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INTRODUCTION

In recent years, the management of sewage 
sludge has become an increasingly pressing is-
sue due to stricter environmental regulations, 
rising treatment costs, and the growing demand 
for sustainable solutions aligned with climate 
and resource efficiency policies. Conventional 
sludge handling methods, such as mechanical 
dewatering, incineration, or landfill disposal, are 
often energy-intensive and generate secondary 
environmental impacts. Consequently, there is a 
growing interest in nature-based solutions (NbS) 
that align with circular economy principles as 
well as offer co-benefits beyond basic treatment, 
including, among other things, biodiversity sup-
port, carbon sequestration, and landscape integra-
tion (Durdević, et al. 2022; Tan et al., 2024) 

NbS contribute to ecosystem services (ES), 
defined as the benefits that people derive from 
ecosystems. These services can be systematically 
classified using the Common International Clas-
sification of Ecosystem Services (CICES), which 
provides a structured framework for describing 
the contributions of ecosystems to human well-be-
ing. While CICES initially focused on biotic out-
puts, the latest version (V5.2) incorporates abiotic 
ecosystem contributions as well, allowing users to 
include the services derived from both living and 
non-living systems (Haines-Young and Potschin, 
2025). CICES focuses on final ecosystem services, 
meaning those that are directly consumed or used 
by humans. This classification does not include 
ecosystem processes themselves (e.g., photosyn-
thesis, nutrient cycling), but only their effects that 
have a direct impact on human well-being.
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CICES distinguishes the following sections:
	• provisioning services – these include the ma-

terial goods provided by ecosystems, such as 
food, water, timber, biological materials, and 
genetic resources. These are the resources di-
rectly used by humans.

	• regulation and maintenance services – these 
cover ecosystem functions that help maintain 
environmental quality and the stability of natu-
ral processes – for example, climate regulation, 
air and water filtration, pollination, erosion con-
trol, and the regulation of pests and diseases;

	• cultural services – these refer to the non-ma-
terial benefits that people derive from ecosys-
tems, such as recreation, landscape aesthetics, 
spiritual values, cultural identity, and artistic 
or scientific inspiration (Haines-Young and 
Potschin, 2025). 

Understanding ES through classifications 
such as CICES provides a structured framework 
for recognizing the value of natural systems to 
human well-being. However, in order to preserve 
these services and ensure their long-term avail-
ability, it is necessary to rethink how resources 
are used, managed, and cycled in the economy. In 
this context, the circular economy (CE) concept 
has gained significant traction in both academic 
and policy fields. According to the European Par-
liament (2023), it represents a model of produc-
tion and consumption based on sharing, leasing, 
reusing, repairing, refurbishing, as well as recy-
cling existing materials and products to extend 
their lifecycle. This approach contrasts with the 
traditional linear economy and aims to reduce 
waste generation while maximizing the value 
retained in materials through recovery and reuse 
(Ellen MacArthur Foundation, 2013). 

One particularly promising NbS is the sludge 
treatment reed bed (STRB) system. This low-
maintenance technology integrates dewater-
ing, mineralization, and stabilization of sewage 
sludge in a single treatment stage. In STRBs, 
sludge with low dry solids content (typically 0.5–
1%) is applied in layers onto above-ground basins 
or concrete structures planted with common reed 
(Phragmites australis). Treatment cycles usu-
ally last between 8 and 12 years, although some 
systems remain operational for up to 15 or even 
20 years (Nielsen, 2003, Kołecka and Obarska-
Pempkowiak, 2013). 

Sludge may be introduced directly from aera-
tion tanks or after homogenization in a storage 

tank. Flow is directed into multiple zones of the 
reed bed, with only one zone active at a time 
while the others regenerate (Kołecka et al.,2018). 
These systems offer multiple advantages: they 
operate with low energy input and minimal op-
erational costs, reduce greenhouse gas emissions, 
and integrate well into natural or rural landscapes. 
When managed under optimal conditions, STRBs 
produce stabilized sludge that meets quality cri-
teria for agricultural application. The quality of 
treated sludge is strongly influenced by opera-
tional parameters, including the rate and frequen-
cy of sludge application, the thickness of applied 
layers, and the resting time of basins. Extended 
resting periods enhance microbial activity and 
humification, improving sludge maturity and hy-
gienic safety (Al-Rashdi et al., 2024, Kołecka et 
al., 2017, Kowal et al., 2021 )

