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Sludge Treatment Reed Beds (STRB) represent a state-of-the-art nature-based solution to sludge treatment and

management. It is an effective, economical (i.e., of low investment, operation and maintenance cost, and low

energy consumption), environmentally friendly, and technically efficient technology. In STRBs, the sludge is applied

to a growing stand of reeds under controlled conditions. The method relies on the exploitation of the transpiring and

aerating capabilities of the reeds, which absorb moisture and nutrients from the sludge for their growth.

Additionally, the sludge is dewatered by drainage through the underlying gravel layers, and evaporation from the

sludge surface. In the long run, the sludge is oxidized and its organic matter content decreases. The final solids

content of the dewatered sludge can build up to and exceed 40%, depending on the sludge loading rate and the

climate. STRB operational life is usually at least 30 years and is divided into two or three operational phases of 8-

12 years. At the end of each operational phase, the accumulated residual sludge is removed and recycled typically

in agriculture and the STRB is emptied.

sludge treatment reed beds  sludge drying reed beds  sludge treatment wetlands

sludge management  sludge dewatering  constructed wetlands

1. Introduction

Wastewater treatment processes typically result in the production of a by-product material, known as sewage

sludge. Sewage sludge is produced at various points along the treatment train of wastewater treatment plants

(WWTPs), namely in the primary sedimentation stage, the biological stage (e.g., aeration tanks), and the

secondary sedimentation stage. Hence, depending on the treatment stage, sludge can be characterized as

primary, secondary, biological, mixed (a mixture of primary and secondary sludge) or tertiary (from tertiary or

advanced treatment stages) . As any wastewater source, sludge can be originated from households, commercial

and municipal areas, industrial facilities, agro-industries, surface runoff and stormwater. Sludge production is

continuously increasing following a respective increase in the population numbers connected to centralized

WWTPs and the adoption of stricter environmental legislation . Typical sludge production in activated sludge

plants, i.e., the most widely applied wastewater treatment method, is up to 2.5 kg per individual per day . This

means that, for example, for a population of 100,000 inhabitants, the generated sludge would reach 250 t/day.

Municipal sludge was produced in the European Union (EU) at an annual rate of 8 million tons in 2016 , a figure

that is estimated to further increase and reach 13 million tons of dry solids (ds) this year . 
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Although the sludge volume represents a very small fraction (typically less than 1%) of the total wastewater volume

that is treated at a WWTP, the overall cost for sludge management and handling could account for up to 50% of the

total operation costs of the WWTP . In addition, considering the circular approach based on which all waste

should be viewed as a valuable resource rather than as waste , sustainable sludge management options are now

required. Moreover, the target of eliminating landfilling or energy-consuming incineration means that alternative

eco-friendly solutions are in focus .

Various technologies have been applied for sludge dewatering, such as mechanical treatment (i.e., decanters,

centrifuges, and screw-presses) and simple sand drying beds in warmer climates, as have environmentally friendly

solutions, such as sludge treatment reed beds (STRBs), also known as sludge treatment wetlands . Sludge

treatment in reed beds/constructed wetlands was developed in the late 1980s and today represents a cost-effective

and easy-to-run nature-based solution for the dewatering and stabilization of sludge that can be applied at small

and also at large scales  . Comparing STRBs with mechanical dewatering systems and sludge disposal,

STRB technology typically has slightly higher investment costs but significantly lower operation costs. A life cycle

cost analysis and comparison of STRB and mechanical systems for the dewatering of activated sludge of 550 t

ds/year revealed that the STRB system is a cost-effective alternative . As an eco-friendly wetland technology,

STRBs do not require the use of polymer coagulants for the dewatering process, and due to the small amount of

energy input needed, the absence of complex electro-mechanical equipment, and the use of natural materials and

processes, STRBs as all treatment wetland systems are viewed as a green treatment technology with a minimal

carbon footprint .

