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INTRODUCTION

The proper functioning of a wastewater treat-
ment plant starts already at the stage of develop-
ing a technological design, because the mistakes 
made by the designer at this stage will result in 
malfunctions during the whole period of its oper-
ation (Nowobilska-Majewska and Bugajski 2020, 
Karamus 2018, Moretti 2011). After the construc-
tion or modernization of a wastewater treatment 
plant, its long-term operation is often a complex 
problem for the operator, because the variabil-
ity of the quantity and quality of the inflowing 
wastewater over time may determine the inter-
ference of mechanical and biological treatment 
processes (Trikoilidou et al. 2016, Mailler et al. 
2016, Dymaczewski et al. 2011). Therefore, it is 
important to monitor the quantity and quality of 
wastewater continuously at each stage of waste-
water treatment and to intervene if it is necessary 

to prevent the possible irregularities in treatment 
processes (Kaczor 2020, Jóźwiakowska and 
Marzec 2020, Skoczko et al. 2016). Currently, 
the design of a technological line of wastewater 
treatment plant processes is supported by com-
puter programs, which facilitate the designer’s 
work (Klaczyński 2016, Heidrich and Witkowski 
2010). However, each computer program requires 
an initial calibration, i.e. the entry of appropriate 
and, importantly, current and reliable input data 
on the quality of wastewater (Xiao et al. 2017, 
Młynski et al. 2018, Śliz et al. 2019), which is 
particularly important while designing a biologi-
cal reactor. The analytical part of this article is 
a contribution to the knowledge for designers as 
well as for wastewater treatment plant operators 
about the size of pollutants in sewage before and 
after the mechanical treatment process and how 
to monitor them quickly. 
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ABSTRACT
The aim of the research was to determine, the interdependence between COD and such parameters as: BOD5, TN 
and TP in raw wastewater and in mechanically treated wastewater using statistical methods, which would allow 
estimating the values of these parameters based on COD. Moreover, the aim of the study was to determine the 
susceptibility of wastewater before and after mechanical treatment to decomposition of organic and biogenic pol-
lutants. The research was conducted from 2006 to 2015 in a collective wastewater treatment plant in Nowy Sącz. 
During the research period, 120 samples of raw and mechanically treated wastewater were collected and analyzed 
once a month. In the analytical part of the research, the quality of sewage was characterized, the strength of cor-
relation of the examined indicators was determined and the susceptibility of sewage to biological decomposition 
was assessed. On the basis of the analysis it was found that knowing the value of the COD parameter it is possible 
to determine the values of the other indicators, i.e. BOD5, TN and TP. Moreover, it was shown that wastewater is 
largely susceptible to the biological decomposition of pollutants, and during the period when the inflow of sewage 
with reduced susceptibility occurs, the wastewater with high content of organic carbon should be dosed. 
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The aim of the research was to determine the 
interrelationships between Chemical Oxygen De-
mand (COD) and Biochemical Oxygen Demand 
(BOD5), Total Nitrogen (TN) and Total Phospho-
rus (TP) using statistical methods, both in raw 
sewage and in the wastewater treated mechani-
cally in a collective wastewater treatment plant, 
which would allow estimating the values of these 
parameters on the basis of the COD value. More-
over, the aim of the study was to determine the 
changes in the susceptibility of wastewater before 
and after mechanical treatment to decomposition 
of organic and biogenic pollutants. The study was 
carried out on the basis of the sewage quality data 
from the treatment plant in Nowy Sącz (Poland).

Research thesis: there is a relationship be-
tween the organic and biogenic indicators in the 
inflowing wastewater and in the wastewater after 
mechanical treatment, which determines the sus-
ceptibility of wastewater to biological decompo-
sition in a biological reactor. 

MATERIALS AND METHODS

Characteristics of the sewerage system

The sewerage network, which delivers sew-
age to the analyzed wastewater treatment plant, 

serves 73% of the inhabitants living in Nowy 
Sącz and partially the residents of the neighbor-
ing communes, i.e. Stary Sącz, Korzenna, Nawoj-
owa, Kamionka and Grybów. The total number of 
people using the sewerage system is 140,000. The 
discussed network partly consists of the combined 
sewerage system and partly of the separate sewer-
age system, while its total length is 579.3 km. In 
addition, the sewage from non-return tanks called 
septic tanks is transported to the catchment point 
of the analyzed wastewater treatment plant by 
septic trucks. 

