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ABSTRACT

The objective of the work was to design a biological reactor in the Bardenpho system as an alternative to the SBR
biological reactor in the wastewater treatment plant in Nowy Targ. The technological system of the newly designed
biological reactor was adapted to the existing reinforced concrete structure. The design of individual nitrification,
denitrification, predenitrification and dephosphatation chambers was developed on the basis of actual data on the
volume of influent sewage and its pollutant loads. The newly designed technological system of the Bardenpho
type biological reactor guarantees high efficiency in the elimination of organic and biogenic compounds from
wastewater. Within operational guidelines, it is proposed to gradually eliminate the inflow of foreign waters to the
sewage system by removing the illegally connected roof gutters. Moreover, it is recommended to strictly control
the volume of the fur-plant industrial sewage discharged into the sewage system.

Keywords: Bardenpho bioreactor design, sewage volume, pollution load.

INTRODUCTION

The design of a newly built or modernized
wastewater treatment plant involves complex ac-
tivities at many stages, and wrong decisions made
at the design stage will have a negative impact on
the treatment processes during many years of the
treatment plant operation (Takacs 2008, Dymac-
zewski et al. 2011, Meri¢ et al. 2002, Karamus
2018). When designing a wastewater treatment
plant, the first and most important step is to cor-
rectly determine the volume of influent wastewa-
ter and its quality, i.e. concentration of pollutants
(Mtynski etal. 2016, Kaczor 2020, Jozwiakowska
and Marzec 2020, Szelag and Barbusinski 2020).
Considering the fact that the operating wastewa-
ter treatment plants are frequently underloaded
or hydraulically overloaded, the designer should
take into account the local specificity of the vol-
ume of water use (sewage discharge) by residents
when determining the hydraulic load, and not
employ standard guidelines in this regard (Bergel
2017, Bergel and Mtynska 2021). Another factor

that determines the hydraulic load in wastewater
treatment plants is the uncontrolled inflow of in-
cidental (rain) waters from gutter outlets illegally
connected to the sewage network (Kaczor and
Bugajski 2012, Kaczor et al. 2017). An equally
important issue when designing a treatment plant
is the proper determination of the pollutant load
in raw sewage, i.e. in the sewage subjected to the
treatment process. The pollutant load taken into
account for the calculation of the biological re-
actor should reflect domestic sewage, sewage de-
livered from septic tanks, and industrial sewage
from industrial plants (Nowobilska-Majewska
2017). Each of these types of wastewater is char-
acterized by a different and highly varying con-
centration of pollutants (Kaczor 2009, Bugajski
et al. 2017, Bugajski et al. 2020).

The objective of the work was to design the
technological system of the Bardenpho type bio-
logical reactor as an alternative to the currently
existing biological SBR in the wastewater treat-
ment plant in Nowy Targ. The biological reac-
tor was designed on the basis of the results from
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many years of research concerning the quantity
and quality of wastewater flowing from the sew-
age system to the described treatment plant. In the
wastewater treatment plant in Nowy Targ, there is
a need to change the technology of the biological
reactor in order to improve the biological treat-
ment processes in terms of the current hydraulic
load and the concentration of pollutants in the
wastewater flowing from the sewage system.

MATERIALS AND METHODS

Characteristics of the sewerage system

The wastewater treatment plant in Nowy Targ
was established in 1995 and is located at 49°29°N,
20°3’E. The technological system of the sewage
treatment plant was designed for the average
daily flow Q_, = 21,000 m*/d and PE = 116,000
inhabitants. The wastewater from the municipal
sewerage network is conveyed via a collector
with a diameter DN = 1.2 m to a pumping station.
The main pumping station operates two pumps
with a capacity of 1,400 m*h. The pumps lift
sewage to a height of 7.5 m for easy gravity flow
through the entire process line. The sewage flows
from the pumping station to a screen room, where
screenings are caught on two step-screens with a
slot width of 3 mm and a rated power of 1.5 kW.

The wastewater then flows into two sand traps,
where mineral substances such as sand or gravel
undergo sedimentation. The sand separated by
sedimentation is discharged into a sand scrubber
separator, and — after cleaning and dewatering — is
fed into a container. The wastewater leaving the
sand traps is conveyed by an 800 mm DN pipe-
line to two primary settling tanks. The horizontal-
flow settling tanks are 42.0 m long, 6.0 m wide
and 3.6 m high. Primary sludge is collected in
sludge hoppers and cyclically removed to a grav-
ity thickener. Biological treatment is performed
using the sequencing batch reactor method. In
the biological treatment section, three bioreac-
tors are installed, which work in 8-hour cycles.
Each reactor is 70 m long, 23 m wide and 4.5 m
deep. The treated wastewater, after decanting, is
discharged through a 1000 mm DN collector pipe
to the receiver, the Dunajec river. The location
of the treatment plant in Nowy Targ is shown in
Figure 1. The scheme of the actual technological
layout of the wastewater treatment plant in Nowy
Targ is shown in Figure 2.

