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ABSTRACT

The objective of this work was to develop a relationship between odour intensity and sewage con-
centration by using data collected from various sensitive areas of an activated sludge based sewage
treatment plant at Titagarh, near Kolkata, India. A number of well-known psychophysical models
(e.g., Weber-Fechner law, Steven’s power law, Beidler’s and Laffort’s models) that can successfully
relate the perceived intensity with the sewage concentration have been discussed. Respective pa-
rameters for each of the models were estimated by the nonlinear Levenburg—-Marquardt parameter
estimation method. The overall performance of the model was tested statistically against sets of
data from the panel method analysis. The model based on the Weber—Fechner law was ranked 1
in the case of three out of eight samples and it was found more representative of the more intense
odour samples. The model based on power law equation represented the intensity—concentration
relationship better with extremely low uncertainties on both parameters k, and k, for comparatively
less intense odour samples. Only 1 sample out of the 8 samples based on Beidler’s model was found

more representative for the high intense sewage samples.
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1. Introduction

The treatment of waste is always combined with
odour emissions which can be annoying to people living
near the waste treatment plants. To identify and evalu-
ate these odour emissions, different methods are used.
Odours from sewage treatment plants (STPs) comprise
complex mixtures of a large number of volatile com-
pounds. Compounds produced by sewage-processing
and waste management operations, including volatile
organosulphides and various oxygenated compounds,
may occasionally exceed olfactory detection thresholds
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and represent a source of potential odour complaints in
the local urban environment [1].

Odour concentration is a measure of the detectabil-
ity of the odour as assessed by a panel of people [2].
Odour intensity is defined as the perceived magnitude
of a stimulus [3]. Odour intensity and offensiveness are
subjective measures of the strength and unpleasantness
of an odour as assessed by a panel of people. Odours of
equal concentration will not necessarily be of equal per-
ceived intensity or offensiveness. The idea could also be
utilized by legislators to establish minimum separation
distances between the sewage treatment plant and zones
of potential complaints based on objective criteria.

In this paper, the main focus will be given to the
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selection of various psychophysical models for the cor-
relation of odour intensity to sewage concentration and
estimation of their parameters with suitable techniques.
Afterwards, the models will be evaluated by means of
statistical analysis.

The results will be discussed with respect to the
semi-solid sewage samples taken from various locations
within a STP site. There will be an attempt to rank the
models according to their performance and to select the
best ones as the basis for community nuisance analysis.
One of these psychophysical models, discriminated on
the basis of its performance, will be used to convert the
intensity scales reported by the panel/community sniff-
ers to the sewage concentration (g/1), which may be used
to validate the results from dispersion analysis/receptor
models respectively.

2. Description of the study site: the Titagarh sewage
treatment plant

Titagarh is a small town located on the east bank of the
River Ganga at a distance of about 22 km from the north
of the city of Kolkata, India. The combined sewerage and
drainage system within the Titagarh Municipality was
constructed by the British Government between 1925 and
1930. It was an activated sludge based sewerage treatment
plant for a capacity of 4.54 MLD (million 1/d). But the plant
was kept idle till 1977-78 when KMDA carried out some
augmentation works and constructed an oxidation pond
having a capacity of 4.54-9.58 MLD. Titagarh was brought
under the Ganga Action Plan (Phase I) in order to stop
the pollution of the River Ganga due to the number of
existing drains directly discharging into the river. It was
decided then that these drains should be intercepted and
diverted to the existing STP for treatment.

In the treatment plant (Fig. 1), a splitter box has been
provided just before the inlet to the primary settling tank
for sending 4.54 MLD of sewage directly into the oxida-
tion pond. This would ensure that the existing sewage
treatment plant would be able to cater to 9.08 MLD of
sewage. A side overflow weir has also been provided
just before the splitter box to take care of any additional
sewage flow by sending it to the storm water tank. After
passing through the splitter box the sewage first enters
into the primary sedimentation tank from where the
effluent is sent into three aeration tanks (each of equal
capacity) for mechanical aeration. The flow into the tanks
is controlled by “V” notches fixed in the channels lead-
ing to the tanks and these help dividing the effluent into
three equal parts. After mechanical aeration the effluent
from the aeration tank is sent into the three secondary
settling tank. The arrangement for sludge return from
the secondary settling tank to the aeration tank has been
made in such a way that the sludge volume equivalent
to 50% of sewage flow into the aeration tank is returned
from the secondary settling tank by re-circulation pumps.
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Fig. 1. Schematic block diagram of sewage treatment plant, Ti-
tagarh (courtesy of Kolkata Municipal Development Corpora-
tion, KMDA). STPT, —raw sewage; STPT, - grit chamber; STPT,
— primary clarifier; STPT, — aeration tank; STPT, — secondary
clarifier; STPT, — final effluent; STPT, — sewage sludge; STPT,
— oxidation pond.