The examined wastewater treatment 
plant is located in the northern part of Nowy 
Sącz (Zabełcze-Wielopole housing estate, 
ul. Wiklinowa 22) 49°39’31” N 20°41’7” E. The 
facility was designed for an average daily flow of 
30,000 m3/d and the population equivalent (PE) 
of 120,000. The wastewater treatment technology 
essentially consists of two stages: mechanical and 
biological. The first mechanical stage of waste-
water treatment comprises: automatic grids, grit 
chambers, grease traps and initial settling tanks. 
Then, the mechanically treated wastewater goes 
to a second stage pumping station, where it is 
pumped into a biological reactor with activated 
sludge type MUCT. The wastewater from the 
biological reactor goes to two radial secondary 
settling tanks and then to a receiver, which is the 

Figure 1. The location of the rural agglomeration of Nowy Sącz against the background of the Masovian 
Voivodeship and Poland (own study)
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Dunajec River. The figure 1 presents the location 
of the wastewater treatment plant in Nowy Sącz. 

Analytical and Statistical Methods

The research was conducted during the years 
2006–2015. It involved collecting 120 samples of 
raw and mechanically treated wastewater which 
were analyzed once a month. The samples of 
wastewater were subjected to the physical-chem-
ical analysis in accordance to the reference meth-
ods set out in the applicable legal acts.
 • BOD5 – oxygen measurement after 5 days of 

incubation at 20°C at OXI TOP – 197 WTW
 • CODcr – dichromate method according to 

PN-ISO 6060:2006
 • Total Nitrogen – according to PN-EN 25663:200
 • Total Phosphorus – Hach DR 2800 spectro-

photometer – cuvette tests type LCK 349 and 
LCK 350

 • Statistical analysis regarding Pearson linear 
correlation, partial correlation and devel-
oped nomograms was performed using the 
“STATISTICA 8” software package (StatSoft, 
Inc., USA). The significance of the studied 
connection was checked with the Student’s 
t-test at the significance level α = 0.05.

RESULTS AND DISCUSSION

During the 10-year study period, the sewage 
flowing from the sewerage network to the waste-
water treatment plant was characterized by the 
concentrations typical for domestic sewage, as 
indicated by Kaczor (2009), Gajewska (2015), 
Nowobilska-Majewska and Bugajski (2019). 
In the inflowing sewage the median BOD5 
was 346.7 mg/L, while the median COD was 
905.0 mg/L. The coefficient of variation Cv of 
these organic parameters in the inflowing waste-
water was 36% and 35% respectively, which in-
dicates their average variation according to the 

scale given by Mucha (1994). The median con-
centration of biogenic indicators in the inflowing 
wastewater was 62.1 mg/L for TN and 6.6 mg/L 
for TP. The coefficient of variation for TN, which 
was Cv = 20%, indicates small variation of this pa-
rameter in the inflowing wastewater, while for TP 
Cv = 28%, which denotes medium variation ac-
cording to Mucha (1994). Characteristic values of 
organic and biogenic parameters in sewage flow-
ing into the analyzed wastewater treatment plant 
are presented in the table 1.

Detailed characteristics concerning the occur-
rence of concentrations of the analyzed indicators 
in the inflowing wastewater are presented in the 
histograms in Figure 2. The histograms illustrate 
the relative frequency of the concentrations oc-
currence in particular class ranges along with a 
matched probability distribution. In the case of 
BOD5, it was found that the values of this param-
eter appeared most often in the range from 300 to 
400 mg/L (Fig. 2A). Within this range, 44 events 
were recorded, which was 36.7% of the cases. 
The BOD5 values above 600 mg/L occurred inci-
dentally and accounted for 2.5% of all the cases. 
The COD values in the inflowing wastewater os-
cillated most often between 600 and 1000 mg/L 
(Fig. 2B). A total number of 64 events were re-
corded in these ranges, which accounted for 
53.3% of all the cases. The COD values above 
1400 mg/L occurred occasionally, and constituted 
4.2% of the cases. The TN concentrations in the 
inflowing wastewater were most often found in 
the range from 55 to 75 mg/L (Fig. 2C). A to-
tal number of 68 events were recorded in these 
ranges, which accounted for 56.7% of the cases. 
The TP concentrations most often oscillated be-
tween 5 and 7 mg/L (Fig. 2D). A total amount of 
53 events were reported in this range, which ac-
counted for 44.2% of all the events.

