Valeric CsH1002 0.01 Rancid
Caproic CeH1202 0.04 Rancid/aromatic

Henning (1924) succeeded in demonstrating such a relationship
for various organic compounds. Fragrant odours were associated
with mo]ecu]es that had two atom groups attached to adjacent
members of an open chain or benzol ring. Spicy odour molecules
were from a benzol rinQ with para substitution. Resinous odour
molecules caﬁe from a benzol ring with cross link (or open chain

with extra side 1ink).
Etheral odour molecules comprised of a forked atom group

attached to a ring or to an open chain. Burned odour molecules

were based upon a hetrocyclic ring with a nitrogen member.
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This theory was never taken sefious]y as it‘ had many
difficulties. Inorganic ‘substances did not fall so neatly into
the method of classification. As with the chemical composition
thepry, even if odours could be classified by their chemfcal

structure it would not explain how the receptors operate.

-~ 2.2.3 Ultra-violet Theory

Haycraft (1889) and Zwaardmaker (1922) suggested that vibrations
of the atoms or groups of atoms or the vibrations of the
elettrons could be detected by' the olfactory receptors.

Differentkvibration rates would Tead to differeht_responses.,

Heyninx  (1919) succeeded 1in showing a correlation between
vibrations in the ultraviolet region, i.e. 360 to 200 nm with
known odorous responées. He produced a complete odour spectrum

with the following classes in order, in Table 2.2.

Table 2.2. O0Odour speétrum

Type of smell  Typical compound Wavelength (nm)

Putrid - Carbon disulphide 320

“Rancid - Butyric acid 280
Burned  Phenol = o v”3‘270,
Spicy B quaway 255
Fragrant. Acetone 210
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But Tike other rules that have been suggested it appears to have
had many exceptions. Quite different odours such as acetone and

camphor were found to have the same wavelength.

2.2.4 Infra-red Theory

The infré—red theory is based on the fact that the human - body is
warm and emiﬁs radiation in the wavelength rahgé 4-20 micfons.
In addition most odorous. substances absorb selected wavelengths
in  this range. The theory suggests that when an odorous
substance comes into contact with th% o]factdry receptors some
~of the heat rays are.preferentiale absérbed., As a.result the
o]factbry ce]Ts Tose heat and this se]ective cooling stimu]atesv
them to send a response to the brain. It is believed that
o]factofy cells ‘of different size and shape are‘ tuned into
different wavelengths thereby having the abi]ity to resbond to

different.odours.

In its simp1est form this theory does not account for the fact
that certain optical isomers have thevsame absorption spectrum
, but different oddubs, e.g;td- and 1- dimethy]-octono] and d- and
1- dimethy]cyc]ohexanone »-S (Young,’ Fletcher andVWright 1948).
By taking account of ~the $o1ubi1ity 6f: thé odorant in fhe
receptor cell surface ‘this excéption can be partially explained

(Beck 1950).
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2.2.5 Stereo-chemical or Steric Theory

As most substances with similar smell have molecules that . are
similar in shape it has been suggested that the stereo-chemical
theory applies to olfaction (Amoore 1970) in vthe same way as

enzymes work.

‘Different enzymes have different geometric structures and the
various Tlocations whefe enzymes can exert influence are - thought
to contain  receptor sitesA of particular shapes. In the
lock-and-key view of enzyme function the enzymes are the keys

and the receptor sites that they precisely fit are the Jocks.

In olfaction the cillia are presumed to contain receptor sites
that respond to specific molecular shapes. They are only
triggefed when a comp]ementari]y shaped molecule comes into
contact. Basing ca]cu]atfons .upon the fe]ative‘areas involved,
Davies and Taylor (1959) estimatedv that there might ‘be about
44000 "potential sites" per reCeptor' each having ‘an area of
about 64 A2 (square Angstroms). This, of course, is Jjust  too
“small to be observed even with an electron microscope. These
sites are therefore still hypothetiéa]band their erstence sti]]
has to be confirmed. In Davies' steric theory the molecular

sites are involved in some form of ruptufing of the molecular

cell membrane allowing ionic changes to take place which in,turn

- lead to electrical activity.
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Yet another interpretation of the steric theory has been given
by Dravnieks (1964). He suggested a hypothetical mechanism for
primary stimulation which is based upon a change in coup]iné
between an electron donor/acceptor pair of large molecules that
occurs when an odorant is absorbed at the composite junction.
The altered charge transfer balance or capacitance effect would

be monitored by the appropriate nerve fibres.

Although the steric theory 1is the most promising theory of
olfaction it fails to explain several olfactory phenomena, e.g.

why some odours change their characteristics with concentration.

Regardless of how the receptors work, information travels from
the cilia along the olfactory rod towards the brain in bundles
of axons called the olfactory nerves. These are short and
pierce the cribiform plate (a piece of bone that forms the roof
of the nasal cavity) and enter the olfactory bulbs. Several
hundred primary olfactory axons converge on the bulbs and this
convergence is considered to be the main cause for the high
sensitivity of the seﬁse of smell. The p]factory bulbs serve as
integration and relay centres for sending information to
different locations within the brain. Olfactory information
unlike other sensory information 1is not ultimately sent to any
particular region of the cortex. Olfaction is completed by the

brain when it interprets the information it receives.
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2.3.

The interior of the nose is also provided with cutaneous senses
of touch, pain, warmth, cold and the throat which receives the
inspired air from the nose is provided with taste buds
(Woodworth 1954). As a result inhaled substances may “smell"
sweet, sour, prickly, warm or cold, etc. The sharp pungent
"smell" of ammonia arises from the stimulation of the pain
receptors and the cool or fresh "sme]]f of menthol arises from
the cold receptors. Von Skramlik (1925) made a special study of
smell -accompanying sensations and found that over 75% of odorous

samples tested gave recognisable sensations besides odour.

Perception

~For perception to be possible it is necessary for a sufficient

number of odour- molecules to reach the olfactory epithelium.
The minimum perceptible number of molecules in the volume of
inspired air, at the detection threshold concentration, depends
both on the chemical nature of the molecules and on the
physiology and psychology of the human receptor. DeVries and
Stuiver (1961) estimate that a single molecule may be sufficient
to excite a single receptor and 40 molecules of various
mercaptans would be sufficient for perception. All hofma]
people have a sense of smell unless they have had some form of
damage to the relevant areas of the brain or to the olfactory
system. The acuity of the sense increases with age until the
early teens, then there are 30 or more years with the full sense

until 1in old age there is a gradual failure (presbyosmia); this

results in anosmia (complete loss of sense of smell) for roughly

one third of octogenarians. While anosmia is rare except in old
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people, specific or selective anosmias are probably fairly
common, because studies with single substances have shown that a
few per cent of the population are unable to detect specific
odorants. There may be temporary or permanent specific or
general hyperosmia (heightened sensitivity) or hyposmia (lowered
sensitivity). When the sense of smell is not normal
qualitatively it 1is a case of parosmia, or cacosmia if the
distorted perceptions are unpleasant. The cause of parosmia can
be due simply to an infection, or to defects in the olfactory
organs. However, physical damage to the brain or psychological
disorders can cause parosmias’that take the form of illusions or
hallucinations of smell. These can be genuine in that an
odorant is believed to be preseht; or knowing that no odorant is
present a person can have a psuedo-hallucination of smell,

perhaps as the side effect of certain drugs (Anon 1980).

Persons with a normal sense of smell are well aware of the fact
that the perceived intensity of smell fades if the stimu]u§ is
received continuously. This phenomenon of olfactory fatigue, or
self-adaptation to an odorant, js generally specific in that the

ability to detect other odours in not impaired.

A.A. North (1980) states that "For persons with a normal sense
of smell the sensations produced by inhaled odorants have four
definite characteristics; detectability, intensity, quality and
acceptability. Although descriptions of experience of smells
might use the terms persistence and perVasiveness, these are not
definite characteristics of odorants. Persistence can result

from the way the perceived intensity relates to the
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concentration of odorant, so that it depends on the chemical
nature as well as on the rates of’ prodﬁction énd dispersion of
odours. Peﬁvasiveness depends, in addition, on the adsorption
or absorption of odours by, and subsequent release from, various

materials."

2.3.1 Scaling

The classical way to measure sensory magnitude or perceived
intensity by indirect means was devised by Gustav Fechner (Cain
& §Moscowitz (1974)).  He began withkweber's observations that
the ability to resolve small differencés betwéen stimuli s
approximately proportiona] to the magnitude of stimulation &
i.e. A<§;i(¢ , A% 1is the smallest difference in stimulation
that can be perceivéd (the just noticeable difference or jnd).
Fechner then assumed that, whenever stimulation was changed by
an amount equal to a jnd, the sensation magnitude was changed-by
a cbnstant amount. This assumption gave the jnd a status of a
unit of sensation magnitude and allowed a scale of‘senSation to
“be erected by fhe summation of jnd's from one end of the sensory
continuum to.bfhe otheb;‘ WhenAsUmmatidn is beQun at the level of

the absolute threshold (zero sensation ]evel), the reSu]ting:
scale is assumed to be a rafio scale; when summatipn is bégun’at

some poinf above the threshold the scale is assumed to be an

interval scale.
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A common way to construct a scale of perceived intensity from
direct interval judgéments is to wuse the Amethod of category
estimation. In some cases of category scaling, the observer has
been presented with a response scale that includes an absolute
zero, i.e. a categorybto represent "no odour".  Inclusion of an
absolute zero does not, however, automatically bestow ratio
properfies “upon éhe scale. Katz and Talbert (1930) used a scale

with an absO]ute zero:

"0, or no odour requires no amp1ification; No. 1 is  the
thrésho]d odour, just perceptfb]e. Consider nowéthe opposite
end of the scale.  No. 5, or very strong,  is the most intense
odour withoutvvregard tbi quality and perceived aside from ahy'
other physiological éffects such as irritation or  nausea.
No. 3, or easi]y noticeable, is the median odour midway between
Nos. 1 and 5. No. 2, or faint, is conceived as midway between
Nos. 1 and 3; similarly No. 4, or strong, is»concéived as midway

between Nos. 3 and 5."

2.3.2 Re]atidnéhip between Intensity and Concentration

Odour intensity‘andvconcentration are not the same but they are
related by the Weber-Fechner 1law and the Stevens power law as

| are other psychological sensations.

‘The Féchhér"iaw (Wagenaar, 1975) states that the perceived

intensity of an odorant is a linear function of the Tlogarithm of

suprathreshold concentration. Thus:
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I3 = Kj logfC;

where
I = Perceived intensity measured in jnd's
kj = Constant of proportionality for i
Ci = Concentration of odorant i
Coi = Threshold concentration of i

Stevens' 1law (Wagenaar, 1975) describes the relation between

perceived intensity and physical intensity as a power function,

Ij = aj (€ - Cpj) M E2.6

where
Ij = Perceived intensity measured by direct estimation
aj = Constant of proportionality for i
Ci = Concentration of odorant i
Coi = Threshold concentration of i
nj = Exponent for odorant i

The exponent n or the psychophysical constant is of particular
importance as it is a measure of the pervasiveness of the
odour. It is obtained from the slope of the curve when the

stimulus or concentration and the perceived intensity are
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plotted on ]69 coordinates. This constant varies betweeﬁ
different odorants. For example, Cain (1969)‘reported values of
0.28 for geraniol and 0.71 for acétone, Patte et al (1975) gave
values .for 110 substances ranging between 0.12 and 0.87. No

odorants give 'values greater than 1.

A low value indicates a lower human sensitivity to increases .or
decreases 1in concentration of that odorant- and hence a more

difficult abatement and dispersion problem.

For an oddrant with n equal ‘to 0.2 a tenffo]d »reduction in
~concentration fdec;easesk the perceived ~intensity by .a-factor of
 on1y 1.5; whilst for an odorant with n equal to 0.8 a ten-fold
reduction 1in concentration Tlowers the perceived intensity by a
factor of 6.3. Thus in ambient air the presence of an “odorant
- with ~a Tlow value for the exponent could result in a much more
persistent odour than would be the case fob an odorant with a

high value for n.

2.3.3 Odour Classification

In taste we have the common'nameé, sweet, soﬁr, bitter and salt
which are found to be adequate for scientific classification.
Woodworth and Sch]osberg (1954). .‘Invycolour we‘have-a similar
set of commbh namés, i.e. hue, va]ueb and éhroma; Munsell
(1915). © In sound’ there is the - scale of pitch‘but‘with smell

~there is no such sample classification system.
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The first serious attempt to «classify odours was by Linnaeus
(1756). He distinguished seven classes of odours - as indicated

in Table 2.3.

Table 2.3. Linnaeus odour categories

Aromatic - as carnation
Fragrant - as lily
Ambrosial - as musk .
Alliaceous - as garlic
Hircine - as‘valerian
Repulsive - as certain bugs
Nauseous - as carrion

Zwaardemaker (1895-1925) sought to perfect the systems by
subdividing some of the classes and adding two new classes - the

etherial and empyreumatic.
Zwaardemaker's (1925) classification had nine classes and many

sub-classes. Henning (1915-16, 1924) revised the classes to six

given in Table 2.4.
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Table 2.4. Henningfs odour categories

Fragrant
Etherial/fruity
Resinous

Spicy

Putrid

Empyreumatic/burned

The classification was developed into an odour quality system.

This was achieved after extensive tests on 415 different odours

which were presented to a number of observers.

Henning eventually ended up with a prism that was supposed to
represent the similarities and differences between odours as

shown in Figure 2.1.

The corners are not elementary odours but turning points in the
qualitative continuum. Starting at the bottom of face FERS of
Figure 2.2 at sassafras and woréing left, nutmeg, pepper and
cinnamon seem to be coming more spicy but then you seem to turn
a corner and cassia, cloves, bay, thyme are becoming distinctly

fragrant.
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Henning's odour prism

Figure 2.1.
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' The FERS odor square, a part of Henning’s smell prism.
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Certain odours belong to the edge while others have resemblance
of all four classes and therefore fit on the face. Every "pure"
odour would be on a face or edge while a mixed odour would be
inside the prism. According to Henning every "pure" odour is

simple and cannot be produced from a mix of the others.

This is comparable with pitch where the note D is part of a
series BCDEF etc. but cannot be produced from a mix of the other
notes. Henning suggested that there are many different types of

receptor cell each of which are “"turned" to a different stimulus.

Further work on Henning's classification system by MacDonald
(1922) and Findley (1924), Hermann (1926), Hazzard et al (1930)
found that this theory needed a Tot of revision. The system was
complicated by mixed substances, nearly all of which belonged
inside. Some others could not be fitted into the prism at all.
Non-olfactory sensations such as the sensation of cold, warm,
sharp, etc. did not fit into the system at all. Hazzard (1930)
op. cit. found that well practiced observers could locate odours
on ten non olfactory scales in addition to the six Henning

categories.

Henning found that untrained observers did not separate odour
from other sensations obtained during smelling. He mentions the
prickly sensation of oil of ‘mustard, the cold of garlic and  the
sweet of jasmine, etc. Komuro (1921) and Ohma (1921) suggested
that the presence of smell-accompanying sensations made it
imperative that the classification of odours should be revised

or at Tleast re-examined experimentally with the object of
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factoring out the non olfactory components. They contend that
certain classes might coalesce if the non-olfactory Components
were eliminated. The whole FERS face of Henning's prism could
simplify into a single class if pungency (pain sense), freshness
(cold sense) and sweetness (taste) could be factored out. The
outcome would be a complete and simplified system of
classification of odours or the recognition of fundamental
odours which fail to be ‘"outstanding" when blended with non

olfactory components.

The Crocker-Henderson (C-H) (1927) system of odour
classification was developed on the basis of their experience as
flavour and cosmetic chemists. They selected four of
Zwaardemaker's terms - fragrant, acid, burnt and caprylic or
goaty and proceeded to represent each of these qualities as far
as their own experience was concerned by four series of odour
samples of high purity and stability. Each separate quality was
reptesented on an 8 point scale. Both the reference series and
subsequently unknown odours were characterised by a four figure
number representing the perceived intensities of each of these
selected components in the order given. For example, in
Table 2.5 which shows the standards for the C-H system, vanillin
has the number 7122. Its characteristics are predominantly
fragrant though thére are other detectéb]e components of'the
other qualities. Similarly acetic acid is class 3803, i.e.
primarily acid. There 1is no substance 1in the system which

exclusively represents one quality. Secondly several
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A 8 acetic acid (20°%; soln.)

3803

C 8 2,7-dimethyl octane

2.29

Table 2.5. Crocker Henderson Odour Classification Standards
FRAGRANT BURNT
F | n-butyl phthalate 1112 B 1 ethyl alcohol (very pure) 5414
F 2 toluene 2424 B2 phenylethyl alcohol 7423
F 3 a-chloronaphthalene 3336 B3 resorcinol dimethyl ether 5335
F 4 a-naphthyl methyl ether 4344 B4 a-naphthyl methyl ether 4344
F S p-cymene 5645 B 5 veratrole 4355
F 6 citral 6645 B 6 thujone 6665
F 7 safrole 7343 B 7 p-cresyl acetate 4376
F 8 methyl salicylate 8453 B8 guaiacol 7584
Acip CAPRYLIC

A 1 vanillin 7122 C 1 benzyl benzoate 3
A 2 cinnamic acid 7213 C 2 vanillin 7122
A 3 resorcinol dimethyl ether 5335 C 3 safrole 7343
A 4 toluene 2424 C 4 phenyl acetic acid 5624
‘A § iso-butyl phenyl acetate 5823 C5 pcymene 5645
A 6 methyl phenyl acetate 5626 C 6 a-chloronaphthalene 3336
A 7 cineole (eucalyptol) 5726 C 7 anisole 2577

3518



substances, e.g. vanillin, appear as reference standards in
different positions in more than one series, e.g. position 1 on

the acid scale and positioh 2 on the capﬁy]ic scale. .

Since its development the system has been highly criticised.
Ross ~and Harriman (1949) were particularly critical on the
groundé that it failed to give consiétent results when used by

untrained subjects.

In a review of odour classification Harper, Bate-Smith and Land
v(1968) describeé many, other approaches. These included methods
adopted by bioTogists, pérfdmists, chemists, and behavidura]v,
scientists. Several quantitativé approéches using factorial and
mu]ti—dimensiona1 éimi]arity analysis were also examined.
Howevér, they cou]dbon1y conc]ude that there was no universally
effective é]assificdtion system which had “an agreément
terminology. " Odour classification continues to be an

intellectual challenge.

2.3.4 Odour Profiling

The difficu]tyA with the syStems of  odour c]assifjcétﬁbﬁ ,
‘described above is that only a few odours such as vanillin and
isovaleric acid are‘-so characteristic ‘thatv‘they. fit into a
' specificv_c]éss without compromise. Most odours exhibit several

odour notes, each be]onging~to another class (Dravn{eks 1979).
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In recognising this Dravnieks and others (1978, 1979) have

developed the comprehensive 1list ~of odour notes given in
Table 2.6. These can be used in a multi-dimensional scaling

method for describing the quality of an odour.

“For the reasons givennin Section 3 this would be asséssed_ by an
odour ‘panel. A membef cdnsidérs each'descrfptor séparéte]y and
judges its applicability to the test odour on a 0-5 point scale,
i.e. 0 for absent, 1 for slight, 3 moderate, 5 extreme with 2
and 4 as inﬁermediate va]ues; _

i
The resuit is aﬁ odour profi]e. 'Profiles can}_be compared and
analysed by methods which produce similar ratings correlated to
direct simiTarity comparisons. The profiles also indicate the
nature of the difference, if there is a significant difference
and if there are specific odour notes. A typical profile is

shown in Tab]e 2.7 (Dravnieks 1979) op. cit.

2.3.5 Hedénic Tone

In wbrking towards defining annoyance  Dravnieks et al (1982)
identified odour 1nteﬁsity, odourvcharacter and hedonic ‘tone as
fhe primary faCths. Working Qith the Sensory Evaluation
Committee E18 of the American Society for. Testing and Materials
they  developed a re]ationshib between odour character; as
derived from odbur_profi]iﬁg;‘ahd the hedonic toné of an odour,

i.e. the degree of pleasantness or unpleasantness.
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Odour profiling descriptors

Table 2.6.
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Table 2.7. Odour Descriptor Profiles of Dredged Mud Samples

Degree of Descriptor Applicability

Active Active
Descriptors Harbor | Harbor 1§ Less Active
(Sea) (Lake) Sea Harbor

Fruity {citrus)

Fruity {other)

Flora!

Musky X

Fragrant

Aromatic X
Almond-like

Spicy

Woody. resinous xx

Minty

Etherish, anesthetic
Herba!, cut grass

Sospy
Stale
Musty, eaithy

Mushroom

Burne, smoky xX 00X

* Burm rubber - X
20

Tar
Disinfectant, carbolic
Mothbelts

Sharp. pungemt xX 200K
Sour, acid, vinegar X
Ammonia

Fishy

New rubber X
Gasoline, solvent J00O0XKXX 20000

Kerosenn 300K X
Oily, fatty 000K 200
Paint-like
Cooked meat
Cooked vegetables

. Rancid X
Sweaty xx
Household gas xXX
Sautfudic XX
Garlc. onion
Metaliic b § X
Blood, raw meat
Animal
Sewer .
Putrd, fou! XX

Feca! (ke manure)
Sickening XXX 200X XX
Dry. powdery . X

»
»
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An assumption was made that if hedonic weights were assigned to
each profile descriptor then a link would be found between the
applicabilities of the specific desériptors and the overall
hedonic tone. The values of these hedonic weightings were found
by conducting a survey of 429 subjects. Each was given the
descriptor Tlist of 146 terms and asked to rate the hedonic- tone
of every descriptor on a scale of 1 to .9 with 5 as the mid
point. Values above 5 indicated increasing unpleasantness with

1 indicating the most pleasant.

Using the results of this survey together with those from
earlier studies by Woskow (1964), Doty et al (1978) and
Dravnieks and O0'Neill (1979) they derived a full set of hedonic
weightings. These were normalised to give neutral
unpleasantness of value of zero so that the scale went from -5

(very unpleasant) to +5 (very pleasant).

Table 2.8 which 1ists these weightings should be read in
conjunction with Table 2.6. Thus the weighting for "fishy",
i.e. index 36 (Table 2.6) is -1.88 (Table 2.8).

The method of assessing hedonic tone from the odour profile was

as follows.

1) Members of an odour panel (see Section 3) are asked to
classify an odour using any number of the 146 standard
descriptors Tlisted in Table 2.6. Each of the descriptors

is rated on a scale of 0-5 as to the presence of that

odour note.
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Hedonic tones of descriptor indices

Table 2.8.
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2) % A is calculated for each descriptor where

a) number of panellists = n

b) total score =T

c) %S =Tx 100 E2.7

| n 5

d) %P = number of results x 100 _ E2.8
n

e) %A =‘/m)— E2.9

3) The profile-derived hedonic tone 1is then calculated from

the relationship given in equation E2.10

PH =D %A x H E2.10
2_%A
where H = hedonic tone of individual descriptor or index

(Table 2.8).

The profile-derived hedonic tone PH 1is a single number

describing the unpleasantness of the odour sample.

Laing, Panhuber and Baxter (1978) have shown that the hedonic
tone and intensity are not governed by the same psychophysical
laws whilst intensity is a linear function of concentration on a
log-log 'scale, pleasantness or hedonic tone was curvilinear.
Moskowitz and Gerbers (1974), Moskowitz et al (1974) and

Moskowitz et al (1976) reported that
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i)' pleasant odours growk]ess rapidly in effect than intensity;

ii)- odour wunpleasantness grows more rapidly ‘than intensity;

and

iii) unpleasant odours are judged at high intensities to be

substantially more intense than other odorants.

The pleasantness of butanol was essentially the inverse of
intensity. Intensity - concentration and hedonic tone are
therefore c]osé]y interrelated and any assessment of tone should

be conducted at a standard intensity or concentration.

'2.3.6 Dose Response Relationships

-If people are exposed to a steady odour, i.é. not f]ucthating,
and if the concentration of the odour 1is gradually increased
from zero there will be a progressive series of responses. What

tends to happen is iﬁdicated in{Eigure 2.3.

kInitiaT]y thqsé people with the»most acute éense of sme11 wf]T :
~’begih to 'detectv,the odour. With a further_increése more and
~more people can detett the odour untf] every one can excluding
“anosmics. Meanwhi]e »the most sensitive subjects have‘started to
" recognise the Odqur.T By the time all can recognise the odour a
bhigh ~proportion Wii], prdbab]y be finding'it énnoy{ng. When fhe’
;annoyance'feaches a_ certain va]ue it' causes the subject to

complain.
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2.4.

In practice complaints about odour nuisance are not received
until the odour concentration is 'greater than 3-6 times the
detection threshold Anon (1980). Huey (1960) suggested that
concentrations greater than 7 times the detection threshold
would probably cause complaint. Since the ratios of odour
recognition threshold to detection threshold Tie between 2 and
10 times depending upon the type of odour (Hellman and Small
1974) it would appear that complaints arise when an odour is

high enough to be recognised (Keddie 1984).

Because of the effort necessary to complain, few of those
annoyed actually complain. In a survey of public attitudes to
industrial odours carried out by Basarin and Cook (1982) it was
found that only 0.5% of those annoyed actually complained.

Complaints are therefore not a good indicator of annoyance.

Summary

Many theories have been proposed to explain olfaction but none
of them completely accounts for all of the observed phenomena.
In short, we still do not know exactly how o]faétion takes
place. However, we are beginning to understand some of its
characteristics. Concentration, intensity and unpleasantness
can be quantified, but the character of an odour can only be
qualified by comparisons with inadequate classifications or
categories.

To complicate matters, olfactory activity or sensitivity varies
from individual to individual, so to, does the point at which an

odour becomes a nuisance.
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3.1.

METHODS OF MEASUREMENT

Background

The response to odours is a subjective reaction. No instrument
can incorporate the human psychological factor. In addition to
this, the human olfactory system is several orders of magnitude
more sensitive in detecting odours than even the most sensitive

instrumental techniques.

For this reason most odour measurement techniques rely on human
judgement or the opinions of a panel of judges. The most often
measured odour parameters are its strength in terms of

concentration or intensity.

When an odour panel is used in this way the assessment technique
is designated organoleptic. The reason for using an odour panel
is that there is considerable variation in response to odours by
an individual and between individuals. Wilby (1969) reports

measuring a variation in individuals of +/- 900%.

Therefore, statistically it is better to have as large an odour
panel as possible in order to obtain the best estimate of the
mean. In practice a compromise is necessary because of the cost
and management of large numbers of people. The Karolinska
Institute (Anon 1970) op. cit. recommend 5-10. Dravnieks and
Jarke (1979) recommend using 9 or more if the sample 1is assessed

only once. For smaller panels, say five or less, the samples

3.1



3.2.

should be evaluated two or three times. Molton and Cash (1978)
use a panel of eight. Hemeon (1968) claimed that differences
between individuals were normally less than +/- 300% and used
only 3 panel members with repeat evaluations. Warren Spring
Laboratory (Anon 1980) op. cit. give a statistical analysis of
the errors involved for various panel sizes based on dilution
steps of 30% and 60%. Figure 3.1 which is reproduced from Anon
(1980) op. cit. shows the spread in 95% confidence limits for
different panel sizes, screened and unscreened, for a single

sample and 30% dilution steps. A screened panellist was one who

was selected because their individual threshold value to either

a sample of the odour to be tested or a key component of that

odour lay in the top 80% of the panel thresholds.

It can be seen from Figure 3.1 that there is no point screening
panels larger than 8 members. In addition, 3 screened or 4
unscreened panellists produce the same precision with 95%
confidence according to Figure 3.1 to obtain a result within
+/- 60% with a 95% confidence you would need 7 wunscreened or 6

screened panel members.

Concentration

A very dilute concentration of the odorous sample is prepared in
an olfactometer (see below) and presented to the odour panel for
assessment. The number that can detect the smell is noted. The

concentration is increased progressively and at each step the
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3.3.

number of positive responses is recorded. The dilution at which
50% can just detect the odour 1is taken as the concentration

quotient Z, i.e. a measure of the concentration of the odour.

Some typical odour concentrations at the point of emission as
measured by Warren Spring Laboratory Anon (1980) are reproduced

in Table 3.1.

Intensity

Odour intensity 1is also assessed by means of the human nose or
panel of noses. However, for intensity the assessment is made
on suprathreshold concentrations of odours. The observer(s)
report their subjective impression in relation to the physical
stimuli, either by comparative scaling (indirect), e.g. weaker
or stronger than standard or by category scaling, e.g. weak,
moderate, intense, etc.

When comparative scaling is carried out the subjects use
reference  odours of known concentration. These are either
contained in the head space of an odorous liquid in a bottle or
presented 1in an odorous airstream from an olfactometer as will

be described under dynamic dilution techniques.

Butan-1-o1 (CH3(CH2)30H) otherwise known as 1-Butanol, n-butanol
or butyl alcohol and referred to in this thesis as bdtano1 is
the most widely used reference odorous material for assessing
intensities. It is neutral in terms of unpleasantness but

slightly carcinogenic.
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Table 3.1. Typical odour concentrations at the point of emission

Industry Dilution Flowrate Odour Emission
Factor " (m3s1) (m3s)

Rendering :
100 t/wk ) Ventilation 20,000 85
Process 42000 075  *Total 202,000
200 t/wk Ventilation 333000 1.2 .
Process 217,000 0.35 Total 476,000
350 t/wk Ventilation 6,000 135
Process 1,350,000 05 Total 756,000
Approx 600 t/wk  Ventilation 28,000 10.5
: Process 420,000 0.65 Total 525,000
Approx 1500 t/wk Ventilation 42,000 20 :
: Process 340,000 045 Total 993,000
Feather Hydrolysis
20 1/wk ‘ 4,000,000 0.018 . 72,000
200 t/wk 500,000 0:21 105,000
400 t/wk 4,000,000 0.08 320,000
Maggot-Farm
- 2510 3x 103 gal/wk 5000 6 30,000
{October)
Farming _
Pig Pens 40010 600 — -
Chicken House (15,000 birds) 600 4.2 2,520
Fishmeal
White fish 150,000 79 1,185,000
80% oily fish . 400,000 79 3,160,000
Poultry Manure Drying .
81t/h 200,000 6 1,200,000
1t/h 43000 15 65,400
Less than 1 t/h 22,000 05 11,000
-Swill Boiling
2.5 ton Pressure cooker 17,000 0.95 16,200
Blood Drying )
500 gal batch - 50,000 0.25 12,500
Pharmaceuticals .
Sterilization of fermenter 715000 0.75 536,000
Potato Crisps , :
30,000 t/yr 250,000 - -
100,000 t/yr 30,000 145 435,000
275000 24 660,000
Printing
Web-offset , 40,000 15 60,000
‘Low Pollution inks 2,000 20 4,000
Textile Stentering ' o
Nylon K 18,000 20 36,000
Polyester cotton 1200 06 720
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3.4.

A comparison between intensity, concentration of butanol and the

corresponding category scale is given in Table 3.2.

Table 3.2 Butanol concentration, intensity and category scales

ppm, Intensity Category
S

1713 35 Very strong
472 =~ 15 Strong
250 10 Substantial but not strong
117 6 Easily noticeable
22 2 Faint

1 1 Threshold

ppmy parts per million by volume
S defined as 10 at 250 ppmy
Reference Dravnieks &.0'Neill (1979)

O1factometers

Olfactometers are basically of two types.

1) batch or static dilution.

2) dynamic dilution.
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There are techniques which are closely related to olfactometers
and for the sake of completeness some of these have been
included below. The various forms of presentation of the odour

sample are indicated in Figure 3.2.

3,4.1 Batch or static dilution

Syringe dilution

This method is described by Ameri;an Society for Testing and

Materials ASTM D-391-57 (1972).