Characteristic volume of wastewater
and of pollution indicators

The average daily amount of inflowing sew-
age amounting to Q,  =14,480.8 m’/d, assumed as
the reliable flow for the design, was determined
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Figure 1. The location of the rural agglomeration of Nowy Targ against the background
of the Lesser Poland Voivodeship and Poland (source: own study)
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Figure 2. Scheme of the technological layout of the wastewater treatment plant in Nowy Targ: current situation

on the basis of reports in publications (Nowobil-
ska-Majewska and Bugajski 2019a, Nowobilska-
Majewska 2020). The average daily representa-
tive flow taken into account in the design of the
biological reactor is the resultant measure, i.e.
the arithmetic mean for the years 2016-2017,
where in 2016, the average daily inflow was
Q d_avg=13,963.9 m’/d, and the average daily in-
flow in 2017 was Q,, = 14,997.8 m*/d. On the
basis of the average daily wastewater inflow Q,
and the BOD, content in raw sewage, the current
Population Equivalent is PE=125,000. Pursuant
to the guidelines in the applicable Regulation,
the wastewater treatment plant is included in
the group of facilities over 100,000 PE (Journal
of Laws of 15" July 2009, item 1311). Reliable
values of pollution indicators in raw sewage and
in sewage after mechanical treatment were deter-
mined on the basis of information in publications
(Nowobilska-Majewska and Bugajski 2019b,
Bugajski and Nowobilska-Majewska 2019). The
average values of the analysed pollution indica-
tors in raw sewage (in sewage after mechanical
treatment) are as follows:

e BOD, -498.5 (378.0) g/m’

COD -1615.9 (1027.3) g/m’

TSS - 1079.5 (504,5) g/m?

TN - 106.6 (72.9) g/m?

TP-18.2 (11.70) mg/m?

RESULTS AND DISCUSSION

This chapter presents the design of the tech-
nological system of the Bardenpho type biologi-
cal reactor, taking into account the volume of
treated wastewater as well as the concentration of
organic and biogenic pollutants in the wastewater
after the mechanical treatment stage. An impor-
tant quality feature of the sewage flowing into the
biological reactor is its biodegradability, which
is expressed by the BOD,/TN and BOD /TP re-
lationships (Miksch and Sikora 2010, Mtynska
et al. 2017, Suchowska-Kisielewicz et al. 2018).

In this case, in the wastewater after mechanical
treatment, the BOD,/TN ratio was 5.2, while the
BOD//TP ratio was 33.7. The results of the cal-
culated quotients indicate that the sewage is sus-
ceptible to biological decomposition of nitrogen
and phosphorus compounds. However, these are
average values and, as shown in previous stud-
ies, there are periods in which the BOD, value
in the inflowing sewage decreases as a result of
an excess of rainwater inflow to the sewage sys-
tem, which means that their biodegradability also
decreases (Nowobilska-Majewska E., Bugajski P.
2019b). In the period when the sewage flowing
into the biological reactor loses its susceptibility
to biodegradation, an additional source of organic
carbon should be dosed, e.g. methanol, ethanol,
acetic acid, lactic acid, sugar beet syrup, or starch.
In addition, when the BOD /TP ratio is not main-
tained, chemical support for phosphorus removal
should be ensured through the use of PIX (e.g.
iron sulphate Fe,(SO,),"9H,0). Bearing in mind
that the sewage flowing into the biological reac-
tor is susceptible to biological decomposition of
nitrogen compounds and phosphorus compounds,
calculations were performed for the removal of
nitrogen compounds and phosphorus compounds.
In the first stage, the concentration of ammonium
nitrogen undergoing the nitrification process was
calculated based on the formula (1) and the de-
gree of nitrification based on the formula (2):

Crrr = CTN_M - CNnrg — Cypas — CN_BH (D)

Cyar = 52.0 g/m?®

where: C,,,. — nitrified ammonium nitrogen con-
centrations [g/m?]
C,y » — concentration of total nitrogen in
the sewage flowing to the biological reac-
tor after mechanical treatment —72.9 g/m?,
Chorg — organic nitrogen concentration in
sewage flowing out of the biological reac-

tor — 2.0 g/m’,
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C,,, — concentration of ammonium nitro-
gen in sewage flowing out of the biologi-
cal reactor — 0.0 g/m?,

Cy py — Organic nitrogen concentration
in wastewater discharged from the bio-
logical reactor — (assumed — 5% BOD; in

wastewater after mechanical treatment) —

18.9 g/m?
_ CmiT 100
OuiT = —— 2)
Ny = 71.3 I:.I-"}D

where: . — degree of ammonium nitrogen re-
duction in the nitrification process [%]

The concentrations of nitrates subjected to
denitrification were then calculated from the for-
mula (3) and the degree of denitrification based
on the formula (4):

Cpen = Gyt — CNDE_T (3)

CDEN =430 gfma

where: C,, — concentrations of nitrates undergo-
ing denitrification [g/m’]
C\o; + — concentration of nitrate nitrogen

in the treated sewage — 9 g/m?

