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Abstract: Variability in the load of pollutants significantly influences the efficiency of activated
sludge technology in municipal wastewater treatment plants, both in terms of flow systems and
in sequencing batch reactors (SBR). Diversified inflow of wastewater to the treatment plant has a
significant impact on the technological efficiency of sequencing batch reactors. Additionally, this
problem is intensified in technological systems in which there is no storage tank for raw wastewater.
It is assumed, however, that the flexible operation of an SBR reactor allows it to be easily adapted to
a variable load of pollutants. The aim of the article is to present the effects of uneven wastewater
inflow on the operation of sequencing batch reactors using the example of the wastewater treatment
plant in Rabka-Zdrój (Poland). The conducted research has shown that, in wastewater treatment
plants, the use of sequencing batch reactors as an independent element of biological wastewater
treatment does not always ensure a high degree of pollutant removal in the event of a very uneven
wastewater inflow. Therefore, the use treated wastewater equalizing tanks is recommended, which
can additionally clean residual contaminants from wastewater.

Keywords: sequencing batch reactor; uneven flow wastewater; removal pollutants

1. Introduction

Among the currently used biological wastewater treatment systems, the most domi-
nant are systems based on activated sludge technology, which have proven to be economical
and efficient, and have therefore gained widespread acceptance [1–3]. Activated sludge
technology is most often implemented in wastewater treatment plants (WWTP) as a flow-
through method [4]. To date, a number of technological systems have been developed
that enable the removal of carbon, nitrogen, and phosphorus compounds from wastewater
using this method. These systems, such as Bardenpho, A/O, and A2/O, are known and
commonly used most often in large WWTPs [5–9]. Despite their high efficiency, they have
a number of conditions that significantly limit the possibilities of their use [10,11]. An
alternative to flow-through activated sludge methods are SBR reactors. The concept of SBR
technology consists in wastewater treatment using the activated sludge method, where
the biological treatment processes and the separation of activated sludge from treated
wastewater take place in the same tank in a sequencing mode, and the treated wastewater
is discharged from the chamber in a batch manner (batch operation) [12–14]. Sequenc-
ing technology determines the nature of the reactor’s operation [15,16]. The principle of
operation of an SBR reactor is based on the periodic repetition of the following phases,
forming the full cycle of operation: (1) filling; (2) aeration/mixing-reaction; (3) sedimenta-
tion; (4) decantation and the so-called idle phase; (5) including the time between the end
of decantation and the start of the next filling [12,16]. As a result of the variable aerobic–
anaerobic conditions, it is possible to remove organic carbon, nitrogen, and phosphorus
compounds from the wastewater through mineralization, nitrification, denitrification, and
biological dephosphatation processes [13,14,17,18]. This method has been successfully and
widely used for about thirty years in the treatment of municipal and industrial wastewa-
ters [19,20]. Compared to flow systems, the use of SBR reactors allows, in some cases, to
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significantly intensify individual wastewater treatment processes and minimize the draw-
backs of conventional systems. For this reason, SBR reactors are becoming competitive with
conventional flow reactors [15,21,22]. In addition to the classic solution of SBR technology,
there are a number of unconventional solutions, called modified SBRs [23–29].

The variability of the load of pollutants has a significant impact on the efficiency
of activated sludge technology [4]. In large municipal facilities, the peak flow and the
associated high pollutant loads are dispersed. In the case of small and medium-sized
wastewater treatment plants, such rapid changes in flow rate and in the concentration of
pollutants in wastewater, due to the short retention times, may cause a deterioration of
biological treatment efficiency, which, in turn, translates into a worse quality of treated
wastewater [30,31]. Due to the nature of their operation, SBR reactors can demonstrate
resistance to both rapid changes in the concentration of pollutants in incoming wastewater,
and large fluctuations in their inflow. It is assumed that the flexible operation of an SBR
reactor allows it to be easily adapted to a variable load of pollutants. Hydraulic underloads
and over-loads, resulting from uneven inflow in batch systems, can be minimized by using
a retention-equalization tank in the technological system of the treatment plant [32], or a
variable work cycle [12], or by changing the raw wastewater dosage in a continuous or
semi-continuous manner [14,33–35]. Retention tanks in SBR technology are most often used
to minimize the unevenness of the wastewater inflow and fulfil the role of equalizing tanks
and equalize the conditions and compositions of wastewater directed to the batch reactor.
The use of retention tanks protects the SBR treatment plant against the effects of so-called
hydraulic and organic shock, but increases costs [36]. In the absence of retention tanks,
the operation of batch reactors may be disturbed, which results in an unstable wastewater
treatment process.

The aim of the article is to present the effects of uneven wastewater inflow on the
operation of sequencing batch reactors using the example of the wastewater treatment
plant in Rabka-Zdrój (Poland). The novelty of the study is the comparison of the operation
and efficiency of two SBR reactors in the wastewater treatment plant depending on uneven
wastewater inflow.

2. Materials and Methods
2.1. Characteristics of the Rabka-Zdrój WWTP

Rabka-Zdrój is a spa and tourist town located in Poland (Lesser Poland Voivodeship),
situated on the border of two mountain ranges, the Gorce and Beskid Wyspowy, at the
mouth of the Poniczanki, Słonki and Skomielnianka streams to the River Raba. The city is
inhabited by over 12 thousand residents. The number of tourists visiting the city fluctuates
and is around ten (or more) thousand people during the year.