From the secondary settling tanks the final effluent is led
into the storm water tank through the concrete channel
from where it goes into the Ganga through anti malaria
Khal and Khardah Khal. There is also an arrangement
for sending the final effluent into the agricultural fields
around, through 600 mm diameter concrete pipe.

The settled sludge in the primary and secondary set-
tling tanks is sent to the sludge lagoons by slurry pumps.

3. Psychophysical functions

In order to describe the mathematical relationship
between perceived odour intensity and concentration,
various questions need to be addressed. It is doubtful
whether one type of mathematical function could de-
scribe the growth of intensity for all types of odours or
odour mixtures. Even if there would have been just one
type of function, the next question would have been on
the variation of the parameters of the equation from one
odorant to the other. Since there is no linear relationship
between scales produced by direct interval scaling and
those produced by direct ratio scaling, it is to be expected
that the two techniques give rise to different mathemati-
cal descriptions for the same psychophysical function.
This is true for olfaction like all other sense modalities.
Various psychophysical functions have been discussed
in details in [4-6].

4. Methods

The steps to develop a relationship between odour
intensity and sewage sample concentration is as follows:
® Determination of odour intensity from specific con-

centrations of samples taken from the sewage treat-

ment plant site
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* Selection of the models and estimation of parameters
using the specific parameter estimation techniques
e Evaluation of the models using statistical techniques

Odour intensity [7] values were obtained for each of
the sewage samples against the sewage concentrations
by panel method.

5. Determination of odour intensity
5.1. Sampling from the STP site

The first essential step for monitoring the odours
emitted by any sewage treatment plant is an in depth
study and analysis of the process, which is necessary
in order to identify all possible odour emission sources.
Gostelow et al. [8] discussed the methods applied to
odour measurement for sewage treatment works. Sensory
and analytical measurements were reviewed along with
a recent development, the electronic nose.

In the case of Titagarh sewage treatment plant, odour
emissions are associated both with the waste water and
the sludge processing units. In this specific case, the
principal odour sources identified at the Titagarh sew-
age treatment plant are marked as STPT -STPT, (Fig. 1).

Odorous samples of sewage were collected from the
domestic waste water treatment plant on the site. Samples
for analysis were collected in odour-free Teflon contain-
ers of 125 ml size, which were sterilized by radiation
and covered immediately. Containers were sealed with
laboratory film Parafilm “M” of 4”x4” size to prevent
leaks and transported to the odour laboratory for analy-
sis. Temperatures ranged from 25°C to 27°C during the
outdoor sampling period. Equipment used in the sam-
pling process is designed to minimise the likelihood of
adsorption, chemical transformation or diffusion both in
the sample train and in the container. Sufficient quantities
of samples were taken to ensure that the odour intensity
was adequately quantified by 6 trained sniffers. The
sniffers used a portable hood tightly fitted on the Teflon
containers to avoid any dilution with the ambient air.
The sniffing port (nose shaped) of the hood was placed
on the sniffer’s nose. Replicate samples were then taken
to enable computation of basic measurement statistics.

5.2. Sniffing technique by panel method

We prepared 8 different concentrations of each sewage
sample by diluting them with ultra pure water and then
presented these samples to the sniffers (chosen as panel
members through the n-Butanol test) [7] in random order
for psychophysical odour assessment in blind fashion.
Panelists made their decision by scaling the intensity of
each sample from 1 to 8, as described in the following
section.

For each sniffer, all different dilutions of each sewage
sample were presented in 8 wide mouthed, sealed Tar-

sons, PP 60 ml bottle. The bottles were correctly labeled
by code and presented in a randomized manner to the
panelists. Where on occasion sniffers made their judge-
ments without confidence, the presentation was repeated
twice to get improved reliability of the results.

Average odour intensity (geometric mean) was then
calculated for each of the samples based on the sniffers’
judgement. The procedure ensures that a minimum inter-
val of 15 min between each of the consecutive headspace
samples was allocated for each judge to allow a recovery
time for each panelist. Mean values of the intensity data
for each determination at every concentration series were
then plotted against the sewage concentrations.