Using this techhique a 250ml1 odour sample is collected in a
‘g1ass gas-sampling tube and transferred to a 100ml glass syringe
as indicated in Figure 3.3. A proportion of this, usually 50%,

is transferred to a secohd syringe; The rest of the 100ml in
the second syringe is made up with odour-free air. The process
is repeated between the second ahd a third syringe, and again
between the third and a fourth syringe and so on until a ve}y
dilute sample is'dbtained. The sampTeS‘in each‘syringe:*arei then
discharged into the nostrils of an odchr paneT in succession as
indicated in Figure 3.4. The intention is to maintain a trend
in the vorder of 'presentatibn' but to preveht' a predictable
sequence by  frequent presentations  of out-of-order

concentrations.
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Figure 3.2, Presentation of odour samples to odour panels

FLOWMETER
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Various forms of presentation of odour stimulus

to panellists. The two upper and funnel in B are

the most commonly used.
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Figure 3.3. Dilution of odour sample by syringe
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plunger of the dilution syringe to the 100m1 mark after

injecting part of the sample. Additional dilution is then

made similarly in the panel member's syringe.
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Figure 3.3. continued Dilution of odour sample by syringe

DILUTION SYRINGE

TRANSFER SYRINGE

Transfer of odour sample to dilution syringe. Sample in
transfer syringe was measured out of a sample syringe, which
is identical with dilution syringe.



Figure 3.4. Presentation of odour sample in syringe to panellist

Evaluation of diluted odour sample. Panellist is injecting
contents into nostril to determine if any odour is present at

this dilution.
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The method has many disadvantages including laborious
preparation of samples, poor presentation, adsorption of the
odour on the internal surface of the syringe and cleaning

difficulties afterwards.

Some idea of the problems involved in using this technique can
be gained from the recommendations of a task group of the ASTM
D22 (1977) Committee, ASTM (1977) which reviewed the principles

applicable to the D1391-57 test. They recommended that:

"1) Panel threshold for the sample should be the geometrical

average of the panellists' thresholds. -

2) Odours should be presented in ascending concentration, and
the concentration should be doubled for each succéssive

presentation.

3) At each concentration one odour-containing and one
odourless syringe should be presented. The panellist
would smell both and then indicate to the panel leader
which is the odour sample. The blank syringe would be

randomised as being the first or the second to be sampled.

4) Panellist's threshold should be considered reached at the
lowest of those three successive concentrations at which
all of the panellists make the correct choice; or at the
Towest of those two when the second, higher concentration

the panellist's response was very positive and corréct.”
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Odour room

An ododr room is a sbecia]]y designed room Tined with ‘aluminium
walls (Figure 3.2) and equipped with fans for rapid air mixing.
An odour sample of known volume is introduced into the -room and
the air 1is mixed while the panellists wait in an adjoining odqur
free room. The concéﬁtration is derived from the volume 6f tﬁe‘

sample and the volume of the room.

Under the sponsorship of the manufacturing chemists association
Arthur D. Little (1969) made a study of thé odour thréshold of

53 chemicals by the use of an odour room of 14m3 (500ft3) volume.

The main disadvantages of this method are that it 1is not
possible to change the concentration in the room rapidly and it
is hard to use many panellists while providing conditions that

prevent panellists inf]uencing‘one,another.

3.4.2 Dynamic dilution techniques

-Dynamic manifold olfactometer

The  American Society for Testing and Materia]$ developed an
apparatus for producing suprathfesho]d concentrations of butanol
_for assessing odouf. intensity (ASTM E544-75). Figufe 3.5 shows
the instrument consists of two ﬁafts - éh air subp]y manifold
vand’ an bdorant manifold. Capillary tubes connect the manifolds

to eight sample ports. The flow to each port is controlled by
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Figure 3.5. ASTM apparatus for producing supra threshold

“concentrations of butanol
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Odour intensity reference scale based on butanol.
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different lengths of capillary tubing such that undiluted
odorant leaves the first‘port. Equal quantities of odour sample
and clean air are exhausted through the second port (dilution of
2). At the third port there 1is three times as much air as
odorant (dilution of 4). At the fourth port there is seven
times as much air as odorant (dilution of 8). The eight ports
give a dilution rate of .up to 128. At each port there is the

same total sample flow rate.

Although this apparatus was designed for producing known
concentrations of butanol it lends itself to modification for
producing known concentrations of any odour. - Such an instrument
is shoWn in Figure 3.6 and was constructed by the author of this

report during the course of his professional work.

One of the disadvantages of this type of instrument is that it
is difficult to clean after use. A very large internal surface
area has been in contact with the odour. In addition, this
instrument has a 1limited range of only 128 dilutions. The
odorous mixtures emitted from the ports either contaminate the
test room if they have high flow rates (see Table 3.4), thus
making it necessary for the operator to use a face mask, or the
mixtures are at risk of being diluted in air before they reach

inside the nostril if the flow rates are too low.

Another type of manifold olfactometer described byv Mills et al
(1963) s shown in Figure 3.7. Dilution is achieved by
continuously mixing odour sample and odour-free air under the

control of needle valves and flow meters to obtain the desired
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Figure 3.6. Manifold olfactometer based on the ASTM apparatus



Figure 3.7.
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dilution. The mixture is pumped at a pressure slightly above
atmospheric through'»a glass manifold equipped with eight glass
pofts separated from the manifold by glass stoppers or
stopcocks. The panellists are separated by partitions and sit
at the ports in an odour free chamber. At a signal they open
the stopcock and sniff the emerging air at approximately
7 litres/minute. They note their judgements by activating an
electrical switch. The advantage of this system is that all 8

panellists experience the same stimulus.

Hemeon olfactometer

In the Hemeon type olfactometer, Hemeon (1968), an odour sample
is diluted with odorless air through a series of stop cocks and
flowmeters and is presented to three panellists simultaneously
from the three ports arranged around the dilution module
(Figures 3.8 and 3.9). One concentration is evaluated at a
time. Hemeon (1968) recommends that each concentration is
Judged for its odour intensity using a category ‘sca]é, as shown

in Table 3.3.

Table 3.3. Odour intensity category scale after Hemeon

0 - no odour

1 - very faint
2 - definite

3 - strong

4 - very strong

(@8]
—
co



Figure 3.8. Schematic view of the Hemeon olfactometer
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Figure 3.9. Hemeon olfactometer in use

A sample (85-140 litres) of the odour bearing stream is
collected in a plastic bag visible at right rear, now connected
to the odorometer. Dilution streams are delivered through the

distribution box to face pieces. (Courtesy of Hemeon Associates)
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The Togarithm of the dilution ratio is then plotted against the
odour intensity scale as indicated in Figure 3.10. The best
Tine  fit through the po{nts is then extrapolated ‘to zero
intensity. The corresponding concentration is taken as the
group threshold at which no odour 1is detected. This is a
fundamentally sound and practical procedure dating back to Katz
and Talbert (1930) and confirmed by Dravnieks (1974). The
reasoning is that the threshold determination does not depend on
judgements made solely at the threshold, the concentration of

most uncertainty.

Sanders olfactometer

In the Saunders olfactometer (Dravnieké 1974) odour 1is diluted
with deodorised air and delivered to a mask as indicated in
Figure 3.2 at a total flow rate of 7 1/min. The pane]]istA
gradually increases the concentration of odour by turning an
ungraduated dial until detecting an_odour. Flow meters are read
and the odour dilution at that point 1is calculated. An
important provision is that each panellist's threshold for a
known reference odorant be determined at each séssion. Then to
eliminate the effect of day-to-day variation 1in the sensitivity
of the observer, the threshold of the emission is related to the

threshold of the reference compound.

Dravnieks does not report the variation in threshold for thé
observers but tests carried out by Huey et al (1960) indicate
that the range could be between -55% and +130% of the mean. One
main disadvantage of this system is the anticipation which may

occur and which is difficult to detect.
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Figure 3.10. Odour intensity (0I) v concentration
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Odour fountain olfactometer

An odour-fountain olfactometer has been used by Hellman and
Small ~ (1973). In this system three ports provide rapidly
flowing jets or fountains of air. The left and right port are
blanks while the centre port may contain an added odour. Tﬁe
blanks generate the same sensation of air movement as the centre
port. Thus the presence or absence of an odour in the centre
port can be Jjudged by mentally discounting the mechanical
effect. The rate of flow is of the order of 20-80 1/m from a
25mm diameter opening. After passing upwards through about
350mm of room space the jets enter larger ventilation ports that
exhaustw the odours, so preventing contamination of the test

room. This system requires a very large odour sample.

Forced choice triangle olfactometer

This instrument, which was developed by the I11inois Institute of
Technology Research Institute (Dravnieks 1973) is a development
of ASTM manifold olfactometer described above. It also relies
on the resistance of different 1lengths of capillary tube to
maintain known f]bw rates and hence dilution rates. However, as
Figure 3.11 shows it employs a forced-choice triangle system. A
dilute sample 1is presented with two odorless . (room air)
samples. The panellists must choose which is the odorous and
signals his choice by pressing a button. By guess alone there
is a 1:3 chance to signal the correct port. There are six

dilution levels typically from 4500x to 15x or from 80,000x to
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Figure 3.11. Dynamic triang]e' olfactometer
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450x.  Successive 1levels differ in concentration by a factor of
3. A1l of the required dilutions and blanks continuously emerge
from the appropriate sampling port at 500 ml/min. Such flow
rates do not produce an odour build-up in a normally ventilated
room, nor 1is a large sample required, but there is some doubt
about dilution of the odorous sample before it enters the

nostril (Bedborough 1978).
Scentometer

The Scentometer was developed by Huey et al (1960). It is a
box-like 1instrument constructed from perspex (Figure 3.12). It
consists of a central chamber between two layers of activated
carbon. Two 13mm holes on opposite sides introduce ambient air
through both layers of carbon which deodorise it vfor dilution
and mixing with odorous aif sample in the centre chamber. At
the Tower end of the instrument 4 holes of varying diameter
(12.7, 6.4, 3.1 and 1.6mm) are provided to control the volume of
odorous air sample entering the mixing chamber. These different
size holes correspond to dilutions of 2, 8, 32 and 128. At the
upper end of the instrument are two glass nosepieces for

insertion into the panellists nostrils (Figure 3.13). The
panellist inhales through the nosepieces and exhales through the
mouth to draw in odorous air samples through one of the four end

holes and the dilution air through both side holes.
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Schematic of scentometer

Figure 3.12.
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Figure 3.13. Scentometer in Use
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The difficulty with this instrument 1is that it relies on the
response of jusf 'oné judge and it is limited in dynamic range.
(The authof has made a scentometer and has found that in ambient
air it is difficult to assess odours that fluctuate at a rate of
more than about five times per minute. This is because a
passing puff of odour can occur while the observer is exhaling-

or changing dilution).

Warren Spring dynamic dilution apparatus

In this country the Warren Spring Laboratory has developed a
dynamic dilution apparatus which is now commercially available

from Prosser Scientific Instruments Ltd. (Bedborough 1978).

The apparatus is shown in Figure 3.14 together with four
sampling ports for members of an odour panel. The instrument is
very simple in design and is shown schematically in
Figure 3.15. Ap odour sample is drawn from a Tedlar bag
manufactured from heat welded Dupont Tedlar PVF film (200SG40TR)
by negative air pressure. This sample is then mixed with clean
air and emitted from sniffing or sampling ports. For greater
dilution ratios a second dilution stage can be used. The clean
air flow is set by orifice plates and voltage stabilised fans.
The dilution rate 1is adjusted by a valve on the sample inlet

line with flows registered by a hot wire anemometer system.
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Figure 3.15. Schematic view of commercially available portable
dynamic dilution apparatus
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Diluted samples can be supplied to the four sniffing ports at a
.. rate of 240 1/min. . The basic design of this instrument is very

similar to that constructed by Hemeon.

' 3.4.3 Comparision between olfactometers

At present'there is no standardisation of olfactometers or the

taking - of olfactory measurements.  Jann (1984) in a sufvey of

the design of 15 reSearchv and portable dynamic olfactometers

showed that different instruments yielded different fesu]ts. In}
1974 TRC Ehvfronmenta]»'Consultants (Wade et al 1974) | were
 commissioned to compare three commercially “available dynamic o
olfactometers with the ASTM D1391 static syringe method; Five |
~ odorants at three dilution 1evelsv were compared for detection
threshold  and operational characteristics. Using the same
system with the same panel of 9 on the same day, the ratio
between the highest and Towest threshold concentration was 2.5.
Keeping all things equal as above and changing the presentation»7 
flow rate from 0.5 to 9 litres/minute the range of thrésho]ds
increased four times. When all three olfactometer systems were
compared usiég the same odorant, same panel, same day;rthe.range
increased7200 times. Duffee and Cha (1980) noted ‘that a 100
fb]d increase in the presentation flowrate could cause a 1000
fold difference in the thresho]d concentration. They réported
that . the change of flowrate was second only té Samp]e

deterioration for Causing measurement “error. Dravnieks and
Jarke (1980) reported threshold versus presentation flowrate

data for butanol (see Figure 3.16).
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Figure 3.16. Influence of stimulus flowrate on the odour dilution

threshold and perceived odour intensity of butanol vapour
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This figure shows the influence of stimulus flowrate on the
measured concentration or odour  threshold ratio and the
perceived odouf intensity of butanol vapour. The measured
concentration is proportional to the 1logarithm of the f]owréte
and the intensity, expressed in equivalent concentration of
butanol vapour is 1linearly proportional to the flowrate. The
intensity in this case has been measured by comparitive scaling

(see page 3.4).

Table 3.4 summarises the major characteristics of the
olfactometer designs surveyed by Jann. Table 3.5 summarises the
spread in threshold determination caused by the instrument and

technique variables.

Most olfactometers surveyed have panel interfaces that cover
both the nose and mouth, either by a mask, face portal or large
diameter funnel (75-100mm). Most interfaces are constructed
from non absorbing glass or Teflon and have flow rates ranging
from 3-50 1/min. The Illinois Institute of Technology Research

Institute forced triangle olfactometer was notably 1low at
0.5 1/min and the Warren Spring Laboratory very high at
240 1/min.

Engen (1982) recommends that o]factometers should provide the
observer with a constant, gentle flow at a rate that closely
matches normal breathing. Jann (1984) concluded that the
presentation should be standardised to 10-15 1/min (and at low

velocity) to ensure adequate volume around the nose. This can
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Table 3.5. Summary of threshold scatter

Variable R

1. Instrument to instrument (overall) up to 200X

2. Same Instrument

a. Presentation (combined) 20X
flowrste 4-20X%
interface (6X%)
protocol (ax)

b. Flow Control (w/calibration) (.5%)

c. Panel 2X

d. Odorant (2x)

‘"e. Diluent 2-3X
3. Panel to Panel 10X

*Range of measured threshold values expressed as ratio, R, for
lowest to highest in comparsative testing.
( ) denote: estimation.
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best be accomplished by using a mask or funnel. Accuracy would
further be improved if the forced choice triangle technique with

its double blank presentation were used.

According to the Assembly of Life Sciences National Research
Council (Anon 1974) the order of sample concentration
presentation 1is important, because it can affect the threshold

value determined.

Decreasing concentration series - with this procedure the
panellists evaluate more and more dilute samples until no
odour is detected. The problem often encountered with
this approach 1is that stronger odours fatigue the sense of
smell and make the odour of weaker samples presented later
more difficult to detect. There is also the possibility
of odorants adsorbed on the inner surfaces of the
instrument being desorbed and contaminating the weaker

samples. .

Increasing concentration series - very dilute samples are
evaluated first and then the concentration 1is increased
until it is detected by all panellists. This avoids the
problems of fatigue and contamination of weaker samples
associated with a decreasing concentration series
procedure. However, there are problems of anticipation.
Panellists anticipate that an odorous sample will
eventually appear and tend to report detection or

recognition prematurely.
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Random concentration series - with this procedure weaker
and stronger dilutions are presented in random order 1in an
effort to eliminate anticipation. However, the problems
encountered are similar to those associated with a
decreasing concentration series. Lindvall (1970) states
"randomised order ...... makes it almost impossible
adequately to evaluate odour threshold" and advocates an

ascending concentration series with blanks.

Ascending concentration series with blanks and out of
order samples - instead of steadily increasing the
concentration in regular steps, blanks and repeat samples
are inserted in the series in order to reduce the
anticipationv associated with a simple ascending
concentration series. Table 3.4 indicates that most
olfactometers are used with one of the ascending

concentration series procedures.

Dravnieks and Jarke (1979) concluded that it was evident that
without standardisation of olfactometric procedufes it s
useless to talk of a dynamic olfactometric threshold and base
any control regulations on such a threshold. Either all
measurements must be cOnducted by some agreed device and
procedure, or the results with one system should be calibrated
against the results with other systems so that data can be

compared.
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3;5.

Signal Detection Theory

In using olfactometers odour pané]sAhave to make judgements as

- to the presence of an odour in the sample being tested.  Such

decisions can be treated by signa] detection'theory.

Signal.'détecffon_ theory originally evolved to treat-radar signal
detection in the presence‘ of random electric noise and dealt
with the detectability and recognisability of weak signals. It
Was later introduced intp psycho;physics and its app]icatfon to

odorous éir_po]]ution was explored by Lindvall (1970).

- This theory postu]atesvthat when an observer judges the presence

of an odour in a samp]é, the = judgement depéndé upon both the
sensitivity of the.observef's Senée of smell and on fhe criteria
used to decide whether a signal (odour) is perceived dn the
background of various other spurious signals (noiSe). It is
assumed that fixed sensory thresholds do not exist and vthat the'
criteria used. by the subjects for detecting the stimu]ué vary.

Sensory‘perceptions are judged by the observer on a probability

basis and th; responses make it possible to estimate how

interchangeab]e‘ the sensory signals are with the background

signals. The signal detection approach allows the 1nvestigator

to measure the effect of response bias better than any other

technique since both positive and negative false a]ams_ can be

corrected for.
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In making a judgement there are four possible outcomes.

- odour is present and is reported (a hit)

- kodour is present but is not reported (a miss)

- odour is absent but is reported (false alarm)

- odour is absent and is not reported (correct rejection)
From the numbers N of responses in each of these categories a
statistical detectability index d‘ is determined. This is ‘a
sensitivity measure separated from the decision criteria effect.
‘Numerically the procedure is as follows:

Two probabi]ities are calculated, i.e.

Probability of hits = N of hits

N of hits + N of misses

Probability of false alarms = N of false alarms

N of false alarms + N of corrett rejections

Tables derived from probability distribution equations are then
used to find a d' value for the calculated values of P (hits)

and P (fé]se.a]arms)
Signal :aetection theofy has been used to measure ambient odours

by Lindwall (1970, 1973) and by Reboux et al (1978). Whilst the

technique can provide an objective measure of sensitivity
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3.6. -

which is independent of the subject's criteria and other factors
such as the relative proportions of positive stimuli ahd blanks

in the stimulus presentation ‘sequehce it does have certain

_disadvantages. The main vdifficu]ty, in calculating. . the

detectability d', is that a large numbefv of observations are
required, e.g. 500-1500. However, because of the timé consuming
nature of this process and the difficulty ih terms of ~presenting
odorous  and non-odorous samples td the subject without the
cerfainty of 1nter—samp1e contémination, this method has not yet

found extensive use in routine odour measurements.

Characterisation of Exposurefin‘Ambient Situations

Until now we have considered the assessment of a constant dose

either in terms of concentration or intensity. Olfactometers

are ideal for assessing the strength of a stable or static

sample, i.e. when measuring the odour source. However, in
ambient air much useful information is not co]]ected. This is
because the concentration is rarely constant. Turbulent miking
of the atmosphere means ‘that odours' levels fluctuate rapidly.
The best that an olfactometer can achieve vis a measure of the

average concentration of the sample.

The alternative is to use a direct sensory approach by employing
sniffing teams. Hogstrom (1974) and more recently Thiele et al
(1986); and Harssema (1986) héve' used. gdch techniques. They
placed the teams down wind of odour sources to record the

presence and intensity of odours. When the observation time is
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long enough for a given meteorological situation the odour
frequency at each point can be determined. That is the

percentage of time that the odoUr‘thresho1d is exceeded.

The'vusé of shiffing',teams is_attractivé but it a]So'poﬁes some
prbb]ems. It is a direct sensory approach and éccording to

f_Harssema caﬁ” be ‘quite‘ objective if standardized methdds afe
applied.  In both the Netherlands (Anon '1986) and in Germahy,
Verein :Deutscher ~ Ingenieure  (VDI) (Anonb 1985) there are

initiatives for standardisation of measurement by sniffing teams.

- The main disadvantage of . this technique . is  that it can .be :
expensive because of the ]arge~number'of measurements necessary

for the quantification of some problems.

Harssema claimed that sniffing teams can only be used in
existing situations where no other sourcesAare present. There
are, however, éxamp]es ih the scientific literature, e.g. Copley
(1971) in which the sniffing. panel has successfuT]y
discriminated between different types of odour.
i _

The other problem with the method is that panellists can adapt
‘to the odour, particularly where there is little variation in
concentration. Intensity measurements are Variab1e, unless a

simple reference method is available.

3.41



Nevertheless, 1if these Timitations are taken into account in the
testing protocol then the direct sensory' approach can provide
useful measures of ambient odour characteristics which cannot be

obtained in any other way.

A variation on sniffing‘teams is the use of’»population ;pénels,
With thfs’ system, which 1is gaining favour in the Netherlands
- (Maiwald 1986, Punter 1986), nembers of the public fn the study
>area are encouraged to take part in a monitoring exercise over a
period of a year or more. .Two or three are selected at random

from each pbstal zone toAgive a reasonable sampling network.

Routinely every week at a specified time they step outside their
homes and make a nnte of any odours that they experiénce, giving
an estimate of 1its annoyance on the five point scale given fn
Table 3.6. The observations are then sent by prepaid post card
to the coordinating 1aboratory' for analysis. The aim being to

assemble data on the community annoyance to odours.

The 1ndividua1 ‘category response$ are placed on a numerical
sca]eé withk the value 0 for (no odour and not annoying), 25 (a
1itt1é'annoying), 50 (annoying), 75 (veryv annoying) and 100
(extremely annoying). A1l of the responses in the same area aré
then aggregated. If no-one is annoyed the odour index is 0, if

everyone is (extremely annoyed) then the index is 100.
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bThis method of assessment gives a very coarse measure bf
community  odour | annoyance. It is averaged over all
meteorologicaT -COnditiOns and for this reason canhot be'usedbto
identify a particular source. 'Even if it could, it would be too
slow to react, to be of any use'in odour control. The other

major difficulty is panel motivation.

It has been found difficult to maintain the panel's interest in
the prdject “and to make the oBservations regu]ar]y.‘ A number of
measdres, suéh as the circulation of news sheets and gi&ing
small rewards to ‘the best observers, has been necessafy to

maintain high Tevels of participation.

- Table 3.6. Annoyance scale used with population panels

Scale Category

] ~no odour or not annoying
2 : Tittle annoyingv |
3 | ;  annoying

4 % very annoying

5 ' ’ extremely annoying
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3.7.

Summary

Most odour measuring systems use an olfactometer in conjunction

with human judgement or the opinions of a panel of judges.

These are known as organoleptic methods. The human olfactory
syStem is utilised as part of the measuring system because of
its greater sénsitivity and sé]ectivity’over purely instrumental

methods.

A large number of olfactometers have been developed for the

measurement of concentration and intensity but there has been no

‘standardisation --in.. approach. Consequently- there are wide

vabiations in the results obtained. Without standardisation of
instruments and procedures it is difficult to relate the results

from one system to another.
Methods of assessment based upon the use of the signal detection
theory have been app]ied to odour measurement but have been

found to be too unwieldly for routine measurements.

Currently there is growing interest in using a direct sensory

approach for the assessment of ambient odours by using sniffing

pane]s.
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4.1.

DISPERSION MODELLING

According to Janni (1982) odour problems are the result of the

thrée step process listed in Table 4.1.

Table 4.1. Processes 1nv01véd in the formation of odour

at a receiver

a) Formation of odorous compounds.
b) Emissions to the atmosphere.

¢) Transport and dispersion.

Modelling of odour transport  and dispersioh provides an
important insight into the likelihood of a problem and gives an

indication of how much control is necessary.

Gaussian Models

Sévera] approaches haQe | been adoptéd for modelling the
dispersion ~of odours. The first mode]tused was.a Gaussian plume
mbde] generally attribuﬁéd‘to Sutton (1932) for the atmospheric’
dfspéfsion vbf gases. This rodel assumes that eddy diffusion in
fhe atmosphere causes aif pollution to be dispersed in a

bi-normal manner ‘downwind of the source. It also assumes that
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the magnitude of diffusion depends upon the stability of the

atmosphere.

Pasquill  (1961) categorised atmospheric  stability into 7
categories for use with the Gaussian dispersion model, from A
(very ~unstable) through D (neutral) to G (very stable) assigning

a dispersion parameter td.each stability distance Combiﬁatioh, '

Category A (very unstable) occurs typically on a warm vsunny
summer afternoon with Tlight winds and ‘almost cloudless skies
when there is strong so]ar’heating of _the ground and the aif
1mmediate]y’~ab6ve the surface. Bubb]es of warm air r%sé from
the ground in thermals. The lapse rate near the surface is

 superadiabatic (i.e. it exceeds the dry adiabatic Tlapse rate).

Category D (neutral) occurs in  cloudy conditions or whenever
there is a strong surface wind to cause vigorous mechanical
mixing of the Jlower atmosphere. Category D occurs both by day
and night. The period immediate]y after'sunrise and immediately
béfore sunset ~ is normally considered neutral. . The:]apse rate is .

“equal to or less than the dry adiabatic lapse rate.

Category G (very stab]e) occurs typica]]y on ka cold clear calm
night when there . is strong cooling of the ground and the lowest
layers of the atmdsphere by»]ong wave radiation to space. There
is>‘a strong ihvérsion of temperature. Category.G'only occufs at.
night. Categdries E and F also only occur at night norma]ly

with a slight or-moderate inversion of temperature.
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The stability categories are estimated from the total cloud
amount, wind speed and time of year. During the day an estimate
is made of the incident solar radiation and this is combined
with wind speed to eétimate the stability category. At night

the stability is a simple function of cloud cover and wind speed.

Wohlers (1963) wused a dispersion modé] based on a Gaussian p]ume
"model developed by Suttoﬁ (1947) to combare'estimated and - actual
‘travel distances by odours from various industrial sources:

Nordstedt anq Taiganides (1971) wused -a similar model to study
meteoro]ogicaf ncbntro] of . odours during 1ana spreading : of

livestock waste.

Gaussian plume models have also been used to predict the average
concentrations of specific compounds downwind of sources based

on the Pasquill Gifford (P.G.) equations (Turner 1970), i.e.

c(x,y,z,H) = Q expf-1fy 2\ x
27!'6y62U dy
exp |:-l z -H 2]+ exp[—l z +H 2]‘ E4.1
L 2 | 6, ' 2 \ 6, ' B o

- where
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c(x,y,z,H) = concentration at downwind position xyz for a source

of effective height H (grams per cubic metre) (g/m3)

Q = emission rate (g/s)
u = windspeed at emission height (m/s)
d& = standard deviation of plume concentration in the

cross wind direction (m)k
05 = standard deviation ofiplume concentration in the.

vertical (m)

Janni (1982) used such a model to investigate the important
" factors in the 'dispersion of  odours from agricu]tdra]

facilities.

These models do not take account of the short term fluctuations
in the concentration due to turbulence. 'According  to Murray
(1978) such fluctuations are fmportant because people respond to
detectab]e odour levels lasting of the “order of a few “seconds
rather than over 10 minutes to an hour as is assumed in most
. Gaussian dispefsioh models. Some 1nvestigators make allowances
for this differenée “in averaging time. Anon (1980) op;_cit}
recommend the use‘of an empiricaT méan to peak fatio of 10.
Thus, the 3 minute average conéentration estimated by the P.G.
Gaussian pTume disperéion model is mu]tib]ied by 10 to givé the
peak occurring for periods - of one to five seconds. Bahmann et
al (1983) haye also reported an empirical mean to ’peak ratio of

10.
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At this poinf‘ it should be noted that Turner (1970) gives a

correction for averaging time of the form

Cs = Ck x [t¢|P | E4.2
ts

where

Cs = desired concentration for samp]ihg time tg

concentration estimate for the shorter sample time t.

Ck

p is a constant between 0.17 and 0.2

This relationship is tabulated for a few key values in Table 4.2.

Table 4.2. Correction factor for change in samp]ihg time

Sampling Time Ratio of Caluclated Concentration to

3 Minute Concentration

3‘m1nutes ' 1.0
15 minutes , v 0482 -
1 hour | r, . 0.61
3 hoUrs. B 0.51

24 hours L 0.36

Constant p in equation E4.2 = 0.17
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4.2.

Puff Models

Finally there are a group of models whfch consider the odour
plume 'as a series of puffs. These models, which are based on
the principles described by Slade et al (1968), wusually predict

the odour freguencies or number of occurrences that a specified

odour concentration is exceeded during a given time period.

Included in these models are those described by Hogstrom (1972),
Murray (1978), McCarthy (1980). The classic work which
established this method of modelling was conducted by Hogstrom
(1972) in association with Lindvall (1970). Hq;strom carried

out  a rigorous ~ mathematical analysis of the problem of

dispersion.

Hogstrom (1964) conducted a series of tests in which 30 ‘second
puffs of smoke tracer were released and photographically tracked

downwind. From these experiments  Hogstrom extracted horizontal

and vertical diffusion parametérs for puff releases.

Using these .results he suggested (1972) that over a period of
several puffs dispersion is made up of two termé (Figure 4.1).
The first is the diffusion of each individual puff itself; the

éecond is meander in the plume of the series of puffs in  the

‘large scale turbulence field.

4.6



Diffusion of  individual puffs can be vrepresented as O&p
(horizontal) and 62p (verticé1). Using these parameters it is
possible to rewrite equation E4.1 which describes the standard
P.G. Gaussian plume model given by equation E4.1 to represent

the odour dilution ratio at a fixed point at any instant of time

as
Ni = VoMo exp|-1 (yi \2 -1 (Hi \2

where

N{ = odour dilution fatio at receiver
Vo = source volume emission rate (cubic metres per secoﬁd) (m3/s)
No = odour dilution ratio at source.
u = mean wind speed.
y1‘= lateral distance of plume centroid from theAreéédek
position at this instant (m) |
Hi = vertical distance of plume cehtroid from the recéptor

© position at this instant (m)
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Figure 4.1. Puff dispersion parameters

source

s
mean ‘wind
inétantanequs_ :
wind - |
F=n gbi 25 | E4.6
i =1 do 2mX | ‘
where
i = freqUency'of the ith meteorological situation defined
by Stabi]ity and_wind speed,
9oi = non dimensional measure of frequency of winds of
go direction ¢ +/- y;

x .

during those periods when the concentration width is 2y .
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distance from source

X =
2 yi = width of instantaneous contour
y = weighted mean half width of contour.

See Figure 4.2 for an illustration of these terms.

Figure 4.2. Width of instantaneous odour contour

A = the source.

B = fixed measurement point with coordinates x ¢ z

by - wind directionuduring particular samp]fﬁg period.A 

c = Ci, concentration Cj contour at height z

2y1 - instantanecus width of contour at fixed measureﬁéﬁt
point B;' o



~ The movement of the whole puff in the Tlarge-scale turbulence
field may be pictured as the meander of the position of the
centroid of mass of each puff as a series of puffs move
downwind. This portion of dispersion is 6yc and 6zc.  Hogstrom
(1964) stated that the total mean dispersions 6y and G, (as used
in normal Gaussian dispersion models) are related byr equatiqns

E4.4 and E4.5

Oyc? + dyp? | - ~ E4.4

672 = 65c2 + 652 . o ' E4.5

.Hogstrdm (1972) gives the frequency of éoncentrations greater

than a certain value by equation E4.6.

F=n 96 ¥ fi : | E4.6

1=1 do 27X

Equation E4.3 is solved for yi to obtainvthe ‘local instantaneous
half width of the odorous area at ground Tevel. ~ This s
‘fntegrated over a fange of atmospheric conditions to obtain the .

weighted mean width for substitution in equation E4.6.