The mechanical and biological wastewater treatment plant in Rabka-Zdrój is de-
signed for the treatment of municipal wastewater in the amount of Qd_proj = 8700 m3/d,
Qdmax_proj = 10,140 m3/d, Qhmax_proj = 725.5 m3/h and 32,600 PE (population equivalent).
The vast majority of the wastewater flows through gravity sanitary collectors, and small
amounts are brought in by means of slurry tankers. The technological system of the
treatment plant consists of 2 mechanical screens, a horizontal aerated grit chamber, a
wastewater pumping station, two SBR reactors, and a pond equalizing the outflow of
treated wastewater. The treated wastewater flows into the River Raba, which is a right
tributary of the Vistula River (the Baltic Sea catchment area). The sludge part of the Rabka-
Zdrój WWTP consists of a gravity sludge thickener, thickened sludge pumping station,
sludge storage tank, belt filter press, and installation for sludge hygienization with CaO
burnt lime (Figure 1). The permissible concentrations of pollutants in the treated wastew-
ater cannot exceed the following parameters: BOD5 = 15.0 g O2/m3 (biological oxygen
demand), COD = 125.0 g O2/m3 (chemical oxygen demand), TSS = 35.0 g/m3 (total sus-
pended solids), TN = 15.0 g N/m3 (total nitrogen) and TP = 2.0 g P/m3 (total phosphorus)
(water permit).
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2.2. Sequencing Batch Reactor in the Rabka-Zdrój WWTP

SBR reactors are concrete tanks with a diameter of 32 m and an active depth of 6.5 m.
The active volume of each of the reactors is 5225 m3. Each reactor is equipped with the
following equipment:

- Fine bubble aeration system with 1560 disc diffusers;
- Two submersible mixers with a capacity of 10 kW;
- Decanter of treated wastewater with a capacity of 1450 m3/h;
- Excess sludge pump with a power of 9.0 kW and a capacity of 162 m3.

For the supplementary chemical precipitation of phosphorus, a PIX113 type coagulant
(iron(III) sulfate) is used, which is dosed directly into the SBR reactors, near the place where
the mixers are installed.

Two rotary blowers with a capacity of 5100 m3/h and an engine power of 160 kW each
are used for the aeration of SBR reactors. From the blower station, the air is led through
one above-ground compressed air line, which is divided into two pipes, supplying air
to the grate installed in each of the SBR reactors. These pipes are equipped with gate
valves, and shut off the air supply during phases of the purification cycle in which aeration
must be eliminated (anoxic phase, sedimentation phase, decantation phase, idle phase).
The parameter controlling the operation of the blower in the aeration phases may be
the oxygen concentration, which is measured using an oxygen probe that is installed in
each SBR reactor. Each of the reactors is equipped with equipment for measuring the
level of wastewater, dissolved oxygen concentration, temperature, redox potential, sludge
density and an emergency overflow, with discharge to the pumping station of sanitary
and delivered wastewater. In each reactor, a bottom drain is installed, which enables the
complete emptying of the reactor and the directing of its contents to a collecting well
by wastewater pump. The biological logic reactors work in parallel. Their work cycle
depends on the amount of wastewater delivered to the treatment plant. The operating
cycle of each reactor runs automatically. All technological equipment—including the
decanter, mixers, and aeration system—are controlled from a technological switchboard
and also have the possibility of manual control, which allows any operation regime to
be entered for each piece of equipment. The equipment is controlled automatically in
a time cycle or as a function of the amount of wastewater flowing into the facility. It is
also possible to automatically change or correct the cyclogram in the event of rapid and
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intensive inflow of wastewater to the treatment plant. When the amount of wastewater
does not exceed Qd = 8700 m3/d, the basic cycle time tC = 8 h is used. In the case of an
increase in wastewater inflow, the cycle time is reduced to tC = 6 h. The basic time cycle of
the sequencing batch reactor consists of four phases: 4 h filling (including: 2.25 h mixing–
denitrification and biological dephosphatation; 1.75 h aeration–nitrification), 2 h aeration
(nitrification), 1 h sedimentation, 1 h decantation. In the case of a 6 h cycle, the filling phase
is shortened to 3 h and the aeration phase to 1 h (Table 1).

Table 1. Distribution of the operational cycles of SBR reactors.

8 h Cycle
Filling

Anoxic stirring
Aeration
Settling

Decantation
Hour of cycle 0 1 2 3 4 5 6 7 8

6 h Cycle
Filling

Anoxic stirring
Aeration
Settling

Decantation
Hour of cycle 0 1 2 3 4 5 6

2.3. Analitycal and Statistical Methods

The analysis of the impact of the variability of the wastewater inflow on the operation
and efficiency of the Rabka-Zdrój WWTP was carried out in a multi-criteria manner, based
on the operating results for the full research year.

An analysis of the daily wastewater inflow (Qd) to the treatment plant was carried out
(number of measurements n = 365).

A detailed analysis of the hydraulic indicators of SBR1 and SBR2 sequencing batch
reactor operations was performed—flow rate (Q), reactor filling phase volume (VF), and
decanting factor (fD).

The following parameters were considered: the irregularity coefficient a (Equation (1))
and the relative amplitude A (Equation (2)) for individual SBR reactors [37].

a = V_max/V_min (1)

A = (V_max − V_min)/V_av (2)

V_min, V_max, V_av are minimum, maximum, and average values, respectively.
The α coefficient is a measure of the irregularity of the VF wastewater inflow to the

SBR reactor in relation to the proportionality of the maximum and minimum flows in the
considered time period. Relative amplitude, A, on the other hand, determines the relation
of the range to the mean value and informs the variability of the wastewater inflow.

Basic descriptive statistics were determined—position measures (mean, minimum,
maximum value) and dispersion measures (standard deviation SD, coefficient of variation
(CV)) for daily flow Qd, flow rate (Q), and the volume of the batch reactor filling phase (VF)
for the SBR1 and SBR2 reactors.