CDEN
CTN M

NoeEn = -100 4

I]DEN = 58.9 IJJJHD

where: . — degree of reduction of nitrates in
the process of denitrification [%]

On the basis of the information on the concen-
tration of nitrates subjected to the denitrification
process and the BOD, value in the sewage flow-
ing into the biological reactor, the denitrification
potential was calculated (formula 5) to determine
the volume of the denitrification chamber in rela-
tion to the total volume of the bioreactor.

CDEN
CeoDs M

)

Ppey =

PDEN =011 ngOEI.IJkgBODE

where: P, — denitrification potential [kgNO,/

kgBOD]
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Cyops v — BOD; in sewage after mechani-

cal treatment — 378 g/m?

On the basis of the PDEN denitrification po-
tential and assuming that simultaneous denitri-
fication occurs in the Bardenpho V, biological
reactor, it was determined that the volume of the
denitrification chamber would be V= 20% (0.2)
and that of the nitrification chamber V, = 80%
(0.8).

The next stage of the design was to determine
the Sludge Age (formula 6) and the amount of
daily excess sludge increase AG, (formula 7).

SF-3.4-1.103%5-7
WwWo = —ive (6)
Wo=1254d

where: WO — sludge age [d]
T — wastewater temperature in the biolog-
ical reactor — adopted at 10°C
SF — safety factor for nitrification — ad-
opted 1.8 [-]

AGy = AGLy gops (7)

AGy =5782.3kgd. m./d

where: AG, — daily excess sludge increase [kg
dm/d]
AG — unit increment of excess sludge [kg
d.m./kg BOD,] — adopted at 1.1 kg NO,

kg BOD;
L, sops — 10ad of the removed BOD, [kg
d.m./kg BOD,] — calculated from the for-
mula (8):

Ly sops = Qasr - (CBDDEM - CBDDED}' 1073 (®)

f"l.T_BDDE- = 52586 kg d. m.fkgBﬂDE

where: Q,, — average daily sewage inflow —

14,480.8 m*/d
Cyops v — BOD; in sewage after mechani-

cal treatment — 378 g/m’
Cuops o — BOD, in treated sewage — ad-
opted 15 g/m? as the limit value for treat-
ment plants above 100,000 PE (Journal of

Laws of 15" July 2019, item 1311)

In order to determine the amount of non-
biodegradable phosphorus intended for chemical
precipitation, the formula (9) was used:
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C'rp_c HEM —

= CTP_}i - c'1"]:*_]3IE1" - CI'P_BM - CTP_D (9)

Crp cuem = 2.1 g/m?

where: C,, .,.,,— concentration of phosphorus in-
tended for chemical precipitation [g/m?]
C,, ,,— concentration of phosphorus flow-
ing into the biological reactor after me-
chanical treatment — 11.7 g/m?
C,p o — Teduced phosphorus concentra-
tion in the dephosphatation process (as-
sumed 1% BOD; in the sewage after me-
chanical treatment) — 3.8 g/m?
C,p 5, — concentration of phosphorus em-
bedded in biomass (assumed 1% BOD,
in sewage after mechanical treatment) —
3.8 g/m?
C,, , — phosphorus concentration in the
treated sewage — assumed 2.0 g/m’

It is proposed to use the PIX-113 coagulant
for phosphorus precipitation (with the content of
11.8% Fe and the density gk = 1500 kg/m?). The
D, dose was calculated from the formula (10):

__ Z7-CTP CHEM
Dy = 118 (10)

Dy = 48.1 gFe/m?

On the basis of the knowledge of the concen-
tration of individual indicators of pollutants flow-
ing into the biological reactor and the kinetics of
nitrification, denitrification and dephosphatation
processes, the dimensions of the Bardenpho bio-
logical rector were calculated taking into account
the existing design of SBRs. In the biological
part of the analysed wastewater treatment plant
in Nowy Targ, there are 3 biological reactors with
the following dimensions: length L = 70 m, width
B =23 m, and active depth H = 4.5 m.

In the first stage, the total V,, volume of the
nitrification and denitrification chambers was de-
termined (formula 11):

_ WO-AGg

V.
R o

)

Vg = 19534.8 m?

where: C, — activated sludge concentration in the
reactor — assumed 3.7 g dm/m?