5.3. Odour intensity

The assessment of odour intensity indicates the effect
of differing odour dilutions on the likely smell sensation
for an individual. Odour intensity measurement involves
measuring people’s perception of the strength of an odour
at a range of suprathreshold concentrations. Intensity
measurements are carried out relying on a “sniffing”
panel using a subjective scale (usually 0-7) from no odour
to obnoxious. Depending upon odour type and selection
of the panel, high confidence levels can be achieved from
these qualitative decisions. From these measurements,
relationships can be derived between sewage concentra-
tion and perceived intensity.

Odour intensity was measured using a category es-
timation technique [9]. Following the determination of
odour concentration, ranges of suprathreshold dilutions
were presented in random order. The panelists were
required to indicate their perception of intensity at each
dilution according to the scales given in Table 1.

Mean intensity scores were obtained at each dilution
presented to the panel. The sewage concentration at each
dilution was calculated as the sample initial concentration
divided by the dilution factor.

6. Model selection and estimation of model parameters
Depending on the suitability, various psychophysical
Table 1

Odour intensity scales and their description as per category
estimation technique

Intensity scale Description

No odour
Very faint
Faint

Mild
Odorous
Strong
Very strong

N OO QDN = O

Obnoxious
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functions were chosen to demonstrate the relationship
between perceived intensity and sewage concentration
for the samples drawn from the STP site.

6.1. Model 1

This is based on the Weber-Fechner law [9] which
states that equal ratio changes in olfactory sensation
differences correspond to equal changes in the stimulus
magnitude.

=k logC +k, (1)

where ] stands for a perceived intensity, C stands for the
corresponding odour concentration, and k, and k, are
constants in Eq. (1).

6.2. Model 2

This is based on Steven’s psychophysical power
law and implies that equal ratio changes in sensation
magnitude correspond to equal changes in the stimulus
magnitude.

I=k (C)" 2)

where k, is a constant of proportionality and k, depends
on the type of odorant [10].

6.3. Model 3

Beidler’s model [11] relates the response magnitude
with concentration as follows:

- kk,C )
1+k,C
6.4. Model 4

This model, based on Laffort’s expression [12] can be
described as in Eq. (4):

c Y
I:[nkch @)

7. Parameter estimation method

The nonlinear Levenburg-Marquardt [13] parameter
estimation method was used to obtain the parameters
in each of the four models. According to this method,
a merit function* chi-squared (y?) is defined, and the

best-fit parameters is determined by its minimisation.
The parameters are iteratively adjusted, due to nonlinear
dependences, to minimise chi-squared in order to achieve
a global minimum. We start with a set of trial values for
the parameters to be estimated, which are gradually
improved and the procedure is then repeated until x>
effectively stops decreasing. A sensitivity matrix [14]
was derived for the four models for the odour intensity
function with respect to the parameters k, and k,.
The sensitivity matrix can be written as:

For Model 1:
a logC
ok, )
I 10
ok,
For Model 2:
ﬂ =Ck
ok, ©)
a_ k,C* -logC
ok,
For Model 3:
A __kC
ok, (1+k,C)
A kC v
ok, (1+k,C)
For Model 4:
ol c Y\ C
— = -log
ok, \1+k,C 1+k,C
8)

(k; +1)
o _ <
ak, ' \1+kC

8. Evaluation of the four models [15]

Inference about the nonlinear regression parameters
require the evaluation of the following statistical param-
eters:

1. The minimized chi-squared function™, ? which is the
least-squares measure of fit (the smallest x> gives the
best model). The x? minimization is a useful means

* A merit function, also known as a figure-of-merit function, is a function that measures the agreement between data and the fitting
model for a particular choice of the parameters. By convention, the merit function is small when the agreement is good. In non-linear
regression analysis, parameters are adjusted based on the value of the merit function until a smallest value is obtained, thus produc-
ing a best-fit with the corresponding parameters giving the smallest value of the merit function known as the best-fit parameters

[14, p. 498].

> If X, are k independent, normally distributed random variables with mean 0 and variance 1, then the random variable Q = Z X2

is distributed according to the chi-square distribution with k degrees of freedom. This is usually written Q ~ X’ . The chi-square
distribution has one parameter: k — a positive integer that specifies the number of degrees of freedom (i.e. the number of X5).
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for estimating parameters even if the measurement
errors are not normally distributed.