In order to determine the efficiency of wastewater treatment in SBR reactors, measure-
ments of pollutant removal in the SBR1 and SBR2 reactors (working in parallel) were carried
out. These tests were performed twice a month and included a 24-measurement series
(n = 24), which checked the quality of the raw wastewater flowing into the SBR1 and SBR2
reactors and the treated wastewater from the SBR1 and SBR2 reactor outflow (pH, COD,
BOD5, TSS, N-NH4, TN, and TP) and the technological parameters of the activated sludge
(MLSS—mixed liquor suspended solids). Wastewater tests were carried out in accordance



Sustainability 2022, 14, 2405 5 of 19

with Polish standards. The content of activated sludge biomass (MLSS) in the reactor was
determined using the gravimetric method. SBR1 and SBR2 reactors were compared in terms
of hydraulic conditions and technological parameters (F/M ratio—food-to-microorganisms
ratio, OLR—organic loading rate) and the efficiency of pollutants removal from wastewater.
Based on the test results, the removal efficiency (RE%) of the pollution was determined
using Equation (3).

RE% = 100 × (X_in − X_out)/X_in % (3)

X_in—value of pollution indicator for raw wastewater, g/m3;
X_out—value of pollution indicator for treated wastewater, g/m3.
Statistical analyses were performed to identify the major cause and effect relationships.

One-dimensional linear correlations were used in order to simplify the analyses, which
were carried out in Excel 2016. As for many of the examined properties, no normal distri-
bution was obtained, and the statistical method without distribution was used. Pearson’s
correlation coefficient (r) was used to obtain linear estimates. Pearson’s r always ranges
from −1 to +1, with −1 being a perfect negative correlation and +1 being a perfect positive
correlation; 0 means no relationship. In turn, non-linear relationships were assessed by
regression analysis. Correlations were considered statistically significant at the 95% confi-
dence interval (p < 0.05). The Stanisz scale was used to assess the degree of dependence
between the features [38].

Multiple regression analysis was used to assess the effect of pollutant load flowing
to the SBR reactor on the concentration of pollutants in the outlet of the SBR reactor.
The purpose of regression analysis is to investigate the relationship between multiple
independent variables and the dependent variable, which must be numerical in nature.

The analysis of differences in the mean values of the obtained wastewater treatment pa-
rameters in SBR1 and SBR2 reactors was based on the Mann–Whitney U test. A significance
level of α = 0.05 was adopted for the study.

3. Results and Discussion
3.1. Characteristics of the Wastewater Inflow to SBR Reactors

In the analyzed research facility, the inflow of wastewater was very diversified. The
daily flow ranged from 3769 to 10,994 m3/d, with an average value for the period under
consideration at the level of Qdav = 7075 ± 1887.7 m3/d. Compared to other wastewater
systems in Poland [30,39–41], the course of the daily flow variability to the wastewater
treatment plant in Rabka-Zdrój was mild, but with noticeable extremes above 10,000 m3/d.
This resulted from the characteristics of the catchment area from which the municipal
wastewater flows into the treatment plant. The coefficient of variation of the wastewater
inflow to the treatment plant in the analyzed period was 0.27. The amount of wastewater
in the rainy season was harmonized with rainfall (Figure 2), although no statistically
significant correlation between the observed Qd flow and the amount of atmospheric
precipitation in the catchment area was found. The wastewater treatment plant operated
with a variable inflow of wastewater at the level from 43.3% to 126.4%, and on average
was 81.3% of the planned capacity Qd_proj. In annual terms, the most frequently occurring
flows were in the range of 5000–6000 m3/d (80 days) and 6000–7000 m3/d (64 days). The
treatment plant has a significant hydraulic reserve, although there were wastewater flows
higher than Qdmax_proj. Daily flows, Qd, higher than the designed maximum daily flow,
Qdmax_proj, occurred 33 times during the year, i.e., 9% of observations. On the other hand,
the lowest flows below 50% of the computational load, Qdav_proj, occurred for only 15 days
(approx. 4% of observations).

The high unevenness of the wastewater inflow to the Rabka-Zdrój WWTP is associated
with increased tourist traffic in the summer period, and with it the increasing share of
the amount of wastewater from unsewered accommodation buildings used periodically.
Rabka-Zdrój and the surrounding towns constitute an attractive tourist region, hence there
is a dynamic increase in the number of people visiting this area during the summer or
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winter seasons. Similar observations are recorded in the case of other treatment plants for
health resorts and tourist destinations [39,42,43].
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sequencing batch reactors.

The unevenness of the wastewater inflow to the treatment plant translated to a large
extent into the hydraulic operating conditions of the SBR1 and SBR2 reactors. The daily
amount of wastewater treated in the individual batch reactors in a 24 h cycle was also
very irregular (Figure 2). The flow rate in the SBR1 reactor ranged from 625.4 m3/d to
1404.3 m3/d, with the average value being Qd_SBR1 = 971.4 ± 177.1 m3/d. In the case of the
SBR2 reactor, the average value of the flow rate was Qd_SBR2 = 970.4 ± 177.6 m3/d, with
the range from 595.3 m3/d to 1403.1 m3/d.

The coefficient of variation for the flows in both the first and the second reactors
was 0.18. The difference of wastewater flows between the reactors ranged from 0.5 to
202.9 m3/d. The average difference between the amount of wastewater supplied to the
SBR1 and SBR2 reactors was 45.8 ± 39.2 m3/d, which accounted for approx. 5% of the
average wastewater flow rate to the reactors.

