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INTRODUCTION

In the past, the term “wrack” was associated 
with brown macroalgae equipped with air blad-
ders, enabling floating in marine environments. 
Once these organisms were deposited on shore-
lines, they were called “beach wrack” (BW) (Chu-
barenko et al., 2021; Macreadie et al., 2017). Cur-
rently, BW is broadly defined as organic material 
accumulating on beaches, predominantly com-
posed of macroalgae and seagrasses (Orr et al., 
2005). Due to intensified human activities, BW 
often is mixed with anthropogenic waste (Robbe 
et al., 2021). This material is transported to shore-
lines by hydrodynamic forces, and is often recir-
culated back into the marine environment through 
the same (Barreiro et al., 2011; López et al., 2019).

Worldwide coastal regions observed BW ac-
cumulations. The volume of BW deposited along 
shorelines differs and is shaped by spatial distri-
bution, temporal dynamics, and seasonal varia-
tions (Kupczyk et al., 2019; Barreiro et al., 2011). 
As reported by Barreiero et al. (2011), Posidonia 
oceanica exhibit high primary productivity, but 

their leaves are weakly consumed by herbivores. 
Instead, BW undergo natural shedding, contribut-
ing to necromass accumulation in coastal waters. 
Necromass is exported from seagrass meadows. 
This export can range from 10% to 55% of the 
total primary production of Posidonia oceanica, 
depending on water depth, hydrodynamic condi-
tions, and geographic location. The studies con-
ducted by Gómez (2013) and Guerrero-Meseguer 
(2020, 2023) demonstrate that BW accumulation 
tends to peak during the summer and autumn 
months. The storm events, play a significant role 
in the detachment of macroalgae and contribute 
to the temporal variability of beach wrack deposi-
tion, as noted by Song et al. (2015).

The composition of BW is influenced by re-
gional and seasonal factors. The spatial place-
ment of BW within the tidal zone is influenced 
by the physical properties of the beach (gradient, 
morphodynamic features, swash zone dynamics, 
and level of exposure). These factors condition 
the time of BW deposition at particular loca-
tions (Gómez et al., 2013; Ruiz-Delgado et al., 
2015). The Eastern coast of Poland is mainly 
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characterized by Fucus vesiculosus and Potamo-
geton spp. (Chubarenko et al., 2021).

After the deposition of BW on beaches, it un-
dergoes processes such as fragmentation and de-
composition, facilitated by meiofauna, macrofau-
na, and bacteria (Colombini et al., 2003). The rate 
of decomposition is influenced by various fac-
tors, including the volume of accumulated mate-
rial, beach morphology, and the physicochemical 
and nutritional characteristics of the macroalgae 
(Braeckman et al., 2019). The nutrients released 
during decomposition enrich coastal waters like 
fertilizer (Kupczyk et al., 2019; Lastra et al., 
2014). The bacterial activity in decomposing BW 
enhances CO2 respiration, turning wrack deposits 
into metabolic hotspots (Lastra et al., 2018). Ris-
ing global temperatures are expected to accelerate 
this process, increasing CO2 emissions and inten-
sifying nutrient cycling (Coupland et al., 2007). 
Additionally, BW supports the reproduction of 
microalgae and the growth of bacteria, provid-
ing a critical food source for macrofauna and 
maintaining biodiversity in marine ecosystems 
(Gómez et al., 2018; Ruiz-Delgado et al., 2015). 
However, excessive accumulation of BW can cre-
ate significant ecological challenges, particularly 
in eutrophic water bodies, such as the Baltic Sea 
(Kupczyk et al., 2019).

The accumulation of BW presents both envi-
ronmental and economic challenges, reinforced 
by agricultural practices and climate change. Cli-
mate-related phenomena, such as raised sea sur-
face temperatures, contribute to nutrient enrich-
ment, encouraging the formation of algal blooms 
in coastal ecosystems (Alobwede et al., 2019). 
During BW decomposition, gases such as CO2, 
CH4, and H2S are released, contributing to climate 
dynamics and atmospheric pollution (Björk et al., 
2023).The removal of BW from beaches is asso-
ciated with significant costs, as it requires heavy 
machinery which could damage beach morphol-
ogy and produces new pollution like noise (Bou-
douresque et al., 2016). Managing BW as waste 
involves hundreds to millions of euros annually 
across various coastal regions (Robbe et al., 2021; 
Macreadie et al., 2017).

Recognizing BW as a valuable resource us-
able in applications such as organic fertilizers and 
biofuels presents an opportunity to reduce its envi-
ronmental impact. BW presents significant poten-
tial beyond traditional applications, particularly as 
a source of soil fertilizers and plant biostimulants 
(Villares et al., 2016; Illera-Vives et al., 2013). 

Research demonstrates that both raw and compos-
ted macroalgae can positively influence the physi-
cal and chemical properties of soil (Illera-Vives et 
al., 2015), increase microbial activity (Wang et al., 
2016, 2018), and provide nutrients essential for 
beneficial soil organisms (Butt et al., 2020).

BW poses a dual challenge: it impacts eu-
trophic water bodies and contributes to climate 
change (environmental issues) while also creating 
social and economic problems for local authori-
ties. Under Directive 2006/7/EC of the European 
Parliament and the Council of 15 February 2006, 
concerning bathing water quality management, 
coastal municipalities are obligated to manage 
the accumulation of macroalgae on shorelines. 
Furthermore, compliance with Directive (EU) 
2018/850 prohibits the landfilling of biodegrad-
able waste, mandating the utilization of materials 
such as BW (Kupczyk et al., 2019). As an under-
utilized organic biomass, BW has significant po-
tential for various applications within the circular 
economy framework, including coastal protec-
tion, biogas generation, and bioresource recovery 
(Chubarenko et al., 2021; Villares et al., 2016).

Polish waste management framework is still in 
its developmental stages, where BW is primarily 
classified as waste with minimal efforts directed 
towards its recycling or reuse. Beach management 
in Poland is overseen by local government entities, 
such as the Gdynia and Gdańsk Sports Centres, 
which contract private companies for beach clean-
ing and maintenance. However, these contracts 
frequently lack explicit provisions regarding the 
treatment or management of BW, leading to its gen-
eral disposal instead of exploring recycling. These 
practices reflect the need for more comprehensive 
policies and strategies to address the dual goals of 
sustainable beach management and resource reuse. 