2. The uncertainties associated with the estimate of each
parameter, formally termed as the standard error* c.
These are the square-root of the error term covariance
matrix CI.]. of the fit. The closer this value is to zero, the
better the fit.

When the method used to estimate the parameters is
¥ minimization, there is a natural choice for the shape of
the confidence intervals. If the confidence level and the
degrees of freedom are known the confidence interval
0a for each of the fitted parameters can be computed as:

o, =+ JAx2 [Cry ©)

where Ay, * are given in tables as functions of confidence

levels and degrees of freedom (v). This relation is ap-

proximate and holds good when

¢ The fitis good.

* The error terms (noise) in the nonlinear regression
model are normally distributed and

* The sample size is large.

9. Results and discussion

Table 2 gives the details of the analyses carried out by
the stated panel method to find out the perceived odour

Table 2

intensities relevant to the various dilutions of the sewage
samples when presented to the trained panelists. Param-
eter estimation results are given in Table 3 where the un-
certainties and confidence intervals of each parameter are
presented for each of the four models (described in section
6) for various samples. Models are ranked according to
their performance in the nonlinear least squares fit and
rated with their respective values of y*(Table 3). Table 4
gives the ranges of residual intensities (defined as residual
intensity = predicted intensity-measured intensity) with
respect to the four models tested.

Fig. 2 shows how the measured odour intensity var-
ies with the sewage concentration for the raw sewage
sampled (STPT)) from Titagarh STP with respect to each
of the four models. The performance of Model 1 was best
with a rank of 1 out of 4 based on the estimate of minimum
x> (x*=22.807) and quite low values of uncertainties on k,
=0.019 and k,=0.008. The corresponding 95% confidence
intervals were worked out with a y? estimate for each of
the parameters. The widths of the interval with regard
to both model parameters look quite narrow (Table 3). In
Fig. 3 residual intensities are plotted against measured
sewage concentration. It did not show serious departures
from the model assumptions, for Model 1, with the re-
siduals ranging from —1.22 to +1.68. Models 3 and 4 had a
regression trend with the residuals ranging from -3.61 to
+0.22 (Model 3) and from -3.14 to +0.65 (Model 4). Both of
them have higher values of y? than Model 1. Model 2 has

Odour intensities (I) and corresponding concentrations of the sewage samples (C)

Samples Step 1 2 3 4 5 6 7 8
STPT, C 0 12.5 25 50 100 250 700 1000

I 1 1.56 2.340 3.482 3.482 4.605 5.704 6.101
STPT, C 0 12.5 25 50 100 250 700 1000

I 1 1.56 2.616 3.618 3.741 4743 5.970 6.361
STPT, C 0 12.5 25 50 100 250 700 1000

I 1 247 3.223 3.350 3.741 4 4.743 5
STPT, C 0 12.5 25 50 100 250 700 1000

I 1 1.45 2 2.340 2.590 2.866 3.868 4.743
STPT, C 0 12.5 25 50 100 250 700 1000

I 1 1.31 1.565 1.565 1.861 2.590 3.868 4.870
STPT, C 0 12.5 25 50 100 250 700 1000

I 1 1.31 1.456 1.565 2 2.449 3.741 3.743
STPT, C 0 12.5 25 50 100 250 700 1000

I 1 3.35 3.600 4 4.605 6.611 6.871 7
STPT, c 0 12.5 25 50 100 250 700 1000

I 1 2 3.741 4 5 5.488 6 6.611

* The standard error of the mean, SEM [16] is the standard deviation of the sample mean estimate of a population mean. (It can also
be viewed as the standard deviation of the error in the sample mean relative to the true mean, since the sample mean is an unbiased
estimator.) SEM is usually estimated by the sample estimate of the population standard deviation (sample standard deviation)

divided by the square root of the sample size (assuming statistical independence of the values in the sample): SE_ = %/— .
n
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Table 4
Range of residual intensities for various models