Recent legislative developments in the Euro-
pean Union and Poland have created a favorable 
context for the adoption of natural sludge treat-
ment systems. The revised EU Urban Wastewa-
ter Directive 2024/3019 extends treatment re-
quirements to smaller agglomerations (≥1000 
population equivalent) and emphasizes resource 
recovery, including phosphorus and energy (Eu-
ropean Commission, 2024). In parallel, Poland 
is set to amend its Regulation on Sewage Sludge 
from January 2026, formally recognizing humi-
fication (defined as sludge resting for at least 90 
days) and drying to below 30% moisture content 
as valid stabilization methods (Regulation of the 
Minister of the Environment, 2015; Regulation of 
the Minister of Climate and Environment, 2021). 
These legal frameworks align closely with STRB 
operational principles, simplifying compliance 
and enhancing the feasibility of such systems in 
decentralized wastewater treatment contexts.

This article aimed to critically evaluate the po-
tential of STRBs in the context of an evolving reg-
ulatory framework, emphasizing their role in de-
livering ecosystem services and advancing the cir-
cular economy. Particular attention is given to the 
influence of operational parameters on the quality 
and valorization potential of the treated sludge.

MATERIAL AND METHODS

Material

The analyzed sewage sludge was dewatered 
and stabilized in STRBs located in 3 objects in 
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Denmark and 3 objects in Poland. These ob-
jects differed, among other things, in terms of 
operational period, number of basins, and feed-
ing frequency. Their characteristics are present-
ed in Table 1.

In each of the analyzed objects, sludge sam-
ples were collected from a single plot. The sam-
ples were taken using a specialized sampler (Fig-
ure 1) from six points and then averaged.

Methods

In residue sewage sludge from STRBs, the 
following parameters were analyzed: dry mat-
ter (DM), organic matter (OM), total Kjeldahl 
nitrogen (TKN), total phosphorus (TP) as well 
as selected metals, included cadmium (Cd), lead 
(Pb), nickel (Ni), chromium (Cr), copper (Mg), 
and zinc (Zn).

Determinations of DM, OM, as well as TKN 
and TP concentrations were carried out follow-
ing the applicable standards (PN-EN 12879:2004, 
PN-EN 16169:2012, PN-C-04537-14:1998).

The heavy metal concentrations in the sludge 
were determined using atomic absorption spec-
trophotometry after prior mineralization of the 
samples (PN-EN 13657:2006).

RESULTS AND DISCUSSION

Sewage sludge quality

Table 2 presents the average dry matter con-
tent and standard deviation for selected STRBs 
from Denmark and Poland. Dry matter content is 
an important indicator of sludge compaction and 
maturation conditions..

Analysis of data from selected STRBs re-
vealed a significant influence of system age, time 
since last feeding, sludge type, and feeding fre-
quency on dewatering efficiency. Older facilities, 
such as Inwałd (17 years) and Nakskov (15 years), 
exhibited higher dry matter content (33.03% and 
28.5%, respectively), indicating more effective 
dewatering due to long-term compaction and 
mineralization. In contrast, younger systems like 
Gniewino (6 years) and Helsinge (9 years) showed 
lower dry matter values (9.3% and 20.7%, respec-
tively), which can be attributed to their shorter 
operational periods. However, the key factor af-
fecting dry matter content was the time since the 
last feeding. The facilities that had not been fed for 
a longer period, such as Nadole (3 years, 53.07% 
DM), Inwałd (2 years, 33.03%), and Rudkobing 
(1 year, 29.3%), achieved significantly higher dry 

