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This work discusses the implementation of a Crude Monte Carlo, algorithm applied to an olfactometric case
study. In particular, the study analyses the influence of uncertainty of the odour concentration measurement,
by dynamic olfactometry, on experimental measurements, which employ a sequence of olfactometric analysis
i.e. the estimation of Odour Emission Capacity per unit of volume, OEC.

The evaluation of these physical quantities is function of a fixed number of odour concentrations data.
According to the new provisional version of EN13725, each odour concentration measurement is affected by a
degree of uncertainty, which follows a lognormal probability distribution function. In order to consider the
uncertainty associated to each single odour concentration, a Crude Monte Carlo simulation has been carried
out, obtaining 10° iterations of odour concentration datasets. The obtained data have been statistically
analysed, highlighting that OEC follows a lognormal distribution function as well.

1. Introduction

In last years, the problems related to environmental protection have assumed a significant role in the whole
world, by calling a major attention on the industrial activities, because they are viewed as the main source of
pollution. In particular, issues linked to environmental odour have arisen, which have led to complaints by
citizens. Nowadays the olfactive nuisance is a worldwide social malaise (Brancher et al., 2017). It is well-kwon
that the prolonged exposure to the odour annoyance provokes a series of negative health effects, both
physiological and psychological. Over the years, the scientific world has developed different tools to evaluate
the odour annoyance in order to describe this particular social problem (Oiamo et al., 2015) (Invernizzi et al.,
2017).

One of the most important variable to assess the impact of an odour source on the surrounding area is the
estimation of the Odour Emission Rate (OER), due to its usage in atmospheric dispersion modelling. Another
interesting parameter is the Odour Emission Capacity (OEC), which evaluates the odour potential of a liquid.
The method defines OEC as the total amount of odorants, which can be stripped from 1 m* of the liquid under
given standardized conditions (Frechen et al., 1998) (VDI, 2017). In particular, the OEC is expressed in
ouE/m3|iquid and is measured on a known amount volume of wastewater, which owes its olfactory
characteristics to the volatile organic and inorganic compounds dissolved in it (Frechen et al., 1998) (Frechen
2009, 2012).

Different olfactometric analysis are the keystone for the experimental assessment of OEC: this analysis
requires 4 odour concentrations, measured at 4 different time steps (Frechen, 2012).

An analogous parameter, which needs several odour concentration measurements over a period of time too,
is Hydrocarbon Odour Emission Capacity, (HCOEC): this parameter, expressed in oug/KGhydrocarbon, represents
the odour emission potential of a hydrocarbon mixture (e.g. fuel) due to the evaporation of a known mass
evaporation (Invernizzi et al., 2018).

The odour concentration is measured through the standardised method EN 13725:2003 (CEN, 2003).
Dynamic olfactometry is affected by an uncertainty due to the dilution mechanism, which is the base of the
analysis: every dilution step has a fixed factor, usually equal to 2, which decreases exponentially during the
analysis. Due to this particular procedure, odour concentration probability density function belongs to a
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lognormal distribution. The recent revision of the standard pr-EN 13725:2018 (CEN, 2018), provides the
guidelines for the estimation of the within-laboratory uncertainty, through repeated measures. The
measurement error is evaluated in full, without specifically quantifying every single contribution (e.g. sampling,
panel, dilution...).

The first step of this work is an experimental measurement of the OEC value of a wastewater, in accordance
with (VDI, 2017). After that, it is shown an example of a Crude Monte Carlo (CMC) method, with the aim to
understand the influence of olfactometric uncertainty on the OEC assessment.

2. Materials and Methods
2.1 OEC measurement

A volume of a refinery wastewater used for the experiment is equal to 1 L. This volume is quite different with
respect to the standardized volume (VDI, 2017) for the OEC analysis (i.e. 30 L): this is due to lab logistics,
safety considerations on the potential H>S content and the sufficiently high odour concentrations.
The laboratory instrumentation used for experimental tests is listed below:

e glass bubbler, hermetically sealed with a Teflon® gasket, with 2 sealed ports. In particular, it is used a

glass bubbler dip tube model with porous septum and a volume of 1.5 L;

e mass flow controller for the neutral gas, with a suitable work range to perform the analysis;

e Teflon® tubes with a 6 mm diameter;
The stripping gas is nitrogen, whose flow is checked and kept constant at fixed value by the mass flow meter.
The value of fluxed nitrogen flow is 100 L/h, because it is necessary to keep the degree of turbulence between
90 h™" and 110 h™" (Frechen, 2012).
Downstream of the flow meter, the bubbler is positioned, fitted with two sealed ports. Through the first port
enters a Teflon® tube, with a 6-mm diameter, which channels nitrogen to the porous septum positioned on the
bottom of the bubbler. In the other port, there is a second Teflon® tube, where it is possible to sample the gas
phase enriched of the stripped compounds, using a Nalophanm bag. After the start of bubbling, off gas
samples are withdrawn at fixed time intervals, i.e. 2 min, 6 min, 16 min and 32 min. The odour concentration of
each sample is measured by dynamic olfactometry. Figure 1 illustrates a sketch of the flows of the
experimental apparatus.
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Figure 1: Diagram illustrating the flows of the experimental apparatus