In all the cases it was found that the occur-
rence of the analyzed indicators in the inflowing 
wastewater had a normal distribution. There-
fore, normal distribution can be used as a model 

Table 1. Statistical characteristics of concentration indicators in raw wastewater

Parameters

Statistics

Average Median Max. Min. Standard 
deviation

Coefficient of 
variation

mg/L %
BOD5 363.1 346.7 903.8 91.0 126.8 36
COD 911.1 905.0 2211.0 262.8 326.1 35
TN 60.3 62.1 86.1 25.5 12.3 20
TP 6.7 6.6 10.7 2.3 1.8 28
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describing the empirical distribution of the occur-
rence of the analyzed indicators in the inflowing 
wastewater (Wasilewska 2011). 

Using the data including the COD values (as 
an independent variable) as a reliable indicator 
with the possibility of obtaining a quick result and 
parameter values: BOD5, TN and TP (as depen-
dent variables) the level of linear dependence was 
developed together with the Pearson correlation 
coefficient of these variables (Fig. 3A, 3B, 3C.). 
According to Siwiec et al. (2018) and Płuciennik-
Koropczuk (2009), on the basis of the COD indi-
cator value, it is possible to accurately estimate 
the values of other indicators such as BOD5, TN 
and TP in the analyzed wastewater, which helps 
to reduce measurement time and costs. 

On the basis of the analysis of the interdepen-
dence of COD and BOD5 in the inflowing waste-
water, it was found that the correlation between 
these parameters was rxy = 0.89, which in the scale 
proposed by Guilford (1965) means very high 
level of correlation. From the equation describ-
ing the regression line presented in the figure 3A, 

it can be concluded that in the inflowing waste-
water, a 1 mg/L change in the COD value causes 
a 0.34 mg/L change in the BOD5 value. The 
correlation coefficient of the effect of the COD 
values on the TN concentrations in the inflow-
ing wastewater was rxy = 0.59, which indicates a 
high correlation. From the equation describing 
the regression line shown in the figure 3B it can 
be concluded that a change of the COD value by 
1 mg/L causes a change of the TN concentra-
tion by 0.02 mg/L. In the case of the relationship 
between the COD and TP concentrations in the 
inflowing wastewater, the correlation was found 
to be high, which is indicated by the correlation 
coefficient rxy = 0.67. In this case, as shown by 
the regression line equation in the figure 3C, a 
change in the COD value by 1 mg/L results in a 
change in the TP concentration by 0.004 mg/L. 
In all the analyzed cases, the correlation is statis-
tically significant at a level α = 0.05. 

In the stage of mechanical treatment, the re-
duction of the analyzed indicators was 35.3% 
for BOD5, 43.3% for COD, 5.3% for TN and 

Figure 2. Histogram of occurrence frequency and adjustment of the normal distribution to the empirical 
distribution of the analyzed indicators (n=120)
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5.1% for TP. As demonstrated by Chmielowski 
et al. (2016), Nowobilska-Majewska and Buga-
jski (2020), this is a typical range of organic and 
biogenic compounds reduction in the mechanical 
part of collective wastewater treatment plants. 
After mechanical treatment the median value of 
organic indicators was 224.3 mg/L for BOD5 and 
412.9 mg/L for COD. The median concentration 
was 59.0 mg/L for TN and 6.3 mg/L for TP. Coef-
ficients of variation of the analyzed parameters in 
the mechanically treated wastewater in each case 
indicate average variation of the analyzed indica-
tors, according to the scale proposed by Mucha 

(1994). The characteristic values of organic and 
biogenic parameters in the sewage treated me-
chanically in the wastewater treatment plant in 
Nowy Sącz are presented in Table 2. 