STRB technology is widely applied mostly for municipal sludge dewatering in Europe. For example, this technology

has been used in Denmark for almost 30 years. Sewage sludge contains organic matter and nutrients; hence, it is

widely used as a soil amendment, as a fertilizer in agriculture, and in other environmental applications (e.g.,

forestry and land reclamation) . However, sewage sludge may also contain contaminants such as

micropollutants, emerging contaminants, and trace elements (e.g., heavy metals and pathogenic microorganisms)

that may have an adverse environmental impact . There is limited study of the fate of various

micropollutants and emerging contaminants in STRBs. STRBs have been found to be capable of removing some

pharmaceuticals from domestic sludge (e.g., diclofenac  and antibiotics, i.e., ciprofloxacin and azithromycin )

and antibiotic-resistant genes , but generally, there is not sufficient information yet regarding the behaviour

and performance of STRBs in the removal of such micropollutants in STRBs treating domestic and/or industrial

sludge. STRBs are also much more efficient in the degradation of hazardous organic compounds, such as linear

alkylbenzene sulfonate (LAS), nonylphenol polyethoxylates (NPE), di-(2-ethylhexyl)phthalate (DEHP), and certain

polycyclic aromatic hydrocarbons (PAHs) than conventional methods . These are important aspects for

sludge reuse; for example, the Danish Environmental Protection Agency (DEPA) and the EU have regulated the

contents of nutrients, heavy metals, and hazardous organic compounds in sludge spread on agricultural land

(Table 1; .

Table 1. Regulatory limits in Denmark and the European Union (EU) for heavy metal and hazardous organic

compound contents in sludge reused in agriculture .
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Parameter

EU   Denmark

Directive

86/278/EC [22]

EC Working Document on

Sludge, 3rd Draft
BEK No. 1001 of 27/06/2018

Metals mg/kg ds mg/kg ds mg/kg ds mg/kg TP ¹

Cadmium (Cd) 20–40 10 0.8 100

Copper (Cu) 1000–1750 1000 1000 -

Nickel (Ni) 300–400 300 30 2500

Lead (Pb) 750–1500 750 120 10,000

Zinc (Zn) 2500–4000 2500 4000 -

Mercury (Hg) 16–25 10 0.8 200

Chromium (Cr) - 1000 100 -

Organic

compounds

CONTAMINANTS

mg/kg ds mg/kg ds mg/kg ds mg/kg TP

LAS - 2600 1300 -

PAH - 6 3 -

NPE - 50 10 -

[23]
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DEHP - 100 50 -

EC = European Council; ds = dry solids; LAS = linear alkylbenzene sulfonate; PAH = polycyclic aromatic

hydrocarbons; NPE = nonylphenol polyethoxylates; DEHP = di-(2-ethylhexyl)phthalate; BEK = Bekendtgørelse; TP

= Total phosphorous.

Generally, experience has shown that STRBs can treat most types of sludge with ds contents between 0.1 and 5%

 Some sludge types, especially those of industrial, i.e., non-domestic, sources may, in general, be difficult to

dewater and even unsuitable for an STRB system, e.g., sludge rich in oil and fat. Industrial sludge is considered a

more difficult application and technically more challenging for effective dewatering, since it may contain heavy

metals, nutrients, hazardous organic compounds, oil, and fats at much higher levels than typical sludge of domestic

origin; thus, its treatment, dewatering, and/or disposal can be problematic considering the legal requirements. This

is why the vast majority of STRB facilities worldwide are designed for the dewatering of domestic sludge.

On the other hand, there is an intensively increasing worldwide interest in the application of constructed wetlands

(or reed beds) technology for industrial wastewater treatment , which also encompasses the reed bed system for

sludge dewatering. Thus, over the last few years, there has also been a respective increase in research and

development interest in the application of this green technology for industrial sludge dewatering. This gradual shift

of research interest to industrial waste comes as a result of the proven high treatment efficiency of this natural

treatment technology and the realization of the actual treatment capacity it possesses , as well as of the better

understanding of its multiple environmental, technical, and economic benefits and the desire for sustainable

options in the global water/wastewater industry. 

However, as this tendency is relatively new, most of the available studies and reports in the international literature

on STRBs deal with sludge from domestic WWTPs. The published literature on the feasibility and efficiency of

industrial sludge treatment in STRB is very limited, and only very few case studies (mostly pilot projects) have been

presented at international conferences or reported in journal articles and/or book chapters. This means that there is

gap in the respective literature not only due to the small number of studies but also due to the fact that this

information is scattered and not easily accessible.

2. Sludge Treatment Reed Bed System and Industrial Sludge

2.1. Description

STRBs are an established nature-based technology for sludge treatment. The concept of an STRB is similar to that

of a vertical flow constructed wetland . Most of these systems are found in Europe and the USA, e.g., in

France, Denmark, Germany, Poland, and Sweden . Almost 20% of the produced sludge in Denmark is

treated in STRB systems [8,11], mostly in villages and small cities with populations of up to 10,000 inhabitants,

though there are large-scale systems (serving over 100,000 inhabitants) as well. Lately, this sustainable technology
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has been introduced into various Mediterranean countries, such as in Greece, Italy, and Spain , as

well as in China  and the Middle East , due to the favorable, i.e., warmer, climates.