The method used for the OEC measurement depends on the odour concentration (Coq) of the gas phase
related to the evaporated wastewater (Frechen et al., 1998). The estimation of OEC value relating to the
examined liquid is based on Eq(1):

0EC = J'(Cod(t) C100)

% “dVy, (1) (1M
liquid

where Cqq(t) is the measured odour concentration at the instant t, Cio0 is the reference value of odour
concentration lower limit (i.e. 100 oug/m?), Viiquid is the volume of analysed liquid and dVn2(t) is the infinitesimal
volume of fluxed nitrogen at the instant t. Figure 2 shows the measured odour concentrations (yellow squares)
of the gas samples taken during the course of the analysis. The OEC is obtained by the area between the
measurement curve and the lower limit of integration, thus the sum of A1, A2, A3, A4. Because during the test
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the Coq do not fall below Cigg, it must be added A5, which is the area calculated by linear extrapolation in

linear scale. The resulting OEC value is equal to 9.7-10* ouE/mSHquid.
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Figure 2: Odour concentration trend during OEC experimental measurement

2.2 Dynamic olfactometry uncertainty

Uncertainty measurement for odour concentration is not a trivial task. It has been demonstrated that the panel
composition, the number of panel members and the olfactory response variation of the individual panel
member in time are the main sources of uncertainty in odour measurements.
Methods to assess measurement uncertainty are proposed in the new standard revision pr-EN 13725:2018
(CEN, 2018), both within one laboratory and among different laboratories, using a variety of reference
materials, and also using actual undefined real-case odorous gas samples. Both methods involve a series of
repeated measurements to assess the overall uncertainty, based on EN ISO 20988:2007 (CEN, 2007),
without quantifying the contribution of distinct sources of uncertainty, i.e. the sampling and the storage, the
dilution apparatus, the panel member (temporal variation) and the panel composition (variation between panel
members), the olfactometry room conditions and measurement procedure. Therefore, any uncertainty
assessment shall be carried out considering the contribution of uncertainty resulting from the usage of
different panel members and panel compositions.
The uncertainty estimation, within one laboratory, involves two parallel steps:

e repeated measurements of known composition of Certified Reference Material (CRM);

e duplicate real-case olfactometric analysis using different panel composition.
Basically, during the same day, the odour concentration of real-case environmental sample must be measured
twice by two different groups of panel members. Before (or after) measuring the odour concentration of the
unknown environmental sample, each group must execute the CRM odour concentration test.
The numerical data for the uncertainty estimation are obtained from the n number of odour concentration of
the CRM at known chemical concentration, and the m paired measurements of the odour concentrations of m
unknown environmental samples (m = n/2). The standard suggests to choose n equal or greater than 20.
This procedure has been applied to 10 different environmental samples coming from sources that cover the
whole application field of laboratory (e.g. refinery emissions, poultry manure, natural sulphurous emissions,
fresh waste and WWTP). After that, the obtained odour concentrations are elaborated to evaluate the mean
bias of the CRM and the expanded uncertainty, necessary to obtain the uncertainty of the laboratory.
Odour concentrations resulting by dynamic olfactometry measurements, under repeatability conditions, follows
a lognormal probability distribution function, due to the exponential increase of the difference between
adjacent dilutions (Koe et al., 1986). This means that the decimal logarithms of the measured odour
concentrations are required to evaluate the statistical parameters. For this reason, the two-side confidence
interval for an odour concentration can be expressed as:

log10(Cod) — Bw,crm — U < 10g10(Coq) <10g19(Cod) — Bw,crm + U (2)

where Bwcrm is the mean bias of the Certified Reference Material (CRM), i.e. n-butanol, and U is the
expanded uncertainty. In particular, the evaluation of expanded uncertainty needs the definition of the
combined standard uncertainty (uc), which considers three different kind of uncertainty. Consequently, the
expanded measurement uncertainty, of the logarithm of the odour concentration of environmental samples, is:
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=k-u.=k- / \/55 + SIMP +utype B (3)

where k is the coverage factor (k = 2 is appropriate to express a 95 % coverage probability for the normal
distribution), s5 the is standard uncertainty of the bias of a single measurement with respect to the CRM, siup
is the uncertainty related to the paired odour measurements of identical unknown environmental samples
(using different panels) and uyye-s is the uncertainty provided by type-B evaluation.

2.3 Crude Monte Carlo method

Crude Monte Carlo method is a suitable numeric algorithm to describe stochastic phenomena, where the
random generation of events according to determined probability distributions, results to be equivalent to a
value of definite integral or a sum (Rotondi et al., 2005).