Table 1. Characteristics of the analyzed STRBs

Location Operational 
period,

Time since last feeding 
on the sampling day

Number of 
basins

Total area, 
m²

Type of sewage 
sludge

Feeding 
frequency Remarks

Denmark

Rudkobing 13 1 year 8 5 000 Surplus
Regularly 
every 2–3 

months

System was 
not feeding 
during last 1 

year

Nakskov 15 1 month 10 900 Surplus
Regularly 
every 2–3 

months

Vallo 7 2 months 8 3 867 Surplus
Regularly 
every 2–3 

months

Helsing 9 14 days 10 10 500 Surplus
Regularly 
every 2–3 

months
Poland

Gniewino 6 21 days 6 2 400 Surplus

Every 2–3 
weeks during 
the growing 

season

Nadole 9 3 years 2 150 Surplus

Every 3–4 
weeks during 
the growing 

season

System was 
not feeding 
during last 3 

years

Inwałd 17 2 years 1 375 Primary Once a year/ 
two years

System was 
not feeding 
during last 2 

years
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matter levels than the systems that had been fed 
recently (e.g., Gniewino – 21 days, 9.3%). This 
supports the hypothesis that longer resting periods 
enhance dewatering processes. These findings are 
consistent with recent literature. According to Hu-
ong et al. (2024), the dry matter content in STRB 
systems depends on sludge layer thickness, resting 
time, and climatic conditions, and under optimal 
conditions, 30–40% DM can be achieved. Other 
studies (Nielsen and Stefanakis, 2020) confirm 
that in well-designed and operated STRB systems, 
dry matter content can exceed 40%, particularly in 
long-seasoned layers.

Table 3 presents the average organic matter 
content and standard deviation for selected STRBs 

from Denmark and Poland. Organic matter content 
is a key indicator of sludge stabilization and bio-
logical activity within STRB systems. A decrease 
in organic matter reflects ongoing mineralization 
processes and improved sludge maturity.

Similar to DM content, OM levels in sew-
age sludge were significantly influenced by sys-
tem age and the time since the last feeding. Older 
facilities such as Rudkobing (13 years), Naks-
kov (15 years), and Inwałd (17 years) exhibited 
moderate OM values (42%, 44.1%, and 41.6%, 
respectively), confirming that extended operation 
promotes organic matter degradation and miner-
alization. The lowest OM content was observed in 
Nadole (28.6%), which had not been fed for three 
years. The absence of fresh sludge input allowed 
for intensive biological stabilization and mineral-
ization. In contrast, regularly fed systems such as 
Vallo (46%) and Gniewino (71%) showed signifi-
cantly higher OM levels, indicating the presence 
of fresh, non-stabilized sludge. The particularly 
high OM content in Gniewino (71%) confirms 
that the sludge is young and largely unprocessed. 
The weak mineralization was also influenced by 
operational issues that occurred at the facility.

Recent studies (Tan et al., 2024) have shown 
that in well-designed STRB systems, organic mat-
ter content can be reduced to below 30% through 
long-term mineralization and microbial activ-
ity, especially under the conditions favorable for 
aerobic degradation. Masciandaro et al. (2017) 
further confirmed that humification of organic 
matter occurs in deeper STRB layers, indicating 
advanced stabilization. Additionally, the use of 
modern techniques, such as 16S rRNA gene se-
quencing has confirmed the presence of key mi-
crobial groups (e.g., Proteobacteria, Bacteroide-
tes, Actinobacteria) responsible for organic mat-
ter degradation in STRBs (Kowal et al., 2021).

Table 4 presents the average TKN and TP con-
tent in sewage sludge from selected STRBs. Ni-
trogen and phosphorus concentrations in sewage 
sludge are key indicators of its agronomic value, 
particularly when used as an organic fertilizer. 

The highest TKN concentration was found 
in Gniewino (5.43%), an object with a short 

Figure 1. Sampler for sewage sludge
sample collection

Table 2. Dry matter content in the sewage sludge from the selected STRBs in %
Object Helsinge Rudkobing Nakskov Vallo Gniewino Nadole Inwałd

DM
Mean 20.7 29.3 23.6 26.1 9.30 53.07 33.03

Standard 
deviation 2.6 3.5 2.9 2.7 1.35 5.22 6.83
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operational period (6 years) and recent feeding 
(21 days). The elevated nitrogen content may in-
dicate the presence of fresh organic matter rich in 
proteins, which has not yet undergone decomposi-
tion (Paganini et al., 2024). In contrast, the lowest 
nitrogen concentrations were observed in Nadole 
(1.33%) and Rudkobing (1.9%), which may sug-
gest advanced mineralization and nitrogen reduc-
tion due to denitrification or bioaccumulation by 
plants (Liang et al., 2025). Inwałd, despite a long 
feeding interruption (2 years), maintains a moder-
ate TNK concentration (2.17%), which may re-
sult from the specific characteristics of the raw 
sludge, such as its composition and stabilization 
level (Abdelrahman et al., 2023).