Using this mathematical model 'Hogstrom’ estfmated the . odour
frequency distributién downwind of a pulp mill and compéred the
results with occurrences recorded by trained observers. Whilst
the cbfreTations betwéén the predfcted ahdvobserVed Table 4.3
were good at shqrt diétancés from the plant the method tended to

under-estimate at greater distances.
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Table 4.3. Comparison of predicted and observed odour

frequencies (Hogstrom 1972)

Distance km 25 10 20
Tota} numbef of

observations | 6426 7490 5528 6976
No. of posftivé | l

observations ‘ 696 736 1470 360
Observed odour

frequency (%) ~ 10.8 9.8 8.5 5.1
Predicted 6dourv | |

frequency (%) . 9.1 5.7 3.2 1.7
Ratio observed | | |

Hogstrom considered that the discrepancies could arise for

several reasons. These included:-

1) thefe was a chemical and/or physica] change in the odorant
which could have led to the Towering of the odorous

threshold;

2)  the mode]l éssumed a single source emitting at a constant
rate. In reality there were two chimneys on the plant and
there was some laboratory evidence to suggest that

emissions had varied;
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inaccuracies in the dispersiqn parameters  which  were
derived from his earlier work (Hogstrdm:1964). Although
the mode1IUSed _empirica]]y dérjvéd dispersion parameters
they were only measured up "to a few kilometres from the

source and these had been extrapolated in the model up to

.distances of 20km.

Hogstrom considered that the most important weakness of
the model was the assumption about dispersion behaviour in
the vertical -direction. It was quite possible that ¢, was

different for ascending and descending air movements;

- probably being Tlarger for ascending air. He calculated

~ that for the most frequent meteorological conditions

encountered- in his field tests, i.e. slightly unstable air
with a wind speed of 6m/s, that this factor could account

for the discrepancy at 20km.

One point on ‘which he did not comment was the continuity

of the atmospheric stability over 20km.  Over . that

‘distance it is possible that the stability could haVe been

slightly different. If, for example, the atmosphere had
been vmorev stable  20km from,‘ thé_‘$oubce  thenb some
stratification of the _atmosphere, could have - reduced :
vertical -minng. This. would = mean that his ‘dfspersion

parameters would have been different.
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4) Hogstrom ~also coﬁsidered' the possibifity that the
discrepancy could have been caused by the fact that . when
concentrations are ]bw, as in the-case at large distances,
observers tend to over-estimate the frequency (Lindvall

1970).

He also went on to argue that the diécrepancies could be
accounted fofvby a systematié over-estimation caused by
anticipation. He estimated that the error was about 3-4%
and that it was independent of distance. vHoWever; this
appears to be at odds with his previous péint that the
| greatest error occurs  af the  Towest cbncentrafioh.
- Nevertheless his work vindicated. that it was possib]e to
make quite feé]isticvestimates of odour frequency up to

5km.

Murray (1978) and McCarthy'(1980) developed the work of Hogstrom
further. They simplified the modé] andA'used the atmospheric
dispersion parameteré pub]ished by  Bowne (1974) which are
reproducedV in Figure 4.3, for .dispersion rates in. rura],

suburban and urban areas.

In their model known ‘as the TRC Odour Model (The Résearéh ,
Cdrporétion of New England), the poéition of"the puff centroids
is generated from a normally distributed random numbér generatbr
’wifhba mean value yéorrésponding “to 'the‘ meén wind dfrectfbn.
This permits the -considefation of’seQera] puffs during the time
period and allows the construction of a .cumﬁlative frequency

distribution of dilution batios for the chosen period. The

4.13



10°

s1aew ‘2o |einy

Il”lll T 1 3
= - O
3 g
= =i
o~ 3 3
|ALLERI S B LLLE R B RSy LA 0 o o e e ) B 7]
- b= - -
A\ i 2 E
= 42 5 i
3 ERa [~ T
d 3 B .
L 7 o~ -
C 1k 46
- . E E =
x F ER
L 4~ [ J
3 3 g ]
L 3 5 F
E 1 = 7
r ] _‘é’ g ”11111414 SR TTTS R W) YRR o
- P O i
. o o :
£ — = -
L £
E g S1I813W ‘< ueqin
- <]
- D e
r ] :Illl( T 14 VR R mmTrT T ‘ll”ll T = 2
T e - ’ o
3 o [ O . . . .
E - : t . N ]
g ; 3 ER
1o F u
lildog 1 fugaig gy ISR N S . IO ]
g o~ o —— r ~1
2 e =
= 3
sszpaw 4o veqin - 3
- [
1o
o~ = 3 .-o-a
o | AL S L0000 B St B L LA 0 e 9 =4 3
L - - ) 1™
11 TR husgrr g 1181 SIEN Io
L . m o~ -
3 = S (=] (=) 2 -
- ] siejaw ‘X2 veqingng .
| 4 L E ' : )
x . - * ]
L o - 3‘ FTTTT T Ty T rrrTTTT3 g
£ 3 c o : 3
F ] B L . e
o 3 2 L -
o - 5 : :
r ] = L w ) -
b H — A a 42
£ . g 3 W 3
3 i & E ]
F 3 =] I @ h
L B o t. Ny
| 5 < N
3 s F AR
£ \ — F . \ -3
£ : \i: E 3
r AN o 3
{ - . \‘J?,. -
. e I NN TV F SN I B TF TS S BN A § ) - 3
. €4 o — £ 4 *
o o = . £ , ]
-— — o - -
Cwzow e jeiny [ 1
b ~
1
3 ERS
E e
- ™
i 1 ! ! ¢
41 1.1 1 (ST I S e | ISR ITTTE B | o
. e, -

Downwind distance, km

Downwind distance, km

Downwind distance, km

Figuré.4.3

Bowne Diffusion Parameters




output from the model is the frequency distribution of specified
concentrations. Table 4.4 shows- a comparison between the
observed and estimated maximum concentrations at ground Tevel

downwind of two industrial odour sources.

Other refinements 1in this model included tﬁe entrainmentvof the
p]umé in the wake of afbui1ding and'fhebabi1ity to handle up to
'fwenty simultaneously emitfing sources and twenty receptors.
Ihput parameters heéded for each source include source strength,
stack parameﬁers, building parameters. Meteorological input
requir%d ~include wind speed and direction, ambient air
temperéture, aﬁmoépheffc stability and surface éharactéristics

(rural, suburban or urban area).

Table 4.4. Comparison between the estimated and observed maximum

odour concentrations

PTant Distance ~ Maximum odour concentration
m estimated - observed
Spray dryer at 100 50 31
chemical plant (a) 300 S _ 2 o 2
Unspecified (b) 450 75 80

830 10 <2

(a) McCarthy’(1980) meteorological conditions unspecified

(b) 'Murrayv(1978) stable atmosphere 2 m/s wind
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4.3.

Summary

Two types of mode1.have'beén developed to aséess the disperéioh |

of odours.

The first is a rather simplistic model based upon the Gaussian

b]Qmev model for estimatfng concentrations of neutra]iadd budyant‘
gases over‘periods.of about 10 minutes downwind of a steadyi
continuous _sourcé of emission. Even with empirical
modifications to allow for the short term f]uttuations of odour

concentrations -and the rapid' response of the human o]factory

. systém, this group of models can only provide limited

information.

The second' group'of models is  also based upon the Gaussian plume

model but modified to describe fhe dispersion - of puffs.

Although more complicated to use, these models are considered td

give more realistic results and better agreemént with

observatibns'than the simple steady state approach.
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5.

5. 1.

THE CURRENT SITUATION

Odour Nuisance, Criteria and Control Regulations

Often, communities must endure exposure to offensive odouré for
longer than is necessary. The delay in abating the nuisance
lies not in the available technology nor always the cost of
abatement, but in assessing the need for and degree of abatement

necessary.

The main prob]em' is defining the .smells and at what
concentrations they become a nuisance. Tentative suggestions
have been developed in the United Kingdom and in Europe mainly
based upon considerable research carried out in the United

States.

Before considering the situation in the UK and Europe, let us

consider that in the United States.

5.1.1. United States Situation

According to Leonardos (1974) the Federal EPA considers that

‘odours affect welfare but not health, and as a result has Tleft

the control of odours to the States and local agencies.
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In his review of regulations for the control of odours in the
United States he reported that over 200 State and 1local agencies
have subsequently developed odour control regu]étions. These
could be classified into approximately the nine different types
listed in Table 5.1. These were essentially based on five
technical papers published between the mid 1950s and the 1late
1960s.  (Fox et al 1957, Huey et al 1960, Mills et al 1963, Anon
1966, Leonardos et al 1969.)

It is useful to consider these types of control regulations in
greater detail as they provide an j]]ustration of the current
situation and a basis for developing new criteria for assessing

odour nuisance.

a) No specific regulations

Where there are no specific regulations to odour control, odour
problems are generally handled on a public nuisance basis, i.e.

in the legal sense.

b) Air pollution/nuisance regulations

This philosophy 1is based upon the nuisance concept and codifies
this concept into air pollution control rules and regulations.
The 1intent 1is to control odours that are perceived to be

nuisances by considerable number of people.
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Table 5.1. Types of odour control regulations

b)
c)

d)

f)

g)

h)

)

No specific regulations.

Air po]]ution/nuisance regulations. .

The use of certain criteria to determine objectionability
of an odour in the ambient air.

Scentometer measurements by control officials 1in the
ambient air by measuring dilutions to threshold (D/T).
Violations occur if stated D/Ts are exceeded, usually
within specified time periods.

The use of the highest and best practicable or reasonable
and suitab]e control system is required at the source.
Source emissions standards specifying the concentrations
(as dilutions to threshold or odour concentration units)
of odour that are not to be exceeded. These are based on
the syringe dilution technique.

Regulations based on instrumental analysis at the source
or in the ambient air.

Control regulations that serve as statements of policy for
handling odour problems.

Both source and ambient standards specified.'

Ambient odour intensity.
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An example of the wording used is given in the following extract
from Florida's regd]ations. "Objectionable odour prohibited:
objectionable odour defined a§ any odour ... that may be harmful
or injurious to human health and welfare which unreasonably
interferes with the comfortable use and enjoyment of life and

property or which creates a nuisance.”

c) Objectionability criteria

With this type of criterion an odour is deemed as being
objectionable if a specified number of an assessment panel say

SO, €.g.

Wisconsin - "an odour shall be deemed objectionable when either

or both of the following tests are met:

1. Upon  the decision resulting from investigation by
regulatory authority based upon the nature, intensity,
frequency, and duration of the odour as well as the type

of area involved and other pertinent factors;

2. Or when 60% of a random sample (consisting of at least 9
persons selected by the regulatory authority) of persons
exposed to the odour in their place of residence or
employment, other 'than employment at the odour source,
claim it to be objectionable and the nature, intensity,

frequency, and observation of the odour are considered."
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Objectionability criteriav for ambient odours can be traced to a
mid-1960 study carried out in the St. Louis, Mo., area by the
U.S. Public Health Service (Anon 1966). In that study, it was
stated

“Air quality goals for odours pertain to ‘'objectionable'
odours. An odour is considered 'objectionable' when 15%
or more of the people exposed to it believe it to be
objectionable 1in wusual places of occupancy. The sample
size needed to determine the ‘'objectionable' quality
should be at 1least 20 people or 75% of the exposed if

fewer than 20 are exposed."

d) ~ Scentometer based regulations

The seven agencies that have adopted the Scentometer approach to
regulatory control of odour have set standards at the seven
dilutions to threshold 1level, especially for residential-
commercial areas (Table 5.2). Huey  (1960) stated that
"experience has been that odours in the ambient air above 7 D/T
(dilutions to threshold) will probably cause complaints while
those above 31 D/T can be described as a serious nuisance if
they persist for any length of time." The attractiveness of
using odour strength (as measured by dilutions to threshold) as
the criterion to regulatory agencies appears to be that only one
person need make the observation. Enforcement by the
determination of a violation is therefore simple and

inexpensive. Table 5.2 also indicates specific points 1in the
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States with redu]ations based on ambient odour limits

Table 5.2.
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regulations concerning time constraints (how often and within
what period of time the observations should be made), and the

number of observers required to make the observations.

e) Highest and best practical control

Regulations that require controls on specific industrial sources
are usually expressed in terms of an incineration or equivalent
control standard. Table 5.3 summarises the states utilising the
incineration or'equivalent control approach, wholly or in part,
the industries covered, and the minimal temperature and
residence time required for incineration. Techniques other than
incineration may be used to comply if it 1is shown to the
satisfaction of the department that such techniques are
equivalent or better than the required incineration in terms bf
control of odour emissions. These regulations generally
prohibit the use of dilution and/or masking as control methods

for odour.

f) Source standards based on sensory methods

Examples of the stack or source odour emission limits relying on
sensory methods of evaluation are given in Table 5.4. All of

these are based in part on the work of Mills (Mills et al 1963).
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States requiring odour control equipment

Table 5.3,
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Table 5.4. Source odour emission standards - by site

State Standard Method
Connecticut <120 D/T Mills (1963) ASTM
ITlinois <120 D/Ta Mills (1963) ASTM
Minnesota <150 p/Tb Sampling and presentation
{25 D/TC ASTM D 1391-57,
{476 m3/sd panel test by Benforado.
| (1969)
a For inedible rendering only.
b For sources 15m (50 ft) or more above grade and adequate

dispersion characteristics.

c Fbr sources Tless than 15m (50 ft) above grade or otherwise
failing to create good dispersion conditions.

d Odour emission rate = volumetric flow rate x odour
concentration.

D/T  Dilutions to threshold.
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g) Analytical measurements at the source or in the ambient air

These types of regulations set maximum allowable emissions for
odorous substances measured analytically at a well-defined point

such as in a stack or vent.

Several state and 1local agencies have promulgated TRS (total
red&ced sulphur)- source emission rules for the control of
odorous emissions  from vthe Kraft pulp mill industry
(Table 5.5). Total reduced sulphides include such chemicals as
hydrogen  sulphide (HS), methyl mercaptan (CH3SH), dimethyl
disulphide (CH3SSCH3), dimethyl sulphide (CH3)2S and any other
organic sulphide compounds measured analytically as hydrogen
sulphide. These are thought to be the major components

associated with Kraft mill odours.

The 1imiting concentrations were designed to prevent downwind
concentrations from exceeding odour threshold values under the

most adverse meteorological conditions.

Ana]ytica] standards for ambient air have also been
promulgated. An objectionable odour is deemed to occur when it
can be demonstrated by analysis of the ambient air for any
pefiod of time that the recognition odour threshold
concentration of any one of 53 1listed odorant chemicals is
exceeded.  However, 1in the study which originally determined the

recognition thresholds, Leonardos (1969), it was stated ...
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Table 5.5.

Comparison of rules and regulations to control

odours from Kraft pulp mills

RULE EQUIVALENT IN 1b/TON AVERAGING
LOCATION TOTAL REDUCED SULFUR RULE X pPuLP SOURCE REGULATED INTERVAL
Humboldt Country a) 0.012 (Stack height) 1b/day a) 1.71b/ton pulp (Crown)Y a) Any single point a) One day

APCD

Shasta Country
APCD

Bay Area APCD

Oregon (7-1-75)*%

Washington

Alabama

Florida
Minnesota
Mississippi

Texas

Virginia

or 60 ppn
b) 0.81b/ton dry wood b
0.61b/ton dry wood (1-1-75)%

- ¢) 0.03 ppm-at ground level off

premises
d) No non-condensible stream over
60 ppr for over 30 min/day
a) 70 ppe
17.5 ppm (1-1-75)%
21b/ton pulp
11b/ton pulp (1-1-75)2
a) 0.2 ppr )
0.1 ppr )
b) 0.1 ppm )Dimethylsulphide
0.05 ppm)only
c) 0.06 ppm)hydrogen sulphide
0.03 ppa)at ground level
a) 10 ppm-or-0.31b/ton pulp
40 ppr
15 ppm-or-0.451b/ton pulp
b) 40 ppm-or-0.21b/ton pulp
¢) Non-condensibles treated
equivalent to thermal oxidation
d) Lowest practical level
a) 70 ppm-or-21b/ton pulp
b) 17.5 ppe-or
0.51b/ton pulp) {77173
¢) Non-condensibles treated
equivalent to thermal oxidation
a) 1.21b/ton pulp -

b

~

Mercaptans only

a) 17.5 ppm-or-
0.51b/30001b of black liquor
solids (7-1-75)2

a) 1.0 million odour units/min.

b) 150 odour units

¢) 25 odour units

a) 70 ppm-or-21b/ton pulp

b) Non-condensibles treated
-equivalent to thers, oxidation

a) 0.08 ppe-hydrogen sulphide at
ground level off premises

a) 1.21b/ton pulp

1.41b/ton pulp (L.P.)Y

) 1.61b/ton pulp

1.21b/ton pulp (1.1.75)%

a) 2.01b/ton pulp

-b) Total mill

¢) Total mill

a) Recovery furnace

0.51b/ton pulp (1-1-75)%

b) 2.01b/ton pulp

b) Any other source

1.01b/ton pulp (1-1-75)2

a) 0.0051b/ton pulp

b) 0.0031b/ton pulp

a) 0.31b/ton pulp )
1.21b/ton pulp )
0.451b/ton pulp)

b) 0.21b/ton pulp

a) 2.01b/ton pulp

(7-1-75)2

a) Well-defined stack
Any other source
b)-Well-defined stack
Any other source

c) Total mill

2) Recovery furnace

Recovery furnace

Furnace stack

b) Lime kiln

c) Digester, multiple
effect evaporator

d) Any other source

a) Recovery furnace

b) 0.51b/ton pulp (7-1-75)*b) Recovery furnace

a) 1.21b/ton pulp

a) Recovery furnace
lime kiln, digester,
nultiple effect
evaporator

a) 0.51b/ton pulp (7-1-75)% a) Recovery furnace

a) -0.0031b/ton pulpy
b) -0.041b/ton pulpy

a) 2.01b/ton pulp

a) 1 21b/ton pulp

a) Any source

b) Any stack over 50ft
¢) Any other source

a) Recovery furnace

a) Total mill

a) Recovery furnace,
lime kiln, digester,
multiple effect
evaporator

b) One month

¢) One hour

a) Undefined
b) Undefined
a) 15 mins .
b) 15 mins
¢) 3 mins
one hour
a) One day
One hour

One day
b) Undefined

a) One day
b) One day

a) Undefined

a) Undefined

a) Undefined
b) Undefined
¢) Undefined
a) Undefined

a) 30 mins

2) One day

x TRS means hydrogen sulphide, methyl mercaptan, dimethylsulphide, dimethyl disulphide and any other organic sulphide

cospounds measured at hydrogen sulphide.
y Calculated for recovery furnaces only.

z Effective date of regulation.
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"the recognition odour thresholds reported in this study
were developed under ideal Tlaboratory conditions and are
not recommended for air quality criteria and standards
since no effort was made to define the degree of

objectionability of the odorant chemicals."
In spite of this, two agencies; Connecticut and the Bay Area Air
Pollution Control District (California) have adopted these data

as part of their regulations.

h) Control regulations that serve as statements of policy

An examp]e of regulations that appear to be statements of policy
for handling odour problems can be seen in the following extract
from Delaware's Regulation on Control of Odorous Air

Contaminants.
"Section 1. General Provisions

1.1 The purpose of the Regulations is to control odorous air
contaminants which significantly affect the citizens of the

State outside the boundaries of the air contaminant source.

1.2 Methods for determining a condition of air pollution due to
an odorous air contaminant may include, but are not Tlimited to,
Scentometer tests, air quality' monitoring, and affidavits from

affected citizens and investigators.

’



Section 2. Requirements

2.1 No person shall cause or allow the emission of an odorous

air contaminant such as to cause a condition of air pollution.”

i) Both source and ambient standards specified

Although some States have specified both source and ambient
limits based on sensory methods, the ambient odour 1limits are
unenforceable. The reason for this 1is that the specified
measuring technique of syringe dilution is not sensitive enough

for ambient odours.

At present the methods of measurement at source and in ambient
air are different because of the relative concentrations. Thus,
in practice, there is no existing regulation covering odorous
emissions that can be related by sensory methods 6r analytically

both at source and in the ambient air.

Because there can be both state and 1local regulations, some
areas use a combination of the above nine types of regulations.
For example, objectionability criteria are used prior to using

the Scentometer, as illustrated in Table 5.6.
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Selected local agency ambient odour control regulations

Table 5.6.
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j)  Ambient odour intensity

More recently it has been reported by Duffee (1985) that the
state of Louisiana has adopted an odour regulation based upon
ambient odour intensity. This regulation states that an ambient
odour is a nuisance if it has a perceived intensity equal to or
greater than the odour intensity from a number 6 port of the
binary butanol olfactometer described in ASTM Method E544-75
(Supra threshold odour intensity measurement). A number 6 port
has a butanol vapour concentration of approximately 500 ppm in
an airstream flowing at a rate of 160 ml/min through a nasal
port of 46 mm2. According to Dravnieks and 0'Neill (1979) this
would torrespond to an odour intensity of 'strong' (see

Table 3.1).

As far as 1is known, Duffee (1985), this 1is the only odour
nuisance regulation based upon ambient odour intensity. However
the south coast Air Quality Management District has a category
estimate scale for defining ambient odour nuisance. The
“probable  odour nuisance" category on this scale has been
equated by Duffee to be port 4 on the same binary butanol
olfactometer which has a butanol vapour concentration of about
120 ppm or easily noticeable according to Dravnieks and O0'Neill
(Table 3.1). On other category scales this would be equivalent

to just recognisable or slight.

Chamber experiments conducted by W. Cairn (1979) indicated that
for indoor odour 1levels associated with occupancy odour and

cigarette smoke an acceptable odour level (for 20% of occupants)



was an odour intensity of approximately 60 ppm of butanol vapour
(port 3) measured by the binary olfactometer. In Table 3.1 this
lies between faint and easily noticeable, i.e. equivalent to
very slight to slight on the category scale. However this has

been found to be too stringent when applied to external odours.

Duffee considered that odour intensity could be established as a

community standard for odour nuisance.

Monitoring

Huey's (1960) work may be described as the -Scentometer approach
to odour control regulations and emphasised a measurement in
terms of dilution to threshold in the ambient air by regulatory
officials. Mill's influence, Mills (1963), resulted in the
incineration or equivalent rule which has been directed
primarily to the rendering industry. The ‘highest and best
practicable' control, approach (odour must be reduced or
eliminated at the source) and to a much Tlesser extent in

regulations for setting odour emission limits at the source.

Both Mills and Huey believed it was difficult to handle the
question of quality of odour (as a descriptor or on a
like/dislike basis) and relied exclusively on the threshold
measurement with the aid of presentation systems to determine
compliance. Other contro]’ authorities, e.g. Nevada, St. Louis
and Omaha decided that it was inappropriate to 1ignore the
objectionabi]ity (or like/dislike) aspect of odour and proceeded

to incorporate it into their regulations.
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Instrumental/analytical approaches for regulatory control of
odour have also depended on the availability of  threshold
measurements of selected chemical compounds thought or knan to
be present in the odorous emissions of selected industries and
the availability of instrumentation and analytical techniques to
detect these components at the trace concentrations at which

they produce an odour response.

While Leonardos (1974) considered that odour control regulations
in the U.S. had had an effect in controlling odorous pollution,
there was a 1lack of evidence in the literature to indicate the
extent to which the existing odour regulations of whatever basis
had succeeded 1in reducing complaints. He believed that the
problem with existing odour control legislation could be stated
in terms of the broader problem of how can odour be measured

objectively and reliably.

Enforcement

At the present time in the U.S., virtually all enforcement of
eXisting legislation for the control of odours relies on
complaints by the public. However, as by definition nuisance
normally involves a sizeable number of persons (the actual
number depends on the size of the community affected).
Officials often find it difficult to encourage inconvenienced
persons to give evidence in court. As a consequence, the
enforcement of the 1legislation 1is at best difficult. Odour
complaints are not only unreliable but also insensitive as an

indicator of where a problem may exist. Undoubtedly, the
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increased publicity given by the media to pollution in general
has increased willingness to complain when in the past it may

have not been reported.

5.1.2. United Kingdom Situation

In the United Kingdom there are no such regulatory controls or
criteria for dealing with odour nuisance. Power to control
odours is available to both 1local authorities and individuals

but it is embodied in various acts of Parliament.

with the exception of the offensive trades provisions of the
Pﬁblic Health Act 1936, the public health 1legislation is
concerned with abatement. In the main prevention is the concern
of planning legislation. This can be effective in most cases
except in situations where planning permission is not required
by virtue of the Town and Country Planning (Use Classes) Order

1972.

Prevention

According to Artis (1984) prevention is achieved by the
attachment of planning conditions to a planning approval for

development or change of use.

"The type of conditions imposed fall into two categories.
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a) Those in which the form of words used are based on the
definition of "light industria]h use, i.e. Class III wuse
under the Town and Countny.PIanning (Uses C]asses) Order
1972. This is generally referred to as a "no nuisance
clause" and is imposed to protect the amenity of the
lTocality. An example is that no noise, dust, grit, fumes
or odours shall be emitted from the development which in
the opinion of the Tlocal planning authority create a

nuisance in the locality.

b) Those which require equipment to be installed, e.g. carbon
filters, odour neutralisation plant, or plans for
abatement of the odour to be submitted to the district
planning authority for approval and implemented before a

particular use may commence."

The advantage of controlling odours by planning conditions is
that odours that are detrimental to the amenity of the area can
be controlled even if they are not serious enough to amount to a
statutory nuisance (see Section 2.1 for definition), which is
what they would need to be, before they can be controlled by
public health Tegislation. Enforcement of control is effective
when it depends on a certain item of odour abatement being
installed before a particular use commences. However, controls
which require that there be an absence of nuisance, statutory or
‘otherwise, are difficult to enforce as it may require

establishing at law that a nuisance is being caused.
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As mentioned earlier, there are no regulations available for
controlling odours 1in the U.K. As a consequence there are no
detailed numerical 1imits or criteria along the Tlines of those

adopted in the U.S.

Generally what happens in the U.K. is that odour prob]emé are
dealt with by the local environmental health department (EHD).
After having the matter brought to their attention the EHD will
generally approach the offender on an informal basis to try to
achieve abatement through cooperation often offering advice and
assistance as to the methods of abatement. If this does not
work then the offender is taken to court but this entails the
EHD proVing that the odour is a statutory nuisance. This is
difficult to achieve 1in the absence of established criteria.
What often happens 1is that the complainants are called as
witnesses in support. However, many are reluctant to undergo
this ordeal and sometimes through lack of support the EHD cannot

proceed.

Some local authorities call upon the services of Warren Spring
Laboratory or consultant air quality engineers initially to
advise on the validity of complaints, if remedial action is
possible and feasible engineering solutions. They may also be
called upon to act as expert witnesses in support of legal

action.
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The Warren Spring Laboratory (WSL) (run by the Department of
Trade and Industry) is this country's Tleading authority on
matters ~re]ating to odour problems. After many years of
research it has developed its own tentative guidelines on the
likelihood of complaints from odour emissions. One such
relationship from page 105 Anon (1980) op. cit 1is given in

equation E5.1,
dmax = (2.2E) 4 0.6 E5.1

a measure of the uncertainty being given by the range

0.7E 4 0.6

7E 1 0.6

where dmax = the maximum distance at which complaints are
expected (m).

odour emission rate (m3/s).

m
1]

This relationshjp 1is based upon a limited amount of emperical
data, mainly from emissions effectively at ground level. Some
of the data were for chimney emissions but where the reported
maximum distances of complaint were at least 40 effective
chimney heights from the point of emission. WSL recommend that
this relationship should not be used for emission rates in which
the concentration is less than 500 dilutions to threshold. They
also consider that the maximum distance of complaint is valid

only if it exceeds 40 times the effective height of discharge.
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It should be noted that this relationship says nothing about
nuisance. In a survey of public attitudes to industrial odours
carried out by Basarin and Cook (1982) it was found that only

0.5% of those annoyed actually complained.

A guideline (Anon 1980) op. cit. which 1is wused to assess the
possibility of annoyance is that of five dilutions to threshold
in ambient air. At present this is calculated but Warren Spring
have repdrted that they are currently developing an instrument
to measure in this range (Anon 1980) op. cit. The origins of
this value of five dilutions to threshold can be traced back to
the work of Huey (1960) op. cit. whose work forms the basis of

many Scentometer-based regulations in the U.S.

Warren Spring Anon (1980) suggest that ad hoc adjustments to the
figure of 5 dilutions to threshold are necessary depending upon
the unpleasantness of the odour. They say on page 9 "Expressed
in terms of dilutions to reach the threshold value, the nuisance
limit can be as Tlow as 2, but a figure of 5 represents a
reasonable compromise for offensive smells and about 10 for Tless
offensive ones.". Because of the variation in readings between
olfactometers (see Section 3), the WSL guidelines are specific
to odour concentrations measured using a dynamic dilution

apparatus of their own design.

Thus, although it is possible to relate a situation to past
experience of annoyance using the WSL guidelines, the amount of
reference material 1is extremely 1limited. Either it is a

different type of odour, dispersion characteristics are
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different or the exposure frequency and duration are different.
In the end, the Environmental Health Officer on the case is
faced with making his own judgement as to whether a nuisance is

statutory or not.

The existing situation is not satisfactory even when using the

WSL guidelines. This 1is because ultimately it depends upon the

judgement of an individual.

Artis (1984) states that action can also be taken by private
individuals to prevent odour nuisance occurring under section 99

of the Public Health Act 1936 but they may not bring proceedings
to the High Court.

Such action is rarely undertaken in practice because of the cost
involved and the difficulty of proving nuisance. Even if
individuals had access to records kept by public bodies, very
few authorities keep such records mainly because they do not

know how to quantify the problem.

Civil action can also be taken undér fhe common law known as
Tort of Nuisance in order to seek an 1injunction or damages.
However, this 1is normally restricted to public nuisance and
action by the local authority in the High Court; again to obtain

an injunction.
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Indirect legal controls

It is often possible fbr offensive odours to be controlled
indirectly through various statutes other than Public Health
Legislation. For example, if an odour 1is associated with a
process that falls within the Alkali Etc. Works Regulations 1906
then there is a poséibi]ity of controlling the odour by ensuring
that the process 1is conducted in a safe and effective manner in

line with the requirements of the Act.

Likewise it may be possible to control some odours by
controlling the emissions of smoke under the Clean Air Acts
1956, 1968. Similarly the Control of Pollution Act 1974 can be
used to control odours by enforcing the requirements for
controlled disposal of waste. Odours in the workplace can often
be controlled by implementing the requirements of the Health
and Safety at Work Etc Act 1974 and working within the Health
and Safety Executive's guidelines on Occupational Exposure

Limits (formerly Threshold Limit Values).
Similarly the Factories Act 1961 and the Offices, Shops and
Railway Premises Act 1963 can be used to control certain odours

indirectly through controlling ventilation to buildings.

5.1.3. The European Situation

In recent years there has been considerable activity in Europe

in moving towards setting air quality standards for odours.
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At a recent conference organised by the Verein Deutscher
Ingenieure Anon (1986) in Baden - Baden it was reported that

several countries are well advanced with implementation.
Netherlands

The responsibility for tackling odour problems in the
Netherlands 1ies with the provincial and municipal authorities
under the requirements of the Air Pollution Act and the Nuisance

Act.

According to Wijnen (1985) research started- in the Netherlands
in the early 1980s to define air quality standards and

guidelines for odours.

In areas where complaints had been received, community odour
exposure was assessed by estimating the odour concentration with
an atmospheric dispersion model using measured source odour

emission rates.

The model developed by Voerman and Harssema (1984) is similar to
that described by Hogstrom (1972) in that it estimates the
percentage time that a certain odour concentration is_ exceeded.
It makes wuse of the well known observation that in multiple
source areas, air pollution concentrations are log normally
distributed. This means that the frequency distribution is
defined by only two parameters - the geometric mean and the
geometric standard deviation. The same relationship is assumed

for point sources.
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In their study, community response was measured using social
survey techniques. Population panels were also employed to
measure community response, i.e.once a week, at a specified
time, 80-100 people in the area made a note of their reactions
to airborne odours outside their homes using the annoyance scale
given in Table 3.5. Follow up surveys were also conducted after
odour control measures had been installed in the offehding

industries.

After 18 months of investigation by the Ministry of Housing,
Physical Planning and Environment, the University of Utrecht and
TNO  (the Netherlands Organisation for Applied Scientific
Research) the estimated exposure was compared with the community
respoﬁse as in Table 5.7 to assess at what Tevel the limit
should be set. It can be seen that the reduction of odour
emissions reduced the complaint or perception threshold. 1In
other words, after control measures had been implemented
.complaints were made at a lower concentration than before. It
can also be seen that complaints only disappeared completely at
an average concentration of about 1 odour unit per cubic metre
or at the odour detection threshold. It was concluded that
odour complaints in residential areas could only be eliminated
when the 99.5 percentile of hourly averaged odour concentrations

over a year were reduced to the odour detection threshold.
From this work the investigators were able to derive two

standards for inclusion 1in the Dutch Indicative Multiyear

Programme to control air pollution 1985-1989.
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Table 5.7.