In the analyzed period, SBR reactors operated in a very uneven manner. The amount
of wastewater supplied during one VF cycle was 470.7–1557.7 and 253.2–1722.2 m3/cycle,
respectively, in SBR1 and SBR2 (Figure 3). In turn, the average VF inflow was similar in
the reactors and amounted to 981.8 ± 177.1 m3/cycle (SBR1) and 970.4 ± 177.6 m3/cycle
(SBR2), respectively. The irregularity coefficient a was at the level of 3.31 and 6.8, while
the relative amplitude (A) reached values of 1.1 and 1.5, for the SBR1 and SBR2 reactors,
respectively. The frequency of specific reactor filling volumes was estimated from the
histogram. The most frequently appearing volumes of the VF filling phase in the SBR1
and SBR2 reactors were in the range of 750–1000 and 1000–1250 m3/cycle (Figure 4). The
average hydraulic load of SBR reactors during the cycle was approx. 75% of the design
value, being 1305 m3/cycle, therefore the hydraulic load of the reactors was unstable.
The value of the CV for VF in the reactors was similar for the reactors and amounted to
1.26 (SBR1) and 1.27 (SBR2). The irregular volume of VF wastewater pumped to the reactors
during the day resulted from the cyclogram of the system operation. The SBR1 reactor was
filled at 2, 10 and 18 o’clock, while the SBR2 reactor was filled at 6, 14 and 22 o’clock with
the standard cycle of 8 h. In turn, with the cycle shortened to 6 h, the filling was at 1, 7, 13
and 19 (SBR1) and at 4, 10, 16 and 22 (SBR2).
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The SBR2 reactor operated with a much greater unevenness of wastewater inflow in
each cycle, which resulted, inter alia, from wastewater inflow at night and in the afternoon
during the so-called daily peak inflow of wastewater. The reactor filling dynamics were
not stable. Sudden or rapid inflows of wastewater to the reactors were noted, as a result of
which there were frequent changes in the cyclogram from 8 h to 6 h and vice versa after reg-
ulating the inflow of wastewater to the treatment plant. The hydraulic unevenness of SBR
reactors was a direct result of the lack of a raw wastewater tank in the technological system.

Variable hydraulic conditions of SBR reactors influenced the dynamics of the decanting
factor (fD). The range of the fD factor was 0.09–0.30 and 0.05–0.33, respectively, in SBR1 and
SBR2 (Figure 5). The average ratio was 0.19 for both reactors and accounted for 76% of the
calculation value, which was fD_proj = 0.25. Knowledge of the range of changes of the fD
factor allows for optimal planning of the dynamics of inflow to SBR reactors, taking the
nature of activated sludge sedimentation into account. The sludge volume index is related
to the decanting factor [12]. By changing the fD factor, the amount of wastewater fed to the
SBR reactor can be increased or decreased. Accordingly, the reaction phases (tR) should
be lengthened or shortened, and then the cycle time (tC) [44]. A statistically significant
relationship was found between the wastewater inflow and the filling level in the reactor,
thanks to which it was possible to predict its active capacity and relatively fast and flexible
change of the operating cycle time.
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3.2. The Load of Pollutants in the Wastewater Flowing into the SBR Reactors

The quality of wastewater flowing into individual SBR reactors was significantly
differentiated, as shown in Table 2. The nature of the wastewater corresponded to the
parameters of municipal wastewater [9,45]. No high concentrations of organic compounds
and biogenic compounds were found. A review of the literature shows cases of the inflow
of wastewater with a high concentration of pollutants [40,46,47].

Table 2. The quality of raw wastewater flowing into SBR1 and SBR2 reactors during the study.

Parameter
SBR1 SBR2

Min. Max. Average SD CV Min. Max. Average SD CV

pH 7.0 7.6 7.3 0.1 0.02 7.0 7.6 7.3 0.1 0.02

COD (g O2/m3) 166.0 939.0 491.7 196.8 0.40 160.0 931.0 533.7 220.0 0.41

BOD5 (g O2/m3) 105.0 370.0 241.3 69.1 0.29 80.0 430.0 260.2 96.1 0.37

TSS (g/m3) 107.0 598.0 301.8 120.0 0.40 89.0 792.0 319.3 148.7 0.47

TN (g N/m3) 8.2 55.0 35.2 12.5 0.36 12.4 57.0 37.1 13.8 0.37

N-NH4 (g N/m3) 3.2 24.8 16.2 6.0 0.37 4.5 28.0 17.3 6.7 0.39

N-NO2 (g N/m3) 0.07 0.24 0.12 0.04 0.36 0.06 0.24 0.12 0.05 0.37

N-NO3 (g N/m3) 0.25 2.88 0.83 0.78 0.94 0.20 2.80 0.79 0.78 0.99

P-PO4 (g P/m3) 1.02 4.89 2.5 1.1 0.47 0.54 6.57 2.7 1.3 0.49

TP (g P/m3) 1.92 13.9 6.2 2.9 0.44 1.94 13.2 6.5 2.7 0.42

Data aggregation shows that the parameters of the wastewater depended on the
time of wastewater inflow to the treatment plant and, consequently, to individual SBR
reactors. The concentrations of the pollution indicators were characterized by considerable
fluctuations, as evidenced by the high value of CV > 0.3. The obtained values of the
CV of pollutant concentrations in wastewater were comparable to the values given by
Chmielowski et al. [46], Czarnota and Masłoń [48], and Szczerbińska et al. [49], although
there are cases of higher variability of the composition of wastewater [40].