In terms of TP, the highest concentrations were 
found in  Rudkobing (4.7%),  Nakskov (4.1%), 
and Vallo (4.2%), which were subjected to regu-
lar feeding with surplus sludge. The high TP con-
tent is likely the result of  chemical phosphorus 
precipitation  applied at the wastewater treatment 
plants. The lowest TP concentration was observed 
in Inwałd (0.67%), which indicates potentially low 
phosphorus content in the primary sludge.

The findings of this study align well with cur-
rent literature. For instance, Ugetti et al. (2011) re-
ported comparable nutrient concentrations in the 
sludge treated within STRBs, with total nitrogen 
ranging from 1.8% to 4.9% and total phosphorus 
between 0.7% and 4.5%. These values reflect the 
typical nutrient accumulation patterns observed 
in long-term stabilized sludge.

According to Regulation (EU) 2019/1009, the 
desirable nutrient content in organic fertilizers is 
defined as follows:

	• Nitrogen: 0.5–3.0% of DM,
	• Phosphorus: 0.5–3.5% of DM. 

Most of the analyzed sludge samples meet 
these criteria, particularly in terms of phosphorus 
content. Sludges from Gniewino, Nakskov, Vallo, 
Helsinge, and Rudkobing may be considered at-
tractive organic fertilizers, especially as a source 
of phosphorus.

In STRBs, in addition to parameters such as 
DM, OM content, and nutrient levels (TKN, TP), 
the presence and behavior of metals represent an 
important environmental concern.  These metals 
can accumulate in the sludge and pose a risk to soil 
quality, groundwater, and the health of humans and 
animals if the sludge is applied in agriculture.

Table 5 presents selected metal concentrations 
in the sewage sludge from the analyzed STRBs

In terms of metals, the concentrations ob-
served in the analyzed STRBs show considerable 
variability and reflect both local conditions and 
sludge stabilization history. The highest Cd con-
centration was found in  Inwałd (3.9 mg/kg 
DM), significantly exceeding values observed 
in other objects. Elevated levels of  Pb  were 
found in Nadole (38.7 mg/kg DM) and Inwałd 
(37.9 mg/kg DM), while  Ni  concentrations 
peaked in  Nadole (32.5 mg/kg DM). The 
highest  Cr  content was also found in  Nadole 
(90.7 mg/kg DM), with  Gniewino (43.6 mg/
kg DM)  and  Inwałd (86.3 mg/kg DM)  show-
ing similarly high values.  Cu  was most abun-
dant in Helsinge (237.0 mg/kg DM) and Inwałd 
(230.1 mg/kg DM), while Zn reached its maxi-
mum in Inwałd (1110.7 mg/kg DM).

Table 3. Organic matter content in the sewage sludge from the selected STRBs in % of DM
Object Helsinge Rudkobing Nakskov Vallo Gniewino Nadole Inwałd

OM
Mean 41.1 42.0 44.1 46.0 71.00 28.63 41.60

Standard 
deviation 2.9 2.3 2.0 4.3 1.14 7.31 7.19

Table 4. Total Kjeldahl nitrogen and total phosphorus content in the sewage sludge from the selected STRBs 	
in % of DM

Object Helsinge Rudkobing Nakskov Vallo Gniewino Nadole Inwałd

TKN
Mean 2.0 1.9 2.4 2.2 5.43 1.33 2.17

Standard 
deviation 0.1 0.2 0.3 0.3 0.29 0.30 0.23

TP
Mean 3.8 4.7 4.1 4.2 2.70 2.07 0.67

Standard 
deviation 0.2 0.1 0.4 0.6 0.17 0.21 0.09
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These results are consistent with the findings 
from Nielsen et al. (2017) and Ugetti et al. (2011), 
who reported typical concentrations in STRB-
treated sludge within the ranges of Cd: 0.5–1.2 
mg/kg DM, Pb: 10–45 mg/kg DM, Ni: 15–35 mg/
kg DM, Cr: 20–90 mg/kg DM, Cu: 80–250 mg/kg 
DM, and Zn: 400–1100 mg/kg DM.