One of the Gdańsk University of Technology 
concepts fitting in use BW as a source is exploring 
a reed bed system (RBS) processing BW material. 
Since the end of the 1980s, this method has been 
used in many European countries (France, Den-
mark, Germany, Greece, Spain, Belgium, Italy) as 
well as in Great Britain. In Poland, such facilities 
can be found in the conventional wastewater treat-
ment plants in Gniewino and Zamborów. In smaller 
wastewater treatment plants, this method was used 
in Darżlubie and Nadole. Until now, this technol-
ogy has been used to dewater and stabilize sewage 
sludge from various sources: from aerobic stabili-
zation, from anaerobic digestion, from convention-
al activated sludge chambers, from chambers with 
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prolonged aeration, from septic tanks or Imhoff 
tanks. The RBS method is based on multi-layer 
floods of concrete above-ground objects or basins 
inhabited by reed with sewage sludge (character-
ized by a high water content of about 99–99.5%). 
The exploitation of RBS is on average from 8 to 12 
years, but there are also facilities where treatment 
time of sewage sludge is longer and is to 15 or even 
20 years. RBS usually consists of several quarters 
and works in an alternating cycle: this means that 
only one quarter is flooded at a time (the irrigation 
phase) and the others are in the rest phase – they 
are not flooded (Kołecka, 2019).

RBS is related to the simulation of processes 
occurring in natural wetland ecosystems. The 
dewatering process takes place mainly by water 
infiltration through the bed and outflow in the 
form of reject water and the evapotranspiration 
of water from above-ground parts of the reeds 
(Nielsen and Cooper, 2011). This process leads 
to a reduction in both the volume and mass of the 
raw material, as well as an increase in the content 
of dry matter on the level from 14% dm to 32% 
dm. Stabilization occurs through differences in 
oxidation-reducing potentials, resulting in min-
eralization of organic matter as well as nitrogen 
transformations. The effect of stabilization is to 
lower the content of organic compounds to the 
range from 41% dm to 60% dm and the elimina-
tion of unpleasant odors (Kołecka, 2019).

The advantages this method also includes:
 • the simple construction of RBS (Kołecka and 

Rohde, 2018) – the simple technical solutions 
influence its easier availability to laypeople, 
an easier understanding of the technology, and 
also a lower risk of expensive repairs during 
the exploitation period;

 • low investment and exploitation costs 
(Kołecka and Rohde, 2018) – financing is a 
very important issue for the local authorities 
responsible for BW management, so the low 
costs of the construction and maintenance of 
RBS are a factor favoring the choice of this 
method, and it is intended to produce a fertil-
izer that can have an extra, positive influence 
on the budget of the institution which will de-
cide on such a solution;

 • a natural look, which will enable an easy fit 
into existing landscapes (Sobczyk and Sypuła, 
2011) – the natural and easily fitting appear-
ance of RBS in the case of the application BW 
is a factor increasing its potential. The profit-
ability of this type of method depends on the 

distance of the raw material collecting site to 
the processing site, and due to its eye- pleasing 
appearance, the facility can be built in close 
proximity to the beach, because it will be a 
great complement to the seaside landscape;

 • lack of the necessity to use chemicals, low 
emissions and low energy consumption (Obar-
ska-Pempkowiak et. al., 2015) – the processes 
occurring in RBS are based on natural mecha-
nisms, which do not need, as in the case of me-
chanical dewatering, the addition of polyelec-
trolytes to improve the efficiency of the pro-
cess. The lack of additional foreign substances 
introduced into the environment provides an 
eco-friendly solution; this method also con-
sumes energy only for the supply of BW to the 
beds by pump, and low emissions are associat-
ed with a lower production of carbon dioxide 
than in the case of traditional methods.

Moreover, RBS are a sustainable solution fit-
ting in mitigation trends, i.e. reducing CO2 emis-
sions. Additionally, they provide many ecosystem 
functions (Shah et al. (2023), Rosil et al. (2017)).

Thus the article aimed to evaluate the poten-
tial of using RBS for processing BW, including 
its mixture with compost, focusing on dewatering 
efficiency, organic matter stabilization, and nutri-
ent content. The research explored the system’s 
performance under different feed material condi-
tions to assess its feasibility as a sustainable man-
agement approach for coastal organic waste.

MATERIALS AND METHODS

Research facility

The application of RBS technology for the 
processing of BW represents an innovative ap-
proach, evaluated as part of the CONTRA proj-
ect’s “FERTIWRACK” case study (Swarzewo, 
Puck Bay, Poland). The pilot RBS was built in 
the autumn of 2019. The facility comprises of 
two modular units constructed on wooden pal-
lets, with a substrate composed of aggregate, 
gravel, and sand. The reeds were planted in the 
upper sand layer (Figure 1). Each modular unit 
was subdivided into four quarters (cube A-D with 
quarters: A, B, C, D; cube-H with quarters: E, F, 
G, H) (Figure 2) with drainage pipes installed at 
the base of each section. These pipes were re-
sponsible for the removal of reject water while 
simultaneously providing aeration to RBS.
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Research material

The research period covers the years 2019–
2021. During this time, a different number of sup-
plies with a different type of material were de-
livered to each quarter of deposits (Table 1). The 
sections were supplied with either BW (quarters: 
A, B, D, E, G) or a mixture of BW and compost 
(quarters: C, F, H). Table 1 presents the details of 
the supplies performed for each section.

The BW material, intended for evaluating 
the potential application of RBS in the treatment 
of BW, was collected from the coastal waters 
Rzucewo’s beach. The collection process was 
conducted manually using a landing net. The 
compost that was mixed with algae and used to 
feed individual quarters came from the aerobic 
stabilization of sewage sludge from a multi-stage 
wastewater treatment plant.

Throughout the study, analyses were con-
ducted on both raw beach wrack (RBW) and the 
material treated in the pilot RBS: processed beach 
wrack (PBW) was examined in quarters A, B, D, 
E, and G, while the processed beach wrack mixed 
with compost (PBW + compost) was analyzed in 
quarters C, F, and H.

Research methodology

During the study period, measurements were 
performed for both raw beach wrack (RBW), col-
lected directly from the beach (on a monthly basis 
during the period of material occurrence), and the 
material processed in the pilot RBS (on a monthly 
basis during the feeding period, one month after 
the feeding of particular quarter): processed beach 
wrack (PBW) in quarters A, B, D, E, and G, as 
well as processed beach wrack mixed with com-
post (PBW + compost) in quarters C, F, and H.

Basic parameters were studied to assess de-
watering- determination of dry matter content, 
and stabilization- determination of the organic 
matter content of the material. Additionally, the 
nutrient content was evaluated by measuring 
Kjeldahl nitrogen and total phosphorus concen-
trations. The determinations were performed in 
accordance with the applicable standards present-
ed in Table 2.

The dry matter content in the samples was 
determined following the PN-EN 12880:2004 
standard, which outlines the methodology for 

Figure 1. Scheme of one module cube of pilot RBS (Kupczyk’s study)

Figure 2. Cubes of pilot RBS subdivided on quarters 
(Kupczyk’s study)
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determining the dry matter in sewage sludge. The 
method for determining dry matter involves a 
precise drying process of the samples in an oven 
at a specified temperature and time. 

The organic matter was determined following 
the PN-EN 15935:2022-01 standard, which per-
tains to the determination of mass loss during the 
ignition of materials. The mass loss determination 
process involves measuring the mass of the sam-
ple before and after ignition at 550°C. During the 
ignition process, organic substances are burned 
off, leaving behind the mineral material. 