In order to calculate the volume of the V
bioreactor, the optimal concentration of the dry
mass of the sediment C, was assumed based on
the results of the calculations by Nowobilska-
Majewska and Bugajski (2020).

As there are 3 chambers in the current tech-
nological system of the biological SBR , also in
the newly designed Bardenpho reactor, the total
volume of V,, was divided into 3 segments (for-
mula 12).

VR
VRi=

(12)

Vgq = 6511.6 m®

On the basis of the volume of a single V,
segment and the already existing structure with
the dimensions of L = 70 m and B = 23 m, it was
found that the dimensions of the designed single
segment should be (13):

L-B-H= Vg (13)

The dimensions of a single segment should
be:
e LengthL=70m
e WidthB=23m
e Usable depth H=4.05m

The biological rector in Bardenpho technol-
ogy will consist of 3 segments with nitrification
and denitrification (anoxic) chambers and addi-
tionally a dephosphation chamber and a predeni-
trification chamber.

On the basis of the determined volume of the
(anoxic) denitrification chamber V= 20% (0.2)
and the volume of the nitrification chamber V
= 80% (0.8), the dimensions of these chambers
were calculated from the formulas (14) and (15):

Lpgy = 0.2 - L (14)

LDEN =14m

LN]T= [].8 'L (15)
LN’]T =56m
where:
L., — length of denitrification (anoxic)

chamber [m]
L,,,—length of the nitrification chamber [m]
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The volume of the V

DEF
ber and the V. predenitrification chamber were

calculated from the formulas (16) and (17):

dephosphation cham-

Qdir.
24

Vper = ‘Tz (16)

'VDEF =905.1 ma

Qdir.
24

Vere = tzs (17)

va:E = 5{]3 .4‘ ma

where: Q,, — average daily sewage inflow —
14,480.8 m*/d
T,, — time of wastewater retention in the
dephosphatation chamber — 1.5 h
T,, — time of wastewater retention in the
predenitrification chamber — 1.0 h

The dimensions of the dephosphation and
predenitrification chambers were determined on
the basis of their area F . (formula 18) and F
(formula 19), and then their widths and lengths
were calculated.

VDEF

Fpep = H (18)

PDEF = 2235m?

VPEE

Fpre = H (19)

FPRE = 148.9 m?
where: H — usable depth — set at 4.05 m

It was assumed that the total length of the de-
phosphation (L) and predenitrification (L,..)
chambers should be 69 m, i.e. the total width for
3 segments (3 x B).

The assumptions for calculating the dimen-
sions of the dephosphation and predenitrification
chamber were as follows:

L, +L,=3-B=69m
LDEF ' Bl = FDEF
LPRE ’ Bl - FPRE
where: B, — width of the dephosphatation cham-
ber and predenitrification chamber [m]

— B, =58m

44

Calculating the length of the dephosphation
chamber (L) —formula (20) and the length of the

predenitrification chamber (L, ) — formula (21):

3-B-Fper

i 20
Lper =41.4m

Lpge =3-B — Lpgs (21)
Lpre =27.6 m

On the basis of the prepared calculations and
taking into account the current dimensions of
the reactor structure, the total dimensions of the
Bardenpho type biological reactor should be:

e Length:L.=L  +L  +B =758m
e Width: B.=3-B=69.0m
e Depth; H=4.05m

The diagram of the designed 3-segment
Bardenpho-type biological reactor is shown in
Figure 3. The new proposed technological sys-
tem of the wastewater treatment plant with the
Bardenpho-type reactor is shown in Figure 4.

CONCLUSIONS

The newly designed technological system of
the Bardenpho type biological reactor is a system
that guarantees high efficiency in the elimina-
tion of organic compounds (BOD, and COD) and
biogenic compounds (nitrogen and phosphorus)
from wastewater after an initial mechanical treat-
ment process. It is proposed to use a variable age
of the sludge (WO) during the operation period
and thus a variable amount of recirculated sludge
from the secondary settling tank depending on the
changes in the temperature of sewage in the bio-
reactor. The biological reactor was designed for
the average daily sewage inflow, which is real and
current. In order to avoid the hydraulic overload
of the bioreactor during the operation period, it is
necessary to eliminate or minimize the inflow of
incidental (rain) waters, which are introduced into
the sewage system in Nowy Targ. In addition, the
amount of industrial wastewater from fur-plants
entering the sewage system should be strictly
controlled, because this wastewater contains sig-
nificant amounts of chromium compounds, which
is a toxic compound and reduces the metabolism
of activated sludge microorganisms.
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Figure 4. Scheme of the technological layout of the wastewater treatment plant in Nowy Targ — the design
with the Bardenpho reactor (A — anaerobic chamber, B — anoxic chamber, C — aerobic chamber)
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