Odour concentration (odour units/m3) in

residential areas near to sources

No. of Comb]aints Perception Maximum in
companies  threshold threshold residential
98P 99.5P 98P 99.5°P 98P - 99.5P
Before control 28 4.7 7.9 1.2 2.4 13 23
After control
with complaints 5 1.3 2.5 0.8 1.5 3.6 6.5
After control
without complaints 6 - - 0.25 0.5 0.7 1.1

P Percentile value
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- Odour concentration standard

An interim 1imit value for odour concentration was published in
1984. For new installations this interim 1limit value in
residential areas is 1 odour unit/m3 (odour threshold) as a 99.5
percentile of the hourly averages over a year. The
correspondihg limit in non-residential areas is 1 odour unit/m3
or the odour detéction threshold as a 95 percentile of the
hourly averages over a year. For existing installations in
residential areas the limit is 1 odour unit/m3 as the 98
percentile. These values were based upon the assumption that

nuisance does not depend on the type of odour:

Enforcement and control takes place not by measuring the odour
concentration 1in ambient air, but by calculation directed at the
odour source with the aid of a nationally accepted dispersion
model described above. Comparison of the maximum permitted
odour emission calculated 1in this way with the actual emission,

determines the degree of odour abatement necessary.

The financial consequences of introducing these standards into
three branches of industry, considered representative for large,
medium and small sources have been examined by Anzion (1974) but
the findings were inconclusive. Wijnen (1986) reported that
further studies into the financial implications were currently

taking place.



- Odour annoyance standard

The study found that 2.5%7 of the population experiences
annoyance in clean areas and that this figure will be used as a
target value. However, in the short term, the limit value will
be 5% of the population panel suffering annoyance. A draft

limit standard was expected to be published in 1987.

The Dutch are taking an integrated approach to controlling
odours and as part of the same Indicative Multiyear Programme
they are also in the process of setting air quality and/or
emission standards for some thirty .odorous substances.
According to Wijnen (1986) the only air quality limits set to
date for specific substances are those for tri- and
tetrachloroethene. These 1limits are reproduced in Table 5.8.
Draft emissions standards for those two substances are being
prepared in such a way that air quality standards will not be
exceeded.

Zoning of odorous industries has also been used as a planning

control to reduce the occurrence of odour nuisance.

In practice, the application of the odour concentration standard
is encountering a number of problems. The odour emission of
sources cannot always be easily sampled and emissions of short

duration do not fit into the system.
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Table 5.8. Draft air quality standards

for tri- and tetrachloroethene

Substance ~ Annual 98 .- 99.5
average percentile percentile
ug/m3 ug/m3 ug/m3

Tetrachloroethene

draft Tlimit value 2000 8300
draft guide value 1000 8300
target value 25
Trichloroethene
draft 1limit value 50 300
target value 50
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West Germany

There are similar standards according to Juergens (1985) in West

Germany where the odour threshold must not be exceeded for 97%

of the time.

The Verein Deutscher Ingenieure (VDI) organisation has recently
started publishing guidelines on odorants; covering odour
emission control, dispersion, olfactory measurement techniques
and control technology. Twenty-seven such guidelines are

planned, seven of which deal with measurement techniques.

In the past, VDI standards have been adopted by the EEC, e.g.
lead in petrol. If this happens with odours then there is a

chance that such practices will be used in the United Kingdom.
A review of odour control 1legislation worldwide could be
undertaken at this point. However, it was considered that this

would detract from the theme of the current study.

5.1.4. Summary on Existing Legislation

A wide range of 1legislative controls have been identified.
These include, not allowing certain processes to take place,
specifying particular po]]utidn control equipment at source,
setting maximum odour emission rates and limiting maximum
ambient concentrations or intensities. All of these can be
assessed objectively or quantified. Those which relate to the

source conditions are generally easiest to monitor, but not



5- 2.

always without difficulty, particularly the short term
emissions. However, it is open to dispute if the limits set are
realistic both for those responsible for the odour and those

affected by it.

Other 1less effective controls are those which specify words to
the effect that "it is an offence to cause an odour nuisance”.
This type of legislation which 1is the basis of control in the
U.K. 1is difficult to apply. It is difficult to monitor
compliance with the 1legislation and to enforce because there is
no criteria upon which to assess nuisance. Legal action taken
to force abatement can be both a long and expensive process and
as a result the public are generally unwilling to become

involved.

Dose/Response Studies

There now follows a review of recent odour dose/response

studies. This was included for two reasons.: The first was to

~illustrate the current situation with regard to the types of

investigations being carried out, the difficulties involved and
the types of findings that have been reported. The second
reason was to introduce field data, for use in testing the odour

assessment model in Section 13.
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Community annoyance due to odours has been studied primarily in
Sweden, the United States and the Federal Republic of Germany.

A series of Swedish studies beginning in the early 1960s
(Friberg et al (1960), Cederlof et al (1964) and Jonsson (1974)
have refined the techniques for the measurement of annoyance and
were the first to suggest the use of such measurements to
establish 1legal standards. The results also pointed to the risk

of relying on voluntary complaints for enforcement purposes.

In the United States seven majo} studies of community odour
prpb]ems have been completed since 1969. Four were in
California - two in Eureka, one in Anderson - and one 1in Carson
City (Goldsmith 1973). These four studfes focused on both
annoyance and health aspects and indicated the existence of dose
response relationships. The remaining studies of Coply
International Inc. (1971) were conducted as a series to
determine the social and economic impact of odours and to
develop procedures for the identification and assessment of
community odour problems. Similar studies have also been

undertaken in West Germany and Canada.

It is worth considering these studies in some detail because
they illustrate the current state of knowledge and provide
useful sources of data against which the new odour assessment

model is tested in Section 13.
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5.2.1. The Goldsmith Study

The aim of the Goldsmith Study (Goldsmith 1973) was to
investigate the health and annoyance impact of odours from pulp
mills and refineries with the possibility of establishing air

quality criteria for odorous materials.

Eureka is a coastal &ity in northern  California with ~a
population of about 30,000 (1972) Tlocated in an area in which
the timber industry plays a major part in the economy. Just
before the study was carried out in 1969 two paper mills were
built on a peninsula to the west of the community. During part
of the year, offshore winds carry odours from the pulp mills

inland to residential and business areas of the city.

Three residential areas were chosen which had different
exposures to the odours based on location with respect to the
mills and prevailing winds. Area 1 was 1-2 miles south east of
the mills, area 2 was 2-3 miles east of the mills and area 3 was
located about 4 miles east of the mills.

Measurements were conducted to determine the odour exposure in
each of the areas using a dynamic olfactometer similar to the

one shown in.Figure 3.7.
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In order to sample the ambient air adequately, daily
observations were made during three two-week periods in June,
July and August. Two observers wére exposed to the ambient air
at representative sites fn each of the three areas at half-
hourly intervals during the day. The observers were driven
around 1in a van to each of the monitoring stations in turn. At
each location external air was drawn into the van thbough a
dynamic dilution apparatus before being assessed over a period
of about 1 minute. On each samp]ing occasion a record was made
of whether the odour was detectable. If it was, then its

concentration was measured and recorded.

A regular sampling protocol such as this ignored the wind
direction. Consequently many of the observations were taken

when the sampling location was upwind of the odour source.

The effects on the population were determined by social
surveys. Between 55 and 60 households were chosen in each area
by systematic random sampling, representing respectively one
fifth of the households in area one, one third in area two and
about half of the total households in area three. A member from
each household was interviewed and completed an extensive

questionnaire. The questions related to:-
1. The subject's background details.

2. Satisfaction with the general conditions in the

residential area and the community.
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3. Air pollution and noise problems in the residential area.
4, Effects of odours from the pulp mills.
5. The subject's attitude towards pollution and noise

problems in general.

The dose/response surveys carried out in 1969 were repeated in

1971.

The most important results of the exposure and community
response measurements 'are summarised in Tables 5.9 and 5.10.
Note that the annoyance with odours from the pulp mill are

expressed in terms of bother.

The results of 1971 survey (Tab]e 5.9) showed that as in the
1969 survey, area 1 represented the area of greatest exposure to
odour in terms of the frequency of occurrence. This pattern is
repeated in terms of the 95 percentile of concentrations and
average maximum concentrations for the 1969 survey. But in 1971

the gradient is less clear for the other two parameters.
The social survey results in Table 5.10 show a clear gradient of

the percentage respondents bothered from area 1 through to

area 3.
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Table 5.9. Summary of Eureka study, odour exposure results,
EUREKA 1969

EUREKA 1969

area

1 2 3
T 37.4 14,1 , 5.9
95 percentile
of concentration + 6.9 - 3.9 1.0
Average maximum ‘
concentration + 31.6 12.9 3.4
Number of
observations 564 846 1128

EUREKA 1971

%T 19.5 6 13.3
95 percentile
of concentration + 9.10 6.9 9.1
Average maximum
concentration + 10.95 7.8 14.4
Number of
observations 190 285 376
Notes
%T = percentage of observations greater than odour detection

threshold '

+ dilutions to odour detection threshold

The original data gave concentrations in terms of equivalent
parts per billion of methyl mercaptan but these have been
converted into dilutions to threshold using the recorded odour
threshold of the observers to methyl mercaptan.
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Table 5.10. Summary of Eureka study, community response results,
EUREKA 1969

EUREKA 1969

% of respondents bothered

area
Amount bothered 1 2 3
Very much 28.8 23.6 5.9
Moderately 21.1 ' 7.2 11.8
Little 23.1 23.6 17.6
Not or don't know 26.9 45.5 64.7
Number respondents 52 55 51
EUREKA 1971
Amount bothered 1 2 3
Very much 24.4 17.8 11.9
Moderately 37.7 20.0 16.6
Little 22.3 35.5 21.4
Not or don't know 15.6 26.7 50.0
Number respondents 45 45 42
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The study concluded that "It should be possible to formulate a
quantitative relationship between measurements of exposure to
pulp mill odours and community reactions. Further refinements
in methods and a Tlarger -number of observations representing a

broader span of exposures are needed.”

The dose/response study conducted in Carson City in 1972
followed a similar procedure to the Eureka studies, the main
difference being that the odour sources in Carson were
associated with oil refineries and other components of the
petrochemical industry. In addition the study area was exposed
to a general background of odour associated with Los Angeles air
pollution including automobile exhaust. Questions were also

asked concerning health reactions.

A summary of the most important results of the odour exposure
and community response for the purposes of this report are given
in Tables 5.11 and 5.12. The results of the measurement of
exposure failed to differentiate between areas but there is a

clear gradient in terms of the community response.

The Carson study (Goldsmith 1973) concluded that the measurement
of exposure to odour made by dynamic olfactometry indicated that
it was not a very useful method of measuring the exposure to
community odours from multiple diffuse sources. Their analysis

failed to find a correlation between dose and response.
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Table 5.11. Summary of Carson City study, odour exposure
results (1972)

area
1 2 3

%1 100 100 100

95 percentile

of concentration + 127 131 143

Average maximum

concentration + 204 184 232

Number of

observations : 917 880 1190

Notes

%T = percentage of observations greater than -odour detection

threshold
dilutions to odour detection threshold

+

The original data gave concentrations in terms of equivalent
parts per billion of methyl mercaptan but these have been
converted into dilutions to threshold using the recorded odour
threshold of the observers to methyl mercaptan.

Table 5.12. Summary of Carson City study, community response
results (1972)

% of respondents bothered

area
Amount bothered 1 2 3
Very much 45 32 10
Moderately 15.5 27 . 14
Little 27 23 17
Not or don't know 12 17 59
Number respondents 97 95 99
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5.2.2. The Copley Study

The Copley study (Copley 1971) was carried out to establish air
quality, performance and emission standards that specify what
levels of odours are acceptable and how such levels should be
determined. The ultimate object of the research was to develop
a method to assess the social and economic aspects of community
odour problems. To accomplish this, four main test areas were
established near a variéty of sources to permit a comparison of

the effects of odours having widely different qualities.

The test areas were in the Los Angeles Metropolitan area. The
first was a community in Hawthorne near a major oil refinery and
a chemical plant complex processing by-products from the
refinery. The secohd and third areas were communities near two
bakeries, one in Glendale, the other 1in Beverley Hills. The
fourth test area was in Torrance in a community near a paint and

varnish factory and a second oil refinery.

For each test area with high odour exposures was selected a
control area with similar socio-economic status but with low
odour exposure. Technical field exposure surveys and social
surveys were carried out 1in each simultaneously in three

two-week campaigns, in December 1970, March and June 1971.
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Exposure Surveys

During the exposure surveys systematic measurements were made of
the intensity, duration, frequency and temporal variation of

odours in the community.

For the study, teams of 13-16 observers were selected by
judgement panel tests and trained to recognise a scale of
intensities given 1in Table 5.13 equivalent to the concentrations

of tertiary dodecyl marcaptan in mineral oil.

Table 5.,13. Intensity scale used in Copley study

Intensity Equivalent concentration Category
of solvent ml/1 value
Very Strong 8 4
Strong 2 3
Moderate 0.5 2
Slight - 0.125 1
Very Slight - 0.5
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After training the panellists were assigned to certain locations
in the community. Figure 5.1 illustrates the situation in
Hawthorne in March 1971. There they recorded the maximum odour
intensity in each minute, over a period of about 8 hours,
including breaks, regardless of wind direction. Because the
panelists' concentration became impaired after working in
solitude for about an hour, a sampling schedule was introduced
with recalibration periods to help maintain consistent

observations.

Tables 5.14, 5.15 and 5.16 reproduce the results of the exposure
surveys during the December, March and June campaigns in

Hawthorne.

These data give the percentage of observations during which
odour was detected and the average maximum intensity. They are
used in Section 13 for testing the proposed odour assessment

model.

Social Surveys

Social surveys were conducted by telephone rather than by
face-to-face interview in order to generate data with greater

efficiency and economy. The objectives were -
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Figure 5.1. Location of odour monitoring stations in Hawthorne

March 1971
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Table 5.14 Summary of odour intensity obsesrvations, December 1970

Summary of December ratings in TA(Hawthorne).

Percent Time Detected and Mean Odor Intensity
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Table 5,15 Summary of odour intensity observations, March 1971

Summary of March ratings in TA(Hawthorne).

Percent Time Detected and Mean Odor Intensity
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Table 5.16 Summary of odour intensity observations, June 1971

Summary of June ratings in TA(Hawthorne).

Percent Time Detected and Mean QOdor Intensity
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1) to gather data on public attitudes towards noticable odours

2) to obtain an estimate of the existenéé and severity of
'community odour problems

3) to define the type and degree of social and economic

effects odours have on residents and their property.

A summary of the more interesting results from each of the
quarterly surveys in Hawthorne are given in Table 5.17 and
Table 5.18. Unfortunately the corresponding results for the

other areas were not published.

Generally those bothered by odours indicated that this occurred
very often or often. An overwhelming proportion (86%) of
respondents bothered by odours said it was the sfrength of the
0il réfinery odour that bothered them most. Only 7.1% of
respondents considered the 1length of time to be the most
annoying factor followed by the number of times noticed 4.9%.

The study was wunable to demonstrate that odours caused an
economic effect on the price of homes. However there was some
subjective evidence to suggest that odours had caused economic
loss for at least three industrial concerns. While these losses
could not be quantified they were apparent in terms of increased

absenteeism and lower productivity of employees.
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Table 5.17 Summary of the degree of bother caused by odours in
the Hawthorne area

% of total number of respondents

degree
of bother December March June

test area control test area control test area control
Very much 25.2 12.0 34.7 24.0 34.6 14.7
Much 10.7 4.0 9.3 10.0 14.6 4.0
Moderately 21.4 26.0 14.7 16.0 18.7 10.7
Little 1.3 2.0 2.7 2.0 2.7 1.3
Very Little 10.0 4.0
Not told 41.4 46 38.6 48 25.4 69.3
number of .
respondents 75 50 75 50 75 75

Table 5.18. Summary of what bothered Hawthorne respondents most
about odours

% of respondents that are bothered
December March June

test area control test area control test area ‘control

number of 11.4 3.7 4.4 3.9 1.8 4.4
times

noticed

strength of

odour 77.3 88.9 78.2 92.2 89.3 95.6
duration 6.8 7.4 17.4 3.9 7.1

don't know 4.5 - 1.8
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The study went on to develop a possible assessment procedure for
identifying odour problems by considering odour complaints, area .
extent, frequency, duration, intensity and temporal variation of
odour perception, the influence of meteorological conditions and

the results of the community odour exposure and social surveys.

The use of complaint data was rejected in favour of public
‘attitude surveys because ‘it was thought that the complainants
did not necessarily represent the typical person in the
community. In applying public nuisance Tlaw in California the
basis for decision rests not solely with the feelings of the
population in an odour affected area, but in a comparison of
‘their attitudes with an equivalent social class popuiation in an

odour free, control area.

Upon completion of public attitude surveys in matched test and
control areas, odour problems are identified by applying "z"
statistics. A 95 percent 1level of confidence (z.=>1.65) that
more test area respondents than control area respondents are

bothered by odours is required before an odour problem is said

to exist.

To simplify the requirements for odour problem identification it
was suggested that public attitudes in one odour free area were
very similar to those in another with the same socio-economic
background. As a result one could eliminate public attitude
surveys in control areas as the data already existed from their

study.
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The study also suggested that a reduction in effort in surveying
the test areas could be made through sequential analysis. By

this system one of three decisions can be made.

1) that an odour problem exists or
2) that an odour problem does not exist or
3) The results are inconclusive and that an additional

interviewer must be completed.

Using this method it was found that an odour problem existed in
the Hawthorne test area after reviewing only seven
questionnaires in chronological order instead of the 75

questionnaires needed to complete the social survey initially.

An attempt was made to correlate the data obtained from the
odour judgement panels with information collected during public
attitude surveys in "~ order to establish dose/response
relationships. However the way the data was analysed the ‘study
'failed to find a conclusive relationship. (This point will be

discussed in Section 13).
More recent examples of dose response studies undertaken are

those by Winneke and Kastka (1977), Winneka and Kastka (1987)
and Gnyp et al (1985).
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5.2.3. Studies by Winneka and Kastka

Between 1974 and 1977 Winneka and Kastka (1977) were conducting
laboratory and field studies designed to develop odour control

legislation for the Federal Republic of Germany.

As their starting point they adopted the findings of the Copley
Study and recognised that "the only measurable impact éssociated
with a vast majority of odour brob]ems was annoyance, and that a
proper means for dealing with such problems must consider the

measurement of annoyance as central to success".

As a result Winneka and Kastka felt it necessary to study the
psychological structure of odour annoyance; to establish the
reliability of annoyance reactions and to validate annoyance

scores:

1) by comparing a known problem area with a comparable
control area

2) relating degree of annoyance to distance from the source

3) relating anﬁoyance scores to odour concentrations in

ambient air as measured by dilutions to threshold.

The first step was to construct a structured questionaire
consisting of 40 rating scales dealing with perception of
environmental odours. This was tested on 704 subjects drawn at
raﬁdom from three areas. The first was an odour problem area
near a detergent and soap works. The other two areas were odour

free control areas close to a glass works and a steel mill.
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A full statistical analysis of the results showed that there was
a clear item structure in the replies to the questions. These
could be aggregated under three main factors. The first factor
related to those questions about the sensory aspects of
perception i.e. its intensity, frequency, quality etc. as well

as formal statements of being annoyed or bothered by odours.

The second factor or group of questions dealt mainly with social
and emotiona] effects of perception (e.g. "I feel ashamed of
inviting friends to my house"). The third factor contained
primarily those items which could be described as somatic
reactions to odour perception (e.g. odours cause headaches,

nausea, sleeplessness etc.).

These three dimensions of odour annoyance i.e.
Sensory (F1)
Social-emotional (Fp) and
Somatic F3
accounted for 50, 23 and 24% of total variance corresponding to

the 0.001 level of significance for 702 degrees of freedom.

The stability of these composite annoyance scores over time was
tested by conducting follow-up studies on sub-samples of the
original samples, i.e. 87 subjects in ‘the po]]uted‘ areas and 37
subjects in the control areas. It was found that the ratio of
poliuted to control area annoyance for all three annoyance
measures in 1974/75 and 1974/76 agreed, at the 0.05% level of

significance.
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Further tests were conducted by Winneka and Kastka (1987) near
other industrial plants with odour problems. The  sources
investigated included a coa]-tar‘oil plant, an insulation plant,
chocolate factory and a Brewery. The object was to relate the
measured annoyance to the distance from the source and to odour

exposure data in terms of odour concentration.

Ambient odour concentrations were measured at various distances
downwind of the source using a mobile laboratory equiped with an
olfactometer serving an odour panel of four. The complete
threshold value determination took about 20 minutes ie 10

dilutions each of about two minutes duration.

Direct face to face interviews were also conducted by instructed
interviewers and 97 (brewery), 108 (chocolate factory), 108
(insulation plant) and 270 subjects (tar oil refinery) were
sampled around the four plants.

-

A summary of the results obtained can be seen in Table 5.19.

Winneka and Kastka found that the composite annoyance scores
related to distance from the source as well as to quantitive
odour exposure data and concluded that odour control might
eventually progress if these relationships turned out to be

related in a meaningful way.
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It was also demonstrated that the degree of annoyance produced
by chocolate factory odours was significantly lower than those
produced by'other industrial sources of comparable ambient odour
concentrations. These differences could not be explained by
socio-economic differences between subjects. The data suggested
that annoyance was source specific and this was probably due to

the hedonic quality of the odorant.

This hypothesis was supported by the. finding that intensity
rating of ambient odours tended to exhibit a closer association
with annoyance data than measured concentration (Winneka and

Kastka 1984).

5.2.4. Studies by Gnyp et al

Gnyp, Pierre and Poostchi (1985) have reported on their study to
assess the impact of odorous emissions from municipal land fill

sites on the surrounding community.

The subject of their study was a land fiT] site located Tess
than one kilometre from a mobile home park. It had had a long
history of causing frequent complaints, although many of these
complaints had been va]idated by independent investigations by
members of the Municipal Engineering Department, no regulatory
action was taken until the operators of the site sought approval
for an extension to within 200 metres of the mobile home park.
Legal hearings triggered the need for the study, to obtain an

objective assessment of the community odour problem.
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The aims of Gynp et al were to:

1) develop procedures for establishing the va1ﬁdity of
spontaneous odour complaints

2) obtain on objective measurement of community annoyance

3) find relationships between. odour Tlevels and annoyance

thresholds

The perception of ‘odours by the community was assessed using
public attitude survey techniques, special care being taken to

control bias and to avoid creating negative attitudes.

The objective of these surveys was to establish the hedonic
tones of twenty six commonly encountered odours on the basis of
individual experiences or prejudices of the people in the
community and to compare their reactions to odours with those of
individuals in other communities, i.e. test the sensitivity of
the affected community to odours in general. Othpr
neighbourhoods included in the study, were areas near a fast
food restaurant, municipal waste treatment plant, a car paint
workshop, a foundry as well as the land fill site. A shopping

mall was selected as a control area.

(This is the only survey known to the author, of an assessment

of hedonic tones by the community.)
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It was found that there was a good agreement between the hedonic
ratings given to the 26 odours by the different communities and
the control group. This suggested that the reéidents in the
neighbourhood of the land fill site were no different from any
other group 1in their rating of the unpleasantness of odours. As
a result it was concluded that their spontaneous complaints

could be regarded as honest reactions to offensive odours.

Dose reponse measurements were also assessed. Odour samples
were taken from the land fill site and presented to an odour

panel via a six level forced triangle dynamic dilution apparatus.

The subjegts were asked to identify the ports which were
perceived to be emitting odours. Panellists were also required
to specify the Tlevel at which they were positive about the
presence of the odour. In addition the panel members were
provided with a preprinted form on which they were asked to
indicate at which dilutions (concentrations) they would complain
if they were exposed to similar odours for a period of eight
hours and to rate the degree of annoyance at each level on a
scale ranging from O ‘to 10. No annoyance was 0 and maximum

annoyance was 10.
Gnyp's results are summarised in Table 5.20.
From these data it was suggested that a possible acceptable

standard for a community experiencing odours, which would

satisfy 80% of the population in the sense that they would not

5.58



Table 5.20. Summary of odour dose and response reactions near four

different sources

SOURCE  CONCENTRATION ) THRESHOLD MEASURED REACTION b4
St T RATIO ANNOYANCE DETECTING COMPLAINING
D/T d/d d/c
LAND FILL . ,
WELL 18000 0.55 1.0 TOLERABLE 30 24
{HRESHO&DS |
10000=4/d 0.11
2000=47¢
for 50% pop) 10000 1.0 | 1.7 TOLERABLE 50 30
0.22
6000 1.7 2.2 UNPLEASANT 66 37
0.33}
2000 5 | 2.9 UNPLEASANT 87 50
1. :
1000 10 | 4.6 - VERY UNPLEASANT 92 66
’ i
300 33.3 J 7.0 TERRIBLE 100 87
6.7
FOUNDRY 1000 1 : 1.5 TOLERABLE 50 34
'{HRESHgLDS _ {
1000=4/d 0.8
800=d/c
for 50% pop) 500 2 | 3.6 UNPLEASANT 86 86
: 1.6 .
170 5.9 } 6.0 VERY UNPLEASANT 100 100
4.7
60 16.6 3 3} 8.0 TERRIBLE 100 100
PAINT 120 1 : | 2.0 TOLERABLE 50 34
WORKSHOP 0.7
THRESHOLDS 60 2 | 3.6 UNPLEASANT 77 77
(120=9/d, 1.4 :
85=d/c 20. 6 6.4 TERRIBLE 88 88
for 50% pop 4.3
-WASTE WATER 300 1 } 0.8 TOLERABLE 50 36
TREATMENT 0.8
PLANT
THRESHOLDS 160 1.9 b 1.8 TOLERABLE 87 74
(300=d/d, 1.5 :
240=d/c 55 5.4 : } 3.2 UNPLEASANT 100 87
for 50% pop 4.4
20 15 } 4.4 VERY UNPLEASANT 100 100
12

Foot Notes
d/d = dilutions to detection threshold

d/c

dilutions to complaint threshold
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complain, were upper limits of 34% probability of detection and
a degree of odour annoyance of one. In this study the
borderline between tolerable and unpleasant was an annoyance of

about 2.

Table 5.21 summarises the range of annoyance associated with

each level of reaction.

Table 5.21. Range of annoyance associated with different levels

of reaction

Reaction Range of
Category annoyance
Tolerable 0.8-2.0
Unpleasant 2.2-3.6
Very unpleasant 4.4-6.0
Terrible 6.4-8.0

The reaction  descriptions suggest that tolerable is just

acceptable, any higher then is unacceptable or a nuisance.

The upper 1imit of tolerable and Tower 1imit of unpleasant Tlies

between 2.0 and 2.2.
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5.2.5 Summary to Dose/Response Studies

Four major dose/response studies have been reviewed. The aim of
each was to establish procedures and criteria for assessing

community odour problems.

The first was'by Go]dsmith in California whefe extensive surveys
Were conducted near puip mills and refineries. Dose/response
data was pub]%shed for two areas, with one area being repeated
the following year. The second study was by the Copley
organisatfon which  conducted gxtenéive | tests near oil
refineries, chemicé] kpfants, békeries and near a paintr and
varnish factory._ Unfortunate]ybon]y complete dose/response data
weré published = for an area near an o0il refinery and an
, equivé]ent background/referénce test area. However, results
were given for three separate campaigns spread 6ver a 6 months
period. Research undertaken by Winneka and Kastka in West
~ Germany near a tar oil plant, an insu]étion works, a chocolate
factory ‘and a brewery is the third ~examp1e‘of dose/response
studies.- The Gynp studvahich»was'primarily'concerned- with Tand

.fi]]. odours - is the fourth study - reviewed. This‘]atest study
also reports observations of annoyance caused by odours . ffom a

foundhy, a paint workshop and a waste water treatment'plant.
‘These  four étudies provide an insight into the types of

investigations undertaken and  the difficulties 1involved. 'They

also provide basic dose/response data for use later.
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6.

POSSIBLE WAYS FORWARD

‘The consensus of opinion of those concerned with basic odour

~control technology at the Stockholm Symposium on the methods of

evaluating odorous air pollutants at the source and in ambient

air, (Anon 1970) op. cit. was that a'given odour sensation may

~be generally described by four main "dimensions". These are

pervasiveness of the  substance, its intensity at suprathreshold

levels, the quality or characteristic properties which

‘distinguish one odour from ‘another regardless of intensity or

acceptability, and the acceptability or stimulation of annoyance
or pleasurable reactions. This opinion was restated in "Odours
from Stétionary and Mobile Sources" by The Assembly of Life

Sciences National Research Council (Anon 1979).

The Stockholm Symposium also concluded that in environmental
heé]th, the most 1important dimensions of an odour was that of
acceptability, e.g. what percentage of the population is ahnoyed
by the smell. The acceptability of an odour 15 probab]ybdue in
part to the intensityé quality, frequency ahd duration as well

as the conditions under which the exposure occurs.

In addition it was reported that it had not been possible to

establish a quantitative objective measure of acceptability or

the degree of annoyance by chemical or sensory méthods of
analysis. It was thought that public reactions of subjective

annoyance could probably best be evaluated by sociological
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inquiry methods. = The response could then be related to the
degree of exposure to odorous :air pollutants to Which the

population was exposed (the dose).

" It was noted that fﬁ mahy cases,- classical absolute threshold
determinations were}'usedv‘to obtain ~a measure of the intensity
with which an odorous subétance} was experienced.  These

undeniably provided"valuable information regarding the Contro]
of odour, but they do not give any measure of the perceivéd
intensity above threshold levels. It is impossible to establish
-a general fixed sensory threshold for a particular individual
since a real thréshoid in .the usual senéé pfobab]y»does not
exist but rather there is a gradual transiiion from total
absence to definite]y confirmed odour impression. Some methods

of detection are baséd von the assumpiion that the momentary‘
threshold varies from time to time and that this variation is
normally distributed. The modern detection theories deny even
the existence of a momentary sensory limit value and base their
indices of detectability on a supposed individual's probability

~evaluation using the techniques described in Section 3.

Leonardos (1974) also concluded that threshold determinations
either at the source, in the ambient air or on specific
chemicals were of doubtful significance in measuring the

intensity dimension of odour problem.

The Copley study (Copley 1971) recommended that

6.2



"the measurement of annoyance due to odours ... would serve asva
conveniént indicator of the existence of undesirab]é effects
and, thus, wou1db provide a basis for decidihg whether,dr not a
‘violation ~ exists. Itsﬁkvaddption would tend ~to .Vf0cusA
'techno]ogical controls on the anhoyance threshold rather-than
the odour threshold and, thus, would pfomote more efficient
301ution$ in light '6f'the stieta]'cohsideration that the added

cost of control should equal the added benefit derived from' that

control."

According to Leonardos}(1974) the concern with odour meaéurement
techniques-utiiised in the fie]d:of.air pollution and upon which
the regulations were based is that théy measure only one aspect

of the four dimensions that the Stockholm symposium (Anon 1970) .
had identified as being of critical importance from the
standpoint of air quality. He‘concluded that odour measurément -
for pollution purposes must include, in addition to "thresho]d";
an assessment of the intensity and the quality of the odofous
sensations. He believed that these dimensions would be measured
effectively by calibration of the instrument - the human and his
| nose - by the use of appropriate reference standards both for
infensity and qua]ity. With ‘more information on these three
dimensions, the acceptability of an odour could then be inferred
from a considerafion of all three dimensions (concentration,

intensity and quality) and from none taken alone.
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Preferably, these three dimensions should be correlatable to the
acceptability or annoyance dimension .of odour and should perhaps
be carried out by public attitude surveys as outlined in the

Copley study or other acceptable means.