The Kjeldahl nitrogen determination was car-
ried out according to the PN-EN 16169:2012 stan-
dard. The method includes the following steps: 
sample mineralization in an acidic environment 
with copper in the presence of sodium sulfate to 
raise the temperature of mineralization, distilla-
tion of the mineralized sample in an alkaline en-
vironment, titration: ammonia is quantified in the 
obtained ammonium sulfate solution. The sum 
of ammonium and organic (non-nitrate) nitrogen 

is determined as Kjeldahl nitrogen. The determi-
nation of total phosphorus was carried out in ac-
cordance with the PN-EN 14672:2006 standard, 
which pertains to the analysis of phosphorus in 
water and sediment samples. The method includes 
the following steps: sample preparation, phospho-
rus digestion, reaction with ammonium molybdate, 
color intensity measurement. The phosphorus con-
centration is proportional to the color intensity.

RESULTS AND DISCUSSION

Load of material

Table 3 presents the data on the load of ma-
terial: PBW and PBW + compost in the years 
2019–2021 for pilot RBS (cube A-D and cube 
E-H) and individual quarters (A, B, C, D, E, F, 
G, H). The material load values in individual 
quarters vary and depend on the feed material: 
either BW material or a mixture of BW and com-
post, as well as the number of feedings applied 
to a particular part of the deposits. The highest 
total load of material per year was recorded in 
quarter C (139.2 kg dm/m²·year) in bed A-D. In 
bed E-H, the highest value was observed in part 
F (95.2 kg dm/m²·year). The lowest total load of 
material per year was recorded in quarter A (15.5 
kg dm/m²·year) in bed A-D and in bed E-H, the 
lowest value was observed in parts E and G (11.6 

Table 1. Scheme of supplies of raw material for individual sections of cubes A-D and E-H

Quarters Feeding period Total number of 
feedings

Material delivered 
to quarters

Material delivered 
to quarters in total Comments

A
18.11.2019 1

10l BW 40l BW -
23.06–30.08.2021 3

B
27.04–21.09.2020 6 10l BW

100l BW
*23.06.2021, 

30.08.2021- supply of 
5l BW29.04–30.08.2021 5 10l BW*

C
27.04–21.09.2020 6 10l BW + 10l 

compost** 65l BW + 65l 
compost

**21.09.2020- supply 
of 5l BW + 5l compost

29.04–17.05.2021 2 5l BW + 5l compost

D
27.04–21.09.2020 6 15l BW 145l BW + 145l 

compost

***23.06.2021, 
30.08.2021- supply of 

5l BW29.04–30.08.2021 5 15l BW***

E 23.06–30.08.2021 3 5l BW 15l BW -

F
27.04–21.09.2020 6 5l BW + 5l compost

42l BW + 45l 
compost

****23.06.2021-supply 
of 2l BW + 5l compost29.04–23.06.2021 3 5l BW + 5l 

compost****

G
20.08–21.09.2020 2 5l BW

30l BW -
27.07–30.08.2021 2 10l BW

H
20.08–21.09.2020 2

5l BW + 5l compost 20l BW + 20l 
compost -

29.04–27.05.2021 2

Table 2. Determinations with their standards
Determination Standard

Dry matter PN-EN 12880:2004

Organic matter PN-EN 15935:2022-01

Kjeldahl nitrogen PN-EN 16169:2012

Total phosphorus PN-EN 14672:2006
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kg dm/m²·year). Higher loads are associated with 
quarters discharged with the addition of compost, 
while lower loads are observed in parts of depos-
its supplied with BW only.

For RBS used in the treatment of sewage 
sludge, the maximum loading rate for second-
ary sludge should not exceed 60 kg d.m./m²·year. 
In the case of sludge with a high fat content or 
a low sludge age, it is recommended to reduce 
the loading rate, which should not exceed 50 kg 
dm/m²·year (Obarska-Pempkowiak et al., 2015). 
Nielsen (2023) also emphasized that during the 
start-up phase (approximately 2 years), it is advis-
able to apply lower doses than the designed ones. 
This approach allows the plants sufficient time 
to establish their root systems and achieve better 
development.

The pilot RBS, designed for processing BW 
and its mixture with compost, had a short start-up 
period, as it was established in November 2019, 
with charging started in April 2020. Until Sep-
tember 2020, quarter C had been supplied with 
load of material, which amount was 235.6 kg dm/ 
m²·year while maintaining its functionality. This 
demonstrates that, in the case of BW treatment 
in RBS, the load of material can be significantly 
higher than that for sewage sludge processing. 
Consequently, the total area required for this type 
of system to process BW will be smaller.

Raw beach wrack 

Table 4 presents the minimum, maximum, 
average, and median values of basic parameters 
characterizing RBW for years 2020 and 2021. 
The parameters include dry matter content, or-
ganic matter content, Kjeldahl nitrogen content, 
and total phosphorus content. The table also pro-
vides the average, minimum and maximum val-
ues for the combined data from analyzed years as 
well as average together for 2020 and 2021. 

In terms of dry matter content, the values 
ranged between 4.5% and 7.9% in 2020, with 
an average of 5.6%. In 2021, the dry matter con-
tent increased significantly, ranging from 9.5% 
to 17.0%, with an average of 11.7%. The com-
bined average minimum for 2020–2021 was 
7.0%, while the combined average maximum was 
12.4%, and the overall average was 8.6%. In the 
case of the sewage sludge originating from pre-
liminary wastewater treatment, the dry matter 
content ranges from 5% to 10%, while for sec-
ondary sludge after biological deposits, the dry 
matter content falls within the range of 4% to 8% 
and after activated sludge the range is between 
0.5–3.0% dm (Podedworna and Umiejewska, 
2008). RBW exhibits a higher range of dry mat-
ter values, however, it still qualifies as a material 
with high water content, similar to sewage sludge.

Table 3. Load of material of tested quarters of pilot RBS
Load of material A B C D E F G H

2019 [kg dm/m2] 7.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0

2020 [kg dm/m2] 0.0 46.4 235.6 69.6 0.0 128.5 7.7 42.8

2021 [kg dm/m2] 23.2 30.9 42.8 42.5 11.6 61.9 15.5 42.8

Total [kg dm/m2] 30.9 77.3 278.4 112.1 11.6 190.4 23.2 85.7

Total per year [kg dm/m2 * year] 15.5 38.7 139.2 56.1 11.6 95.2 11.6 42.8

Table 4. Values of minimum, maximum, average and median of basic parameters in RBW collected in occurrence 
period in 2020–2021