An STRB is a concrete or trapezoidal earthen basin , the bottom of which is typically covered by a low-

permeability sealing material, such as a high-density polyethylene (HDPE) geomembrane, to prevent leaching to

the underground formations and the groundwater. The basin is filled with gravel and sand of different sizes and

thicknesses , while on top of the substrate layer, local wetland plant species are planted, such as common reeds

or cattails (Phragmites australis or Typha latifolia). A sludge distribution pipe network spreads the feed sludge

across the surface of the bed, where sludge is dewatered through passive vertical drainage and evapotranspiration

(Figure 1) . A drainage pipe network is placed into a cobble (i.e., large stone) layer above the

geomembrane and collects the drained water. The drainage network is connected to pipes that facilitate the

passive aeration of the bed, which has been found to be beneficial for the dewatering performance of the system 

.

Figure 1. Schematic cross-section of a sludge treatment reed bed (STRB) system indicating the sludge layer, the

porous media layer, the feeding pipes, and the drainage network (courtesy of Orbicon).

Vegetation and passive ventilation create favourable conditions for the conversion of degradable organic matter to

a more stable humic form . The dewatering process along with organic matter mineralization results in the

reduction of the sludge volume, and the accumulated residual sludge is continuously incorporated into the filter

media layer where the plants are established. As time passes, the depth of the mineralized residual sludge layer

increases at an approximate accumulation rate of 10–15 cm/year, which depends on the quality of the feed sludge

. Typically, after 8 to 12 (even up to 20) years of continuous operation, the layer of the dewatered and also

mineralized residual sludge is removed from the basins and then recycled as a fertilizer or as a soil conditioner 

. There is a wide range of sludge types that can be dewatered in STRBs such as activated sludge,

digested (anaerobic) sludge, and sludge from waterworks (WW). Experience has shown that STRBs can treat
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sludge of varying qualities, possessing a comparable or even higher dewatering capacity than conventional

dewatering methods.

The effective dewatering and operation of an STRB depends on the quality of the feed sludge, the climatic

characteristics, and proper design and construction . The sludge loading rate (SLR; kg ds/m²/year) represents a

key parameter in STRB design, and mostly depends on the sludge quality and the climate . Usually, a first pilot

testing phase is recommended before the implementation of a full-scale STRB to determine the dewatering ability

and efficiency, especially when an industrial sludge is to be treated. A typical pilot study would consist of 3–12

beds, each with an area of up to 2 m² (or more). A typical testing period lasts 4–12 months, although there are pilot

experiments operated for up to 3 years. Such a trial usually aims at identifying the suitability of the feed sludge for

treatment in an STRB, the required number of beds, the optimum SLR and length of the feeding and resting

periods, the dewatering efficiency (L/s/m²), the drained water quality, the residual sludge quality, and the plant

growth. A pilot study will also provide the necessary guidance for potential modifications at the WWTP facility in

order to decrease the content of any undesired materials in the raw sludge (e.g., heavy metals, fats and oil, etc.).

However, there is not a unanimously and widely accepted STRB design, even for similar sludge types . The

number of beds in an STRB system varies between 1 and 24, the bed area between less than 100 and more than

3000 m², and the SLR between 30 and more than 100 kg ds/m²/year .

2.2. Operation

STRB operation is based on feeding cycles, where each cycle consists of loading and resting periods . The

loading period usually lasts a few days or even few weeks and is followed by a resting period without sludge

applications to allow for sludge dewatering through drainage and evapotranspiration . For example, the design

developed by Orbicon for the Danish climatic conditions suggests a cycle of 1–2 weeks of loading and then 5–10

weeks of resting, i.e., without loads of new sludge [38,41], while for the temperate climate of Greece, the respective

figures are 1 week of loading and 1–3 weeks of resting (varying between seasons) . In general, the duration

of the feeding and resting periods is decided according to the sludge quality, the climatic conditions (i.e., cold

climates require prolonged resting periods), the seasonal variations, the age of the STRB, the ds levels in the feed

sludge, and the depth of the residual sludge layer .