Notably, none of the analyzed sludge samples 
exceeded the maximum permissible concentra-
tions of heavy metals established by the Polish 
Regulation of the Minister of the Environment 
(Journal of Laws 2015, item 257), which defines 
the legal thresholds for the agricultural use of 
sewage sludge. This confirms the potential suit-
ability of the tested materials for land application, 
provided that other agronomic and environmental 
criteria are also met.

Exploitation problems

Despite numerous advantages and the suit-
ability of STRBs for small and medium-sized 
wastewater treatment plants, it is rarely used in 
Poland. This is primarily due to a lack of suffi-
cient knowledge and experience among design-
ers, who therefore do not recommend this solu-
tion to investors. Additionally, there is a shortage 
of Polish companies with experience in construct-
ing this type of system.

Like any other solution, STRBs also have their 
drawbacks. Most importantly, they require a large 
surface area. The largest reed bed system in Kold-
ing, serving 125,000 PE (Population Equivalent), 

covers an area of 6.2 hectares (Nielsen, 2003), 
which amounts to just under 0.5 m² per person. 
Moreover, time is needed for the system to reach 
full operational capacity, typically 2–3 years. 
During this period, the STRBs should be loaded 
with a reduced amount of sludge.

Although the construction of STRBs are 
relatively simple, achieving proper operational 
parameters requires a highly precise design and 
execution, especially regarding the drainage and 
ventilation system, as well as the quality and 
installation of the filter layers. Many errors are 
made in these areas.

Operational problems are often the result of 
mistakes made during the early stages of imple-
mentation, such as design, construction, or com-
missioning. The consequences of these errors of-
ten become apparent only after several years of 
operation. Figure 2 shows a reed bed system that 
has experienced operational issues.

Improperly constructed drainage and venti-
lation system, as well as incorrect composition 
of the filter layers, may lead to excessively long 
leachate drainage times. This, in turn, results in 
the development of anaerobic conditions and 
improper system performance. Incorrect system 
start-up procedures can also negatively affect 
plant development. If the reeds do not take root 
properly, they may not be able to handle the de-
sign sludge load during full operation.

Operational problems may also arise from an 
insufficient number of beds in the system, which 

Table 5. Selected metal concentrations in the sewage sludge from the selected STRBs in mg/kg of DM
Object Helsinge Rudkobing Nakskov Vallo Gniewino Nadole Inwałd

Cd
Mean 0.95 0.84 0.74 1.07 1.5 1.3 3.9

Standard 
deviation 0.09 0.08 0.11 0.09 0.11 0.20 0.91

Pb
Mean 10.7 14.6 15.6 10.0 11.3 38.7 37.9

Standard 
deviation 0.96 1.39 1.45 1.13 4.09 6.33 6.01

Ni
Mean 20.7 20.3 22.4 26.3 20.1 32.5 30.8

Standard 
deviation 1.86 2.23 3.02 3.37 1.11 3.45 1.6

Cr
Mean 18.1 32.1 17.5 11.3 43.6 90.7 86.3

Standard 
deviation 1.69 3.69 2.18 1.02 7.51 7.90 9.84

Cu
Mean 237.0 219.0 81.0 166.0 85.8 91.1 230.1

Standard 
deviation 21.32 15.7 8.31 14.90 21.21 12.90 28.07

Zn
Mean 416.0 542.0 437.0 520.0 561.2 945.7 1110.7

Standard 
deviation 37.49 52.81 39.38 46.81 21.21 79.08 111.90
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do not provide a sufficiently long resting period 
between subsequent sludge applications. One 
of the most common and serious operational is-
sues is the application of excessively high sludge 
doses. Operational issues may also be caused by 
poor sludge quality. The factors that negatively 
affect sludge dewatering and stabilization include 
a high fat content, which is particularly detri-
mental as it often leads to a number of secondary 
problems. These include an increased content of 
volatile solids, a higher sludge volume index, de-
teriorated sedimentation properties, and the pro-
liferation of filamentous bacteria.