For most practical applications of CMC simulation, pseudo-random number generators are used to draw the
random samples. CMC simulation involves the drawing of random samples from a given probability
distribution p(x), to artificially simulate the uncertainty of an experiment or a phenomenon, in the specific case
the odour concentration. In view of this, the implementation of a CMC method may be considered as a tool to
evaluate the influence of the dynamic olfactometry uncertainty when a dataset of odour concentrations is
taken into account. Knowing the probability distribution of each measured odour concentration (lognormal),
and fixing 10° as the number of iterations, the CMC algorithm, implemented through the software Matlab®,
returns a number of 10° for each odour concentrations lognormally distributed and inside the limits of
probability distribution function of the uncertainty. For each iteration it is calculated the corresponding OEC,;
thus, a simulated population of 10° value of OEC it is finally obtained. The Eq(4) shows the idea behind of
utilised CMC algorithm.

YITER (Z ij) @

OECeme = ITER

where Aj is the i area of the i" iteration, N is the total number of the necessary areas to evaluate the OEC
value and ITER is the total number of iterations of the CMC algorithm.

3. Results

As already mentioned, the exponential dilution steps, underpinning the olfactometric analysis, affects each
odour concentration measurement and lead to the uncertainty of the olfactometric analysis. In accordance with
(VDI, 2017), the evaluation of OEC considers the assessment of the odour concentration due to the stripping
of a aqueous solution in a fixed time interval.

The results of the dynamic olfactometry measurements (yellow squares) with the respective error bars are
reported in Figure 3.
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Figure 3: Odour concentrations of the gas samples with their error bars (k = 2).

The implementation of a CMC method allows to consider the influence of dynamic olfactometry uncertainty for
this type of analysis, i.e. when more odour measurements are utilized. The mean value of OEC resulting from
the algorithm is equal to 9.7-10* ouE/m3|iquid in a confidence interval at 95 % between 8.3-10* ouE/m3|iquid and
1.2:10° oug/m’jiquia.
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In Figure 4, it is illustrated a comparison between the empirical Cumulative Distribution Function (CDF) of the
10° OEC and the theoretical lognormal CDF evaluated with the mean and the standard deviation. It is also
shown the values of OEC obtained through the standard method (VDI, 2017) and via the presented CMC
method.
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Figure 4: Comparison of empirical CDF and theoretical lognormal CDF

Graphical methods are a good option to test the normality of a dataset, especially when the number of
elements exceed 300 the analytical normality tests are not so reliable (Mishra et al., 2019). In Figure 5, the
QQ-plots show as the logarithm of the CMC random data fit better a theoretical normal distribution than the
only random data theirself. Therefore, the obtained random OEC population appears to belong to a lognormal
distribution.

In effect, the multiplicative version of the central limit theorem proves that the product of many independent,
identically distributed, positive random variables has approximately a lognormal distribution (Limpert et al.,
2001)

14 ra
5.15f a
1.3
§1¢
1.2
—
k=]
5 - 5.05 |
L g * E
& o
o 1 = 5
S, o
(S 2
w 495
o
1}
40+
o7
4.85
06
le o
[15-] 4.8
i 1] 6 5 1] &
Standard Normal Quantiles Standard Normal Quantiles

Figure 5: QQ-plot comparison between normal distribution and lognormal distribution

4. Conclusions

In the environmental odour research field, it is well-known that the dynamic olfactometry measurements are
affected by a certain degree of uncertainty. For this reason, when more odour concentrations are added up
together, the overall uncertainty also increases. The pr-EN13725:2018 (CEN, 2018) provides all the
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indications for the uncertainty estimation, through repeated odour concentration measurements of CRM and
different real-case environmental samples. This methodology is focused on taking into account the main
sources of error of dynamic olfactometry measurements, i.e. the panel composition, the number of panel
members and the olfactory response variation of the individual panel member in time.

The purpose of this work is to suggest an approach for considering the influence of dynamic olfactometry
uncertainty in complex experimental odour estimation procedures. Starting with an OEC analysis, the odour
concentration of the 4 withdrawn gas samples, is measured, and the OEC related value is evaluated. The
implementation of a CMC algorithm allowed considering the dynamic olfactometry uncertainty, lognormally
distributed, for the estimation of the OEC value. The results show as the OEC value evaluated through the
proposal method, i.e. 9.7-10* ouE/m3”quid in a confidence interval at 95 % between 8.3-10* ouE/m3|iquid and
1.2-10° ouE/m3|iquid, is comparable with value of the standard method, i.e. 9.7-10* ouE/m3|iquid. Furthermore, the
cumulative distribution function of the empirical data matches very well the theoretical lognormal cumulative
distribution function, evaluated with the mean and the standard deviation. QQ-plots show as the random data
of the CMC algorithm fit better a lognormal distribution than a normal distribution.

It can be concluded that Crude Monte Carlo method is a numeric approach very useful for estimations of some
types of analysis (e.g. OEC and HCOEC), which usually involves numerous measurements (e.g. odour
concentrations) that are affected by uncertainty.
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