Dravnieks (1979)va]so suggested vfhat the extent of annoyance
caused. by }6ddr0us air depends on frequency and duration and the

odour episodes, odour intensity, odour character and hedonic
tone (pleasantness or unpleasantness) of the odour. It is a
sensation which is measurab]e through the subjective responses
~of individua]s.‘ However, as ‘different individuals respond to
ﬁhev same odour quite - differently depending upon  their
sensitivity, expectations and attitudes it is necessary to take

the opinions of a panel of observers.
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2

RESEARCH PREFACE

At present kthe,'assessment of odour nuisance 1is on an ad hoc

basis; 'usually based on the expérience' of the assessor.

Consequently it can be very subjective and unreliable in as much

as consistent'resu1ts are difficult to obtain.

What is needed is a method of assessment which is based on more

realistic objective criteria. - There 1is sufficient empirical

. data to construct an improved method of assessment. 'The way

forward lies 1in  bringing together the best of ‘vempifica1

knowledge in this field into a unified system.

As far as possible the system should include measures of the
four basic dimensions which describe odours, i.e. as recommended
by Karolinska Institute (1970), National Research Council

(1979), Dravnieks (1979):

1) pervasiveness.

2) jntensity.

3) quality.

4) .acceptability or pleasantness.
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The system may also need to incorporate measures of the
frequency off'occurrence; duration and the conditions uhder which o

‘exposure occurs.

" The pleasantness of the odour, its quality and ~any previous

‘associations that the receiver has had with the odour.wi]1

influence his/her reaction. Duration and frequency of exposure

both short and 1long term will also influence the potential for

an annoyance reaction.

A particu]ar'odour may be perfectly acceptable in one context or
at a particu]ér 'time 6f'the day but on another occasion ma& be

completely unacceptable.

Like all air pollution problems, those caused by odours are not
characterised solely by the nature of the odorants and human
response to these materials. Numerous other variables need to
be considered. For example, the nature of the emission -
whether it takes place cohtinuodsiy or in occasional bursts or
puffs, or from regular bursts. Discharges can take place from
point sources, such as a factory chimney from aréa sdurces.such
as from a wasfe_ tip or even from a line SOQrce such as a

polluted stream.
The dispersion of pollutants will be greatly influenced by

weather and topographic conditions. To complicate matters some

substances can undergo a physical and/or chemical change between
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the source and receiver. The fact that the nose responds almost
instantaneously to odours is another factor which needs to be

considered.

' The factoré which. need to bev'considered in determining 1ann
emission is 11ke]y to cause an odour nuisance are summarised in
Table 7.1. To include all of these factors is beyond the scope
of_this or twenty other such research projects. ~However, the
author ‘believes that the time is right to make a considerable
progress using two or po#sib]y three of the basic “dimensions”
rather than the single dimension used at present. Apart‘from
being a moré accuraté'prediétor‘ of odour’ nuisance, the method
shou]d' also :be practical and relatively inexpensive of time and
equipment. A trained odour panel system would be expehsivé in
terms  of manpower but Tow in capital cost, whereas gas
chromagraphic or another instrumenta] approach could be fairly -

economical in terms of manpower but high in equipment costs.

For the purposes of this study it has been assumed that the most

~important "dimensions" associated with odour annoyance are:

1) pervasiveness.
2) 1intensity.
3) acceptability or hedonic tone (pleasantness or

unpleasantness).
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Table 7.1. Factors affecting odour nuisance

Process Factors which need to be considered

Emission Odour emission rate
Exit velocity - plume rise

Temperature - plume rise

.. Dispersion . : Wind speed/direction
DiStdnce
Atmospheric Stabi]ity
Topographical features
Atmospheric physical reactions
Atmospheric chemical reactions

Other chemical compounds present in the atmosphere |

Observer ’ Odour quality

Reaction Odour hedonic tone
Odour.intehsity |
Olfactory acuity or sense of smell of the individua]
Conditions under which exposure occurs (context)
Observer's relationship to source of odours
bbser&er's previous experience of odour
Frequency of occurrenﬁe

Duration
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The pervasiveness, the intensity and the acceptability, can be
quantified by organoleptic measurement.  However, aé present
there is no ‘known wéy of quantifying'the:quality. As described
in Section 2.2 there is not even a universally écgepted‘ system

'for c1assify1ng odours.

The methods of measurement adopted in this study for each of the
three dimensions are described in Section 8.  The significanée
of each  of these in predicting  annoyance is examined in

'Section 10.



8'v1.

DEVELOPMENT. OF EQUIPMENT AND TEST METHODS

The belief that combinations of the parameters listed in the
previous section will give a measure of the expected level of
community énnoyance has led to the vneéd to develop practiéa]
cost effective equipment and test methods. To this end the

author has adopted what is believed to be the best avai]ab1e and

~most appropriate techniques for testing'the theory.

vTheé scope ‘of these techniqueé includes determining the
chafacteristics of ‘an odour both at source where it is
re]ative1y easy to sample and at the receiver where /the
annoyance occurs ‘but it is more difficult to take measurements.

An effective odour dispersion model may be'used to Tlink the twov
and estimate the 1likelihood of annoyéhce bgiven ‘the source.

parameters,

Equipment

Two items of equipmentvhave been found to be essential. . These

are an odour samp]ing'system and an olfactometer.

Odour sampling system

Odour 'samples are collected using the ‘system shown in -

Figure 8.1. A deflated sampling bag is contained inside a

-5 1itre glass bottle. Akg1ass' demijohn ~was chosen because of
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Figure 8.1. Odour Sampling System

ODOUR VACUUM
SAMPLE PUMP
" CARRYING
LUGS

SAMPLE
BAG



the easé of determining the quantity of sample collected. The
carrying lugs aTso make it a convenient confainer to handle.
Although made of g]asé, breakages have not been a problem. Five
litres is generally sufficient fof mosf tests. If a Tlarger
sample 1is necessary this can be obtained by using another

5 1itre sampling unit.

- The - sample bag is made of food grade PET (po]yéster
terephtalate). It is readily available and sold as a roasting
bag in a well known chemist chain store under their own brand
name. Considerab]e care was taken to find an 1nexp%nsive bag
that was made of a matéria] which neither had an odour ofiits
0wnkﬁor retains odours on its internal surfaces. As far as . is
known the materié] is aTSo impervious to most odours. By using

an inexpensive sampling bag it is possible to use one per sample
to guard against cross contamination. . A simple method _of
fo1dihg, sealing and joining the bag to the samplingk line has
been developed which uses a non-odorous silicone-based adhesi?e
tape. _Figure 8.2 shows the steps necessary to prepare the

sample bottle.

By evacuating the air outside the bag with a simpiebhand‘pump,
odorous air is drawn into the bag. Sampling 1is continued until
‘the bag fills the inside of the jar, thereby e]iminéting any
problem of‘diffu§ion of odour through the bag. Care is taken
'during fi]]ing to énsure‘ fhat the baQ is not sb]it or‘rﬁpfured

as it unfolds.
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Figure 8.2. Preparation of odour sample bag

open end .
v A 3O
Y — ; ;

fold along AB

1 ' 2 stick down short flap with tape
and turn over ends of tape

ey

apply two sticky tapes
to grip bag and glass tube
and each other trim surplus

3 cut corner & insert glass g
tube set in a bung

@" \\’®

the finished deflated bag is folded
and placed inside the glass jar and
held in place by the bung

5 apply two more tapes to . 6

~ add strength to joint
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Particularly strong or wet odorous - samples are éo]]ected as a
prediluted sample, i.e. the odour sample 1is added to a known
volume of dry odour]ess‘ air in a partially ‘filied bag. The
relative volumes are determinedby the dilution required and/or

the moisture content of the wet sample.

Once sampling is complete the system is sealed with small bungs

in the sdmp]ing line.

For analysis the sample is displaced from the collector by the
introduction of air on the outside of the bag. Norma11y"tﬁe
sample is analysed by organoleptic methods using the dynamic

dilution apparatus described in the next section.

Olfactometer

The review of olfactometers currently in ﬁse. in Section 3
revealed that the Warren Spring Laboratory olfactometer was
probably fhe onTy commercially available instrument in  the
United Kingdom. - uIﬁ~ 1979 it was avai]ab}e-ifrom Prosser
Scientific'lnstrumentsbat £4000. Even if the price ’had remained
Unchanged this was beyond the resources available ‘for  this
projeét. The alternative was therefore fo construct a purpose

built instrument.
Prior to this research project the author had designed and

constructed several dynamic dilution apparatus for and on behalf

of the WS Atkins Group, his employer. vFigures 8.3 and 8.4 show
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the eér]iest instrument for use in an odorous environment. A
known quantity of the sample was.  deodorised by passing through
an actiVated carbon filter and- fhen édded to the remainder of
the sample in known proportions. The mixture was then ducted to
face masks worn by the odour panel. When the panel mehber had a
positive‘response a button was bressed to illuminate a Tlamp on

the operétof's control panel.

The instrument . worked relatively  well but was too cumbersome.
The panel were also liable to odour fatigue even though they

wore activated carbon face masks between tests.

Taking account of the recommendations Tisted . in Section 3 by
Engen (1982) and Jann (1984) regardihg the sample presentation -
Ve]ocity and flow volume and using the best features of the

various instruments examined a new instrument was designed.

This is shown in Figures 8.5 and 8.6. It is compact and is-
bui]t inside a briefcase. It is simple and therefore easy to
' maintqin_and usé. Room air is supplied from a diaphragm pump.
and is deodorised by passing _througﬁ' an actfvated_ carbon

filter. This is split three ways.

A probortion fs metéred and pasSed to the sample bottle on the
outside of tbe bag. The diSp]acing air is adjusted to give the
reqqired.f]ow 6f odorbus-sémp1eAt6 the_mixfng chambéf? The flow
'raté’ of a second clean air stream is adjustea to give the
" required di]ﬁtioh rate‘Wheh it :meets’ the odorous air in the
mixing chamber. | |
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Figure 8.3. Schematic view of WSA dynamic dilution apparatus MKI

e

ITYYYTY

@

x\\\\w’b"

<

ONOUR DITHUTION APPARATUS

>— FAN
@

8.7



Figure 8.4. WSA dynamic dilution apparatus MKl in use
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Figure 8.5. Schematic view of portable dynamic dilution apparatus
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Figure 8.6. Portable dynamic dilution apparatus in use
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A third air stream is provided which goes directly to a second

sniffing port as a clean air reference.

The pipe connecting the sample bottle to mixing chamber 1is made
of Teflon (a non-stick ‘plastic) and is as short as possib]e;
A1l other parts that come into confact' with odorous samb]es,r
1hc]ud1ng ‘the mixing chamber and .sampTing port, are made of
glass. If contamination does take place then this 1section can. .

easily be washed and air dried.

In opération tﬁe main di]uting air flow and reference air flow _
are typically set‘to‘15 1/min. The displacing air is adjusted
to its Towest flow ofk5 m]/min;‘i.e. a dilution of 3000. (Nhen.
dilutions greater than 3000 are required the sample  is
- prediluted in the dynamic di]ution apparatus to produce a
- working sample.) Aftér sufficient time has elapsed for kthe
sample bag-to-mixing ;chamber ‘tube to become full of odorous air

the first odour panel member samples from the'sniffing port.

Each panel member then sniffs in turn for the same di]ution‘
setting making- ‘a note of - his or her respdnsé on the
questionnaire shown in Figure 8.7. Care is taken to ensure that

there is no communication of response between panellists.
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Figure 8.7. Odour panel response sheet 2

ODOUR PANEL RESPONSE SHEET 2

NOME: soceeenccrencccsscsacscancosasosesesk

Clean 3ir .oceeceecese. L/min

1211 .

SAMPIE: cocvevscccersoserscrcnacconsasscsssansaseX

x x

X

X

X

TEST

SAMPLE
SETTING

‘ML/min

DILUTIONS

NiL

POSSIBLE

VERY
SLIGHT

SLIGHT | MODERATE

STRONG

YERY
STRONG

ANKOYANCE

None

Slightly
Fairly

Very

Extremely

10

11

12

13

14

15
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8.2.

Determination of Intensity, Concentration and Annoyamce

The intensity, concentration and annoyance of the collected
samples are determined by odour panels using the WSA dynamic

dilution apparatus described in Section 8.1.

An ascending concentrationiseriés‘of odour samples are Zpreseﬁted
to the odour pane1, one concentration at a time. Repeat samples
are inserted as discusséd in Section 3.4, recommended - by
Lindvall (1971) op. cit. and confirmed by the National Research
Couhci] (Andn 1979)§op. cit. Each panel member recordé his/her
response on ‘the: éonfidential' questionnaire which is reproduced

in Figure 8.7.

When-the response is positive, 1.e. somé odour is detected, the
panel  member is instructed to provide an estimate of the
intensity using the category Jjugements and to record their
opinions with regard to potential for ~annoyance ‘jn the context

of their community. - In making these judgements thelpane1‘member

makes reference to the clean air issuing from ‘the second

sniffing port.

Further increases in concentration are made until jt is clear to

the opérator (by asking individuals in. turn) that all panel

- members are experiencing the highest intensity.
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The panel are not informed of the dilution settings, in order to
avoid anticipated reactions. During the assessment of a sample
several repeat concentrations are given to test for consistency

of response.

In théory, the 1arger the panel size the better. However, as
discussed in 'Settjon 3, in practice it is difficult ahd costTy
to manage large numbers. Best results based nupon repeat iests
show that with an experienced .paneﬁ about 6 1is the ideal
number. This gives a reasonable -accuracy withbut excessive

effort. ?

The data obtained from the odour panel tests are analysed for
intensity,concentratfon and annoyance by the methods described

below.
Intensity
A pilot experiment was conducted using a social ‘survey to
determine the perceived numerical Sbacing _between each of the

; intensity categories listed in Table 8.1 in 1ine w1th those used

by Katz and Talbert (1930).



Table 8.1. Intensity category

Nil
Possible
Very S]ight
- Slight
Moderate
Strong

Very strong

Respondents were asked to complete the questionnaire reproduced
in Figure 8.8., i.e. if no odour had the value of zero and a
very strong odour had the value of 100, where would each of the
other categories appear on the scale 0-100? No stimuli were

presented with the questionnaire.
The respondents were told that:

Possib1e corresponded to just'détectab]e.

Very slight correéponded to easily detectable but not

recognisable.

Slight  corresponded to easily detectable but only just

‘recognisable.
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Moderate corresponded to. being “easily recognisable without

- effort.

Strong and very strong were self explanatory.

The mean values for each of the categories obtained from 50
questionnaires -~ are given in Table 8.2 together with the

corresponding standard deviations.

:Tab1e 8.2. Intensity scale

i

Category Numerical Scale
Mean SD
Ni1 0 0
Possible 9 6.0
Very slight | 18 9.8
Slight 29 13.3
Moderate 53 131
Strong g0 8.3

Very strong ‘ - 100 0
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Figure 8.8. Intensity scale questionnaire

SUBJECTIVE RESPONSE SCALE TO ODOURS

i

NAME : ~ (INITIALS)

DATE:

IF YOU CAN DETECT ODOUR AS: . GIVE EQUIVALENT VALUE
; ON SCALE OF 100

NIL . ‘ . . . : 0
POSSIBLE

VERY SLIGHT

SLIGHT

MODERATE

' STRONG

VERY STRONG = | - o | 1o
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These spacings or weightings were subsequently used to find the
numerically weighted average 1intensity response for the panel.
Thus, if the number of responses to each intensity category are

as given in Table 8.3, then

Table 8.3. Number of reéponses at each intensity

Intensity Number responses: Corresponding
weighting
Nil | ' a R 0
Possible b ' ; 9
Very slight ¢ N 18
STight . 29
Moderate e - ' 53
Strong f - . 80 .
~Very strong g , ' }100

the numerically weighted average panel intensity for

a specific sample (NWI) =

9 xb +18 X c+29xd+53xe+80xf + 100 X‘g

a+b+c+dt+e+frg ‘ - E8.1
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It was found that jn almost 100% of cases of organoleptic
testing of samples, i.e. using an odour pagel that, if the
dilution factor was plotted against the overall average panel
intensity (NWI) oh a 1og/]og scale, then the relationship was a

-straight Tline, e;g. Figure 8.9.

A regression analysis between  the odour intensity and
concehtration; in terms of di]utions.of the 6rigiha] sample, is
summarised in Table 8.4, for the assessment of ten typical odour
,4rsémp1es by three different odour panels. (The full data can be
béfound in Appendix 1). Even.‘for relatively ;ma]] numbers of
‘observations, the correlation coefficient is high with ‘a level

of significance corresponding to better than 0.01%.

As this re]ationéhip depends upon the intensity weightings given
in Table 8.2, the excellent correlation in Table 8.4 implies
that the weightings are probab]y!fair]y accurate. It would be a
study in itself to provide further Verifitation of- the_ intensity

weightings.

| Using tﬁe Hre]atighéhipvﬁetWéen 169 (concéntfafioﬁ) and log (NWI)
it .isv possible 'fo determine fhe detection and  recognition
threshold concentrations from the suprathresho]d assessment of
:v intensity. This so-called indirect approach is similar to that
“used by Katz and Talbert (1930), Hemeon (1968) and Dravnieks
'(1974)'and'descffbed"ig Section 3 “(see 'also Figure 3.10). The

respective = thresholds are the concentrations (dilutions to
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1wt

Figure 8.9. Relationship between average panel intensity (NWI)

and sample dilution

DILUTIONS TO THRESHOLD
%

102 J

A NWI |
AVERAGE PANEL INTENSITY
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threshold) at which the average panel intensities are 9 and 29
respectively in accordance " with the definitions given in

Table 8.1 and the values given in Table 8.2.

Concentration

The concentration of the samples presented tb the ddour"pane1
was obtained by p]btting on log probability paber, thg sample
dilution factor and the cumulative percéntage of panel .members
indicating their response was at least very slight, e.g.
Figure 8.10. %esponses given as "Possible" were split, half to
‘category "Ni1" and half to category "Very Slight". The dilution
at which 50% of the panel gave a  positive response to “very
slight" was ° taken as the threshold concentration. The
recognition threshold was determihed by plotting the cumulative
percentage of responses of at least the category "Slight", and
the dilution at which 50% of the panel ine such responseé'vwas

taken as the recognition threshold.

~ The determination of the detection and recognitidn thresholds
from the panel response to certain dilutions will be caT]ed‘ the

direct approathl

Relationship between direct and indirect methods for

assessing thresholds

" The results of determination of the detection and recognition
thresholds by the direct and indirett» methods was- found to be

remarkably similar. Appendix 2 reproduces the data used to
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establish the relationship between the two methods. Regression
analyses of these data gave the relationship in equation E8.2
for the detection threshold and the relationship in equation

E8.3 for the recognition threshold.
~direct (d/d) = 1.009 x indirect (d/d) + 19.2 v E8.2
R = 0.942 n = 82 with a level of significance better than 0.0001

and
i

direct (d/r) = 0.991 x indirect (d/r) + 100.5 . . E8.3
R =0.965 n = 66 with a level of significance better than 0.0001

It was found that there was more scatter in the panel reéponses.'
around the threshold concentrationsku$1ng the direct approach as
indicated by Dravnieks (1974) op. cit. 1in Section 3. At times
this made it difficult to obtain a best straight Tline throughv
the data. However, the indirect approach, i.e. extrapo]ating
from suprathreshold intensities, was always able to ‘give an

estimate.
Annoyance

In this study annoyance is_jUdged on a Category .scale as - shown

in Table 8.5.
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Table 8.5. Annoyante.categories

nil

slightly annoying
fairly annoying
very annoying

extremely annoying

As with the fntensity Scale, the numeric spacing between these
categories was determined by resort to a social survey. From a

‘sample of 50 questionnaires it was found that the spacing was as

follows in Table 8.6.

Table 8.6. Annoyance scale

Category ' | ~ Numerical Scale
| | Mean sD

N1 oo - 0 0

Slightly annoyfng N : | 17 8,4'

Fairly annoying' : ' o 42 12.4

Very annoying - s 77 8.3

| 0

Extremely annoying B 100

By adopting these values as weightings it is possib]e to find

- the panel average annoyance in the same way as was achieved for -

intensity, i.e. in Table 8.7.
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response and sample dilution

Typical relationship between positive odour panel

Figure 8.10.
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Table 8.7. Number of responses at each annoyance

Annoyance Number responses Corresponding weighting
Nil a S , 0
Slightly b | 17
Fairly - c | ‘ 42
Very o d | 77
Extremely e ’ 100

The numerically weighted avérage annoyance NWA is calculated as

fo]]oWs:

A=17xb+42xc+77xd 100x e

a+b+c+d+e . 8.4

For example in Table 8.8.

8.26



Table 8.8. Calculation of average annoyance NWA

Sample  Percentage distribution of annoyance Average

nil slightly fairly very extremely annoyance

(0) (7)) (42) (77)  (100) NWA
A | 100 | 77

B 10 50 40 | 253

Thus an annoyance value can be obtained for each corresponding

intensity and concentration.

8.3. Source Measurements

Emission rate

The émisﬁfoh rate.of the source of odour 1s,'determihed from ihe
product of the volumetric f]owrate‘and thé odour,contentration.
With ducted emissions the volumetric flowrate is obtained in the
normal way by measuring the ve]otity‘,in the duct and the
bcross-sectiohaT afea, of the duct, such that flow (m3/s) =

velocity (m/s) x area (m2). The emission rate is therefore

obtained by multiplying by the induct concentration (D/T), i.e.
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emission rate = concentration ratio x m3/s. As concentration is
now dimensioned the emission rate will have units of volumetric

flowrate.

Emissions from open and fugitive sources are constantly diluted
by the movement of clean air across the source. There will also
be a concentration gradient vertically above the source. If, as
a first approximation it is assumed that the vertical
concentration gradient is 1linear, then the concentration at
height x will be mid way between that at the surface and that
measured at a height 2x. It follows that the volumetric
flowrate for the concentration at height x will be the product
of the cross wind width of the source, the height 2x and the

H

wind speed, i.e. the swept volume.

Odour concentration

The odour concentration 1is determined by first collecting a
sample of the odour at source in the sampling system described
in Section 8.1. This is then analysed by using an odour panel
and dynamic dilution apparatus to find the concentration in the

manner described in the previous section.

The techniques are normally applied to a sample taken at source
where the concentration is relatively high but it has also been
applied to ambient air. However, generally a different approach

is used for ambient measurements.
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8.4.

Ambient Measurements

Intensity

Odour is normally experienced by the genera] public downwind of
the source. In travelling from source to receiver the odours
ére part1a11y dispersed by fluctuations in'aif movements. As a
result  the concéntration at the‘ receiver does not rémain
constant but varies ih a manner simiTat to that suggested by

Figure 8.11la.

For. this time historyf'of, the concentration there will be a

corresponding frequency distribution figure 8.11b where TD, TR

and TA are the concentrations at which the odour is detectable,

recognisable and annoying respectively.

According to Turner (1970) and Hogstrom (1972) the atmospheric

dispérsion of an odorant downWind from a point source behaves in |
a binormal manner (see Section 4.1) and therefore. the frequency
distribufion in Figure 8.11b will be nofma]; Figure 8.11c shows
the- equiVaient -cumu1ativé frequency. dfstrfbuffon; : A‘ mdre
convénient form according to _N011 (1977)4 is the cumulative
distribution plotted on a normal bprobébility scale,

FigUre 8.11d. If the frequency distribution is truly normal

then the distribution is represented by a straight line.
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Downwind Odour Concentration Time History
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The  main attractionb of the data in the form shown in
Figure 8.11d. is that the frequency of excéeding a certain-
concentration 1is expressed as a percentage of the sample time.
Thus, if TR is known then it 1is possible to "read off" the

percentage of time that odours were recognisable.

The relationship “illustrated in Figure 8.11d provides a very
convenient way of assessing the intensity of the receiver in the

field situation.

In this study numerous tests havq been cbnducted by small odour
panels downwind of a source to -determine the rreproducibiTity
between individuals making vobservatidns of 6dour intensity.
This is merely an extension of Taboratory work on - specific and
contfo]1ed odour  samples into‘ the ffe]d situations Where the

actual concentration of the odour sample is unknown.

In tests the observer is asked to note the ’intensity experienced
with ’each breath or sniff using the coding 0 for no odour, 1 for
very:slight Of'deteptqb]e, 2 fqr slight dr récqgnisabTe, 3 for
mdderate, 4 for strong, 5 for 'very; strohg. -.fhus a set of

observations might be recorded as
00132112100121 ....
‘ObSerVatiohs normally take place over a period of about 10

minutes and are recorded on a -data sheet as reproduced in

Figure 8.12. Close agreement has been found between individual
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Figure 8.12. Odour survey result sheet

ODOUR SURVEY (1)

JOB NO. SHEET NO

DATE TIME

POSITION OF MAP

SOURCE POSITION ON MAP

DISTANCE FROM SOURCE : i . : ' M

SOURCE DESCRIPTION

TEMP oc
WIND SPEED | o m/s
DIRECTION FROM
N nne ne ene E esé se sse Sbssw sw‘st.W an nwr.hn-w N
CLOUD COVER %
CLOUD TYPE (DELETE OTHERS) HIGH MID LOW
' {:g : <3 ':;::_;:; .
(DELETE OTHERS) A -
PASQUILL STABILITY TYPE
TIME SOURCE IN POSITION
RESPONSE (eg. 10012310)
SN I F ¢ e e e eencocaneensaseesnansssecasessesnsnasessnnnsans

ODOUR INTENSITY O NONE _ E No * w>

1 VERY SLIGHT (THRESHOLD) |

2 SLIGHT (JUST RECOGNISABLE)

3 MODERATE (EASILY RECOGNIS-

4 STRONG ABLE)

5 VERY STRONG
ODOUR _DESCRIPTION , S o7
SMELLS LIKE:- ~
ANNOYANCE (ONLY TICK TWO CATEGORIES IF JUDGEMENT LIES BETWEEN) | ECI
NIL SLIGHTLY . FAIRLY VERY EXTREMELY

‘ NWA
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observers - for the percentage of the time that odours were
detectablie, i.e. category 1 . and above. The correlation
coefficent between 62vpairs of observers simultaneously exposed
~to the same odour events was 0.71, corresponding to better than
the 0.001 Tevel of significance. (The full data are 1listed in

Appendix 3).

It should be noted that the intensity categories used in ambient
conditions differ somewhat from those used when assessihg an

odour sample with the dynamic dilution apparatus.

Under ambient condftions the '1htensity is not normally sféady
but f]uctuatihg rapidly and therefore it is more difficult to
use the category of "poésibie". As a consequence it is not
used. By employing only 6 intensity categories rather than 7 as
already described, it was necessary torfedetermine their vaTues‘

on the scale 0-100.. .

From a social survey of 33 respondents the scale was determined

in Table 8.9.
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Table 8.9 Intensity scale for field observations

Category Numerical scale
mean SD
Ni T 0 0
Very sligt 9 3.2
S1ight 22 7.8
Moderate 43 11.2 ‘
Strong 73 10.3 %

“Very strong 100 - 0

The intensity classes  are totalled for each observer by
category. For example, an observer may have recorded the tota]s;

given in Table 8.10.

Table 8.10. Summary of observed odour intensities

: Categony ' - S 'Tota1 number of occurrences
0 Nil R | B
1 Very slight ' | b
2 Slight c
3 .Moderate - ' , , d
-4 Strong | : e
5 Very strong | ‘ f
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An average or equivalent continuous intensity (ECI) for the

observations is calculated from equation 8.5.

ECI =b x 9+Cx22+dx 43 +e x 73+ f x 100 E8.5

at+tb+c+d+e+f

- ECI takes account of the fluctuation of odour intensity with
time. It should not be confused with NWI which is the odour
panel average intensity for steady odours or the average for

maximum odours.

A measure -of Zthe  spread of values about the ECI is provided by

estimating the standard deviation of the ECI from equation E8.6.

i.e. standard deviation = Sox2f - g2 ' E8.6

z:f.‘:-

where x = category weighting 0,9,22,43, etc.v

f - frequency totals a,b,c,d, etc.

and

X = Tfx - S £8.7

The aVeragé ECI for a number of observers is taken as- the

arithmetic mean.
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Annoyance

With fluctuating odour concentrations under ambient conditions
it is reasonable to assumé that the annoyance will be dependent
upon the temporal fluctuations as well as the intensity. The
observer will average out the fluctuation and have an overa]T
impression of annoyance for the observation period. As can be.
‘seen from Figure 8.12 this | assessment  of  annoyance is

categorised by the observer.

Other observations made under ambient conditions are-also Tisted

in Figure 8.12.

Measurement of unpleasantness

‘The hedonic tone is‘a function of the intensity as nei]A.as “the
type or character of the odour, $o that care has to be taken, to
make assessments under standard conditions. As with other
investigators, ‘e.g. Dravnieks (1979), the author has adopted
intensities of s]ight to moderate for assessment purposes;
Source ,meaéuréments may therefnre neéd tovbé prediTutéd'befnre
odour prbfi]ing tékés place. When assessment,takes}placé vin the
- field care was taken to work under. condftions of.re1atfve1y

uniform intensity.

The method of méaSUkemenfvadopted’ was that of ‘odour ‘profiling

devised by Dravnieks and described in Section 2.2.
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8. 5.

Summary

A description is given Qf the design of a simple odour sample
collection system‘and portable olfactometer which waé used when
odour  intensity ~ and concentration were assessed by odour
panels. The design -incorporates most of the recommendations

identified in Section 3.

Descriptions are also given on the measuring téchniques‘which
were developed for use in both the 1ébbratory and field
situations. These  include ’téchniques for odour intensity,

concentration and annoyance. Numeric scales were developed for

quantifying intensity and anndyance so that observations could

be averaged and analysed by statistical methods.

No further development was attempted -On“the measurement of
hedonic tone or the unpleasantness of odours - a standard method

was adopted.
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9.

9. 1.

9.2.

ODOUR DISPERSION MODEL

Introduction

In order to be able to predict the effect that an odour source

is Tikely to have on a receiver it is necessary to have a means

of estimating the odour dose. This is usually achieved by a

mathematical model, several of which were described in Section 4.

The most successfﬁ],type of these models appears to ‘be the puff
model which predicts ‘the short term odour levels corresponding -

with the reéponse time of the human nose. It was therefore

- decided to adoptvsuch a model. 'A]though the baSic-eqUations and

printip]es had been published there was no .computer ~listing

available. A version of the puff model was therefore developed

for a personal computer.

The Model

fThebprogram known as ODF was written in GW-Basic, i.e. a version

of the  BASIC Tlanguage written by Microsoft Limitéd which
operates in the MSDOS environment. A listing of ODF 1is given

in Appendix 4. It contains . some novel features which simplify

"~ the calculations and shorten processing time.
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As with the puff model deve]obed by Hogstrom and described in
Section 4.2, it has been assumed that dispersion is made up of
two terms. The first is the diffusion of 'each4find19idua] puff
itself; the second 1is the meander in the plume of a series of

puffs in the large scale turbulence field.

It is further assumed that over a period of time the position of
the puff centroid will follow a binormal distribution such as
illustrated in Figure 9.1. Thus there is "a certain ‘probability
of fihding the puff centroid on a plane downwind from the source

depending on its position from the downwind axis.

Not all of these puffs will affect the observer. Somé will Dbe
too far away. Those that do will be passing the observer within
a distance at which' the puff has been diluted to the odohr
threshold.  Figure 9.2 ii]ustrates the situation in p]an.' The
edge of the puffs passing the observer are the odour threshold
concentrations. Any puff on the source/observer axis affecfs
the observer for a maximum time (xqo/u). Puffs further off axis
affect the observer for Tless time (xj/u). Puffs passing at a
distance y = +/- b from the_observer only 'juét brﬁéh past the
observer. Puffs passing - at a greater distance must be di]uted
be]owvthe odour threshold before théy feach ‘the observer. Thus
there is a critical distance in the y direction beyond which a
prf does not affect thé observer; because the concentratidn is
‘below the odour threshold: the effect of simultaneous puffs is

ignored.
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Figure 9.1. Probability distribution of puff centroid
z

probability distribution in this area is known

Figure 9.2. Ground level puffs affeéting an observer
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Similarly there will be a corresponding critical distance ¢ in

the Z direction, Figure 9.3.