Due to the lack of a retention tank in the technological system, the SBR reactors
were supplied with wastewater of a different physicochemical composition. The Mann–
Whitney-U test unambiguously showed statistically significant differences between the
mean values of the pollution indexes (BOD5, COD, TN, TSS, TP), which proves that the
flowing wastewater to the reactors was different. Thus, the SBR1 and SBR2 reactors were
operated under different hydraulic conditions and with a different substrate load. Analysis



Sustainability 2022, 14, 2405 9 of 19

of the results showed a relationship between the volume of VF wastewater flowing into the
SBR reactor and the concentration of pollutants (Figure 6).
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The parameters of wastewater flowing into the SBR2 reactor were more dependent on
the amount of wastewater than in the case of the SBR1 reactor. This results directly from
the cyclogram of the SBR2 reactor, because the inflow of wastewater occurred at night and
in the afternoon during the so-called daily peak of the wastewater inflow. It also confirms
that the quality of wastewater changes dynamically during the day [50], with the greatest
variability observed in the case of COD, TN, and TP [51]. The structure of the pollutant
load in household–domestic wastewater depends on many factors, e.g., the activity of
the inhabitants. Therefore, we can observe, for example, a weekend effect, in which the
pollutant load in the wastewater is about 10% lower than on the other days of the week [52].
In the treatment plant in question, a typical profile of pollutants flowing into the treatment
plant and then directly to the batch reactors is observed.

Changes in the amount of wastewater flowing to the SBR reactor and different con-
centrations of individual pollutants translated into the size of pollutant loads in particular
cycles (Figure 7).
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The distribution of organic pollutant loads expressed by the BOD5 index fluctuated in
the range of 118.9–348.7 kg O2/cycle (SBR1) and 97.5–357.9 kg O2/cycle (SBR2). The COD
load per cycle was 207.3–909.6 kg O2/cycle and 195.0–727.8 kg O2/cycle, respectively for
SBR1 and SBR2. The total suspended solids loading ranged from 137.1–579.3 kg/cycle in
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SBR1 and 108.5–587.1 kg/cycle in SBR2. The loads of biogenic compounds between the
batch reactors showed a significant difference. The N-NH4 load was 4.1–23.8 kg N/cycle
and 5.8–24.3 kg N/cycle in SBR1 and SBR2, respectively. In turn, the load of total nitrogen
reached the values of 10.5–53.3 kg N/cycle (SBR1) and 16.0–51.0 kg N/cycle (SBR2). The
range of total phosphorus loads in the inflow was 2.2–12.0 kg P/cycle and 2.2–11.8 kg
P/cycle in SBR1 and SBR2, respectively. The variability of pollutant loads flowing to the
reactor was comparable, on the level of 30–40%. The Mann–Whitney-U test clearly showed
statistically significant differences between the mean values of pollution indicators (BOD5,
COD, TN, TSS and TP), which proves that the pollutant loads flowing into the reactors
were not comparable.

On the basis of the data, the mutual correlation of the tested parameters in the inflow
to the SBR reactors was determined, creating a correlation matrix (Table 3). The values of
the co-factors indicate a significant influence of raw wastewater parameters on the shaping
of the variability of the pollutant load flowing into the batch reactor during the cycle, while
significant differences were found between the SBR1 and SBR2 reactors.

Table 3. Pearson correlation matrix for pollutant loads in the inflow and outflow from the SBR reactor
during the cycle. A strong correlation is shown in blue, and a very strong correlation in orange
(α = 0.05).

Input load (kg/cycle) Output load (kg/cycle)
BOD5 COD TSS TN N-NH4 TP BOD5 COD TSS TN N-NH4 TP

Input load BOD5 1
(kg/cycle) COD 0.882 1

TSS 0.771 0.908 1
TN 0.813 0.880 0.783 1

N-NH4 0.634 0.618 0.445 0.709 1
TP 0.775 0.909 0.807 0.815 0.596 1

Output
load

(kg/cycle)

BOD5 0.007 0.192 0.095 0.205 0.184 0.033 1
COD −0.098 0.037 0.026 0.044 0.026 −0.098 0.944 1
TSS −0.144 0.061 −0.033 0.074 0.030 −0.088 0.938 0.900 1
TN −0.076 0.143 0.173 0.064 0.009 −0.070 0.761 0.485 0.808 1

N-NH4 0.059 0.155 0.113 0.140 0.086 0.056 0.700 0.696 0.631 0.507 1
TP 0.071 0.278 0.131 0.277 0.273 0.152 0.901 0.841 0.914 0.775 0.656 1

Input load (kg/cycle) Output load (kg/cycle)
BOD5 COD TSS TN N-NH4 TP BOD5 COD TSS TN N-NH4 TP

Input load BOD5 1
(kg/cycle) COD 0.953 1

TSS 0.738 0.778 1
TN 0.765 0.822 0.625 1

N-NH4 0.624 0.563 0.296 0.646 1
TP 0.852 0.875 0.690 0.797 0.543 1

Output
load

(kg/cycle)

BOD5 −0.283 −0.229 −0.250 0.142 0.139 −0.174 1
COD −0.365 −0.298 −0.281 0.041 −0.062 −0.219 0.925 1
TSS −0.268 −0.211 −0.227 0.131 0.106 −0.172 0.988 0.938 1
TN −0.486 −0.389 −0.276 −0.179 −0.232 −0.305 0.481 0.763 0.481 1

N-NH4 0.239 0.301 0.214 0.408 0.405 0.463 0.006 0.014 −0.051 0.017 1
TP 0.014 0.060 0.061 0.368 0.403 0.091 0.881 0.784 0.888 0.388 0.206 1

3.3. Influence of Uneven Wastewater Inflow on Technological Parameters of Sequencing
Batch Reactors

Based on the analysis of the quantity and quality of wastewater flowing to individual
SBR reactors, it should be clearly stated that SBR reactors operated at a different substrate
load (Table 4), as a result of which a different efficiency of removing pollutants from
wastewater was obtained.
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Table 4. Technological parameter of SBR reactors under different organic loading.

