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ABSTRACT

The paper discusses technological reliability of a collective wastewater treatment plant
(WTP). The WTP capacity expressed as population equivalents (PE) was 22,500. The

research was conducted in 2013 and 2014 and it involved the collection and physical
and chemical analysis of 101 samples of raw and treated sewage. Reliability analysis
was based on Weibull reliability theory. Reliability of retaining organic compounds
defined as BOD, was 68%, and for biogenic compounds, such as total nitrogen and
total phosphorus, it was 92% and 88%, respectively.
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INTRODUCTION

According to the binding Regulation of the
Minister of Environment as of 18 November [J.
of Laws as of 16 December 2014], accuracy of
wastewater treatment plant operation is based
on determination of pollution concentrations in
treated sewage that is then compared with accept-
able concentrations set out in this Regulation. The
Regulation provides also a number of samples in
which the limit values may be exceeded without
negatively affecting the facility performance.
Therefore, if pollution concentrations for a spe-
cific number of samples are known, unequivo-
cal conclusions on the reliability of a wastewater
treatment plant may be drawn. However, a WTP
operator also needs to know technological reli-
ability of a facility, that is its capacity for proper
treatment of specific amounts of sewage [Mu-
cha and Mikosz 2009, Krzanowski and Walega
2006, Andraka 1997a, Andraka 1997b]. This is
particularly important in the WTPs that do not
monitor the quality of the sewage discharged into
a receiver on a regular basis [Kus$nierz and Zar-
zycka 2014], i.e. in a majority of small and me-
dium WTPs located in the rural areas of Poland.
This lack of continuous monitoring is caused by

reducing the operating costs of sewerage systems
[Skoczko 2012]. In these WTPs, the quality of
both supplied and discharged sewage is not regu-
larly monitored and this is why the operators do
not have enough information on the sewage qual-
ity. This study discusses the possibility of using
Weibull reliability method for determination of
wastewater treatment plant operational reliability.
As showed in previous works, Weibull distribu-
tion is a useful, general probability distribution
applicable in reliability assessment [Bugajski et
al. 2012, Bugajski 2014].

STUDY SCOPE AND OBJECTIVES

The aim of the study was to use Weibull meth-
od to determine the reliability of organic and bio-
genic compound removal in a collective wastewa-
ter treatment plant. Organic pollution was defined
as BOD, and biogenic pollution was calculated
based on total nitrogen and total phosphorus. The
study included only those pollution indicators in
the treated sewage for which limit values set out
in the water permit for the facility were exceeded.

The study covered the period of two years and
was conducted in a collective wastewater treat-

143



Journal of Ecological Engineering Vol. 17(4), 2016

ment plant in Bilgoraj. A total of 101 samples of
sewage were collected and subjected to physical
and chemical analyses. The efficiency of pollu-
tion removal in the facility was determined by
employing some elements of Weibull reliability
theory. Weibull distribution is characterized by a
probability density function (1) with parameters
b, ¢ and 0:

=S (20 ) (1)
x — variable indicating the concentration
of a specific pollution indicator in the
treated sewage,

b — scale parameter,

¢ — shape parameter,

0 — location parameter.
Assumptions: 6 <x,b>0,c>0

(c=1)

where:

Weibull distribution parameters were esti-
mated by means of maximum likelihood method.
The applicability of Weibull distribution to the
empirical data was assessed using Hollander-
Proschan test. The results were analyzed with
STATISTICA 8 software.

Mean designed daily sewage supply for the
WTP in Bilgoraj was Q_= 8000 m’-d’', and
maximum supply was Q, = 10,000 m*-d". The
facility size according to the population equiva-
lent (PE) ranged between 15,000 and 99,000 PE.
Mean daily sewage supply in the study period
was 4000-5000 m?*-d"'. As per the water permit
issued in 2004, acceptable concentrations of the
analyzed parameters in the sewage discharged
into a receiver should not exceed 15 mgO,-dm>
for BOD,, 15 mgN-dm™ for total nitrogen and
2 mgP-dmw for total phosphorus.

100

RESULT ANALYSIS

The performance of the analyzed WTP was
assessed in two stages. At the first stage, the fre-
quency of specific volumes and concentrations
of the analyzed parameters was determined. The
analysis of the frequency of specific volumes
and the concentrations are very useful statisti-
cal tools for the interpretation of data collected
at irregular time intervals. Following calcula-
tions of frequency for the volume/concentration
of individual indicators, the number of classes for
each frequency distribution was determined. Ten
classes were defined for BOD, and the range of
class interval was 5 mgO,-dm™. For total nitro-
gen, there were 11 classes with the range of class
interval 1 mgN-dm, and for total phosphorus
there were eight classes with the range of class
interval 0.4 mgP-dm?>. The class intervals were
determined in such a way that the frequency dis-
tribution would yield as detailed and clear image
of the statistical collection structure as possible.
When the class boundaries were established, the
values within individual class intervals were com-
puted. These activities yielded a series in which
each interval comprised an assigned number of
observations called class abundance. The calcula-
tions were used to prepare a histogram presenting
individual BOD; values, as showed in Figure 1.
Chemical analysis indicated that in 72 out of 101
samples of treated sewage BOD;, ranged from 10
to 15 mgO,-dm. Percentage share of BOD;, in
this interval was nearly 71%, as compared with
all analyzed sewage samples. The study revealed
nine cases of exceeding the acceptable BOD;
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Figure 1. Histogram of characteristic BOD, values in treated sewage
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limit that for this facility was 15 mgO,-dm". Total
percentage share of BOD, values exceeding the
acceptable limit for all class intervals was 8.9%.