RBW

Year
2020 2021 2020–2021*

Min Max Average Median Min Max Average Median Average 
min

Average 
max Average

Dry matter [%] 4.5 7.9 5.6 5.3 9.5 17.0 11.7 10.8 7.0 12.4 8.6
Organic matter\

[% dm] 36.1 59.4 51.6 53.7 26.9 75.1 50.6 52.4 31.5 67.3 51.1

Kjeldahl nitrogen 
[% dm] 1.12 3.05 2.19 2.40 1.53 2.02 1.72 1.74 1.32 2.54 1.96

Total phosphorus 
[% dm] 0.98 2.34 1.60 1.61 1.57 7.14 3.04 2.14 1.28 4.74 2.32

Note: *average values for 2020 and 2021.
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For organic matter content, the 2020 data 
indicate a range from 36.1% dm to 59.4% dm, 
with an average of 51.6% dm. In 2021, the range 
was broader, from 26.9% dm to 75.1% dm, with 
an average of 50.6% dm. The combined average 
minimum and maximum values for 2020–2021 
were 31.5% dm and 67.3% dm, respectively, 
with an overall average of 51.1% dm. For sew-
age sludge, the organic matter content ranges 
from 60% dm to 70% dm for primary sludge and 
from 55% dm to 80% dm for secondary sludge 
(Podedworna and Umiejewska, 2008). The values 
observed in the analyzed RBW exhibit a lower 
range compared to those found in sewage sludge. 
However, BW typically has high variability in dry 
matter content depending on species composition 
and environmental conditions,

The Kjeldahl nitrogen content varied be-
tween 1.12% dm and 3.05% dm in 2020, with 
an average of 2.40% dm. In 2021, the range nar-
rowed slightly, from 1.53% dm to 2.02% dm, 
with an average of 1.74% dm. The combined 
average minimum and maximum values for 
2020–2021 were 1.32% dm and 2.54% dm, re-
spectively, with an overall average of 1.96% dm. 
The nitrogen content in primary sludge ranges 
between 2–7% dm, while in secondary sludge, 
it varies between 1.5–5.0% dm (after biological 
deposits) and 3–10% dm (after activated sludge) 
(Podedworna and Umiejewska, 2008). The nitro-
gen content in the analyzed RBW is significantly 
lower, placing it at the lower end of the range 
observed for sewage sludge.

For total phosphorus content, the 2020 data 
show a range from 0.98% dm to 2.34% dm, with 
an average of 1.60 dm. In 2021, the range was 

from 1.57% dm to 7.14% dm, with an average of 
3.04% dm. The combined average minimum and 
maximum values for 2020–2021 were 1.28% dm 
and 4.74% dm, respectively, with an overall aver-
age of 2.32% dm. 

For sewage sludge, the phosphorus con-
tent ranges from 0.4% to 3.0% dm for primary 
sludge and from 0.9% to 1.5% dm for secondary 
sludge (Podedworna and Umiejewska, 2008). 
The values observed in the RBW demonstrate 
a higher phosphorus range compared to sewage 
sludge. The data concerning RBW highlight no-
table year to year variations in all parameters, 
with generally higher values for dry matter and 
total phosphorus content in 2021. This may sug-
gest differing environmental conditions affect-
ing the composition of RBW between the two 
years.  RBW demonstrates higher phosphorus 
levels compared to sewage sludge. Conversely, 
the nitrogen content in RBW is lower in com-
parison to sewage sludge. The dry matter con-
tent, although variable, aligns with that of sew-
age sludge and organic matter is lower than in 
sewage sludge and it could potentially influence 
on shorter time of stabilization in RBS.

Processed beach wrack and processed beach 
wrack mixed with compost in pilot reed bed 
system

Table 5 presents the dry matter content in 
PBW and PBW + compost in the pilot RBS across 
different quarters (A to H) during 2020 and 2021. 
Quarters C, F, and H were fed with a mixture of 
BW and compost, while quarters A, B, D, E, and 
G were supplied with only BW. The data include 

Table 5. Dry matter content in material processed in pilot RBS
Dry matter [%]

Year 2020 2021 2020–2021**

Quarters Min Max Average Median Min Max Average Median Average 
min

Average 
max Average

A 61.9 98.8 86.8 92.4 21.3 35.3 30.6 35.1 41.6 67.1 58.7

B 26.2 89.3 59.0 57.7 16.8 72.9 42.6 36.5 21.5 81.1 50.8

C 21.4 46.3 33.8 35.5 29.9 78.2 47.7 46.4 25.7 62.3 40.7

D 19.0 90.2 56.2 52.4 23.0 85.6 47.3 31.3 21.0 87.9 51.8

E l.m l.m l.m l.m 22.2 84.2 45.3 29.5 22.2 84.2 45.3

F 35.0 71.9 53.5 45.9 27.5 69.2 44.0 43.6 31.3 70.6 48.8

G 24.0 84.8 54.4 54.4 22.3 35.4 27.1 23.5 23.2 60.1 40.7

H 25.9 48.1 37.0 48.1 25.4 83.4 58.5 61.4 25.7 65.8 47.8

Note: *l.m.- lack of material, **average values for 2020 and 2021.
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minimum, maximum, average, and median val-
ues for each year, as well as combined averages 
for 2020–2021.

Quarter A fed with BW, revealed the high-
est dry matter content among all quarters, with 
a two-year average of 58.7%. In 2020, values 
ranged from 61.9% to 98.8%, with an average of 
86.8%. In 2021, the dry matter content decreased 
significantly, ranging from 21.3% to 35.3%, with 
an average of 30.6%. Despite the drop, quarter A 
still outperformed most other quarters, indicating 
effective dewatering.

Quarter B also fed with BW, demonstrated dry 
matter content, with a two-year average of 50.8%. 
In 2020, values ranged from 26.2% to 89.3%, av-
eraging 59.0%. In 2021, values ranged from 16.8% 
to 72.9%, with an average of 42.6%. Quarter B 
showed greater variability compared to quarter A.

Quarter C fed with mixture of BW and com-
post, demonstrated a two-year average dry matter 
content of 40.7%, slightly lower than most BW-
fed quarters. In 2020, values ranged from 21.4% 
to 46.3%, with an average of 33.8%. In 2021, per-
formance improved, values ranged from 29.9% to 
78.2%, with an average of 47.7%. 

Quarter D fed with only BW, had a two-year 
average dry matter content of 51.8%. In 2020, 
values ranged from 19.0% to 90.2%, averaging 
56.2%. In 2021, values ranged from 23.0% to 
85.6%, with an average of 47.3%. 

Quarter E also fed only with BW, had no data 
in 2020 due to lack of delivers to this quarter. In 
2021, the dry matter content ranged from 22.2% 
to 84.2%, with an average of 45.3%. 

Quarter F fed with BW with addition of com-
post, exhibited a two-year average dry matter con-
tent of 48.8%. In 2020, values ranged from 35.0% 
to 71.9%, averaging 53.5%. In 2021, values ranged 
from 27.5% to 69.2%, with an average of 44,0%. 
Quarter F performed well, with dry matter content 
comparable to some BW-fed quarters, highlight-
ing the positive impact of compost addition.