As in the case of the analysis of raw sewage, 
in order to characterize in detail the concentra-
tions of organic and biogenic indicators in the 
sewage after mechanical treatment, histograms 
were prepared (Fig. 4.). They show the relative 
frequency of occurrence of the concentrations 
in individual class ranges along with a matched 
probability distribution.

Figure 3. Scatter diagram with a regression line and a 95% confidence level concerning the effect of COD on 
BOD5(A), TN(B) and TP(C) in the inflowing wastewater

Table 2. Statistical characteristics of concentration indicators in wastewater after mechanical treatment

Parameters

Statistics

Average Median Max. Min. Standard 
deviation

Coefficient of 
variation

mg/L %
BOD5 230.6 224.3 520.2 65.0 78.6 34
COD 540.3 512.9 1322.0 176.4 201.3 37
TN 57.9 59.0 80.0 25.9 12.3 21
TP 6.6 6.3 17.7 1.8 2.4 36
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In the mechanically treated wastewater, the 
BOD5 values ranged most frequently from 150 
to 300 mg/L (Fig. 4A). In total, 92 events were 
recorded in these ranges, which is 76.7%. The 
COD values in mechanically treated wastewater 
most often oscillated between 400 and 600 mg/L 
(Fig. 4B). A total number of 72 events were re-
corded in these ranges, which accounted for 
60.0% of all the cases. In the case of characteris-
tic TN concentrations in the mechanically treated 
wastewater, no dominant range was found. It can 
be stated that the TN concentrations generally 
oscillated between 40 and 80 mg/L (Fig. 4C). In 
individual class ranges, the TN concentrations 
occurred with a frequency of 5.8–19.1% in rela-
tion to all the sewage samples. The TP concentra-
tions most often oscillated between 4–6 mg/L and 
6–8 mg/L (Fig. 4D). A total amount of 85 cases 
were reported in this range, representing 70.8% 
of all the events.

Similarly as in the case of the inflowing 
wastewater, in the case of the mechanically treat-
ed wastewater, the occurrence of the analyzed 

indicators had a normal distribution, which indi-
cates that it can serve as a model describing the 
empirical distribution of the occurrence of the 
size of the analyzed pollution indicators in the in-
flowing wastewater (Wasilewska 2011).

Similarly as in the case of the inflowing 
wastewater, also for the wastewater after me-
chanical treatment, the level of linear dependence 
of such parameters as: BOD5, TN and TP as 
variables dependent on the independent variable 
COD (Fig. 5A, 5B, 5C.) was developed.

From the point of view of design and subse-
quent operation of the facility, it is more impor-
tant to know the quality of wastewater flowing 
into a biological reactor, i.e. wastewater after 
mechanical treatment (Barnard 2000, Nowobil-
ska-Majewska and Bugajski 2019, Bugajski 
and Nowobilska-Majewska 2019). In the me-
chanically treated wastewater, the dependence 
of BOD5 on COD expressed by a correlation co-
efficient was rxy = 0.87, which indicates a very 
high level of correlation according to the Guil-
ford scale (1965). From the equation describing 

Figure 4. Histogram of occurrence frequency and adjustment of the normal distribution to the empirical 
distribution of the analyzed indicators (n=120)
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the regression line presented in figure 5A, it can 
be concluded that in the inflowing wastewa-
ter a 1 mg/L change in the COD value causes a 
0.34 mg/L change in the BOD5 value. The corre-
lation coefficient describing the effect of the COD 
values on the TN concentrations in the inflowing 
wastewater is rxy = 0.54, which indicates a high 
correlation. As shown by the equation describ-
ing the regression line in the figure 5B, a change 
of the COD value by 1 mg/L causes a change of 
the TN concentration by 0.03 mg/L. In the case 
of the dependence of the TP concentrations on 
the COD values, the correlation was found to be 
very high, which is indicated by the correlation 
coefficient rxy = 0.76. As shown by the equation 
of the regression line presented in the figure 5C, 
a 1 mg/L change of the COD value results in a 
0.009 mg/L change in the TP concentration. In all 
the analyzed cases, the correlation is statistically 
significant at a level α = 0.05.