When using low-quality sludge, it is neces-
sary to reduce the applied sludge dose by up to 
50%. As a consequence, this leads to an increased 
required area of the system (Nielsen, 2003, 2011; 
Kołecka and Obarska-Pempkowiak, 2013; Brix, 
2014, 2017).

The ecosystem and circular functions		
of STRBs

STRBs combine technical efficiency with 
ecological functionality, making them well-
aligned with circular economy principles. These 
systems not only provide a sustainable solution 
for sludge stabilization and dewatering but also 
deliver a broad spectrum of ES. 

Within the category of provisioning services, 
STRBs generate biologically stabilized sludge 
enriched with essential nutrients such as nitro-
gen and phosphorus. TKN concentrations in DM 
ranged from 1.33% to 5.43%, and TP from 0.67% 
to 4.7%, with most samples meeting the require-
ments of EU Regulation 2019/1009 for organic 

fertilizers. Particularly promising phosphorus 
sources were identified in STRBs operating in 
Gniewino, Nakskov, Vallo, Helsinge, and Rud-
kobing. The low concentrations of heavy metals 
further enhance the agronomic value and safety 
of the sludge for land application. Thus, STRBs 
contribute to provisioning subgroups related to 
biomass supply, nutrient resources, and organic 
substances usable directly by humans, reinforcing 
material cycling in local agroecosystems.

In terms of regulation and maintenance ser-
vices, STRBs fulfill key ecological functions 
that underpin environmental quality and natural 
stability. OM decomposition is achieved through 
interactions between wetland vegetation, notably 
Phragmites australis, and soil microbial commu-
nities. OM content decreased to 28.63% in Nad-
ole and 41.60% in Inwałd, indicating advanced 
stabilization. DM content ranged from 9.30% in 
Gniewino to 53.07% in Nadole, reflecting the dif-
ferences in dewatering performance and sludge 
maturity. STRBs effectively reduce contaminants 
while maintaining full compliance with EU limits 
for heavy metals (Cd, Pb, Ni, Cr, Cu, Zn) across 
all tested objects. These functions align with the 
regulation subgroups of waste decomposition and 
detoxification, water quality regulation, soil for-
mation and stabilization, life-cycle maintenance 
as well as habitat provision, and climate regula-
tion. Their passive operation, which relies on nat-
ural evapotranspiration and microbial processes, 
results in minimal energy use and a low carbon 
footprint, further supporting the climate-related 
regulatory services.

Beyond their technical and ecological functions, 
STRBs also contribute to cultural ES by offering 

Figure 2. STRB in Gniewino, which experienced operational problems in 2017 
(photo: Gniewino WWTP, Dariusz Rohde)
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non-material benefits. Their natural, wetland-like 
appearance enhances landscape aesthetics, espe-
cially in rural and peri-urban areas. As demonstra-
tion sites for ecological engineering, STRBs serve 
educational and scientific purposes, fostering en-
vironmental awareness and innovation in sustain-
able wastewater management. Moreover, their de-
centralized nature and reliance on local resources 
strengthen community identity and promote re-
gional narratives of ecological responsibility. These 
qualities correspond to the cultural subgroups re-
lated to visual and aesthetic value, educational and 
inspirational significance, and cultural identity.

STRBs exemplify the multifunctional systems 
that integrate sludge treatment with the delivery 
of diverse ES. They offer tangible environmental, 
agronomic, and social benefits, making them ef-
fective tools for advancing sustainable develop-
ment goals, enhancing local ecological resilience, 
and operationalizing circular economy strategies 
through nature-based infrastructure.

STRBs also offer a tangible and effective ap-
plication of CE principles within the water and 
wastewater management sector. These NbS con-
tribute to sustainable resource use, emissions re-
duction, and decentralized infrastructure develop-
ment. Their operation supports multiple pillars of 
CE, including material cycling, waste minimiza-
tion, and local resilience.