Quarter G fed with BW, consistently exhib-
ited the lowest dry matter content among the BW-
fed quarters, with a two-year average of 40.7%. 
In 2020, values ranged from 24.0% to 84.8%, 
averaging 54.4%. In 2021, values ranged from 
22.3% to 35.4%, with an average of 27.1%. The 
poor performance of Quarter G suggests lower 
dewatering efficiency compared to other quarters.

Quarter H fed with mix of BW with compost, 
consistently outperformed other compost-treat-
ed quarters, with a two-year average dry matter 

content of 47.8%. In 2020, values ranged from 
25.9% to 48.1%, averaging 37.0%. In 2021, val-
ues ranged from 25.4% to 83.4%, with an average 
of 58,5%. 

Sludge dewatered in RBS exhibits varying 
dry matter content. For instance, the dry mat-
ter content achieved in excess activated sludge 
ranges from 18% to 24% (Uggetti et al., 2009). 
In the case of excess activated sludge and second-
ary sludge from sedimentation tanks, the values 
range from 20% (Nielsen, 2007) to 29% (Kołecka 
and Obarska-Pempkowiak, 2013). Additionally, 
the sludge from Imhoff tanks reaches a dry mat-
ter content of 42% (Kołecka, 2019). The highest 
average dry matter content over the two-year de-
watering period was observed in the material pro-
cessed in quarter A (58.7%), while the lowest was 
recorded in the material from quarters C and G 
(40.7%). This range indicates a higher dewatering 
efficiency for the tested material compared to the 
referenced sewage sludge.

Figure 3 illustrates the changes in dry matter 
content over time in PBW and PBW +compost in 
quarters of the pilot RBS and in collected RBW.

The dry matter content of RBW shows vari-
ability, with values ranging from a minimum of 
4.5% (May and June 2020) to a maximum of 
17.0% (June 2021). This low dry matter content 
highlights the significant water content in the 
BW. The graph also illustrates that the dry mat-
ter content of RBW was lower than that observed 
in PBW and PBW +compost in any of quarters, 
which show that effectiveness of the pilot RBS in 
enhancing dry matter content.

When comparing the quarters supplied with 
only BW and those supplied with addition of 
compost, clear differences emerge. 

Quarters A, B, D, E, and G, which were sup-
plied with BW, demonstrate greater variability in 
dry matter content over time. For example, quarter 
A achieves some of the highest dry matter values, 
reaching nearly 100% on most sampling dates in 
2020, indicating effective dewatering. However, 
quarter A was fed only once in 2019 and next sup-
ply of raw material was in June 2021. In connec-
tion with such supply scheme, values of dry mat-
ter content noticed in 2020 could be higher than 
in another quarters. This shows also that longer 
breaks in the supply of raw material improve de-
watering efficiency. However, quarters like B and 
G exhibit more moderate values, with dry matter 
content often falling below 60%.
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In contrast, quarters C, F, and H, fed with 
the mixture of BW and compost, show more bal-
anced values of dry matter. Quarter H, in par-
ticular, achieves notably high dry matter content, 
exceeding 80% on several occasions, which sug-
gests that the addition of compost enhances de-
watering efficiency. The material from quarter C, 
while exhibiting slightly lower dry matter content 
compared to H, maintains steady values through-
out the observation period. These stable values of 
dry matter across quarters supplied with mixture 
highlights the improvement of dewatering effect 
with compost addition.

Overall, the comparison indicates that while 
quarters fed with BW can achieve high dry matter 
values, their performance is more variable and less 
predictable. In contrast, the addition of compost re-
sults in more consistent dry matter content. Table 6 
presents organic matter content in PBW and PBW 
+ compost in pilot RBS for years 2020–2021.

For quarter A, fed with BW, the organic mat-
ter content in 2020 ranged from a minimum of 
29.4% dm to a maximum of 54.7% dm, with an 
average of 42.9% dm. In 2021, the organic mat-
ter content decreased, ranging between 23.7% 
dm and 60,5% dm, with an average of 38.0% dm. 
Over the combined period (2020–2021), quarter 
A showed an average minimum organic matter 
content of 26,6% dm and an average maximum 
of 57.6% dm, resulting in an overall average of 
40.5% dm.

Quarter B, also supplied with only BW, or-
ganic matter content in 2020, ranging from 9.7% 
dm to 59.0% dm, with an average of 35.0% dm. 
In 2021, the values were higher, ranged between 
32.4% dm and 67.3% dm, with an average of 
50.4% dm. Over the two years, quarter B dem-
onstrated an average minimum organic matter of 
21.1% dm, an average maximum of 63.2% dm, 
and an overall average of 42.7% dm.

Figure 3. Dry matter content in PBW and PBW + compost vs RBW, *l.m.- lack of material

Table 6. Organic matter content in PBW and PBW + compost in pilot RBS 
Organic matter [% dm]

Year 2020 2021 2020–2021**

Quarters Min Max Average Median Min Max Average Median Average 
min

Average 
max Average

A 29.4 54.7 42.9 43.9 23.7 60.5 38.0 29.9 26.6 57.6 40.5

B 9.7 59.0 35.0 30.7 32.4 67.3 50.4 46.9 21.1 63.2 42.7

C 28.4 60.6 49.6 55.4 33.2 56.7 49.6 52.0 30.8 58.7 49.6

D 13.5 63.5 36.7 37.0 35.2 78.5 55.2 47.6 24.4 71.0 45.9

E l.m l.m l.m l.m 41.4 65.1 54.8 57.8 41.4 65.1 54.8

F 23.6 62.5 47.6 51.8 36.5 54.9 46.6 47.0 30.1 58.7 47.1

G 15.2 56.2 35.7 35.7 33.3 56.0 46.6 50.6 24.3 56.1 41.2

H 55.0 57.7 56.4 56.4 29.8 64.9 49.9 53.6 42.4 61.3 53.1

Note: *l.m.- lack of material, **average values for 2020 and 2021.
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Quarter C, fed with a mixture of BW and 
compost, in 2020 exhibited the organic matter 
content with values ranging from 28.4% dm to 
60,6% dm, an average of 49.6% dm. In 2021, the 
range shifted slightly, with a minimum of 33.2% 
dm and a maximum of 56.7% dm and an aver-
age of 49.6% dm. Across 2020–2021, quarter C 
recorded an average minimum of 30.8% dm, an 
average maximum of 58.7% dm, and an overall 
average of 49.6% dm.

Quarter D, supplied with only BW, in 2020 
showed the organic matter content with values 
ranging from 13.5% dm to 63.5% dm and an av-
erage of 36.7% dm. In 2021, the organic matter 
content increased, ranging between 35.2% dm 
and 78.5% dm, with an average of 55.2% dm. 
Over the two years, quarter D showed an average 
minimum organic matter of 24.4% dm, an aver-
age maximum of 71.0%, dm and an overall aver-
age of 45.9% dm.

Quarter E, also fed with BW, in 2020 shows 
no data due to lack of supplies of this part of de-
posit. In 2021, organic matter content ranged be-
tween 41.4% dm and 65.1% dm, with an average 
of 54.8% dm. 