Parameter
SBR1 SBR2

Min. Max. Average SD CV Min. Max. Average SD CV

HRT (h) 0.96 2.21 1.4 0.3 0.25 0.95 2.1 1.5 0.4 0.25

MLSS (kg/m3) 1.98 3.27 2.5 0.4 0.14 1.96 3.29 2.48 0.3 0.14

OLR (kg BOD5/m3·d) 0.060 0.164 0.118 0.03 0.28 0.040 0.181 0.121 0.04 0.31

F/M ratio (kg BOD5/kg MLSS·d) 0.022 0.071 0.048 0.015 0.31 0.013 0.085 0.05 0.017 0.35

OLR per cycle (g BOD5/m3 ·cycle) 23.5 73.0 49.1 14.1 0.29 19.8 75.3 50.3 16.4 0.33

F/M ratio (g BOD5/kg MLSS·cycle) 10.6 31.5 20.0 6.0 0.30 6.8 31.9 20.5 7.1 0.35

HRT—hydraulic retention time, OLR—organic loading rate, F/M ratio—food-to-microorganisms ratio,
MLSS—mixed liquor suspended solids.

The high concentration range of MLSS in SBR reactors resulted from a very variable
hydraulic load. There is a visible increase in the amount of activated sludge and its age
in the autumn and winter season to counteract the effects of low temperatures. There are
differences in the values of the biomass concentration in both reactors, but these are not
significant differences, they only result from the natural process variability in the current
operation of the reactors. Nevertheless, the biomass concentration of activated sludge in
the reactors remained at the level of 2–4 kg/m3, which is typical for batch systems [14,53].
The analysis of the results showed a cause-and-effect relationship between the amount of
wastewater flowing into the reactors and the technological parameters. SBR1 and SBR2
reactors operated with a wide range of OLR and F/M ratio values. The Mann-Whitney U
test showed a statistically significant difference between the average values of OLR per cycle
and F/M ratio per cycle, so these two reactors should be considered as completely separate
technological systems for biological wastewater treatment. The spread of these values was
relatively wide. The F/M ratio is the key parameter tested in activated sludge processes [10].
For domestic wastewater treatment with nitrification requirement, the F/M ratio should be
0.05 to 0.1. For domestic wastewater treatment without nitrification, the F/M ratio should
be between 0.15 and 0.4 [14]. Additionally, attention should be paid to the possibility of
the formation of a different biocenosis of activated sludge in the SBR1 and SBR2 reactors.
Lee et al. [54] showed that the continuous supply of incoming wastewater containing
different species of bacteria to activated sludge reactors can influence the population of
microorganisms and the temporal dynamics of the bacterial community. The SBR reactor
can adapt to different pollutant loads through the gradual acclimatization of biomass,
which ensures the stability of the wastewater treatment process, even in a system where
the F/M ratio is low [55]. The pH value of the wastewater does not change much (7.0–7.6)
and is not a technological problem for biological reactors. In the case of temperature, on
the other hand, large fluctuations are observed, related to the climatic conditions typical
for piedmont villages. The differences between the reactors are small, and the dynamics of
changes relates to the annual variability, with minimum temperatures in winter at the level
of 5–6 degrees Celsius, which may hinder the operation of biological processes and may
reduce the rate of nitrification.

3.4. Assessment of the Efficiency of Sequencing Batch Reactors

The qualitative characteristics of raw and treated wastewater in SBR1 and SBR2
reactors are shown in Figure 8, and the correlation matrix of various parameters is given in
Table 2. The applied cyclogram of the sequencing batch reactor operation in the Rabka-Zdrój
WWTP enables the integrated removal of carbon, nitrogen and phosphorus compounds.
The combination of aerobic and anoxic conditions allows for classical nitrification and
further denitrification. On the other hand, the use of anaerobic conditions during the filling
of the batch reactor, followed by the aerobic conditions enable the removal of phosphorus
by the EBPR process (enhanced biological phosphorus removal).
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The concentration of organic substances determined by the BOD5 and COD indexes in
the outlet from the SBR1 reactor was 0.16–52.0 g O2/m3 and 0.8–162.0 g O2/m3, respectively.
On the other hand, the value of pollution indicators in treated wastewater in the SBR2
reactor fluctuated in the range of 2.2–68.0 g O2/dm3 (BOD5) and 8.8–160.0 g O2/m3

(COD). The BOD5 and COD removal efficiency was 78.3–99.9% and 70.8–99.6% in SBR1
and 65.1–98.8% and 59.4–98.5% in SBR2, respectively. The unevenness of the wastewater
inflow to the SBR reactors significantly influences the removal of the suspension from
the wastewater. The TSS concentration in the outflow of the SBR1 and SBR2 reactors was
2.2–124.0 g/m3 and 2.0–165.0 g/m3. The total suspended solids removal efficiency was
54.9–99.3% (SBR1) and 26.3–99.3% (SBR2). The high content of total suspended solids
in the reactor effluent is a direct result of the contamination of the first phase of the
tapping during decantation. In such cases, it becomes advisable to recirculate a certain
volume of wastewater discharged during the decantation phase to the beginning of the
technological system of the wastewater treatment plant [12]. The nitrification process
took place in a very diverse manner, albeit to a high degree. Technological parameters
were favorable for the implementation of nitrification. MLSS concentrations greater than
2 kg/m3 are commonly used for nitrification, and higher MLSS concentrations are often
required at low wastewater temperatures (≤15 ◦C). As MLSS concentration increases, the
SBR F/M ratio decreases. While F/M ≤ 0.08 promotes nitrification [14]. Efficiency of
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ammoniacal nitrogen oxidation was noted at the level of 87.9–99.8% and 91.9–99.8% in the
SBR1 and SBR2 reactors, respectively. The concentration of N-NH4