In the further analytical part of the study, 
the susceptibility to biological decomposition of 
the inflowing wastewater and wastewater after 

mechanical treatment in the analyzed wastewa-
ter treatment plant was determined. The assess-
ment of susceptibility to biological decompo-
sition of organic and biogenic pollutants was 
made on the basis of the dependencies indicated 
by some researchers (Łomotowski and Szpin-
dor 1999, Miksch and Sikora 2010, Klimiuk and 
Łebkowska 2003, Młyńska et al. 2017) describ-
ing the biodegradability measures:
 • COD/BOD5 ≤ 2.0 – easy biodegradability 
 • COD/BOD5 > 2.0 ≤ 2.5 – average 

biodegradability
 • COD/ BOD5 > 2.5 ≤ 5.0 – poor biodegradability 
 • COD/ BOD5 > 5.0 – non-degradable matter
 • BOD5/TN ≥ 5 – easy susceptibility of nitrogen 

compounds to biological degradation 
 • BOD5/TP ≥ 25 – easy susceptibility of phos-

phorus compounds to biological degradation

The COD/BOD5 ratio, which indicated easy 
susceptibility of wastewater to biological decom-
position of organic matter, occurred in 8% of all 
the cases (Fig. 6A). In the mechanically treated 
wastewater, sewage was easily biodegradable in 

Figure 5. Scatter diagram with a regression line and a 95% confidence level concerning the effect of COD on 
BOD5(A), TN(B) and TP(C) in the mechanically treated wastewater
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20% of the cases (Fig. 6B). In both types of sew-
age, it was found that in about half of the cases 
(47% and 48%) sewage was characterized by 
average susceptibility to biological decomposi-
tion of organic matter. While analyzing the sus-
ceptibility of wastewater to the decomposition 
of biogenic compounds, it was found that in raw 
sewage the value of the BOD5/TN ratio above 5 
occurred in 76% of the cases (Fig. 7A). In the 
wastewater after mechanical treatment, only in 
17% of the cases the BOD5/TN ratio was above 
5, which indicates the susceptibility of sewage. 
The unfavorable change between the inflowing 
and mechanically treated wastewater is caused 
by the fact that the BOD5 reduction rate in the 
mechanical treatment process is 35.3%, while the 
TN reduction rate is 5.3%. Therefore, the waste-
water after mechanical treatment is too “poor” in 
organic matter expressed by BOD5. In raw sew-
age the BOD5/TP ratio above 25 occurred in 99% 
of the cases (Fig. 8A), while in the mechanically 
treated sewage it occurred in 90% of the cases 

(Fig. 8B). Similarly as in the previous case, this 
change results from uneven reduction of organic 
compounds and phosphorus compounds at the 
stage of mechanical wastewater treatment.

CONCLUSIONS

As shown in the analytical part of the study 
concerning the interdependence of the discussed 
parameters, it is possible to measure one indica-
tor, i.e. COD, in order to determine the concentra-
tion of the remaining indicators, i.e. BOD5, TN 
and TP. Thus, the research thesis of this study was 
proven. In practical terms, the obtained results 
can help the operators of wastewater treatment 
plants to control both the quality of raw sewage 
inflowing from the sewerage system and the qual-
ity of the mechanically treated sewage subjected 
to biological treatment, because the COD mea-
surement gives a picture of the other indicators 
values. Such type of current quality control of the 

Figure 6. The COD/BOD5 ratio in the inflowing (A) and mechanically treated (B) wastewater

Figure 7. The BOD5/TN ratio in the inflowing (A) and mechanically treated (B) wastewater
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inflowing as well as mechanically treated waste-
water allows optimizing the treatment processes 
depending on variability. In the analyzed facility, 
in the period when wastewater after mechanical 
treatment is poorly susceptible to decomposition 
of organic and biogenic compounds, it is neces-
sary to deliver (dose) some sewage characterized 
by high concentration of BOD5 to the wastewater 
flowing into the bioreactor in the form of easily 
decomposable organic compounds. 
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