Quarter F, supplied with the mixture of BW 
and compost, had the lowest organic matter con-
tent in 2020, ranging from 23.6% dm to 62.5% 
dm, with an average of 47.6% dm. In 2021, the 
organic matter ranged from 36.5% dm to 54.9% 
dm, with an average of 46.6% dm. Across the two 
years, quarter F recorded an average minimum of 
30.1% dm, an average maximum of 58.7% dm, 
and an overall average of 47.1% dm.

Quarter G, supplied with BW, demonstrated 
organic matter content in 2020, ranging from 
15.2% dm to 56.2% dm, with an average of 
35.7% dm. In 2021, the values increased, rang-
ing between 33.3% dm and 56.0% dm, with an 
average of 46.6% dm. Over 2020–2021, quarter 
G exhibited an average minimum organic matter 
of 24.3% dm, an average maximum of 56.1% dm, 
and an overall average of 41.2% dm.

Quarter H, also fed with a mixture of BW and 
compost, showed organic matter content in 2020, 
ranging between 55.0% dm and 57.7% dm, with 
an average of 56.4% dm. In 2021, the range was 
wider to 29.5% dm to 64.9% dm, with an aver-
age of 49.9% dm. Over the two years, quarter H 
recorded an average minimum of 42.4% dm, an 
average maximum of 61.3% dm, and an overall 
average of 53.1% dm.

In RBS for processing sewage sludge, a reduc-
tion in organic matter concentration, indicative of 
ongoing stabilization, is observed at a level of 
25–30% over a period of 10–12 years. The final 
concentration of organic matter in the accumulat-
ed sludge typically ranges between 40–50% dm. 
Values above this range indicate either an insuf-
ficient retention time of the sludge within the sys-
tem or improper system operation. For example, 
the organic matter content in primary sludge and 
excess sludge from biological deposits is 52% dm 
(Kołecka, 2019). In excess activated sludge from 
chambers and secondary settling tanks, the con-
tent ranges from 41% dm (Nielsen, 2007) to 42% 
dm (Kołecka and Obarska-Pempkowiak, 2013). 
In excess activated sludge, the organic matter con-
tent varies between 41% dm and 48% dm (Ug-
getti et al., 2009), while in sludge from the Imhoff 
tanks, it reaches 45% dm (Kołecka, 2019). The 
two-year average organic matter content for the 
PBW and PBW + compost in the pilot RBS ranges 
from 40.5% dm (quarter A) to 54.8% dm (quarter 
E). It is important to note that the processing pe-
riod in the pilot RBS is relatively short compared 
to facilities used for sewage sludge treatment. The 
stabilization efficiency increases with longer re-
tention times of the material in the bed.

The graph in Figure 4 illustrates the changes 
in organic matter content in PBW and PBW + 
compost from individual quarters (A, B, C, D, 
E, F, G, H) and RBW over the sampling peri-
od. RBW, marked with red dots, demonstrates 
substantial variability in organic matter content 
across the sampling dates, with values ranging 
from 26.9% dm to 75.1% dm. The highest or-
ganic matter content of 75.1% dm was recorded 
in April 2021, while the lowest value of 26.9% 
dm was observed in May 2021. These fluctua-
tions underline the variability in the composition 
of the raw material, which influenced the stabi-
lization process in treatment quarters. For quar-
ters supplied with BW, the organic matter con-
tent exhibited varying trends depending on the 
quarter. Quarters B and D showed stable levels 
of organic matter, with occasional peaks, such 
as in quarter D around May 2021. This increase 
may be related to the addition of RBW, which 
contained a high organic matter content (above 
75% dm). Quarter E, where data only for 2021 
were available, had similar situation. When 
RBW with organic matter was 62.4% dm, was 
added to quarter, the organic matter in material 
after month processing (August 2021) achieve 
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higher content of this parameter than in the pre-
vious month. This shows that stabilization be-
comes more effective after longer time. 

In contrast, the quarters fed with the mixture 
of BW and compost (C, F, H) demonstrated gen-
erally higher organic matter content. The quarters 
fed with mixture show the compost addition is 
promoting organic matter retention. In summary, 
the addition of compost to BW in quarters C, F, and 
H increases the organic matter content compared 
to the quarters supplied with BW, thus reducing 
the stabilization of the material in the quarters 
with addition of compost. The variability in RBW 
composition also had influence on processing out-
comes. It should be emphasized that stabilization 
requires appropriate time. Table 7 presents the 
Kjeldahl nitrogen content in the PBW and PBW 
+ compost in the pilot RBS for each quarter (A, 
B, C, D, E, F, G, H) during 2020 and 2021.

In quarter A, supplied with BW, the average 
Kjeldahl nitrogen content in 2020 was 2.19% dm 
and in 2021 was 1.61% dm, resulting in an overall 
average of 1.90% dm for 2020–2021. The nitrogen 
content in this quarter showed limited variability, 
with average minimum and maximum values of 
1.77% dm and 2.08% dm, over the two years.

Quarter B, also fed with BW, exhibited slight-
ly higher nitrogen levels than quarter A, with a 
two-year average of 2.01% dm. The nitrogen con-
tent ranging from an average minimum of 1.19% 
dm to a maximum of 2.59% dm. 

Quarter C, supplied with a mixture of BW and 
compost, consistently displayed higher Kjeldahl 
nitrogen levels compared to quarters A and B. The 
two-year average nitrogen content was 2.53% dm, 
with range of average minimum (1.80% dm) and 
maximum (2.94% dm) values. The higher nitrogen 
levels were connected with addition of compost.

Figure 4. Organic matter content in PBW and PBW + compost vs RBW, *l.m.- lack of material

Table 7. Content of Kjeldahl nitrogen in PBW and PBW + compost in pilot RBS
Kjeldah nitrogen  [% dm]

Year 2020 2021 2020–2021**

Quarters Min Max Average Median Min Max Average Median Average 
min

Average 
max Average

A 2.05 2.48 2.19 2.18 1.49 1.69 1.61 1.65 1.77 2.08 1.90

B 0.64 2.80 1.85 1.93 1.73 2.38 2.17 2.21 1.19 2.59 2.01

C 2.05 2.88 2.66 2.82 1.56 2.99 2.39 2.40 1.80 2.94 2.53

D 0.66 2.44 1.80 2.02 1.66 2.40 2.08 2.09 1.16 2.42 1.94

E l.m l.m l.m l.m 1.97 5.62 3.23 2.10 1.97 5.62 3.23

F 1.19 2.81 2.13 2.67 2.17 2.78 2.51 2.54 1.68 2.79 2.32

G 0.64 2.86 1.75 1.75 1.91 3.73 2.62 2.21 1.28 3.30 2.19

H 2.62 2.70 2.66 2.66 1.99 3.77 2.77 2.61 2.30 3.23 2.71

Note: *l.m.- lack of material, **average values for 2020 and 2021.
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Quarter D, another quarter fed with BW, 
showed a two-year average nitrogen content of 
1.94% dm. The nitrogen levels exhibited vari-
ability, with the lowest average minimum (1.16% 
dm) among all quarters and an average maximum 
of 2.42% dm. The results were comparable to 
other quarters supplied with BW.