B. Rajbansi, U. Sarkar / Desalination and Water Treatment 12 (2009) 360-368

Samples Range of residuals
Model 1 Model 2 Model 3 Model 4
STPT, -1.22-1.68 -0.54-0.51 -3.61-0.22 -3.14-0.65
STPT, -1.55-1.65 -0.52-0.63 —0.45-0.60 -1.92-1.44
STPT, -0.20-0.32 -0.22-0.25 -0.41-1.69 -0.88-0.39
STPT, -2.43-0.34 -0.29-0.32 -2.25-0.33 -1.81-0.54
STPT, 0.19-2.09 -0.30-0.25 -2.38-0.71 -2.29-0.77
STPT, 0.01-1.85 -0.31-0.33 -2.26-0.71 -2.14-0.80
STPT, —2.87-(-0.45) -0.91-0.34 -0.99-0.94 -1.24-1.20
STPT, -3.45-0.48 -1.49-0.11 -0.52-0.28 -1.41-1.49
7 2.0
AModell HModel3
6 A A 5 10 A #Model2 X Model 4
25 | ; I E
g4 //" 5
g, | % 10 ] A
- 3 T iypn = = m mEm = m s L. -- A
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Sewage Concentration, C (gm/1t)

Fig. 2. Comparisons of the measured data with models for
the STPT,.

largest value of ¢ (y>=53.211) and can be discarded .Thus
it was found that Model 1 (based on the Weber-Fechner
law) and the corresponding regression function could be
accepted for the intensity analysis of the sewage sample
from STPT,. Similarly, for samples STPT,and STPT, again
Model 1 did the best (Table 3).

For the next set of samples from STPT, Model 2
performed best. In these cases, lowest value of %2 (y*=
25.734) and corresponding low uncertainties on the esti-
mated parameters were found on Model 2, (Fig. 4) and
for STPT, (Fig. 6) value of x> (x*= 33.713). In Fig. 5, the
residuals ranged from -0.29 to +0.32 for Model 2, while
in Fig. 7 the range was from —0.30 to +0.25 for Model 2.
The trend was similar for STPT, and STPT, (Fig. 8 and
Fig. 9, respectively). The levels of sewage concentrations
and corresponding odour intensities for the samples
from STPT,, STPT,, STPT and STPT, could be best related
with Model 2. But we see that Model 4 gives the largest
value of y*(x*= 821.476, uncertainties estimated on k, =
0.273 and k,= 0.023) for the sewage sample from STPT,

Sewage Concentration, C (gm/It)

Fig. 3. Plot of residual intensities for the four models for the
STPT,.
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Fig. 4. Comparisons of the measured data with models for
the STPT,.

and Model3 gives the largest value of y* (y*>= 749.217,
uncertainties estimated on k, = 0.004 and k,= 0.002) for
the sewage sample from STPT.. In both of these cases we
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Fig. 9. Plot of residual intensities for the four models for the
STPT,.

find that, Models 3 (Rank 4) and Model 4 (Rank 4) did
not perform well due to their very high values of x?even
though the uncertainties on k, and k, were both quite low.

Only for STPT, we can see from Table 3 that Model 3
(Beidler’s model) did the best. Table 5 gives a picture of
overall performance of all the models based on the good-
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Fig. 8. Comparisons of the measured data with models for
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Table 5
Overall model performance

Rank Model 1 Model 2  Model 3 Model 4
1 3 4 1 0
2 3 3 1 1
3 0 1 3 4
4 0 1 3 3

ness of fit. It could be inferred that Model 1 and Model 2
both performed well and they correlate the intensity with
sewage concentration capably for most of the sewage
samples from Titagarh.

10. Conclusions

Odour intensity of sewage samples from the STP site
was evaluated using established psychophysical models.
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Respective parameters for each of the models were esti-

mated and the overall performance of each model was

tested against sets of data from the panel method analysis.

The following inferences were drawn:

e FEach of the models, based on one of the well-known
psychophysical laws could describe the relationship
between odour intensity and sewage concentration
and based on it a theoretical model could be developed
with estimated regression parameters.

* The power law performed little better than Weber—
Fechner law since the scaling technique used was
category estimation and not ratio scaling. However,
these two laws, which were expected to be the most
widely used laws perform the best for all types of sew-
age samples from various sources of the STP site. In
the above analysis, Model 1 (based on Weber—Fechner
law) was ranked 1 in the case of 3 samples out of 8 and
it has been found that Model 1 fitted best to the more-
intense sewage samples (STPT,, STPT,and STPT,).

* Model 2 was ranked 1 in the case of 4 samples out
of 8. Model 2 (based on power law) could correlate
the intensity with sewage concentration very well
for samples from STPT, STPT,, STPT, and STPT,.
Power law equation has specifically represented the
intensity—concentration relationship better for com-
paratively less intense sewage samples.

* Model 3 has performed well for sample from STPT,.
So for only this sample Beidler’s model represented
the intensity-concentration relationship better for high
intense odour samples.
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