One of the core principles of the circular 
economy is the closing of material cycles. STRBs 
facilitate this by enabling in situ transformation 
of sewage sludge into a stabilized, nutrient-rich 
material suitable for agricultural reuse. The bio-
logical stabilization processes that occur within 
the beds, driven by plant and microbial interac-
tions, convert the sludge into a product that re-
turns valuable nutrients (TKN, TP) back into the 
soil system. This nutrient recovery reduces de-
pendency on synthetic fertilizers, supports soil 
fertility, and aligns with the EU ambitions for 
resource efficiency and phosphorus reuse. By re-
introducing these nutrient elements into the agro-
ecosystem, STRBs help maintain natural nutrient 
cycles and reduce the environmental footprint of 
conventional sludge handling methods.

Another essential aspect of circularity is min-
imizing waste, energy use, and emissions across 
system boundaries. STRBs are inherently low-
input systems that do not require external energy 
for sludge treatment operations. They function 
passively, relying on solar-driven evapotranspira-
tion, microbial activity, and the filtering capacity 

of vegetation and soil. This design eliminates the 
need for mechanical aeration or sludge transport 
over long distances, thereby avoiding greenhouse 
gas emissions typically associated with conven-
tional sludge treatment and disposal. Addition-
ally, the slow and controlled stabilization process 
within STRBs significantly reduces odor emis-
sions and contributes to improved air quality. By 
minimizing both direct and indirect emissions, 
STRBs promote climate neutrality and advance 
net-zero targets in wastewater infrastructure.

A key strength of STRBs lies in their com-
patibility with decentralized wastewater manage-
ment strategies. These systems are particularly 
well-suited for small to medium-sized wastewa-
ter treatment plants, especially in rural or peri-
urban areas. Their implementation allows for lo-
calized sludge processing, reducing the need for 
long-distance transport, external infrastructure, 
and centralized treatment capacity. This not only 
lowers emissions and operational costs, but also 
enhances the self-sufficiency and resilience of 
local communities. The use of locally available 
materials, such as native plants and soils, further 
embeds STRBs within regional ecological and 
social contexts. As such, they exemplify a decen-
tralized, low-emission, and place-based approach 
to circular economy implementation.

Sludge Treatment Reed Beds represent a mul-
tifunctional solution that integrates CE principles 
into wastewater management practice. Through 
nutrient recovery, energy efficiency, and local 
processing capacity, STRBs reduce environmen-
tal burdens while closing material loops and sup-
porting sustainable regional development. Their 
broader adoption may significantly contribute to 
more circular, low-impact sanitation systems and 
the transformation of wastewater infrastructure 
into regenerative systems.

CONCLUSIONS

This study critically evaluated the perfor-
mance of STRB systems in relation to sludge 
quality, ES delivery, and CE integration, with 
particular attention to the influence of operation-
al conditions. The findings highlight the multi-
functionality and regulatory relevance of STRBs 
as nature-based infrastructure for sustainable 
sludge management.
	• Operational parameters, especially system age 

and resting period, significantly influence the 



53

Journal of Ecological Engineering 2026, 27(3), 45–54

quality of sludge treated in STRBs. Longer 
idle times correlate with improved dewatering 
and mineralization, resulting in higher DM 
and lower OM.

	• Nutrient concentrations in the STRB-treated 
sludge, particularly TP and TKN, are within or 
exceed the EU-defined thresholds for organic 
fertilizers, confirming their agronomic poten-
tial and contributing to nutrient cycling in ac-
cordance with circular economy objectives.

	• Metal concentrations in all analyzed samples 
remained below legal limits for agricultural 
application, validating STRBs as a safe and 
compliant sludge management technology.

	• STRBs provide multiple ES, including pro-
visioning (biomass and nutrients), regulating 
(waste degradation, climate mitigation), and 
cultural (aesthetic and educational value). 
These align with the CICES framework and 
underline the multifunctionality of STRBs.

	• CE contributions of STRBs include low-
energy operation, emissions reduction, and 
local resource use. Their suitability for de-
centralized wastewater management makes 
them particularly relevant in rural and peri-
urban areas.

	• Implementation challenges, notably the need 
for large land areas, delayed full-scale opera-
tion, and lack of local expertise, remain bar-
riers to broader STRB adoption, especially in 
Poland. Capacity-building and design stan-
dardization are critical to unlocking their full 
potential.
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