Quarter E, demonstrated high nitrogen levels in 
2021, with an average of 3.23% dm. This was the 
highest recorded value for all quarters, suggesting a 
different behavior as in quarters fed with only BW.

Quarter F, fed with the mixture of BW and 
compost, recorded high nitrogen content, with 
a two-year average of 2.32% dm. The average 
minimum (1.68% dm) and maximum (2.79% 
dm) values were slightly lower than quarter C but 
higher than most quarters supplied with BW. This 
underscores the positive impact of compost addi-
tion on nitrogen content.

Quarter G, supplied with BW, showed two-
year average of 2.19% dm. The nitrogen content 
ranged from an average minimum of 1.28% dm to 
a maximum of 3.30% dm. 

Quarter H, another quarter fed with the mix-
ture of BW and compost, exhibited the two-year 
average of 2.71% dm. The average minimum and 
maximum values were 2.30% dm and 3.23% dm, 
respectively, indicating effective nitrogen reten-
tion due to the compost addition.

In summary, the quarters supplied with a mix-
ture of BW and compost (C, F, H) consistently 
demonstrated higher Kjeldahl nitrogen content 
compared to those fed with BW (A, B, D, E, G). 
Among the quarters with addition of compost, 
quarter H showed the highest nitrogen levels, 

highlighting the positive impact of compost ad-
dition on nitrogen levels in the RBS. Conversely, 
quarter A exhibited the lowest average nitrogen 
for 2020–2021, confirming the lower nitrogen 
content in the BW material itself than in the mix-
ture with compost. In the case of sewage sludge, 
the nutrient content depends on the type of waste-
water and the applied treatment processes. Ex-
emplary nitrogen concentrations observed in 
RBS used for processing sewage sludge are as 
follows: Denmark: 2.6–3.6% dm (Nielsen and 
Bruun, 2015), Spain: 3.0–3.3% dm (Uggetti et 
al., 2009) and Poland: 1–10% dm (Kołecka et al., 
2018). Among the analyzed quarters, the highest 
two-year average nitrogen content was observed 
in the material processed in quarter E (3.23% 
dm), while the lowest was recorded in quarter A 
(1.90% dm). These values fit with the nitrogen 
concentrations typically found in stabilized sew-
age sludge processed in RBS.

Figure 5 illustrates changes in Kjeldahl nitro-
gen content in RBW and PBW and PBW + com-
post in particular quarters of the pilot RBS. The 
RBW, represented by red markers, displayed fluc-
tuating Kjeldahl nitrogen levels across sampling 
dates, with values ranging from a low of 1.12% in 
April 2020 to a peak of 3.05% in July 2020. 

For the quarters fed with BW, variability in 
Kjeldahl nitrogen content is noticeable. Quar-
ter A demonstrated relatively low nitrogen levels 
throughout the study period, with values gener-
ally below 2.5% dm. Quarter B followed a simi-
lar pattern, with slightly higher nitrogen content 
in some sampling periods. Quarter E, with limited 
data, showed one pick in nitrogen level in August 

Figure 5. Kjeldahl nitrogen content in PBW and PBW + compost vs RBW, *l.m.- lack of material
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2021, it could be connected with to the low num-
ber of feedings in the quarter- low load of mate-
rial, which may promote nitrogen accumulation. 
A high hydraulic load enhanced the total nitrogen 
removal efficiency (Tan et al., 2024). Low load 
of material could resulted in slower development 
of nitrogen-removing microorganisms as well as 
weaker growth of reeds, leading to reduced nitro-
gen uptake. In contrast, the quarters supplied with 
the mixture of BW and compost (C, F, H) dem-
onstrated higher nitrogen levels compared to those 
fed with BW. Quarter C showed relatively stable 
nitrogen content. Quarter F maintained moderate 
nitrogen levels, which were generally higher than 
in the quarters fed with only BW. Quarter H record-
ed the highest nitrogen values among all quarters.

Overall, the graph underscores the influence 
of compost addition higher content of nitrogen in 
quarters of the RBS. These findings support the 
use of compost as an effective amendment for 
enhancing nitrogen levels in PBW and PBW + 
compost. Table 8 presents the total phosphorus 
content in PBW and PBW + compost of the RBS 
for the years 2020 and 2021. 

The phosphorus levels in quarter A remained 
low and consistent across both years, with a two-
year average of 1.23% dm. In 2020, phosphorus 
ranged from 0.94% dm to 1.43% dm (average 
1.5% dm), increasing slightly in 2021 to a range 
of 1.26% dm–1.38% dm (average 1.32% dm). 
This quarter exhibited limited phosphorus reten-
tion compared to others.

Quarter B showed higher phosphorus levels 
than quarter A, with a two-year average of 2.26% 
dm. In 2020, phosphorus content ranged from 
0.89% dm to 2.29% dm (average 1.42% dm). In 
2021, the range increased slightly to 1.04–10.5% 
dm (average 3.10% dm).

The phosphorus levels in quarter C were sub-
stantially higher than in quarters fed with BW, 
with a two-year average of.10% dm. In 2020, 
values ranged from 0.39% dm to 3.06% dm (av-
erage 1.99% dm), while in 2021, the range in-
creased dramatically to 1.76–47.24% dm (aver-
age 12.22% dm). The addition of compost signifi-
cantly enhanced the phosphorus content. In 2020, 
the reed took up phosphorus for its growth needs, 
and in 2021 there was an accumulation of phos-
phorus in the PBW + compost.

Quarter D demonstrated with a two-year av-
erage of 2.66% dm. In 2020, values ranged from 
0.51% dm to 2.33% dm (average 1.54% dm), in-
creasing significantly in 2021 to 1.61–13.13% dm 
(average 3.78% dm). Quarter D showed improved 
performance compared to quarters A and B.

Quarter E in 2021, phosphorus levels ranged 
from 1.31% dm to 1.73% dm (average 1.58% dm). 

Quarter F exhibited consistent and elevated 
phosphorus levels, with a two-year average of 
12.8% dm. In 2020, phosphorus ranged from 
0.95% dm to 2.65% dm (average 1.88% dm), while 
in 2021, levels increased to 20.43–24.92% dm (av-
erage 22.67% dm). This indicates high efficiency in 
phosphorus retention due to the compost addition.

Quarter G exhibited the lowest phosphorus 
levels among quarters supplied with only BW 
with a two-year average of 1.00% dm. In 2020, 
values ranged from 0.39% dm to 2.58% dm (av-
erage 1.48% dm), while in 2021, the range de-
creased to 0.41–0.61% dm (average 0.52%). This 
quarter showed poor phosphorus retention.