Concentrations of total nitrogen in the sam-
ples of treated sewage fell into two distinct in-
tervals, i.e. from 13 to 14 mgN-dm> and from
14 to 15 rngNog‘drn'? Total percentage share of
total nitrogen in these intervals was 86%. Ac-
ceptable concentration limit of total nitrogen was
exceeded in only one sample. This is less than
1% of all samples. Characteristic concentrations
of total nitrogen in individual class intervals are
presented in Figure 2.

The analysis of the second eutrophication in-
dicator, i.e. total phosphorus, revealed no domi-
nant intervals of its characteristic concentrations
in the treated sewage. Majority of concentra-
tion values (93 out of 101) fell within 0.4 to 2.0
mg P-dm™ range. Total percentage share of total
phosphorus concentrations in these intervals was
92%. In five samples, the concentration of total
nitrogen was higher than the acceptable limit of
2.0 mg P-dm?3. Total percentage share of total
phosphorus in 2.0 to 3.2 intervals was 4.95%.
Characteristic concentrations of total phosphorus
in the treated sewage are presented in Figure 3.

The second stage of the study focused on re-
liability analysis of the investigated facility and
took into account three indicators of pollution.
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The determined distribution parameters were
used to verify a hypothesis assuming the useful-
ness of Weibull distribution for the approximation
of empirical data. Statistical analysis of the prob-
ability test p for all the indicators confirmed that
the empirical data may be described by Weibull
distribution and assumed as a null hypothesis.
Results of distribution fit based on Hollander-
Proschan test together with estimated parameters
are presented in Table 1.

The reliability analysis based on Weibull
method was used to determine the probability of
occurrence of the value/concentration higher than
that provided in the water permit for the facility
for all three parameters.

Cumulative distribution for BOD, showed
in Figure 4 indicated that the probability of ex-
ceeding the acceptable limit of 15 mgO,-dm™
was 42%. Therefore, acceptable concentration
of BOD; in the sewage discharged into the re-
ceiver was exceeded on about 153 days per year.
The guidelines prepared by Andraka and Dzienis
[2003] suggested that the reliability of a waste-
water treatment plant of this size should be at
least 92.3%, for the manufacturer’s risk a=0.05.
These guidelines allow ineffective operation of a
WTP with PE ranging from 15,000 to 49,999 for
27 days per year. A comparison of the number of
days in which BOD, was higher than acceptable
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Figure 2. Histogram of characteristic concentrations of total nitrogen in treated sewage

Table 1. Results of estimation of Weibull distribution parameters with goodness of fit to empirical data

Distribution parameters Hollander-Proschan test
Parameter
b [ 0 Test value p
BOD, 16.337 1.8815 4.1016 0.551925 0.58100
Total nitrogen 14.230 17.917 -1.000 -1.22547 0.22040
Total phosphorus 1.4769 2.4871 0.21515 0.223653 0.82303
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Figure 3. Histogram of characteristic concentrations of total phosphorus in treated sewage
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Figure 4. Results of Weibull reliability analysis for
BOD; in treated sewage

with the number of days in which exceeding this
value does not affect the facility performance
revealed that the normal range for BOD, in the
discharged sewage was exceeded for 126 days
per year. However, significant exceedance, i.c.
above 40 mgO,-dm~ was noticed in only 5% of
all cases. When only those significant excess-
es were considered, Weibull reliability theory
showed that the efficiency of the facility was as
high as 90%.

Reliability analysis of total nitrogen remov-
al revealed the probability of its concentration
exceeding the acceptable limit was about 8%.
Therefore, nitrogen concentrations higher than
the acceptable 15 mgN-dm could be expected on
29 days per year. This means the effectiveness of
removing nitrogen compounds in this facility, de-
fined here as total nitrogen, was 92%. The results
of Weibull reliability method for total nitrogen in
the treated sewage are presented in Figure 5.
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Figure 5. Results of Weibull reliability analysis for
total nitrogen in treated sewage
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Figure 6. Results of Weibull reliability analysis for
total phosphorus in treated sewage

Acceptable limits of total phosphorus
(2 mgP-dm?), the second biogenic indicator, in
the treated sewage were exceeded in 12% of the
analyzed cases, as showed in Figure 6. Therefore,
the concentration of total phosphorus was likely
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to be above the acceptable limit on 44 days per
year. This means that reliability of total phospho-
rus removal in this facility was 88%.

CONCLUSIONS

1. Reliability of the investigated wastewater
treatment plant to remove organic and eutro-
phic pollutants defined as BOD,, total nitrogen
and total phosphorus was periodically limited.

2. Reliability of retaining organic compounds de-
fined as BOD, was 68%, and for biogenic com-
pounds such as total nitrogen and total phos-
phorus it was 92% and 88%, respectively.

3. Assessment of the general reliability of the
facility as per Weibull reliability model
demonstrated its effective operation for 239
days per year for BOD,, 336 days per year
for total phosphorus and 321 days per year
for total nitrogen.

4. With view of the above, the processes of ni-
trification and denitrification in a biologi-
cal reactor of the investigated facility should
be streamlined to provide more effective re-
moval of organic and nitrogen-based com-
pounds. Moreover, the process of chemi-
cal precipitation of phosphorus compounds
should also be improved.
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