If the observer is at ground level then the area of influence
thrbugh which puffs must pass is a semi-ellipse with a height of
¢ and width 2b. The concentration at the observer for a puff at

any location in the observer plane is given in equation E4.2 as

No = VgNg exp | -1 (y )2 —__1(2 )2

when z =0 y =b

thus o S ,

b =‘/LOGe (VONO 26,52 S

- UprOZpNi ) o E9.1

similarly when y = 0 z = ¢ and

_<:_=‘/LOGe (voNo, )2crzp2. | SR T

The total time that the observer experiences an odour dilution

ratio Nj and greater, is therefore the  sum of the times that

puff centroids pass through the area of influence.
- Since the position of the observer is known in relation to the

.source it is possib]eito integrate the probability or percentage

time that a puff is at each grid point in Figure 9.3 numerically.
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Range Over Which Puffs Affect Observer

Figure 9.3.
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To simplify this a simple algorithm was derived for the
frequency of a normal event depending on its position from the

mean in standard deviation units. -

The probabi]ity of a normal distribution event occurring is

given by equation E9.3.

Probability i[zz 1 exp[ -z2 \dz

71 Ver 2 / E9.3

(Reference Spiegel 1975)
For 0.1 standard deviation steps E9.3 approximates to E9.4

Percent probability = 4.47 - 1.98 z ‘
100 f o E9.4

with a correlation coefficient of 0.995.

In carrying out this modelling use was ‘made of the atmospheric
dispersion parameters for 'puff diffusion (Turner 1970) and puff
centroid diffusion; in rural, suburban and urban = areas as

published by Bowne (1974) and discussed in Section 4.
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9.3.

Model Testing

This odour dispersion model has been tested by comparing
estimates ‘with observations made on site, at situations where
the source emission characteristics were known. Some of the

data 'was Obtajned from published sources but most1y collected by

~the -author.

Table 9.1 summarises the observed and estimated percentage times

greaper than  odour threshold. These data are plotted in

.Figufev9;4 which indicates that the model gives a .good estimate

in rural situations. Agreement is less close in an urban area

with tall buildings. . The reason for this is that the dispersion
will be distorted by, buildings and the dispersion parameters

used will only be very apprbximate.

The relationship between _estimated and observed values of
percentage time greater than the odour threshold is given in

equation E9.5.

Observed = 0.876 x estimated + 1.48 | o E9.5

The correlation coefficient of 0.98 (p < 0.001) suggests that a
high degree of confidence can be placed upon the estimates. The
development of this odour dispersion model has been repprted._in

"Atmospheric Environment". A reprint is contained in Appendix 4.
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Summary of comparison between observed and estimated

Table 9.1.

percentage times greater than the odour threshold
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Figure 9.4.

Relationship between estimated and observed percentage

time greater than the odour threshold
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904.

Summary

An odour dispersion 'model was developed based upon the puff
model principle described 1in Section 4. The model which was
written in GW-Basic adopted a slightly different approach to
that adopted by earlier modellers in that it conducted a
numerical integration of the probability of exceeding a certain
concentration in the plane passing through the observer,
depending upon the position of the puff on the plane. The model
was tested against field data collected both by the author and
by other investigators and found to provide a good estimate of

the observed values over a range of conditions.
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- 10.

DATA COLLECTION AND ANALYSIS

Research for this study was -developed in ]aborétory tests and in

‘the field. Tests conducted under laboratory conditions enabled

better control of the variables but at the expense 'of testing

under slightly artificial ‘conditions; i.e. not fd]]y

representing real 1ife where odours can fluctuate over a very

~short time.

The objective of these tests was to collect sufficient data

which could be used to identify the important variables for

assessing odour nuisance and could be used to develop a

prédictive model.

In practice the 1laboratory and fie]dwork were conducted in
parallel as the opportunity arose. Some of the information was

drawn from historical data and the results of measurements taken

during work on projects for the author's employer prior to the

commencement of and during this study.

Informétion gained - under ]éboraﬁory conditions was tested on
site. Discrepancies, unexpected features and vériations
observed in the field were then studied furfher under laboratory
conditions. This iterative process was repeated until a greater
understanding of the nature of odour nuisance was achieved and a

predictive model was developed.
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10.1.

The investigations and tests carried out in the laboratory and

on-site are described under separate headings.

~Laboratory Tests

" The main thrust of the laboratory —tests was the assessment of

, odour samples; usually taken from the sodrce, by'bdour‘panels

uéing.the'dynémjc dilution apparatus and methods described in

Section 8.

Types of odours

- The types of odours included in  this study ~are listed in

Table 10.1. They cover ka wide range of unpleasant smells from

hedonic tone -0.28 to -2.23.
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Table 10.1. Types of odours studied'in laboratory tests

Project

~Type of odour

‘PitSéavLand Reclamation
Milk Marketing Board |
Gatwick Airpdrt
Campbells Chemicals

Cadishead 011 Storage Depdt

Impact Litho

Atherstone

Cape Boards

Petroleum Deve]opment Oman
- PDO S1ng1e Buoy Moorings
Oman Refinery Company

3M

Mina al Fahal Industrial Comp]ex

“Ball & Young

Reclamation at Corby Steel Works
Entec (Pollution Control) Ltd

Watneys Brewery
Springfield Proteins

B]ackamoor Lane Land Rec]amation

Hong Kong Gas Works

Dover Engineering

Household Refuse, Chemicals, 0ils.

Dried Milk
Aircraft Engine Exhaust

~ Pesticides

Petroleum Products

' Lithographic Printing

So]vent Dny1ng Ovens
Fibre Board Curing Oven Em1ss1ons

Crude 0i1 & Petroleum Products

Crude 0i1 Emissions from Tankers
Crude 0i1 & Petroleum Products

‘Solvent Drying Ovens e
Crude 0i1 & Petroleum Products
- Rubber Carpet. Underlay Manufacture

Drying Oven Emissions

Toxic Waste Ponds

Glass Fibre Reinforced Plastic
Manufacture Fumes

 Effluent

Dried Blood ‘
Partially Decayed Waste Chemicals
Emissions Associated with Gas

- Production

Foundry
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Data processing and analysis

The empirical data'werevassembled under the headings given in

Table 10.2.

' Table 10.2. Empirical data categories

1. Substance

2. *Detectioh.thresho]d ratfo
3. *Recognition threshold ratio
4, 'AnhOyéhcebécore : )
5. -'IntehSity '

6. Hedonic tone

* i,e. dilution of sample divided by thresho]d di]utiohs.

in all 260 complete data sets were ana]ysed. A full listing of

~the data is given in Appendix 6.

Table 10;3 1ndicates‘the range - of the data tested. Data 2?5
(Table 10.2) inclusive were vﬁransformed to their ]ogarithm'tﬁ
the base 10 to’beéome'data items 7, 8, 9 and '10,brespect1ve1y.
This transformation was undertaken as many of the relationships

were expected to be of a logarithmic nature
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Table 10.3 Descriptive data collected in laboratory tests
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Data 2-101were then téken as variates and analysed for multiple
Tlinear  regression re}ationships between ’annoyéncé or Tlog
-annoyance and the othér'indépeﬁdent dr pre&ictor vébiabiéé; | An
‘,Apricoﬁ microcomputer was:’uséd to Carny oﬁt thié aha]ysis
running softwére known as SPP (Statistical Package for Persbnal

‘Computers written by Royson (1984)).

Secondary;' variables ~were also  derived frdm the ‘primary .

variables, e.g.

- . ratio dilutions to detection

dilutions to recognition.
- psychophysical constant
and their use as predictofs was also investigated.

Table 10.4 summarises the results of the muTtip]e regression
analysis of prediction models for annoyance and prediction

 models for intensity.

Table 10.4 is in four part§; 10.4(a) to 10.4(d). Part (a) Tlists
regression relationships for  annoyance, | part (b) Tists
relationships for the logarithm of annoyance, part (c)
reiationships for intensity and part (d) gives relationships for

logarithm of intensity.
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In Table 10.4 each model tested is'déscribed in three columns of
data, the first column 1and the pair of cé]umns , startfng
;'COEFFICIENT'_}then va TO»REMOVE'. For éxahp]e; the first model
tested is described in columns 1;*2 ahdb 3. Thév next model s

described in columns 1, 4 and 5 and sd on.

The first column Tists _the fndependenf or predictor variables
tested against annoyance. The value of the coefficient for the
predictor variabie {s given under 'COEFFICIENT'. Under the 'F
; TO‘REMOVE' column are the F ratios for each variable, which
vrépresent the cdntribution of each variable to the goodness of
fit in the'preéeﬁce of the others. THé' sfatistica]  sfgnificance
of thé constant v(intercept) term is also given to indicate

whether it may be omitted frombthe model; At the foot of each
model is fhe amount  of variance exp]éined and the residual
standard deviation or standard error of the éstimate. Cohsider
for example model 3 for»énnoyﬁnce in Table 10.4(a) in columns 1,

4 and 5. In this model, which is reproduced in equation E10.1,

the only predictor variable was 1n£ensity (NWI). Thus:

Arnoyance = 0.754 NWI + 2.811 o F10.1
R2 = 0.74 R =0.86 n =260 stardard error of estimate = 8.903

corresponding to the 0.001 Tevel of significance.

This simp]e equation gives a good estfmate of annoyance,
explaining 74% of the variance without the need to include a
large number of variables. It can also be seen that intensity

is far more significant than the intercept constant.
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‘Table 10.4 Continued

L0G  ¢o- . FT0O  coO-  FTO
( ANNOYANCE) EFFICIENT REMOVE EFFICIENT  REMOVE

Detection
threshold
ratio

0.004  1.56

Recognition.‘
"~ threshoild
ratio

0.055  2.89

o+

Intensity  +0.000  4.96  +0.997  268.7
Hedonic - 0.27  8.79  -0.253 7.3
tone '

Log
(detection
threshold

ratio) 0.329  6.73

Log
(recognition
threshold

ratio) 0.077 1.86

+

Log intensity + 0.532 23.51

Psychophysical

constant '

Constant - 0.142 1 - 0.425 14.4
VARIANCE ' |

EXPLAINED ¢ 57.1 | 52.8

RES S.D. 0.541 0.562

10.9



_Continued

T

60° v

‘€9L°0T
5°0L - §°9¢

10v° vT+ 't

£p°0  €29°T -  16°8¢ y2eeg +

90°0  2y'0+  62°2  EL6°€ -

1°265  261°8 +

R AYAS 1L°0 +

208°S1

6€1" -

ev8°si
6°GE

£0°0  698°0- 91°9%2
26°0F  8L°ge+

6°G19

e SeT SOL O+

2eL 0T
0L

8°¢I+

. bi'8

p95° 21 “a*s S
09 % GINIVIdX3

_ JONVINVA
8° 191 -

9/°21+ juelsuo)

JuelsSUOD
LeatsAydoyafsd

K11suajul 607

(otgeu
pLoysaJyl
uotitubodad)
“607

(otze4
pLoysaJsyy
uo 132333p)
6ol

9°6LE 68° 22+

auojl
JLUopa}

Aq1suajul

otjed
plousaJsyl
uot3tubosay

oL3ed
pLOYsaJY3
uo 132333Q

Tab]g 10.4

IAOWIY INIIOT443 IAOWIY INIIDI443
ord -0 oL4 02

JA0W3Y  IN3IIJI443 JAOWIY
oLd -0J oL 4.

IN3I21443
-0)

JAOW3Y  INIIDId4d

01 4 -0J ALISN3INI

10.10



.Table-10.4 Continued

LOG ' Cco- FTO  CO-

“F T0
(INTENSITY) EFFICIENT REMOVE EFFICIENT REMOVE ' EFFICIENT

Co-

F T0
REMOVE

Log
(Detection
threshold
ratio) = A
Log
(Recognition
threshold
ratio) = B

Psychophysical
constant = C

Cx A ©0.910° 530.7
CxB | 0.699
Constant 0.855 1164.6 1.318

VARIANCE
EXPLAINED % 67.3 59.6

RES S.D. 0.331 0.368

380.1

- 3078.3

0.671

0.040

0.347

0.581

65.1

0.343

114.22

- 0.81

10.56

22.53
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It can be seen that intensity is the best single predictor of
annoyante; | The~bre1ationship5n’given fn Table -10.4 also suggest
that tone is'the next most'impOrtant pafaméter, after _intensify,
' but -oh]y when ,inrcombinatioh wifh intensity. By-ﬁtSe]fktone is
é poor pfedictor‘of annbyance..vThé psychophysicq] constant was

also of Tittle Va]Ue in determining annoyance.

Contrary to - pobu]ar belief neither the -detection nor the
fecognitioh threshold ratios, d.e. ‘cohcentrations, are
particularly good predictors of‘annoyance. ‘Their relationships
~ to annoyance‘in equations E10.2 and E10.3 show that dn]y 38 and
k54%.'jof- the variance can be exp1aﬁned, i.e. correlation

coefficients of 0.62 and 0.74 respectively.

Annoyance = 11.39 logd/q + 25.03 | F10.2
R2 = 0.38 R = 0.62 n = 260 standard error of estimate = 13.635
corresponding to the 0.001 Tevel of significance.

and

Annoyance = 6.28d/p + 12.25 : S E10.3
R2 = .54 R =10.74 n =260 standard error of estimate = 11.709

corresponding to the 0.001 Tevel of significance.

The relationships between odour detection and recognition
threshold ratios and intensity are given in equations E10.4 and

£10.5.
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Intensity = 22.89 Tog d/4 + 12.76 |  E10.4

RZ = 0.60 R = 0.77 - n = 260 standard error of;eStimate = 12.564
corresponding to the 0.001 Tevel of significance. - |
Intensity = 8.14 4/, +12.8 ~  E10.5
RZ = 0.71 R=0.84 n =260 standard error of estimate =

10.732
| corresponding to the 0.001 Tevel of signiffcance. | o
It was found that the rétio_:of detection to recognition

| thresholds 'for v250v observations was distributed in the manner

Tisted 1n‘Tab1é 10.5.

Table 10{5. Ratio of detection to,retognition threshold

for 250 odorous samples

Ratio Number of Pércentage
Range Occurrences vOccurrence
2-6 184 73.6
6 -10 : 22 _ 8.8
10-20 % 11 s
20 -30 5 60
30 - 40 o 16 o 6.4
40 - 50 _2 : __ 0.8
250 100.0
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10.2.

These = results confirm the findings of other investigators. Huey
et al obtained a ratio of 7 and Hellman and Small (1974)

obtained values in the range 2 to 10.

It should be emphasised that all of these relationships are
based upon laboratory assessments of steady odours. We must now
turn to observations in the field to consider fhe compliete

picture.

Fieldwork

During the studies listed in Table 10.1 it was possible to make

a number of field observations and measurements.

These were essentially collecting data on the observed odour
intensity downwind of the source using the techniques described
in Section 8.4. Observations were also made of the conditions
during the emission and in some cases the subjective effects,
either as annoyance rating or as complaints. In only (two)
studies was it possible to conduct social surveys to measure
annoyance from a general population. In other situations where
annoyance was assessed this was done by experienced observers.
Table 10.6 indicates the range of data collected from field

observations. A full listing of the data is given in Appendix 7.
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Table 10.6. Déscriptive data collected in field situations

ECI ANN Tone
Substance  Number Mean sp ~ Mean SD
| _ObServations‘
Styrene 12 196 10.5 361 29.8  -0.34
Building board | |
manufacture 4 2.6 1.3 43 85  -1.07
Dried blood 7 3.9 5.2 8.4 161  -2.09
Brewery‘eff]uent ST | 9.3 't_-17.0” o -2.23
Land i1l gas 7 7.6 3.7 109 15.9  -1.59
Farm silage 1 6.2 8.8 -1.68
Foundry emissiohs D 6 >24.9 10.4 69.2 22.9 -1.78
Waste disposal site 10 10,9 4.8 249 12.8 -L.22

48

Tone mean = -1.5 SD = 0.61
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These data were analysed using multiple 11inear regression
techniques as described in. Section 10.1 “under data processing
and  analysis”. Table 10.7 summarises the results of the

analysis of prediction models for anndyance and logarithm (ECI).

“The relationship bétWeen the intensity (ECI) and . annoyance
observed at locations downwind of" five‘ factories and a waste
disposal site is plotted in Figure 10.1 and given 1in equation '

£10.6.

Annoyance = 2.61 ECI - 5.28 - - ' E10.6
R2 = 0.87 R = 0.93 n = 48 standard error of estimate = 10.274

corresponding to the 0.001 level of significance.

| With the inclusion of tone the ré]ationship becomes that in

equation E10.7.

Annoyance = 2.759 ECI - 6.51 TON - 15.37 . E10.7
RZ = 0.872 R = 0.93 n = 48 standard error of estimate = 9.459

corresponding to the 0.001 level of significance.
The field data were also analysed to find the relationship
between the percentage time (%T)A that the odour detection

threshold was exceeded and the equivalent continuous intensity

ECI.

The best "fit" of the results from 158 observations using the
Statistical Package for Personal Computers (SPP) was the

relationship given in equation E10.8.
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Table 10.7. Multiple linear regression models

RES S.D.

ANNOYANCE c- ~ FT0O CO- FTO
o .EFFICIENTA‘REMOVE- EFFICIENT REMOVE
ECI 2.61  313.06  2.759  365.52
TON ~6.507  9.27
" CONSTANT -5.279  4.99 -15.368 15.03
VARIANCE | |
EXPLAINED % 87.2.  89.4
CRES S.D. 10.274 9.459
LOG ECI co- F 10
EFFICIENT REMOVE
% T 0.015  617.0
CONSTANT 0.119 9.58"
VARIANCE
EXPLAINED % 79.8
0.206
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ANNOYANCE

Figure 10.1 Relationship between observed downwind intensity

and annoyance
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10.3.

Log ECI = 0.015%T + 0.119 E10.8

R2 = 0.80 R = 0.893 standard error of estimate = 0.206

'corresponding'to the 0.001 Tevel of significance.

Summary

Data collected from the testing of a wide range of'odours both
in the Tlaboratory and field situations included = odour

concentration, intensity, hedonic tone and annoyance. Various

~ combinations of the predictor variables have been tested against

- .annoyance and .intensity in turn, using multiple correlation

analysis to find ré]ationships for use in a predictive mode].f

Very significant relationships have beenvfohnd between énﬁoyance,
and intensity (equation E10.1).  Significant re]ationships' have
also been found between ahnoyanée and concentration ratio
(equations E10.2 and E10.3), intensity and éoncentration ratios
(equations E10.4 and E10.5). In fier ‘tests, annoyance was
fouhd to be related to the effective cpntinuous' intensity (ECI)
(equatioh E10.6) and the percentage time greéter~than the odour

i

threshold (equation E10.8).

Each of these relationships are used in Section 12 in the

development of .the odour nuisance assessment model.
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11.

11.1.

DEVELOPMENT OF CRITERIA

Section 5 sets out the current situation with regard to odour
nuisance criteria, some of the difficulties experienced in
applying the 1imits and recent developments in this field. In
this section an attempt is made to develop these ideas into a
simplified approach compatible with the odour annoyance model

developed in this study.

The criteria identified in Section 5 which will be considered
include the objectionability criteria for community annoyance,
ambient concentrations based upon scentometer readings, ambient

intensity criteria and the Netherlands odour standards.

Nuisance Criteria

Objectionability criteria

Community annoyance caused by odours is assessed by six control
agencies in the U.S. by the use of objectionability criteria

(see Section 5 and Table 5.6).
It can be argued that an odour nuisance exists or is deemed

objectionable (U.S. terminology) when a certain Tlevel of

annoyance is exceeded.
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The levels of annoyance used in this study are:

a) none

b) slightly annoying

c)  fairly annoying
d)  very annoying
e) extremely annoying.

It is possible to interpret the annoyance scale as follows:

Something that is not annoying is ~ acceptable. Probably
something that is slightly annoying is tolerable and a nuisance
occurs when the situation is no 1onger tolerable.

Therefore, fairly annoying is equal to the onset of nuisance.

If something 1is tolerable then it is not objectionable.
Conversely we can assume that anything that is not tolerable is
objectionable, i.e. Fairly, veby and extremely annoying are all

objectionab]e.

We can therefore assume that at the level at which something
becomes objectionable it also becomes a nuisance, i.e.

Objectionablé equals nuisance.
As the Tlevel of annoyance will vary between individuals it is

necessaryvto work with the averagé or 50% response in ’respect of

the community. This is equivalent to the situation where 50% of
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the population are at Tleast fairly annoyed, i.e. 50% of
annoyance rating of at Tleast 42 (see Section 8.2 on annoyance

sca]ing) is an annoyance of at Teast 21.

The community odour criteria given 1in Table 5.6 can  be
interpreted in terms of community annoyance as indicated in

Table 11.1.

- Thus the criteria adopted 1in practice (U.S. legislation) to
control odours through objectionability criteria, i.e. at least
17.3 is approximately equivalent to adopting a community -

annoyance of at least 21 as a nuisance criterion.

Ambient concentrations

Another approach to obtaining a tolerable level of annoyance 1is
to consider the standards >based upon . maximum scentometer

readings. Tables 5.2 and 5.6 are summarised in Table 1l1.2.

The average ambient limit applied by 12 different control
agencies is 5 dilutions to detection threshold, i.e;

approximately the threshold of‘recognition;‘ This is‘ consistent
with the general consensus ‘that odours become a'nuisénce whenb
they are recognisable - Draviieks (1979), WSL (1980), Keddie

(1984) - see Section 2.
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Table 11.1.

Community annoyance

Agency Implied not
objectionable

%

(not annoying

slightly annoying
value 0 + 17 = 8.5)*

Objectionable Average
annoyance
% value
(fairly+very+ (minimum)

extremely annoying
minimum value 42)*

Polk Country
(Iowa)

Cedar Rapids
(Iowa)

St. L;uis
Missouri
Chatanooga +

~ Hamilton County
Tennessee
Milwalkee County)

Wisconsin )

" Average

70

70

70
25

=30 12.6 $
=30 | 12.6

>30 20 people) 12.6
>75 20 people) 31.5

>15 6.3
>67 28.1
41 17.3

* see Section 8.2 on odour annoyance scaling

$ e.g. 30% of 42 = 12.6
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Table 11.2. Summary of agencies with ambient odour 1limit control

regulations

Agency , Ambient Limit

Dilutions to detection thfesho]d

Polk County (Iowa) f 7 residential
Cedar Rapids (Iowa) » 4 residential
St. Louis, Missoufi , 0 residential

Chatanooga + Hamilton

County, Tennessee 0 residentfa]
Omaha, Nebraska | 4 residential
Colorado , 7 residentiaT
Columbia . 1lns |
ITTinois ' 8 residential
Kentucky 7 hs
Missouri ; ‘ | 7 ns

‘Névada A ‘ bl IR 8 ns
Wyoming ‘ | ~Ins
| Average 5

ns = not specified
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In Table 8.1 the threshold .of recognition ‘was equated to an
ihtensity of "slight". In Table 8.2 this has a numerical value
of 29 on  the intensity scale. As van observer using a
scentometer records the maximum concentration experienced and
takes no account of odour fluctuations he 1is measuring the

numerically weighted intensity (NWI).

By applying equation E10.1 an equivalent value of annoyance can

be obtained.

Thus
Annoyance = 0.754 NWI + 2.811 _ E10.1
Annoyance = 24.7 3 25 |

Ambient'intenSity

Section 5.1.1 paragraph j describes the ambient odour intensity
approach to assessing odours with the corresponding levels at

which nuisance occurs. These data are summarised in Table 11.3.
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Table 11.3. Odour intensity and nuisance

slight-slight

Binary ppmy Intensity Response NWI Annoyance
‘butanol butanol  category '
olfactometer
port
number
6 - 500 Strong ' Nuisance 80 63
;o4 120 Fasily Probable 29 25
noticeable, nujsance f
just
- recognisable,
i.e. slight
3 60 Faint to Acceptable 23.5 21
easily | |
noticeable,
just
recognisab1e,
i.e. very

ppmy = parts per million by volume
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Also included in Table 11.3 are the numerical intensity values
‘(NNI) for each intensity category. These have been used to
derive the corresponding value of annoyance based on the

relationship given in equation E10.1.

It would appear from this table that nuisance as assessed by

intensity occurs at an annoyance value somewhere between 21 and

- 25.

Nethef]ands odour standards

Consider now the odour standards developed in the Netherlands
and described 1in Section 5, i.e. a limit of one’odour'unit/m3 as
the 99.5 percentile of the hourly averages over. a year for new
~ dinstallations and one odour unit/m3 as the 98 percénti]e for

existing installations.

As described in Section 5 it 1is possible to estimate the
concentration exceeded for any percentile using the log normal

vre1ationship, i.e.

Ce =M (SghZs) 3 | o | E11.1
where |
Cs = concentration at percentile

M geometric mean, i.e. 50 percentile

standard geometric deviation (Sg is used in order to avoid

Sg =

confusion with o which has a special meaning, i.e.

standard deviation of the plume concentration distribution)
Zf = number of deviations from mean to equivalent frequency
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If in Table 5.7 it is assumed that the 98'percent11e and 99.5
percentile for each condition are derived from the same data
base then it 1is possible to calculate the geometric mean and
standard 'geometric deviation for each condition using
simultaneous equation Ell.ls. The results are given in

Table 11.4.

Of primary importance are the geometric standard deviations
which when averaged equal 3.28. This lies between that expected
for an area. source, i.e. 2, Voerman (1984), Luna (1974), Knox

(1974), and that for a point source of 5, Knox (1974).

Table 11.4. Geometric mean and standard deviation of the odour

concentration (odour units/m§) in residential areas

near to sources

Number of Complaints Perceptionv Maximum in

companies thresold threshold residential
areas

M Sq Mo Sg | M Sq

Before control 28 10.58 2,77 0.07 3.89 1.3 3.06
After control |

with complaints 5 - 0.09 3.60 0.06 3.43 0.33 3.19

, Aftér contrd] B '
without complaints 6 B 0.015 3.89  0.11 2.42
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Now it is possible to convert the odour standards into more

familiar units using this geometric standard deviation of 3.28.
For example, starting with the odour standard.
Now 99.5 percentile = 1 (odour unit/m3) hourly average, let the

corresponding 50 percentile concentration:= M

sipce
=M (594 Zg)
M=1/(3.284 2.56)

.co M= 0.0478

With the geometric mean and standard deviation it is possible to
estimate any percentile concentration, e.g. 90 percentile |
Cog = 0.0478 (3.2841.28)

Cgg = = 0.219

The concentrations so obtained are however the hourly averages.
To be compatible with the System developed here it is necessary
to consider the short term peak. Methbds of making allowances

for averaging time_were~discussed"infSection 4, Table 4.2.

According to Turner (1970) the 3 minute aVeragé can be obtaihed
from the 1 hour.'average by dividing by 0.61. According to MWSL
(1980)_the 1 second average can be obtained by multiplying the 3
minute average »by' '10.  Thus the _;orresponding 1 second
concentrations are 16f4 ou/m3 (99.5 percentile) 3.5 ou/m3 (90

percentile) and 0.78 ou/m3 (50 percentile).
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11.2.

If these and other percentile concentrations are plotted on log
normal graph paper as in Figure 11.1, it 1is possible to obtain
the percentile for exceedance of the short term (1-5 second)

odour threshold or 1 ou/m3, i.e. 41%.

If the same process is repeated for the 98 percentile odour
standard | then - we obtain | the xcorrespénding 1 second
concentrations of 16.4 ou/m3 (98 percentile), 66 ou/m3 (90
percentile) and.1.4 ou/m3 (50 percentile). Again, if these are
p1qtted in Figure 11.1 with other concentration percentiles
refated to the 98 percentile standard then ft is possible to
obfain the corresponding percentile for exceedance of the short

term odour threshold;: In this case a value of 62% is obtained.

We now have two estimates of the percentage time the odour

threshold should not be exceeded, i.e. 41 and 62% of the time.

Using equations E10.4 and E10.2 the corresponding values of

annoyance are calculated as 8.9 for new and 23.9 for existing

~premises respectively.

Discussion

Table 11.5 summarises the findings from the previous assessments

- of odour standards.
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Short-term peak concentration percénti]es

Figure 11.1

“equivalent to the Netherlands Odour Standards
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Table 11.5. Summary of odour annoyance criteria

Criterion , | Annoyance Value
» Objectibnabi]jty ’ >21
Scentometer reading 25
Ambient intensity | - 21-25
Netherlands 99.5 percentile (new premises) 8.9
Netherlands 98.5 percentile (existing premises) 23.9

As far 'asb‘can be determined all these criteria are based hpon
fndependent assumptions and are not different interpretatioﬁs of
the same data. The first criterion uses only the derived
annoyance scale. Although the next two criteria rely on the
intensity scale and the relationship given in eqUatioﬁ E10.1
they are based upon very different Vobservations. The second
criterion is based upon observations related to concentrétfon
measurements, whilst the third isvbased on a comparison between
a Eeference ~odour 1ntensity' and subjective respbnse. ; The
vbNethérlands odour  standards were  based upon independent

empirical data collected from social surveys.
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Except for one criterion wﬁich is very much stricter than the
others, i.e. 8.9 for new premises, the'consénsus appears to be
that cbnditions are no longer acceptable (a nuisance) at a level
of annoyance of about 23. If all criteria are considered
equally then nuisance occurs at an annoyance of about 21. This
consensus figure is used in Section 12 in the development of the

odour nuisance assessment model.
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12.

12. 1.

ODOUR NUISANCE MODEL

The Model

The relationships described in the 1last three sections can be
combined to- construct an odour annoyance model for assessing the

existence of odour nuisance (i.e. unacceptable annoyance).

In Section 10, field data were analysed to find the inter-

relationships between annoyance and ‘the readi]y. measurable

parameters, i.e.

perceived intensity
hedonic tdne

percentage time greatek than the odour threshold
odour concentration

psychophysical parameter n.

Tables - 10.4 and 10.7 summarise some of the relationships and -

their statistical significance.

Figure 12.1 indicates how these relationships relate to each

other and how an odour annoyance "model" can be constructed.
The percentage time, greater than'the odour threshold (%T); can

be obtained from fie]d'observations as described in Section 8 or

estimated using the computer model described in Section 9. The
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The odour annoyance assessment "model"

Figure 12.1.
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%T can then be used with the 're]ationships given in equation
E10.8 to calculate the effective continuous intensity (ECI).
Alternatively the ECI can be obtained directly from field
observations as described in Section 8.4. The ECI is then used
with the relationship given in equation E10.6 to estimate the

corresponding value of annoyance.

Alternatively annoyance «can be calculated from various
parameters measured on a sample of the odour in the Taboratory.
These include the measurement of the numerically weighted
intensity as  described in Section 8.2 or the concentration as

described also in Section 8.2.

Neither the psychophysical constant n hdr the hedonicv tone
appears to be an important factor compared to fntensity.. The
feason why the +tone as such is not significqht‘is that it has
probably already been taken into account subconscious]y when
assessing intensity. The intensfty ‘and hedonip tone are so
inter-related (see Section 2.2) that it is a]mostv‘impossible for

the average observer to separate them.

Whether the annoyance is unacceptable, i.e. a nuisance (in the

non legal sense) depends on whether its value exceeds the
nuisance criterion developed in the previous section, i.e. an

annoyance of 21.
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Because the relationships for estimating annoyance are not
precise the estimated annoyance is only the mean value within a
possible range of values. In accordance with standard
statistical procedures it is possible to fit confidence Tlimits.
However, if we consider the estimated annoyance as the mean of a
normal distribution, then part of the distribution could exceed
the nuisance cfiterion; as ilfﬁstrated in Fig&re 12.2. Thé,part‘
of the distribution exceeding the criterion represents the
probability of a nuisance occurring. o

“Figure 12.2. Estimated annoyance and the nuisance criterion

For simplicity it has been assumed that the nuisance criterion
is a precise value - in practice the criterion will also be a

distribution.‘
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The probability can be estimated from the residual standard
deviation (RES.SD) or standard error (SE) of e%timate associated
with the relationships used to obtain annoyance. (Not to be
confused with Sg which is the geometric standard deviation and ¢

the standard deviation of the plume concentration distribution).

For example the probability of exteedjng the nuisance criterion

(Pc) is the percentage of the normal distribution greater than

Nc or 21, i.e. the shaded area under the curve in Figure 12.2.

Now Pc = 50 - Pa - E12.1
where Pa = percentage Tess than criterion but greater than the
mean.