Quarter H recorded a two-year average 
of 12.26% dm. In 2020, values ranged from 
1.29% dm to 3.76% dm (average 2.53% dm), 
while in 2021, the range increased significantly 
to 17.55–37.33% dm (average 21.99% dm). 

Table 8. Content of total phosphorus in PBW and PBW + compost in pilot RBS
Total phosphorus [% dm]

Year 2020 2021 2020–2021**

Quarters Min Max Average Median Min Max Average Median Average 
min

Average 
max Average

A 0.94 1.43 1.15 1.13 1.26 1.38 1.32 1.32 1.10 1.41 1.23

B 0.89 2.29 1.42 1.28 1.04 10.05 3.10 1.92 0.96 6.17 2.26

C 0.39 3.06 1.99 2.02 1.76 47.24 12.22 2.23 1.07 25.15 7.10

D 0.51 2.33 1.54 1.69 1.61 13.13 3.78 2.00 1.06 7.73 2.66

E l.m l.m l.m l.m 1.31 1.73 1.58 1.71 1.31 1.73 1.58

F 0.95 2.65 1.88 1.69 20.43 24.92 22.67 22.67 10.69 13.78 12.28

G 0.39 2.58 1.48 1.48 0.41 0.61 0.52 0.54 0.40 1.59 1.00

H 1.29 3.76 2.53 2.53 17.55 37.33 21.99 19.25 9.42 20.54 12.26

Note: *l.m.- lack of material, **average values for 2020 and 2021. 
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The addition of compost resulted in outstand-
ing phosphorus retention.

The quarters fed with the mixture of BW and 
compost (C, F, H) showed higher phosphorus 
content compared to quarters fed with BW (A, B, 
D, E, G). Compost addition appears to enhance 
the phosphorus content in PBW + compost. The 
phosphorus content in stabilized sewage sludge 
processed in RBS varies by country, with reported 
ranges of 3.4–4.1% dm in Denmark (Nielsen and 
Bruun, 2015), 0.07–0.14% dm in Spain (Uggetti 
et al., 2009), and 0.2–1% dm in Poland (Kołecka 
et al., 2018). In comparison, the two-year aver-
age phosphorus content in the PBW and PBW + 
compost was significantly higher, ranging from 
1.0% dm (quarter G) to 12.28% dm (quarter F). 
The higher phosphorus concentrations observed 
in the pilot RBS can be attributed to the addition 
of compost to the BW material.

Figure 6 illustrates changes in total phospho-
rus content in PBW and PBW + compost from 
different quarters of the pilot RBS and in RBW 
over the study period. 

The total phosphorus content in RBW, repre-
sented by red marks, varied across sampling dates. 
The lowest value of 0.98% dm was observed in 
April 2020, while the highest value of 7.14% was 
recorded in May 2021. These fluctuations reflect 
the natural variability in phosphorus levels in the 
input material, which could influence the concen-
tration of phosphorus in PBW and PBW + com-
post in pilot RBS.

In the quarters supplied with BW, the phospho-
rus levels were generally lower compared to those 
treated with the addition of compost. For instance, 

in quarter A, the phosphorus content remained 
relatively stable and low, consistently below 1.5% 
dm. Similar trends were observed in quarter B, 
where the phosphorus levels occasionally peaked 
but remained below 2.5% dm. Quarter D exhibited 
slightly higher variability, with occasional peaks in 
the phosphorus content, but overall, its values were 
comparable to those of quarters A and B. Quarter 
G consistently recorded some of the lowest phos-
phorus levels. The quarters treated with a mixture 
of BW and compost (C, F, H) showed significantly 
higher phosphorus content. Quarter C recorded 
the highest phosphorus levels among all quarters, 
peaking at 47.24% dm in June 2021. Quarter F 
showed elevated phosphorus levels compared to 
the only BW quarters, with notable peaks on cer-
tain sampling dates. Quarter H displayed a similar 
trend, maintaining moderate to high phosphorus 
content throughout the study period.

In summary, the addition of compost to BW 
in quarters C, F, and H substantially enhanced 
the phosphorus content compared to the quarters 
treated with BW. 

CONCLUSIONS

Many of the research results obtained indi-
cate potential advantages of using RBS for BW 
processing. The pilot RBS demonstrated high ef-
ficiency in processing BW and BW + compost, 
significantly increasing dry matter content, which 
directly leads to a reduction in the volume and 
mass of PBW and PBW + compost, facilitating 
further management of this material.

Figure 6. Total phosphorus content in PBW and PBW + compost vs RBW, *l.m.- lack of material
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In the case of stabilizing organic matter fur-
ther studies are necessary. However, as results 
from other research, over a prolonged operational 
period, RBS effectively stabilizes the processed 
material by reducing its organic matter content, 
thereby creating the potential for its utilization, 
for example, in agriculture.

The quarters supplied with a mixture of BW 
and compost exhibited higher concentration of 
nutrients, particularly for phosphorus, compared 
to quarters fed only with BW. However, the ad-
dition of compost enhanced the organic matter 
in PBW + compost, reducing the effectiveness 
of material stabilization. Given its nitrogen and 
phosphorus content, as well as its possible ag-
ricultural applications, the processed material 
holds promise as a valuable resource, that could 
generate not only fertilization benefits related to 
the reuse of nutrients, but also financial benefits 
related to the sale of fertilizer.

The variability in RBW composition influ-
enced processing results. Preliminary studies 
have shown that the RBS used for processing 
BW and its mixture with compost, compared to 
the RBS processing sewage sludge, can operate 
effectively under significantly higher loads, i.e. 
139.2 kg dm/m²·year (quarter C), therefore, the 
system area can be smaller than when using RBS 
for sewage sludge processing, which reduces area 
requirements and investment costs.

RBS offers an environmentally friendly, cost-
effective, and sustainable approach to BW man-
agement, contributing to nutrient recycling and 
providing alternative to landfill disposal.

The application of RBS fits in circular econ-
omy goals by transforming organic waste into 
valuable resource, supporting sustainable coastal 
waste management strategies.

However, use of RBS also has some disad-
vantages that should be taken into account when 
choosing the BW processing technology. Firstly, 
RBS requires adequate space for proper opera-
tion, which may be a limitation for large-scale 
implementation in areas with limited available 
land. Secondly, newly established RBS requires 
time for reed growth and microbial colonization, 
delaying full operational efficiency. Thirdly, for 
proper functioning of RBS, appropriate man-
agement of the system is needed, including BW 
loads, which requires appropriate knowledge of 
the facility staff.

To sum up, RBS presents a sustainable and 
cost-effective alternative to traditional processing 

methods, with significant advantages in nutrient 
recovery, energy efficiency, and long-term op-
erational stability. However, it requires sufficient 
land, proper loading BW management and time 
to achieve fully operational period to maintain 
optimal performance. Understanding these limi-
tations allows for improved system design and 
operational strategies to maximize the benefits of 
RBS in BW processing.
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