+ in the outflow from
the SBR1 and SBR2 reactors was 0.03–1.7 g N/m3 and 0.03–2.2 g N/m3. Consequently, the
concentration of total nitrogen in treated wastewater reached the level of 1.1–9.3 g N/m3

(SBR1) and 0.9–12.4 g N/m3 (SBR2). Thus, the efficiency of TN removal was 71.4–97.1%
and 58.1–96.4% in the SBR1 and SBR2 reactors, respectively. For comparison, in the Sokółka
WWTP (Qd av = 6000 m3/d) in the SBR reactor, 98.7% nitrification of ammonium nitrogen
and 90.4% removal of total nitrogen from wastewater were obtained with a 9.5 h cycle
of operation [56]; in the Hajnówka WWTP (Qd av = 6000 m3/d), 95.6% nitrification and
91.5% nitrogen removal were recorded in the SBR reactor [57]; in the Olecko WWTP
(Qd av = 3600 m3/d) in the SBR reactor with a 12 h cycle (including 4.7 h nitrification
and 3.1 h denitrification) the efficiency of total nitrogen removal was 87.6–98.3%, and the
average was 92.6% [58].

In terms of the EBPR process, phosphorus removal from wastewater was recorded at
the level of 24.9–95.1% (SBR1) and 70.4–95.3% (SBR2), with the quality of treated wastew-
ater being 0.25–3.4 g P/m3 and 0.21–4.8, respectively g P/m3. For comparison, in other
wastewater treatment plants in Poland, the removal of phosphorus from wastewater in
SBR reactors was achieved: 96.4% (the Hajnówka WWTP) [57], 87.2–98.9% (the Olecko
WWTP) [58], and 95.1% (the Sokółka WWTP) [56]. The qualitative characteristics of wastew-
ater, in terms of organic compounds, nitrogen and phosphorus, favor the occurrence of
efficient processes of removing biogenic compounds, because their concentrations in raw
wastewater are much lower than those observed in typical municipal wastewater, e.g.,
BOD5 or total phosphorus (Table 1). This is undoubtedly due to the large dilution of the
wastewater flowing into the treatment plant at different times of the day.

However, other factors, such as the inflow of industrial and non-sanitary wastewater,
mean that such low concentrations of organic compounds are not observed. The influence
of non-domestic wastewater is also evidenced by the increased presence of pollutants
that are difficult to decompose, resulting in values of the COD/BOD5 ratio > 2. In the
inflow to the reactors, the average value of the COD/BOD5 ratio was 3.9 ± 3.1 (SBR1) and
3.8 ± 1.7 (SBR2). Noteworthy is the very high variability of the COD/BOD5 ratio, which,
determined with the coefficient of variation, was as high as 15.3 and 7.2 in SBR1 and SBR2,
respectively. As a consequence, the relationship between BOD5 and total nitrogen and total
phosphorus is high, clearly favoring biological removal of biogenic compounds, largely
due to their assimilation to the synthesized biomass.

The influence of the OLR on the efficiency of pollutant removal is shown in Figure 9.
Statistically significant relationships were found between the load of organic pollutants in
the reactor and the efficiency of nitrogen removal from the wastewater. In the remaining
cases, the dependencies were very weak or moderate (r < 0.5).

The quality parameters of the wastewater treated in the SBR1 reactor indicate a lower
dispersion in comparison with the outflow from the SBR2 system. The unevenness of the
pollutant loads flowing into the SBR reactors translated into irregular qualitative character-
istics of the treated wastewater. This is reflected in the values of the coefficients of variation
for the concentrations of pollutants in the effluent–from 0.6 to 1.48 (SBR1) and from 0.7 to
1.66 (SBR2). These are very large values compared to other values given in the literature.
For example, the CV coefficient for concentrations of pollutants in treated wastewater
was 0.23–0.6 in the Kolbuszowa Dolna WWTP (Qdav = 3600 m3/d) [46], 0.26–0.97 in the
Gorlice WWTP (Qdav = 10,750 m3/d) [40]. Figure 10 presents a statistical comparison of the
obtained results of the efficiency of removing pollutants from wastewater in SBR reactors
in the Rabka-Zdrój WWTP. The results are presented in the form of a box plot showing
the mean value, median (Q2), lower quartile (Q1), upper quartile (Q3), lower and upper
extreme observations. On the basis of the obtained results, after discarding extreme and
outlier observations, it was observed that the SBR1 reactor is characterized by a higher
stability of removing pollutants from wastewater than the SBR2 reactor.
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Statistical analysis of the results showed that the concentration of pollutants in the
outflow of the SBR reactor can be described with the use of a linear model (Table 5).

Table 5. Statistical model for determining the concentration of pollutants in the outflow of the
SBR reactor.

Parameter
Statistical Model

SBR1 SBR2

BOD5 Y = 0.048x1 − 0.21x2 + 8.46 Y = 0.051x1 − 0.18x2 + 3.22
COD Y = 0.23x1 − 0.45x2 + 10.44 Y = 0.26x1 − 0.51x2 + 12.61
TSS Y = 0.06x1 + 0.02x2 − 28.16 Y = 0.05x1 + 0.015x2 − 34.25
TN Y = 0.01x1 − 0.07x2 + 0.88 Y = 0.012x1 − 0.1x2 + 0.66

N-NH4 Y = 0.01x1 − 0.64x2 + 1.14 Y = 0.01x1 − 0.58x2 + 064
TP Y = 0.01x1 − 1.6x2 + 0.43 Y = 0.01x1 − 1.3x2 + 0.56

Y—concentration of pollutants in the wastewater outflow from the SBR reactor (g/m3); x1—wastewater inflow to
the SBR reactor (m3/cycle); x2—concentration of pollutants in the wastewater inflow to the SBR reactor (g/m3).