Pa can be obtained by calculating the numbér of  standard
deviation units zbetween the annoyance A and the criterion, 21
and then finding the corresponding probability from normal

distribution tables of the function.given in E9.4.

_ .22
'Probabih'ty = S | 1 exp' (—.z_z_)dz | v E9.3
| 214 2= 2
where z = 21 - A | O EL2.2

RES.SD
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In order to simplify odour nuisance analysis using the
assessment model a - computer programme has been prepared in

GW-Basic. A full Tisting of ONAM (Odour Nuisance Assessment

Model) 1is given in Appendix 2.

This programme utilises the ré]ationships given in Figure 12.1
and the'conceht.of the probability of nuisance occurring based
upon  the discussion above. Thé re]ationship described 1in
equation E9.4 is used for estimating Pa; the percentage between

the mean and the criterion.

For 0.1 standard deviation steps the probability within each

step (dpa) is given by equation E9.4

dpa = 4.47 - 1.98z : . E9.4

100

where z is in standard deviation units from the mean.

The total probability Pa is given by equation E12.3

z = 21-A
'Pa=z dpa -
| z = A » i O E12.3
or z=21-A | o
 Pa =_l_;§::(?.47b--1.98 21-2 4\ » £12.4
'_‘100 | | Qo RES.SD)) I
Ly | o -
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12.2.

in z = 0.1 standard deviation unit steps and where A is the

estimated annoyance.

Residual standard deviations (RES.SD) for each annoyance

prediction relationship were taken from Tables 10.4.

- Summary

The relationships found between the variables measured during

the data collecting stage of this project have been brought

" together to construct the odour nuisance assessment model given

in Figure 12.1.

The standard error of estimate associated with each relationship
was used to provide a probability of a nuisance occurring when

the derived annoyance was compared with the nuisance criterion.
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13.

13.1.

ODOUR NUISANCE ASSESSMENT MODEL TESTING

The Approach

There are two ways to test .the validity of the odour assessment

model described in Section 12.

The first method is to study a real situation and compare
observed annoyance with predicted annoyance. Thi; would involve
firstly finding a suitable situation, where gil_the parameters
could be measured and ponducting a socia] survey' to obtain the
observed commdnity ‘annoyance. At the same time access would be
necessary to the source df the odour to determine its emission

characteristics.

Odour panels would be needed to determine the source odour
concentration and intensity. The panel would also be needed to

determine the effective continuous intensity in the community.

Alternatively one can test the ~elements of the model using

historical data collected from previous'studies.

The author hoped to be able to adopt the first approach using

data from a study carried out as part of his employment duties.

However, the opportunity did not arise.” Rather than attempt - to

undertake a survey which would be beyond the resources of an

" individual, the author decided to use the second method of

verification, i.e. using published data.
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13.2.

This has the attraction of using independent data which, if it

can -be applied, adds extra weight to the. validation. However,
since no other investigator 1is wusing an identical approach as
the author there is no one source of data for testing the model

fully. Several cases need to be examined.

Data Sources |

In testing the odour annoyance model use has been made of the

data collected by the investigators, described in Section §.

i .

The first data set originates from Goldsmith (1973) collected in

.the study described in Section 5.3.1 and summarised in Tables

5.8, 5.9, 5.10 and 5.11.

In order to be able to use these data it is necessary to express
them in a compatible form. Annoyance which is given in degfeés
of bother needs to be converted into a numerical scale between

0-100.

If the highest degree of bother used in the Eureka ahd Carson
studies, i.e. "very much  bothered" is taken. as 100 and "not
bothered" taken as zero, then the question is what values should

be given to “"moderately bothered" and."little bothered"?
Table 13.1 sets out kthe scale of annoyance used in the

California Study and that adopted for this work on the

assumption that bother is another way‘of describing annoyance.
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Table 13.1. Comparison of scales of annoyance - California study

California Study ~This work
(Bothered) (Annoyed)
Very much  (100) : ' Extreme]y‘ 100 -
Modefate]y - (60) Very 77
Fairly - 44
Little (17) Stightly ‘17

‘Not (0) Ni1 0

"Moderate" (on California scale) would appear bto fall between

very and "fairly" (on this work'svscale).'

"Little" (on California scale) seems to equate to "sTightly".
vThe equivalent numerical values in brackets were derived for the
Ca]ffornia scale. ’ The average numerical values for "very" and
Mfairly énnoyed" was used for ‘“moderately bothered";" "Little
bothered" was given the same value as‘"s]ight1y annoyed". The

- reader will recall thaf the numerical values for the annoyance_v

scale used in this work were derived in Section 8.

Once the‘-Eurekan and Carson annoyance déﬁa can- be equated to
 humerical values it is possible to derive an overa1]>fﬁumericai]y
wéighted annoyance. value using the procedure described in
Section 8’(equafion E8.2). The complete translated dété for the

Californian study is given in Table 13.2.
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Table 13.2. Summary of odour exposure and translated community

annoyance results for the California study

" EUREKA 1969 -

Area
1 2 3
AR o : 37.4 14,1 - 5.9
95 percentile concentration + 6.9 3.9 1.0
maximum concentration + 31.6 12.9 3.4
NWA 45.3 34.8 16.0
Number of respondents 52 55 51
EUREKA 1971
Area
1 2 3
4T o 19.5 6.0 13.3
95 percentile concentration + 9.0 6.9 9.1
‘maximum concentration + 10.95 7.8 14.4
NWA 50.8 35.8 25.5
Number of respondents 45 45 42
- CARSON 1972
Area
1 2 3
%T 100 100 100
.95 percentile concentration + = 127 131 143
maximum concentration + 204 - 184 - 232
NWA E - 59 k2 .21
~ Number of respondents 97 95 99
Footnotes
%T = percentage of observations greater than odour
detection threshold '
+ = di]utionsvto odour. detection threshold

NWA -

‘numerically weighted'annoyance
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As the percentage tfme observations in the Californian data
“include a11‘Wind difectiqns the _reportéd percentages will be
’ ]bwer  'than.;‘the :dowhwind, % fimgs! greéter ihﬁn the bdour~~
threshold, i.e. shdrt—termvfrequency or STF, the parameter used
to develop the’ model. The recorded values represent the

Tong-term frequency LTF of % T.

The 95 percentile concentrations also contain the effects of
wind variation  but theb maximum concentrations will be more

representative of the downwind conditions.

The second data set originates from the ‘work carried out by -
Copley International Inc. (1971) and described 1in Section 5.3.2

and summarised in Tables 5.12 to 5.17.

Again, as with the first data sets, these need to be put into a

compatible form for use in this study.
Annoyance

Annoyance'in the Cop]éy stﬁdy is again eXpressed as degrees of

bother but' unlike the Goldsmith data these are on a six point
 scale. The corresponding annoyance sca]eélfor ‘the Copley study
and this study afe vSet out in Tab]g 13.3 together_with the

intensity scale used in'this_study.
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A numerical scale in brackets has been assumed for the Copley -

study scale of bother corresponding to the numerical values of
intensity used in this wofk.i This was addpted because of the
on each scale and the similarity between

same number of points

descriptors. The correSponding numérica] values on this study

annoyance scale are also very similar.

Table 13.3. Comparison of scales of annoyance - Copley study'

Cop]ey Study

Degree of Bother

This'work

Annoyed

Intensity

Very strong 100

- Very much (100) Extremely 100
Much (73) Very 77 Strong 73
Moderate (43) Fairly 42 Moderate 43
Little (22) | stightty 17 Slight 22
Very Tlittle ' (9) Very slight 9
Don't know  ‘ (0) NiT 0 - Nil 0

() assumed scale

As with vthe Goldsmith ‘data; ‘onceirthe annoyance results are
equated to numerical va]ueS’it is poSsib]e to derive an overall
numerically weighted annoyance value for —the data given 1in

Table 5.16 u$ing'the procedure described in Section 8.
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The corresponding values

1970/71 are given in Table 13.4.

of annoyance for the Hawthorne area in

Table 13.4. Summary of odour exposure and translated community

annoyance'results for the Copley study

December March  Jdune

T 50 67.7  72.7

Average peak I(ECI) 15.9  17.0  22.5

WA 42.5  48.4 - 54.3
75 75 75

Number of respondents

%T = average of the
- peaklI =
Intensity

maximum percentage time detected

average of the maximum peak intensity detected

In the Copley study the scale used for the intensity was 0-4.

This is compared with'the intensity sta]e used in this study in

Table 13.5.

~ Very approximately the Copley study_ va]ugs are - numerically one

twentyfifth  of the values used in this study, across

all

| "categories.‘ A factor of 25 has therefore : been épp]iedv to ‘the

observed ‘intensities

~(reproduced as tables 13.6;‘13.7 and 13.8).

reported

13.7
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As the intensity observations in the Copley study include all
wind direcfions, an averagev.figureb will tend to be on the Tow
‘side. A more realistic value for the downwind situation has
been taken aé the average maximum recorded. A single intensity
value for each quarter was obtained by taking the average peak
intensity over the study area. For example, in Table 5.15 the
peak recorded at Location‘No. 1, i.e. the junction " of 142nd and
Judah Streets in Juﬁe was an intensity of 0.6. The aVerage‘peak
intensity over a]lk monitoring Tlocations was 0.9 which when
mu]tip]ied by a factor of 25 equatesv to an’ intensify of 22.5.
This and the cobrespondihg intenSity values for the othér

testing campaigns are listed in Table 13.4.

Table 13.5. Comparison of inténsity scales used in the Cop]eyb_

I study and this work

Copley | o This work
Category Scale : _ Category Scale
N Very strong 4 o | __"venystrbng, 100
~Strong _ 3 - Strong 73
Moderate 2 - Moderate . 43
Slight 1 | o Stight 22
Very slight 0.5 Very slight 9

L |1
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Table 13.6.

Translated summary of odour intensity observations

December 1970

" Gummary of December ratings in TA(Hawthorne).

Percent Time Detected and Mean Odor Intensity

panelist Date:11,/20/70 Date:12/1/70 | Date:12/2/70 Date:12/3/70] Date12/4/7q
pEAK Ino|  Location - | aM | pm [am | ev | aM|PM av iev |av [em | PEA
1 (Starion) e v l% 1 vl% v g vavlg g iz v |givigiy) T
0.4 . ‘ . |“
; V |1420d & Judah - b6 |.4)211 1 20.3] % 39
i0.3 g 26
2 {141st & Glaseow b6 1.3] 9l.1 olol |5
0.5 13 1415t & Isis a 8 be |.1]44!.5 olo li " 44
- (=K B [ ~
0.1 = = s} 9
4 |140th & Tudah = = olal I=
4 Q 2] » : E 40
0. : =
5 | 130th & Glaseow < < o |3 )40l .4 olol =
R — [ pia
a = - c 41
0.4 16 {1300 ¢ 1sis 2 = 13].1041] .4 210] |E
0.2 |7 15 a ' & 15
i 139th & Tudah g 2 15].2}11}.1 g
0.7 |; ¢ > : 3 61
8 |138th & Judzh g 2 611.7132].3 20l.2] |2
0.5 £ & ‘ = 4
11137t & Glaseow <{ < 71.1146| .5 19].2) 1= 6
0.7 & & |E
12 157 & Isis o e 550.7128! .5 20l.2) IS 55
0.6 |13 < < z 54
135th & Glasgow o © 19].2154 .6 26{.3}) |E
1.0 =] = :
141 135 & Isis g & 201.3}68010 zo]i 68
1.4 ' = = -!E
15] 135h & Tudah g Of | ‘hodsfesi.o sl |2 10
1.3 |16 N B & | " 'l i = 79
160125 = Glaseow 2 = 551.6}791L3 lsa .6 !:
1. 2 ’ 2 J l = 104
15 7 s & 1sis Z Z 471 .7hod1s wol2 12
0.2 2] Wisgb‘.:m & - ol | ! l = ”
Hind=r - 181.2§231 .2 0ol 0 =
0.6 2 Wisezura & NN = 50
2 Tedah l 2o .2} =0l € 14 .1 ! =
| i W
Av 0.64 } | | | | ]| Ao

13.9




Table 13.7. Translated summary of odour intensity observations

March 1971 .

Summary of March ratings in TA(Hawthorne).

Percent Time Detected and Mean Odor Intensity
‘ . :3/16/73 Date:3/17/7] Date:3/18/7 Date:3/19/7
© panelist Date:3/15/71] Date:3/16/73 Date:3/17/7 - PEAK
PEAK |No|  Location am lev [am|pem | amiem [ am{em fam |pu
I sation) | Tu g (Mg e Im sl mlalm]g [mIz IM{g]vlglv] *T
0.8 | | | 61
*© |7 |1420d & Judah 20| .11 o] ol sl of12|.1]ecl.8135(.3116].1161l.5
- 54
0.3 13 |1a1stalsis wl s|.1148}.3 §52.3}13].1] 71 0] o] o}s0l.3122].1
0.8 |4 |y40mm & Tudah = 161.1b7 1.3 132! 2} of ol3z.4123].2 44.6 65l.8
= .
1-1 18 |130m g judah O a2l .2les).a 11l ol.1ladl.aliz).1daol 1 berhial &
\ 98
1.1 19 |)3gm g 1sis S Noslaliel.1fa4l .4} ol 0l4d.3130].4132].3]11].1 :
0.5 |10|;30m & Glaseow || 3g].3 19].1 75027 |.2011].1}22l 2l &7
=z
0.4 112|137 & Isis o 471.41 5] 0 A1sl.1}41.3] o| ole2|.2|63|.4 63
z :
0.4 115|135 g Judah Z 190.14 0] 0 ol of21l.1{12].1{s6l.4{60].o 6O
= : R
0.2 1141350 g 15is E 22/.2 0 oa d.1123].2110{.1] 23 4 23
N E . X
0-8 1131 )32 g Glasmow | |=< eol .8le2l.7 116! .13 23] .28 5 .5{39 | .21 28] .2 o' o 62
e
0-7 118 | 1 34h & fudan = 71.1y 58l .65 25.2{11].1]16].1{90] .77 90
] \ _
0.95 117134 g 1sis Ei 3 ol21l.2] ol o] 2 o} 4 olos|.sf 2| of+ ]| d] 94
. 5 , ; -
0.3 116 134h g Glasmow | |E 27].20201.3) ol o o ol1d.1l11l1(48].3]23.4 8
. Wisesurn & = ] 100
11122 | jugan =} 110 11 57, 6 l '
Wisecum & = |
12120 | soevoren a9 .1 sal 4 51' 5 241.1 af .3{11l1 feelizf oz .4 86
0.2 1193204 s pirdr 1 | |wd.alesia] of ¢ d ol o olisl1lzol.i] ol o] 2
| »|
Av 0.68 | Av 67.7
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Table 13.8. Translated summary of odour intensity observations

June 1971

Summary of June ratings in TA(Hawthorne).

Percent Time Detected and Mean Odor Inteasity

. Date:6/14/71} Date:6/15/71 Date:6/16/7] Date: 6/17/78Date:6/18/7 '
Panelist PEAK

PEAK |No Location . AM ™ AM PM AM | PM AM { PM AM PM
Do sanon) Pyt Im|a vl o v (%] Mo Mz Imls ]z ]mlgiv] *
0.6 1 142nd&]uciah ’ 8 0 11j.111]lojol0f89|.65010j0| Ofo0}O0 89
0.1 |3

141st & Isis 16.1) 3l ofol.1l8|o}olo}s|ofisf.1] 2|0} 16

4 |140th & Judah

8 |138th & Judah

0.2 |9 38

138th & Isis 3gl.2t 11 0}1jo0i20f{.110{0{010j0/0§0[0

" 0.5 110

138th & Glaszow 3¢l .31 30/ .21 1| 0l20].3} 0] o}32].5| 5{.1} 0f 0 40

1.3 N2 y37h & 1sis 41l .3} 27] .1 s! of12].1] 7|.1}10d1.9 100

1.5 115|135t & Judah 14.1 32 .3hod1.5{391.3]52|.6/49].5141].4]33|.3] 100

PAMELIT SEREFNING ANI) TRAINING, NP FIELD ACTIYITINS

0.6 114 350 g 1sis sil.6) 11]~1] o ol3s|.4f12|.1{33{.3]2s] .2} 1e].1] 57
0-9 13,350 & Gaseow 66! ol 4 olis|.1f of ol32|.4] 9|.1 5| of17].1] 66
16 118] 1 340h & udan d 54 .4} 33 3111|192 l16137| .3) 00| .8} 7|.1{10].1] 92
1117 sam g 1sis 51] 5| sd11{28| 2946/ .6123] .1] 26 .3|10] .1} 34 .5 82
0.6 116|134h & Glaseow eJ. 4 olasl 6lao| 5| 8| ofs] 2 23'.2 12|.9] 60
0.6 |22 }uf;mm o I 24 .3 78 .4}28{:2{15|.2] 9| ofwccl .6 67! .3}40] .4 190
1.7 |20 Kﬁiﬁrﬁh& : 10:171.7 i abos) 2] o] o] o ofad] 3 12] a] 2.4 100
1.3 |19 }];:igruva 81J1.3 s;J .5!29 218/ 0f 7| o | 84
| |
| |
1T f
|
AV 0.9 FNEEREREEER NIEEE
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It will be recalled that the average peak intensity given in

Table 13.4 was obtained by the following steps:~

1) A category' assessment was made on site of the maximum
intensity detected in each‘ one  minute  period
(Section 5.3.2).

2) These were averaged over four hours (Tables 5.13, 5.14 and
5.15) to obtain a statistical measure of . intensfty  vehy
similar to ECI. | N

3) ‘As observationsk were made regardless of wind direction
this study has adopted the 'average ﬁaximﬁm as - being

representative of the downwind value.:

Temporal Variation

Because observations were made regardless of wind direction, a
similar argument applies for - taking the mean peak ' percentage
time that odours were detected. The resultant averages are

included in Table 13.4.

~The tﬁffd data set is that cb]]ected by Wihnéke and Kastka
(1977) and described in Section 5.3.3. This waé,summarisedkin
Table 5.18 and isvjreprquced, as Table 13.9 with some
modifications. As’ thé odour‘annoyance}dimensions F1, F2 and F3

accounted for 50,:23 and 24% of the variance respectively, it

was assumed - that the best measure of total annoyance was the sum =~

of all three. This figure is Tisted in the appropriate columns
of Tab]é 13.9 multiplied by 10/3 to convert the scale from 0-30

to 0-100 for comparison with this work.
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The fourth data set is that collected by Gynp et al (1985) and

previously 'described‘ in Section 5.3.4. Very Tittle translation
of the aéta is;neceSSéfy for use ihi'thié study. fhb-'measUred f
annoyance was on a scale O;IO and‘ therefore values given in

Table 5.19 need to be multiplied by 10.

Fbr the reasons set but'ih Section 2 it has also been assumed.
that the  threshold of comp]aiht as measured b& Gynﬁ is
synonymous with the threshold of recognition‘ and  therefore
di]utions to complaint threshold in Table 5.19 can be read as

dilutions to recoghition threshold. These data are feproduced

"~ ~1in Table 13.10.

13.3.

Model Testing

- The component relationships making up the model set out in

Figure 12.1 were tested as follows.

13.3.1. Source Parameters to % Time Greater Than The Odour

Threshold

‘The dispersion model was tested by comparing the expected % time

(as given- by thé dispersion‘mode1) wfth observed % times greater
than the odour thresthd.h These comparisons have already been
described in Section 9 and in. pafticular in Table 9.1. The
corré]étfon 'coéfficient' ré]ating the observed and | estimatéd

values is 0.98 (Figure 9;4).
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Table 13.10. Summary of odour dose and response reactions near four.different sources

SOURCE

d/c

*

translated

dilutions to complaint threshold (assumed

13.15

CONCENTRATION THRESHOLD MEASURED REACTION % %
/T RATIO ANNOYANCE* DETECTING COMPLAINING
ﬂ/d QJC‘
LAND FILL : :
CWELL 18000 0.55 10 TOLERABLE 30 24
THRESHOLDS : :
(10000=4/d, 0.11
2000=4/c : ‘
for 50% pop) 10000 1.0 17 TOLERABLE 50 30
0.22
6000 1.7 22 UNPLEASANT 66 37
0.33
2000 5 29 UNPLEASANT 87 50
. 1 '
1000 10 46 VERY UNPLEASANT = 92 66
] , )
300 33.3 : 70 TERRIBLE 100 87
6.7 i *
FOUNDRY =~ 1000 1 15 TOLERABLE 50 34
THRESHOLDS
(1000=4/d, 0.8
-800=4/¢ ,
for 50% pop) 500 2 » 36 UNPLEASANT 86 86
v 1.6
170 5.9 : 60 VERY UNPLEASANT 100 100
4.7
60 16.6  13.3 80 TERRIBLE 100 100
PAINT 120 1 20 TOLERABLE 50 - 34
WORK SHOP 0.71
THRESHOLDS 60 2 36 UNPLEASANT 77 77
(120=d/d, 1.4 ‘ ‘ co -
-85=/c 20 6 64 TERRIBLE 88 !
for 50% pop 4.3 :
WASTE WATER 300 1 : 8 TOLERABLE 50 36
- TREATMENT . 0.8 : . e -
PLANT ‘ , :
THRESHOLDS 160 1.9 18 TOLERABLE 87 74
(300=d/d, 1.5 : : A
240=d/¢ 55 5.4 32 UNPLEASANT 100 87
- for 50% pop 4.4 o
20 15 ' 44 VERY UNPLEASANT 100 100
12 , :
Foot Notes
d/d = dilutions to detection threshold -

to be equivalent to recognition threshold)



13.3.2. Percentage Time Greater Than Odour Threshold and

Effective Continuous Intensity (ECI) To Annoyance

These re]ationshipé are given by equations E10.8 and E10.6, i.e.

TogECI = 0.015%T + 0.119 ” | £10.8

~and
Annoyance = 2.61 ECI -5.28 , ~ E10.6

When combined these equatiohs give the further relationship

3

E13.1.
Annoyance = 2.61 x 10 (0.015%T + 0.119) - 5.28 E13.1

‘The data used for testing theie re]étionshibs are taken from
Table 13.4. These are reproduced in 'Tabfé 13.11 together with
the ahnoyance »estimated from equations ElO.G and E10.8. There
is a better agreement between the observed k'énd eétimated
annoyance from relationship E10.6, i.e. 0.88,vusjng fnténsity
observations, . than theré, is- from both ré]atibnships_ combined -
-(E13.l), i.e. 0.55, starting from observations of the percentage

times that odoUrs_are detected.

One reason for this has already ‘been identified as being the
fact that the observations were made fegard]ess of wind ’

direction.
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Table 13.11. Testing of relationship E10.6 and E10.8 using the

Copley data

Estimated annoyance

Observed annoyance

0.68

Decehbef March June Average
1979 1971 1971
% T 50 67.7  72.7
Average peak I (ECI) 15.9 17.0 22.5
CONWA 42.5 48.4 54.3
Estimated ECI from ’ -
equation E10.8 7.4 13.6 16.2
Estimated ECI 0.47 0.8 0.72 0.66
Observed ECI
Estimated annoyahce from
equation E10.6 - 36.2 39.1  53.4
- Estimated annoyance 0,851. 0.81 - 0.98 0.88
Observed.annoyance
Estimated annoyance from ‘
equation E13.1 14.0 30.3 37.0
0.33 0.63 0.55
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If only downwind observétions had been made then the % time and
intensity values “recorded would have been higher. These would
have raiséd'the estimated annoyanée va]ués and ‘there would have
been  closer agréement between the predicted and observed

annoyance.

~There are of course shortcomings in re]atiohﬁhips _E10;6~ and
E10.8 as their correlation coefficients are '0.93 and 0.89°
respectively and there 1is probably moré’ érhor 'introduced in
using a two stége?relétionship than’estimating annoyance direc%

from observed intensity.

- 13.3.4. Odour Concentration to Annoyance

There are two relationships between the odour concentration -in
terms of odour threshold ratios and annoyance depending upon .

which theshold is used.

These were given in equations E10.2 and E10.3 as -

‘Annoyance = 11.39 log d/d + 25.03 ~ , E10.2
and - | ' A
Annoyance = 6.28 d/r + 12.25 - | ' E10.3

The}data used for testing these relationships are taken from

Tables 13.2, 13.9 and 13.10.
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232 2 52.0 - 2.47_

These data are reproduced in Tables 13.12, 13.13 and 13.14
together with annoyance estiMated using these two equations.
A summary of the findings is given in Table 13.15.’
Table 13.12. kComparisOn of observed and estimated.annoyance
using data from Table 13.2
Observed - | Estimated | ~ Estimated annoyance
,concentration annoyance  annoyance ~ Observed annoyance
(d/d)
31.6 45.3 2.1 ©0.93
12.9 . 34.8 37.7 - 1.08
3.4 - 16.0 31.1 o 1.94
10.95 5.8 369 0.73
7.8 35.8 35.2 ‘ 0.98
14.4 25.5 382 1.50
204 59 o 5l.3 o 0.87
184 52 . s0.8 0.8

1.27+4/-0.2SE
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Table 13.13. Comparison of observed and estimated annoyance

using data from Table 13.8 -

Estimated

Observed Estimated annoyance
concentration annoyance annoyance Observed annoyance
(d/d)
16 36.7 38.7 1.06
14 36 38.1 1.06
14 42 38.1 0.91
13 36 37,7 1.05
13 45.3 37.7 0.83
13 42.3 37.7 0.89
16 a2 38.7 0.92
30 40.3 41.9 1.04
26 41.3 41.1 1.00
20 35.3 39.8 1.13
19 41 139.6 0,97
18.5 32 39.5 1.23
18 36 39.3 1.09
12 28.3 37.3 1.32
12 50 37.3 0.75
12 51 37,3 0.75
9 31.3 - 35.9 115
9 31 35.9 1.167 .
7.5 26.7 135.0 1.31
25 21 41.0 1.52
25 26.7 41.0 1.54
13 16 37.7 ' 2.36
13 24 37,7 1.56
2 12.6 - 28.5 2.26
2 S 10 - 28.5 2.85
8 - 40.7 35.3 0.87
8 31.3 © 35.3 1.13
1.25 +/- 0.1
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 Table 13.14. Comparison of observed and estimated annoyance using data

from Table 13.10

Observed o Estimated Estimated
7 | observed

'd/d ~dyr Annoyancé Annoyance Annoyance - from . from
from d/d  from d/r d/d d/p

0.55 0.11 10 22.1 12,9  2.21 1.29

1.00 0.22 17 . 25.00 13.6 1.45 0.8
1.7 033 22 27,7 143  1.25 0.65
5 1 29 '33.0 18.53 1.14  0.64
10 2 46  36.4 24.8  0.79 0.54
33.3 6.7 70 42.4 54.3 - 0.61 0.78
1 0.8 13 25.0 | S 17.3 1.92  1.15
2 1.6 36 ~ 28.5 22.3 0.79 0.62
5.9 4.7 60 33.8 41.8 0.56 0.70
16.6 13.3 80 . 52.8 95.8 0.66 1.2
0.71 20 25.0 16.7 - 1.25 0.84

1.4 36 28.5 . 21.0 .. 0.79 0.58

4.3 64  33.9 39.3 . 0.53 0.6l

1 0.8 8 25.0 S 17.3 3.13 2.2
1.9 1.5 18 28.2 217 157 L2l
5.4 4.4 32 33.4 39.9 1.04  1.25

15 12 4 384 87.6 . 0.87 2.0

1.21
+/-0.17SE
0.71

+/--0.07SE
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Table 13.15. Summary of comparison between observed and

. estimated annoyance using equations E10.2 and E£10.3

Data o . Ratio estimated annoyance

observed .annoyance

'EQUation F10.2 Equation E10.3 *
Goldsmith (1973) 1.27+/-0.2SE : -
Table 13.2 n=9 |
Winneke:+ Kastka _v  7 1.25+/QO.iSE -
(1977,1987) R
Table 13.8 '
Gynp (1985) CL214/-0.17SE . 0.714/-0.07SE

Table 13.9 n=17 ‘ n =17

It can be seen that the two relationships between annoyance and
odour concentration (E10.2 and E10.3) are applied “to the three -
independent data  sets and that the estimated ~annoyance

approximates to that observed.

13.3.5. Nuisance Criterionb

Table 5.20 indicates that the 1imit to .to]ehab]e annoyance - is .  "

about 2.1 on the Gynpv rating or 21 on the scale of annoyance
used in this study. These indepéndent data confirm the findings
in Section 11 which derived the level of unacceptab]e annoyance

as about 21.
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13.4.

Summary

. Published data have been used for testing the odour nuisance

assessment model described in Section 12. However, before these

data could be used they had to be converted into a form that was

kcompafib]e<with.the model.

Apart from the odour dispersion model, which was tested in

Section 9, each component of ‘assessment  model was tested

individually. Estimates of énnoyance using.the concentgation in

_ terms of the detection threshold ratio,k-weré about 20% highér

than 'obéefved; vThe’ retognitfon‘ thresho]d‘ ratios gave va]uesv
about 30% less than the observed levels of “annoyance. Estimates
of ahnoyance' based onn the effective continbus ihtehsity were
about 10% lower than'observed. The percentage time greatér than
the detection ~£hresho]d under-estimated effective continuous
intensity (ECI) by abbut 30%. The nuisance'vériterion .extracted.
from the - Gynp  study -waS fdentica]_ to fhat devé]oped in

Section 11 as part of the model.

'Conéidering3the original form of the pub]ishedv data . which Were ‘

of unknown accuracy there was generally a good oyera11 agreement

“between the estimated and corresponding observed values. The

assessment model appears to give realistic estimates and can

therefore be assumed to be valid.
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14.

CONCLUSIONS

The assessment method which was tested in Section 13.2 and is
set out in Figure 14.1 was found to successfully predict

annoyance with +/-20% of the value obtained by independent

observers.

Estimates of annoyance based upon intensity and the percentage
time greater than the odour detection threshold tend to give
values less than the observed value while estimates based on

concentrations tend to be slightly 1in excess of the observed

value.

For the first time, a complete odour nuisance assessment method
has been assembled which enables the user to assess odour

exposure for nuisance by many different routes.

Because it has been tested against independent observations,
established odour nuisance standards and guidelines it has been
demonstrated that it can be applied to different types of data.
Unlike the existing situation it is not dependent upon one
particular 'item of equipment, e.g. Warren Spring dynamic
dilution apparatus or the Scentometer. It also eliminates the

need to rely heavily on the judgement of the assessor.
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The belief 1is that this method will now bring a unified approach
to the assessment of odéur nuisance, a greater willingness for
both the person responsible for the odour and the control
~authorities to  investigate, | speedier reso]ution of odour

problems and a significant improvement in our environment.

14,2



Odour nuisance assessment model

Figure 14.1
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15.

15.1.

15.2.

RECOMMENDATIONS FOR ASSESSING ODOUR NUISANCE

The way'the model 1is used depends upon the situation being

investigated. For example, consider the following scenarios.

Existing Source-Access Available at the Point of Interest

Downwind of the Source -

In this situation observations would be made at the point of

“interest of the odour _iﬁtensity distribution as described in

Section 8.4. . This ,wbu]d be uséd to derive the ECI_from which

annoyance‘can‘bebestimated.
Alternatively, annoyance can be assessed directly using an
experienced odour panel at the point of interest and applying .

the techniques described in Section 8.

A Proposed Source for Which the Source Design Emission

Parameters are Known or an Existing Source with Known

Emission Parameters Where There is No Access to the Point

of Interest or the Point of Interest is Not Downwind

During the Assessment Period

" In this situation it would be necessary to estimate the downwind

annoyante using the odour dispersion model and the relationship

between %T and annoyance.
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15.3. A Steady Odour in a Confined Space

In this situation it is best to use an odour panel to assess the
odour intensity and derive -the NWI aécording to the steps
described in Section 8.2 from which‘ the annpyancé can be

: estimated.'

if anvodour>pane1 is not évai]ab]e then the concenﬂratioh cén be
~measured using vé suitable instrument and making reference to
| ~published data on the odour threshold. The annoyance would then
be estimated - from the' canentration using the _appropriate

relationship, i.e. detection or recognition.

The accuhacy of organoleptic 'measurementé’ can be improved if
odour panels are used. As described in Section 3 the bigger_the
better. However, results with an acceptable degree of accuracy

can be obtained by small panels which havé been pre-screened and

trained.

In estimating the annoyance preferénce should be made of the
i approach available with the v1east number of steps necessary to

reach the estimate.

Whatever route is taken to estimate the annoyance, the value
should be compared with ‘the nuisance criterion described in

Section 11, i.e. a value of 21.
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The probability of a nuisance occurring can be determined by
using the. procedure described- in Section 12 to find the -
pércentagef of the normal distribution - about the estimated

annoyance - that 7is greater than the odour nuisance criterion of

21.

}_The use of.the ~computer - model ONAM is recommended for rapid

assessment of odour situations.
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16.

FURTHER WORK

The aim of this work was to develop improved techniques for the
assessment of odour nuisance. Table 7.1 Tisted the more
1mportant factors thich“ needed to be considered but in grdgh to
make‘advanceé, research was concenfrated on 'thASe‘ areas where

most progress could be made most easily.

What is needed now 1is for the proposéd techniques to be tried
' S i
and tested independently in order to answer the question. "how

easy do others find them to use?".

Further testing of the fe1ationship between annoyance}and the
éffective continuous . . intensity wquﬁd also be  valuable
particularly _if it were Tlinked to soé1a1' surveys. The
recommended techniques relate to re]ativé short term exposure,
no account has been taken (except possib]y during the testing)
of acclimatisation, 1long term frequency of exposure and the
duration of ‘exposure. The ’re]étionship> between the source of
the odoUr and thé recipiént and pasfv experiences of the odour

are factors which are probably best tackled by social sufvey

- techniques.

With regards to modelling the dispersion of odorous  gases,
further work needs to be carried out on the éstimation of odours
downwind of fugitive sources, such as a pond, waste tip or field

where sewage sludge may'haVe been spread.
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The author intends to continue his research bgyond this thesis

“in order to answer these questions.
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Appendix 1

Data used for the regression analysis
between the odour concentration and odour panel'’s

average intensity assessment (NWI)



KEY TO DATA

Data no. Source destription
A Gas works naphtha loading
B ~ Animal quarantine centre interceptor
C Glass fibre reinforced plastic manufacture
D Glass fibre reinforced plastic manufacture
E Brewery effluent treatment plant
F Gas works cooling tower
G Brewery eff]uenf treatment plant
H Brewery effluent treatment plant
I Gas works interceptor
J

Gas works diesel exhausts
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Appendix 2

Data used to eStab]ish the relationship between
the direct and indirect methods of determining

odour thresholds



KEY TO DATA (d/c)

Data no. Source description
1-11 Lithographic printing works _

12-26 . B So]vent'dryihg oven

- 27-40 Oii refinery emissions
41-43 Solvent drying oven
44-49 Toxic waste ponds :
50-53 Building board manufacture |
54-59 Toxic waste ponds
60-61 Glass fibre reinforced plastic manufactufe
62-65 Brewery effluent treatment
66-67 Land fi1l gas
68-82 Gas works emissions
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KEY TO DATA (d/r)

Data no. Source description
1-6 Lithographic printing works
7-19 Solvent drying oven
20-34 - 011 refinery emissions
35-37 » Solvent drying oven
38-40 | Toxic waste ponds
41 Bui]ding board manufacture
42-46 Toxic waste ponds
47 Glass fibre reinforced plastic manufacture
48-50 Brewery effluent treafment
51 ~ Land fill gas
52-66 Gas works emissions
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Appendix 3

Data used to determine the agreement between pairs
of observers to fluctuating odour intensities

in the field



KEY TO DATA

‘Data no. Source description
1-5 _ Land fil11 gas
6-7 Building board manufécture
8-13 Glass ffbre reinforced plastic manufacture
14-54 Toxic waste ponds
55-58 0i1 refinery emissions :
59- 60 Lithographic printing works S
61-62 Solvent drying oven - |
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Appendix 4

Computer 1isfing of odour dispersion model

in GW-Basic



1 REM  odf —odow freguency rALE 2/88
5 CLEAR
20 DIM T(1a)y,0(@) R
a0 INFUT"effective height'iH
7o IMFUT"wind speed "iU
80 INFUT"vel flow rate"iV
g0 IMFPUT"odour souwrce conc’ii
100 TNPUT “odowr conc contouwr s
105 REM
110 FOR I=1 TO 1lé&
120 T{Iy=0
125 NEXT I
1325 GOTO 7860
170 REM
200 CO1)=8SER{(FEF-R{1IER{1D
210 C{P)=SRR(LEL-RI2YRR{EN) :
220 A=VENS (3. 14183 URR I RR{E2) !
3 B=C(1y/10:M=C{2) /10
g =0
Y =0 ‘ |
T(1)=SBRt2$R(1)ﬁR(i)*LOG(VﬁNH(QﬁE.‘#lé*UﬁR(l)%H(Ei)))
T(E)nSER(E$R(2)*R(E)%LDB(U&H!(Q#E.141&$U$R(1)#R(E))))
REM '
IF M¥J>T(2) THEN GOTO 500
E=(REI/R(LY )R (BRI/ROLY)
Fa= ((MEJY /R(Z) 2T
GOSUER &30 ' ,
IF J=0 THEN LET TLOy=T (1M +E:B0TO Z00
TC1L1)=TL{11)+G
REM
I=1-+1 ‘ ,
IF ((BEI/T(L)Y ) "2+ (Med /T2y 2) =1 THEN G070 F20
GOTO 250 '
J=Jd+1: I=0"
GOTO 250
REM
REM
B=T(10)+2%T(11)
FRINT Bg" AT> ";@;" DT
GOTO S ’ :
REM '
G=4.,47-1.98% (H-M&J) 7T (2)
IF G<0 THEN LET G=0
We (4,47-1.98%(BXI/C(1)))
IF W0 THEM LET W=0
G=ERW/ 100 i
RETURRN
INFUT “sigma ybh"iF
INFUTY =igma zb'"jil.
INFUT "sigma yr"iR01)
INFUT "sigma zr"iROZ)
800 B0OTO 170
.00 END
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Atmospheric Environment Vol. 22, No. 3, pp. 561-567. 1988.
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A NOVEL APPROACH TO ESTIMATING THE ODOUR
»CONCENTRATION DISTRIBUTION IN THE COMMUNITY -

- A. L. BEAMAN
. WS Atkins & Partners, Woodcote Grove, Ashley Road, Epsom, Surrey KT18 SBW U. K

(First received 6 May 1987 and received for publication 3 September 1987)

Abstract—A new mathematical model is described for estimating the percentage time that the odour
threshold is exceeded in the community. Estimates obtained by using the model are compared with
experimental data to demonstrate the effectiveness over a range of conditions. :

Key word index: Odour, dispersion, modelling, frequency, distribution.

INTRODUCTION

Odours have él:wéys been an indication of air pollution.
For most people the presence of an odour is the only
_ indication that air quality is not what it should be.

In investigating the likelihood of community annoy-

ance by odours it is necessary to be able to relate the

" characteristics of an odour source with-the dose

received by the community. This is normally achieved
by mathematical modelling.

Modelling of odour transport and dispersion also
provides an indication of how much control is
necessary.

THE HISTORICAL APPROACH

Several approaches have been adopted for modelling
the dispersion of odours. Wohlers (1963) used a
dispersion model based on atmospheric dispersion
theory developed by Sutton (1947) to compare es-
timated and actual travel distances from various indus-
trial sources. A lack of agreement was feund between
the estimated and observed concentrations downwind

using this model. He suggested that this was due to.

odours being transported as discrete eddies. Nordstedt
and Taiganides (1971) used a similar model to study
meteorological control of odours during land spread-
ing of livestock waste; again without much success.
Gaussian plume models have also been used to
predict the average concentrations of specific com-
pounds downwind of sources based on the
Pasquill-Giftord equations. Turner (1970), i.e.

PN 1/yY
clv.y. s H) = 27raya:ueXp( —5<(—I;> )
1(z—H)y
Lo~
2
+exp(—1‘—"'—f—,’i’—)} ()
2 o:

where

c(x,y,z, H) = concentranon at downwind posmon
: xyz for a source of effective height H
(em7?),
Q = emission rate (gs™!),
U = wind speed at emission height (ms™!),
o, = standard deviation of plume concen-
tration in the cross wind direction (m),
¢, = standard deviation of plume concen-
tration in the vertical (m).

Janni (1982) used such a model to investigate the
important factors in the dispersion of odours from
agricultural facilities. He considered that it was regular
detection of objectionable odours which produced
complaints.

These models do not take account of the short-term
fluctuations in the concentration due to turbulence.
According to Murray (1978) such fluctuations are
important because people respond to detectable odour
levels lasting of the order of a few seconds rather than
over 10 min to 1h as is assumed in most Gaussian
dispersion models. Some investigators make allow-
ances for this difference in averaging time. Warren
Spring Laboratories (1980) recommend the use of an
empirical mean to peak ratio of 10. Thus, the 3-min
average concentration estimated by the P. G.-
(Pasquill-Gifford) Gaussian plume dispersion model
is multiplied by 10 to give the peak occurring for
periods of 1-5s. Bahmann and Kropp (1983) have also
reported an empirical means to peak ratio of 10.

Finally there are a group of models which consider
the odour plume as a series of puffs. These models.
which are based on the principles described by Slade er
al. (1968), usually predict the odour frequencies or
number of occurrences that a specified odour concen-
tration is exceeded during a given time period. ie.
Hogstrom (1972). Murray er al. (1978), McCarthy and
Duilee (1980). The classic work which established this
method of modeiling was conducted by Hogstrom

561
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(1972) in association with Lindvall (1970). Hogstrom
carricd out a rigorous mathematical analysis of the
problem of dispersion.

In 1964 Hogstrom conducted a series of tests in
which 30 s pufls of smoke tracer were released and
photographically tracked downwind. From these ex-
periments he extracted horizontal and vertical diffu-
sion parameters for puff releases. Using the results he
suggested (1972) that over a period of several pufls
dispersion is made up of two terms (Fig. 1). The first is
the diffusion of each individual pufT itself ; the second is
meander in the plume of the series of puffs in the large
scale turbulence field.

Diftusion of individual puffs can be represented as

o,, (horizontal) and o, (vertical). Using these par-
ameters it is possible to rewrite the standard Gaussian
plume model to represent the odour dilution ratio at a
fixed point at any instant of time as

A ¢ om
Niz#exp[——;\'z - } (2)
. MUo,,0., 205, 203,

- where

N; = odour dilution ratio at receiver,

¥, = source volume emission rate (m3s~?),

N, = odour dilution ratio at source,
u = mean wind speed (ms™!),
¥; = lateral distance of plume centroid from the
receptor position at this instant (m),
H; = vertical distance of plume centroid from the

receptor position at this instant (m).

i

The movement of the whole puff in the large-scale
turbulence field may be pictured as the meander of
the position of the centroid of each puff as a series
of puffs move downwind. This portion of dispersion is
g,.and g,.. Hogstrom (1964) stated that the total mean
dispersions o; and o. (as used in normal Gaussian
dispersion models) are related by Equations (3)and (4).

Oy = Oy + Oypt ) (3)
0= 02+ 0, @)

Hogstrom (1972) gives the frequency of concen-
trations greater than a certain value by Equation (5).

~ (991) 23]

2nx ,

()

i=i Yo

Source

Mean wind

Instantaneous

wind g,

———

Fig. 1. Puff dispersion parameters.

A. L. BEAMAN

where

f= frequeﬁcy of the ith meteorological situ-
ation by stability and wind speed,
g¢i/g, = non-dimensional measure of frequency of

winds of direction ¢ '_l-ﬁ
x

during those periods when the concen-
tration width is 2y,
x = distance from source,
2y; = width of instantaneous contour,
y =.weighted mean width of contour.

See Fig. 2 for an illustration of these terms.

Equation (2) is solved for y; to obtain the local
instantaneous half width of the odorous area at ground
level. This is integrated over a range of atmospheric
conditions to obtain the weighted mean wxdth for
substitution in Equation (5).

Using this mathematical model Hogstrom estimated
the odour frequency distribution downwind of a pulp
mill and compared the results with occurrences re--
corded by trained observers. Whilst the correlations
between the predicted and observed (Table 1) were

Blx,¢,2)

A =The source

£  =Fixed measurement point with coordinates x ¢z
¢. =Wind direction during particular sampling period
X  =X1concentration y, contour at height 2

2y/ =Instantaneous width of contour at fixed
measurement pomt g

Fig. 2. Odorous half width.

Table 1. Comparison of predicted and observed odour

frequencies .
Distance (km) 2 5 10 20
" Total number of ' o
observations 6426 7490 5528 6976
No. of positive
observations 696 736 470 360

Observed odour
frequency (%)

10.8 9.8 8.5 5.1
Predicted odour )

frequency (%) 9.1 5.7 3.2 1.7
Ratio observed :
predicted 1.2 1.7 2.7 30
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Approach to estimating odour concentration distribution in community

good at short distances from the plant, the method
tended to underestimate at greater distances.

Hogstrom considered that the discrepancies could
be due to several reasons. These included:

(1) there was a chemical and/or physical change in
the odorant which could have led to the lowering of the
odorous threshold, ,

(2) the model assumed a single source emitting at a
constant rate. In reality there were two chimneys on the
plant and there was some laboratory evidence to
suggest that emissions had varied,

(3) inaccuracies in dispersion parameters.

Murray (1978) and McCarthy (1980) developed the
work of Hogstrom. They simplified and systemized the
atmospheric dispersion parameters using more recent
experimental data published by Bowne (1974) for

_ dispersion rates in rural, suburban and urban areas.

In their model, known as the TRC (The Research
Corporation of New England, CT) odour model, the
position of the puff centroids is generated from a
normally distributed random number generator with a
mean value corresponding to the mean wind direction.
This permits the consideration of several puffs during
the time period and allows the building of a cumulative
frequency distribution of dilution ratios for the chosen
period. Other refinements in this model included the
entrainment of the plume in the wake of a building and

the ability to handle up to 20 simultaneously emitting

sources and 20 receptors.

Very good agreement has been reported between
estimates made using the TRC model and measured
ambient odour concentrations as indicated in Table 2.

THE NEW MODEL

The most successful type of these models appears to
be the pufl model which predicts the short term odour
levels corresponding with the response time of the
human nose. It was therefore decided to adopt such a
model for the author’s work. :

A version of the puff model was developed within the
restrictions of the computer hardware available, i.e.
Sharp PC 1245 pocket computer and the author’s
ability at writing software. »

The program was written in Basic and is listed in
Appendix 1. It contains some novel features which
simplify the calculations and shorten processing time.

563

As with other pufl models described. it has been
assumed that dispersion is made up of two terms. The
first is the diffusion of each individual puft itself: the
second is the meander in the plume of a series of pufls
in the large scale turbulence field.

It was further assumed that over a period of time the
position of the pufl’ centroid will follow a binormal
distribution such as illustrated in Fig. 3. Thus thereisa
certain probability of finding the pufl’ centroid on a
plane downwind from the source depending on its
position from the downwind axis. A

Not all of these pufls will affect the observer. Some
will be too far away. Those that do will be passing the
observer within a distance at which the puff has been
diluted to the odour threshold. Figure 4 illustrates the
situation in plan. The edge of the puffs passing the
observer are the odour threshold concentrations. Any
puif on the source/observer axis affects the observer for
a maximum time (xo/u). Puffs further off axis affect the
observer for less time (x, /u). Puffs passing at a distance
b from the observer only just brush past the observer.
Puffs passing at a greater distance must be diluted
below the odour threshold before they reach the
observer. Thus there is a critical distance in the y
direction beyond which a puff does not affect the
observer, because the concentration is below the odour
threshold; the effect of simultaneous puffs being

"ignored.

Similarly there will be a corresponding critical

distance c in the z direction (Fig. 5).

Probability distribution in this area is
known

_ Fig. 3. Probability distribution of puff centroid.

Table 2. Comparison between odour concentrations estimated by the TRC model
and ambient measurements

Plant 1 Plant 2
Distance (m) 100 200 460 840
Estimated odour concentration 50 2 13 2
Observed concentration 31 2 20 2

Source

- McCarthy (1980)

Murray (1978)

TRC—The Researchb(.?orporation of New England, CT.
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Observer
plane

Ptan

Odour threshold

Fig. 4. Ground level puffs affecting an observer.

[ 1\

b

Y

Fig. 5. Range over which puffs affect observer.

If the observer is at ground level then the area of
influence through which puffs must pass is a semi-
ellipse with a height of ¢ and width 2b. The concen-
tration at the observer for a puff at any location in the
observer plane is given in Equation (2) as

v 2 2\
M:—i&exp(—%_%) (2)
nue,,0,, 20,, 203,

‘whenz,=oy=b

thus

0.5 .
(VoNo) 262 ) ' (6)

b={log, ——>—2>—
(oge(nuo'ypozp,vi) o

similarly when y = 0 z = ¢ and

(VN) 0.5
= log, ——=>-2-—24? . 7
¢ ‘(og,(ma”a”Ni) Gz,) ‘ ()

The total time that the observer experiences an
odour dilution ratio N, and greater is therefore the sum
of the times that puff centroids pass through the area of
influence.

Since the position of the observer is known in
relation to the source, it is possible to numerically

~ integrate the probability or percentage time that a puff

is at each grid point in Fig. 5. .

To simplify this a simple algorithm was derived for
the frequency of a normal event depending on its
position from the mean in standard deviation units.

The probability of a normal distribution event
occurring is given by Equation (8)

. 21 -22
Probability = J exp< )dz. 8)
2 / 2n 2
For 0.1 standard deviation steps (8) approximates
to (9)

447-198
Percentage probability = it 9
100 .
with a correlation coefficient of 0.995.
In carrying out this modelling, use was made of the
atmospheric dispersion parameters for puff and puff

. centroid in rural, suburban and urban areas as pub-
¢ lished by Bowne (1974).

MODEL VERIFICATION

Data collection

In order to be able to test the model, it was necessary
to obtain data which included both source emission
parameters and downwind: observations for com-
parison with the model output.

Two main sources of data were employed, ie.
Hogstrom (1974) and McCarthy (1980). Hogstrom’s
data were observations taken downwind of a Kraft
paperworks whereas McCarthy’s data were the out-
puts of the TRC dispersion model for a chemiical plant.
The TRC model had already been verified by com-
parisons with field observations. Further supportive
data was collected by the author. The means by which
this was achieved are described in Appendix 2. A
summary of the data used to test the model is given in
Appendix 3.

Model testing

- The odour dispersion model described above was
tested by comparing the observed frequency distri-
bution with the on axis downwind frequency distri-
bution derived from the emission characteristics and
the meteorological conditions at the time of the field
observations. .

Figure 6, in which the observed and estimated
frequencies are plotted, indicates that the model gives a
good estimate in rural situations. Agreement is less
close in an urban-area with tall buildings. The reason -
for this is that the dispersion will be distorted by
buildings and the dispersion parameters used will only
be very approximate. Other reasons for greater varia-
bility in the urban area data is the fact that there was
only one observer. Furthermore because the plume was
not visible it was not possible to confirm that the
observation point was always directly downwind.

The relationship between estimated and observed
values of percentage time greater than the odour

4
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Fig. 6. Relationship between estimated and
observed percentage time.

threshold is given in Equation (10).

Observed = 0.91 x estimated + 1.67. (10)

The correlation coefficient of 0.97 suggests that a
high degree of confidence can be placed upon the
estimates.

CONCLUSIONS |

The model described above is seen as a useful tool in
investigating the likelihood of odour complaints and
for the specification of odour control requirements.
However, this is just the first step. Further field tests are
required to examine the accuracy of the model over a
wider range of conditions. Compatible odour nuisance
criteria also need to be developed. The author intends
to report on his work in these areas in due course.
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APPENDIX 1. COMPUTER MODEL LISTING IN BASIC

1 REM odf2- odour frequency H
5 CLEAR :
20 DIM T(16), C(2). R(2)
60 INPUT “effective height™ H
70 INPUT “wind speed”™; U
80 INPUT *“vol flow rate™; V
90 INPUT “odour source conc™: N
100 INPUT *“odour conc contour™; Q
105 REM
110 FOR1=1TO 16
120TH)=0
125 NEXT 1
135 GOTO 760
170 REM
200 C(1) = SQR (PxP—R(1)*R(1))
210 C(2) = SQR (L*L—R(2)*R(2))
220 A = V*N/(3.1416 « UxR(1)«R(2))
230 B= C(l)/lO M = C(2)/10
238 J =
240 1= 0

242 T(1)=SQR(2+R(1)*R(1)+ LOG (Vs N/

(Q*3.1416 * U xR (1)»R(2))))

SQR (2¢R(2)*R(2)*LOG (V*N/

(Q#3.146+ U*R(1)«R(2))))

250 REM

254 IF M *J > T{(1) THEN GOTO 500

260 E = (B*I/R(1)*(BxI/R(1))

270 F = ((M+J)/R(2)) "2

290 GOSUB 650

296 IF J = 0 THEN LET T (10) = T(10)+G: GOTO 300

297 T(11)=T(11)+G

300 REM

305 I=1+1

307 IF ((B+I/T(1)" 2+ (M=J/T(2))'2) > 1 THEN
GOTO 320

310 GOTO 250

320 J=J+1:1=0

330 GOTO 250

400 REM

500 REM

605 B=T(10)+2+T(11)
610 PRINT B; “%T> " Q“DT"
620 GOTO 5

650 REM

660 G = 4.47—199*(H—M +J)/C(2)
665 IF G <0 THEN LET G =0
670 W = (4.47—1.99  (B+1/C(1)))
675 IF W < 0 THEN LET W =0
680 G = G » W/100

690 RETURN

760 INPUT “sigma yb”; P
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770 INPUT “sigma zb™ L
780 INPUT “sigma yr™; R(1)
790 INPUT “sigma zr"™: R(2)
800 GOTO 170

900 END

APPENDIX 2. DATA COLLECTION METHOD

Hogstrom (1974) and more recently Thiele et al. (1986) and

Harssema (1986) have used direct sensory methods to estimate -

the percentage of time that odour thresholds have been
exceeded downwind of a source. Teams of observers were
required to record the presence and intensity of odours at
regular time intervals, the percentage of the total observations
with detectable odours being determined from-the recorded
observations. The same basic approach was adopted by the
author but with certain refinements.

The observers were required to estimate the mtensxty of the
odour experienced with each breath or sniff and to classnfy the
intensity on the scale given in Table Al

A set of observations might be
00132112100121 .

Observations are normally carried out by two observers
over periods of about 10 min, ie. about 150 sniff samples.

Close agreement has been found between individual ob-
servers for the percentage of the time that odours were at least

recorded = as

A5.6
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Table Al
Intensity Category
Nil 0
Very slight 1
Slight )
Moderate 3
Strong 4
Very strong 5

Very slight corresponds. to
just detectable but not rec-

ognizable.

Slight corresponds to - just
recognizable.

Moderate corresponds to

easily recognizable.

Nil and Very strong are self-
explanatory.

Strong 'is midway between
moderate and very strong.

recognizable, ie. category 2 and above. The correlation
between 61 pairs of independent observers was 0.79.

During each observation a record was also made of the
meteorological conditions and any other factors which would
influence the result.
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Data collected in laboratory testing and

analysed for predittivefre]ationships
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Appendix 7

~ Data collected in field testing and

analysed for predictive relationships



KEY TO DATA

Data no. Source description
1-12 Glass fibre reinforced plastic manufacture
13-16 Building board manufacture
17-23 Dried blood processing
24 Brewery effluent |
25-31 Land i1l gas
32 Silage
k33-38 | Iron foundry emissions
39-48 Land fill gas
ECI = effective continuous intensity
Sd = standard deviation
ann = annoyance | |
>1 = percentage time intensity 1or éreater (very slight)
~>2 = percentage time infenéity 2 or greater (slight)
=3 =  percentage time intensity 3 of»greater_(moderate)‘
>4 = percentage time intensity 4 or greater (strong)
5 = pefcenfage'time intensity 5 or greater'(very strdng)
ton = hedonic tone

»t

percentage’timé greater than detection threshold

A7.1
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Appendix 8

Listing of the full odour nuisance assessment model

" in GW-Basic



10 REM ONAM odour assessment model :ALE 2/88B
20 CLS o _
=0 PRINT "Odour Muisance Assessment Model®

b T = = Y B
zH PRINT YSELECT STARTING FOINTY

I8 PRINT :

EGOPRINT “FREDICTIONS®

40 PRINT "source parameters = 1M

4% PRINT ‘
4% FRINT "FIELD ORSERVATIONS®

=50 PRINT "intensity distribution == 2
&0 PRINT "eci m AN
&S FRINT

69 PRINT "LARODRATORY TESTS" ,
70 PRINT “"concentration ratio = 4
ao PRINT “intensity distributions = 5"
50 PRINT "average odouwr intensity = &"

25 PRINT

D& PRINT

100 INFUT 3C ,

110 ON C GOSUE 1000, 2000, 3000, 4000, 35000, 6000
115 CLS

120 PRINT "ANNOYANCE = "if

130 S=(21-A)/Z

1%1 IF 5-0 BOTO 125

132 P=5S0:5=-5: GOTO 140

135 F=-50 '

140 FOR I=.1 TO 8 STEF .1

145 P=F+4.47-1.98%1

150 NEXT I

151 PRINT

152 FRINT

153 PRINT

155 IF ABRS(F) 100 THEN F=100 _ :
160 PRINT 3ABS(F) ;" % probability of a nuisance"
200 END

1000 REM

1001 CLS

1005 CLEAR o

1020 DIM T(16),C(2) R{Z

1060 INFUT"effective height"iH
1070 INFUT"wind speed "3U '
1080 INFUT"vol flow rate":;V '
1090 INFUT"odour sowrce conc'ii
1100 =1 '
1103 REM .

1110 FOR I=1 TO 16

1120 T(I)=0

1125 NMEXT I

1135 GOTO 1760

1170 REM

1200 C(1)=50R(F¥P-R(1)*R{1))
1210 C(2)=8SR(L¥L-R(2)%R(2))
1220 A=VEN/ (Z. 1416%UXR (1) ¥R (2))
2E0 B=C(1)/10:M=C(2)/10

L2738 J=0
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1240 I=0 '

1242 T(1)Y=SER(2¥R (1) ¥R (1) %120 OEG(VEN/ (ERE, 1416XUKR I XR2))
1244 T(”)—%UR(”*R(”)kh(”)¢LD&(V#H’(UWT,141D*U*R(1‘*F(2 )
1250 REM

1254 IF MEJ>T(2) THEN GOTO 1500
1260 E= (BXI/RCIDIK(BYI/RLY)

1270 F=(MxJr /RZY)™2

1290 GOSUR 1650

1296 IF J=0 THEN LET T{1Oy=T(10)+G:+E0TO 1300
1297 T11)y=T(L11)+6

1300 REM

1205 I=I+1 .

1207 IF ((B?I/T(i))*2+(M$J/T(2))”2)}1 THEN GOTO 1320
1210 BOTO 1250

1320 J=J+1:1=0

1330 G0TO 1250

1400 REM

1500 REM

1605 B=T(10)+2%XT(11)

1620 GOTO 1985

1650 REM _

1640 B=4,47—1.98% (H-MXJ) /C(2)

1665 IF G<¢ THEN LET G=0 ’

1670 W=(4.47-1. ?8*(B#I/C(1)))

14675 IF W0 THEN LET W=D

14680 G=6GXW/100

1690 RETURN

1760 REM

1770 FRINT

1780 INFUT Ystability 1-6 R

1790 FRINT

1795 INFUT "distance = "D

1800 D=L0G(D)X%X.4343

1805 IF Kx1 GOTO 1835

1810 F=10"(, &633%XD+. 04L49%XDED+. 0054346)
1815 L=10"(.18%D+.189%D¥D~. 08%79)
1820 R(1)=10"(.92%D—.845)
1825_R(E):iﬁ“(.733$D~.28?)

1830 GOTO 1170

1835 IF E>2 60T0O 1865

1840 P=10"(.528%D+, Q&6225%DED+. 0145)
1845 L=10"(.194%D+. 151%D%D+. 069401),
1850 R(1)y=10"(.203%D~.%2)

1855 R2)=10"(.728%D~.493)

18460 GOTOD 1170

1865 IF K>3 GOTO 18995

1870 P=l0™ (L 451D+, O734%DRD—L 01 2353)
1875 L=10"(.167%D+. 143%D*D+.0266)
1880 R(1)=10"(.899%D-1.042)

1885 RI2)=10"(.723%D~-.707)

1890 GOTO 1170

1895 IF Kx4 GOTO 19235

1900 F=10"(.378%D+. 08442%D%xD—. 02886)
1905 L=10"(, 179%D+. 103%DxD+. 005855)
1910 ROIY=10"(.217%D—-1.2173)

1915 R(2)=10"(.727%XD~.896)

1920 6OTO 1170

1925 IF E>X5 60TO 1935

1930 P=10"(.228%D+1. 11*D*D— UI088>

3)
)
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l C,\""L.
1940
1945
129230
19355
1960
1965
1970
1973
1980
1985
1286
1288

1989

1990

2000

2005
2010
2012
2014
2016
2018
2020
2030
2040
2050
2060
DOT0
OG0
2090
2100
2110
2120
2130
2140
2150
Z000
005
Z010
ZOZ0
2025
Z03Z0
4000
4005
4010
4020
4OZ0
40372
407354
4026
4040
4045
4050
4060
LOTO
4075
4080

4090

4095

L=10" 0 127 %D+9 ., EEC’(io‘}C?E Q2% DED+. UUC:"L‘SG‘ .
RO1Y=10"(.954%D~1.582)

ROZ) =10" (L &5Z4L~1.132)

GUTO 1170

IF KX & BOTD 1760

Fal0™ (0 LESED+, 124%DED+. 01041)

L=10"(, 032595 D+. 1 12%DAD+. 02225)
R{1)=10" (. 93%4D—1.7&9)
R{Z)=10" (. 6¥D~1.387)

GOTO 1170

Lo Yoo

A=Z. S1X 10" (LOLSYE+, 119) —5, 28 .

Z=1.9&
FRINT
FRINT
GOTO 120
REM

CLS
FRINT "input total numbers in gach intensity category"
FRINT

FRINT

FRINT

i

FRINT

1

INFUT "category "3 CO

INFUT "category 1 = "«
INFUT “"category 2 = ";C2
INFUT "category = = “";(C3
INFUT "category 4 = ":0C4
INFUT "category 5 = ":(05
CT=CO+C1+CE+CE+LE4+CH
Ci=C1%100/CT

Ca2=C2%100/CT
CE=C3%100/CT
Ca4=Ca%100/CT
CE=Co%100/CT
E=(CLEF+C2A224+CIR4TH04R T E+CER1O0) /100
GOTO Z0Z0
REM
CLS N -
INFUT ;"eci = "3;E
= Z.61%E-5.28
I=10.274
RETURN
REM
CLSs
FRINT "input type of concentration"
FRINT "d/d = 1" :

FRINT "d/r = 2"

FPRINT

PRINT

FRINT

INFUT 5T

FRINT

INFPUT -”concentration ratio ":R
ON T GOTO 4070,4090

Aﬁ17.29*.4343*LDG(R)v+12;41
I=12.077

GOTO 4100

A=&.28%R+12. 25

i=11.71
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4100 RETURN

SO00 REM

L0055 CTLS

SO10PRINT “input total numbers in each intensity category”
G012 PRINT '

5014 PRINT

D016 PRINT

SO20 INFUT "nmil

SOE0 O INPUT "possible
S040 INFUT "very slight
S030 INFUT “"slight ‘
SO60 INFUT “"moderate - b

SO70 INFUT "strong = Yahlb

S080 INFUT “very srtong = i NT7

SO0 NT=N1+NI+NI+NE+NT+-NE+RH7T

S100 NZ2=NI2$100/NT

2110 MIEI=NZEL00/NT

S120 NA=N4%1QO/NT

D130 NS=NSYI00/NT

G140 NE=MNE&E10O/MNT

S150 N7=N7¥100/NT

5160 N= (NZEF+HNIX18+NAX 2P +NSESIHNAREO+NTH100) /100
9170 GOTO &020

6000 REM

00T CLS

&O10 INFUT ;'"nwi "N

6015 ZI=8.90%

&OZ0 A=.754%N+2,811

6030 RETURN

" i
"N
"N

"N

it

oo
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