The analysis of the results clearly shows that diversified inflow of wastewater affects
the technological efficiency of sequencing batch reactors. Additionally, this problem is
intensified because the technological system does not include a storage tank for raw
wastewater. On the one hand, flexible operation of SBR reactors is observed in terms of
the inflow of various amounts of wastewater, even rapid flows with a value above Qdmax,
on the other hand, a deterioration in the quality of treated wastewater is observed. This is
due to several reasons. First of all, the dynamics of the wastewater inflow to individual
SBR reactors means that in SBR1 and SBR2 reactors different microbiological conditions
may prevail, i.e., a different population of microorganisms is generated. Different types
of biocenosis in activated sludge are responsible for the speed of wastewater treatment
processes. Secondly, various loads of pollutants flow into SBR reactors, as a result of
which one of them is more often burdened with a greater load of pollutants than the other,
which results in deterioration of the efficiency of the processes of removing pollutants
from wastewater, e.g., nitrification. In this case, the SBR reactor operation cyclogram is not
adapted to the load of pollutants. It is also possible for the sedimentation properties of the
activated sludge to deteriorate and for foam to form on the surface. Third, the irregular
inflow of wastewater produces a different filling level of the SBR reactor. The height of
the activated sludge layer influences the oxygenation capacity in fine bubble aeration
systems. This also translates into the efficiency of oxygenation and electricity consumption.
In this case, it is necessary to properly model and control the aeration system in the SBR
reactor [59,60] In the case of rapid and intensive inflows of wastewater to the wastewater
treatment plant, there was a change in the 8 h cycle to the 6 h cycle in SBR reactors, which
is a compensation for the buffer capacity of the facility. However, at that time, cases of
deterioration in the efficiency of total suspended solids removal from wastewater were
observed. The analysis of the SBR system issues shows that knowledge of the dynamics
of the wastewater inflow to the treatment plant allows optimization of the operation of
SBR reactors, and the prediction of the wastewater inflow allows for a simple change of the
reactor cyclogram [37]. The forecast of wastewater inflow to the treatment plant is of great
importance for the optimization of SBR reactors [41]. In order to minimize the effects of
uneven wastewater inflow to the SBR reactor, it is reasonable to adjust the cyclogram and
the method of filling to short-term daily, as well as long-term and even seasonal changes in
the composition of wastewater and pollutant load (1), adapting to organic shock loading
caused by changes in the organic and/or hydraulic load by changing the cycle time, the
length of the individual phases of the process, the aeration time and the VF factor to the
current needs (2).

The analysis of the results showed that in the Rabka-Zdrój WWTP, sequencing batch
reactors as an independent element of biological wastewater treatment do not ensure
the required degree of pollutant removal in terms of the water permit. Therefore, in the
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technological system, an equalizing tank for treated wastewater (L = 80 m, B = 34 m,
Hactive = 0.8 m) is used, which is an additional stage of wastewater treatment. The purpose
of the equalizing tank is to eliminate the shock discharge of a large amount of wastewater
flowing out of SBR reactors in a short-term (usually approx. 1 h) decantation phase and
their even discharge to the receiver, equalizing the quality of wastewater discharged from
two reactors in subsequent cycles of their operation and keeping the residual suspended
solids in the wastewater discharged from SBR reactors during the first decantation phase
or in the event of decanter failure. Therefore, the equalizing tank is a safety buffer against
the excessive outflow of wastewater from the treatment plant to the receiver. It is also a
checkpoint for the compliance of the wastewater treatment plant with the conditions of
the water-legal permit. A disadvantage of the equalizing tank operation is the necessity to
clean the bottom of sediment once a year on average. Due to the use of an equalizing tank,
the treatment plant meets the requirements of the water permit for treated wastewater.

4. Conclusions

The research has shown that diversified inflow of wastewater to the treatment plant
has a significant impact on the technological efficiency of sequencing batch reactors. Addi-
tionally, this problem is intensified in technological systems in which there is no storage
tank for raw wastewater, as is the case in the in the Rabka-Zdrój WWTP.

SBR reactors were characterized by flexible operation in terms of inflow of various
amounts of wastewater, even sudden flows with a value above Qdmax; however, a deterio-
ration in the removal of pollutants from wastewater and a deterioration in the quality of
treated wastewater were observed. Large fluctuations in the wastewater inflow were not
equalized, as a result of which a shock charge could occur in SBR reactors. In the case of
rapid and intensive inflows of wastewater to the wastewater treatment plant, there was
a change of the 8 h cycle to the 6 h cycle in SBR reactors, which is a compensation for the
buffering capacity of the facility.

The conducted research has shown that in wastewater treatment plants the use of
sequencing batch reactors as an independent element of biological wastewater treatment
does not always ensure a high degree of pollutant removal in the event of a very uneven
wastewater inflow. Therefore, it is recommended to use treated wastewater equalizing
tanks, which can additionally clean residual contaminants from the wastewater.
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40. Masłoń, A. Dual system of wastewater treatment in the Gorlice WWTP. Gas Water Sanit. Eng. 2015, 8, 295–300. (In Polish)
[CrossRef]

41. Bartkowska, I. Variation of purified wastewater effluent. Ecol. Eng. 2016, 48, 1–8. (In Polish) [CrossRef]
42. Widera, D.; Pawęska, K. Characteristics of the wastewater inflow to the wastewater treatment plant in the tourist resort. Ecol. Eng.

2018, 19, 53–60. [CrossRef]
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