Although the operation of STRBs is relatively simple, their effective dewatering performance depends on the proper

management of the feeding cycles to prevent overloading the beds. A properly managed STRB can reach 40% ds

under colder climates (e.g., in Denmark)  or even higher in warmer climates (such as 60% in Greece [30,31]),

figures that are higher compared to those for the energy-intensive mechanical dewatering methods. Due to the

limited energy input required for the operation of STRBs, these systems are also much more energy efficient [43–

45] and act as a carbon sink due to carbon fixation by the reed plants .

2.3. Industrial Sludge in STRB
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The term “industrial sludge” is generally not clearly defined; however, it should be understood that it refers to

sludge produced at the WWTPs of single industries and public WWTPs receiving not only municipal effluents but

also effluents from industrial facilities, and sludge produced at the WWTPs of agro-industrial facilities, e.g., the food

industry, aquaculture, dairy farms, olive mills, abattoirs, as well as sludge produced at water works (WW)  . The

sludge produced in these facilities may include pollutants that are not present at all in the sludge derived from

domestic wastewater, such as heavy metals, oil and fat, and hazardous organic compounds, or that are present at

much higher concentrations, e.g., higher nutrient content (e.g., nitrate and phosphate) and higher oil and fat

content. Hence, these sludge types are more difficult to manage due to their reduced dewaterability and the

potential contamination of the residual sludge. In particular, sludge from WW, i.e., the purification facilities that

produce potable water, is typically rich in iron and/or aluminium but has a low organic and oil and fat content.

Sludge produced by the food industry, e.g., slaughterhouses, dairy farms, aquaculture farms, etc., has higher

contents of organics (i.e., oil, fat, proteins, and carbohydrates), heavy metals, nutrients, and suspended solids. This

means that these types of sludge represent an environmental hazard.

2.3.1. Organic Matter

Insufficient sludge dewatering is often related to the feed sludge quality. The ratio between organic and inorganic

matter is a commonly used parameter for assessing the sludge dewatering properties. The content of organic

matter is usually expressed by determining the “loss on ignition” (LOI). The water retention capacity of sludge that

has a high LOI, i.e., a high organic matter fraction, is much higher than that for a sludge with low LOI, i.e., sludge

with a higher inorganic fraction, since the organic matter content highly affects the free water content. Thus, the

higher the organic matter content, the lower the free water content and the higher the capillary water content ,

making dewatering more difficult . The comparison of the organic matter content (expressed as LOI) in the feed

sludge with the ds content in the residual sludge in a large number of STRBs revealed that higher organic matter

content in the feed sludge results in lower ds content in the residual sludge (Figure 2).

Figure 2. Organic matter content (loss on ignition—LOI) in the feed sludge and dry solids content in the residual

sludge—correlation in STRBs. Practical experiences indicate that a LOI higher than 65% significantly limits sludge

[50]

[48]

[51]



Sludge Treatment Reed Beds | Encyclopedia.pub

https://encyclopedia.pub/entry/2955 8/14

dewatering.

2.3.2. Oil and Fats

One visual way to evaluate the dewatering process in STRBs is the observation of cracks in the upper sludge layer

during the resting period. Sludge with a high oil and fat content does not easily form cracks and openings during

the resting period, which limits the natural aeration from the atmosphere on the bed surface. If such cracking is not

observed, this probably implies insufficient sludge dewatering . Therefore, a feed sludge with high fat and oil

content should be considered during the design phase in order to avoid a negative impact on the ds content in the

residual sludge (Figure 3). Experience has shown that a feed sludge with a fat content higher than 5000 mg/kg ds

significantly affects the dewatering process and contributes to the creation of an anaerobic environment in the

residual sludge layer, indicated by a black colour and unpleasant odour.

Figure 3. Correlation between fat and oil content in the feed sludge and dry solids content in the residual sludge

.

2.3.3. Heavy Metals

The feed sludge can also contain high heavy metal content, depending on the industrial process generating the

wastewater. Domestic sludge generally has low heavy metal content, even below the legal limits for sludge reuse .

However, if industries are connected to a municipal WWTP, this may result in increased heavy metal

concentrations in the influent wastewater and in the produced sludge, which sometimes can inhibit reed growth in

the STRB, and its quality often exceeds the legal limits for reuse in agriculture (Table 1). The drying of reed plants

due to high nickel content in the residual sludge has been reported at a Danish WWTP that receives wastewater

from a heavy industry.

Experiences from Danish STRBs after 10 and 20 years of continuous operation showed that the heavy metal

content in the residual sludge is generally below the Danish and EU limit concentrations . Heavy metals are

mainly bound to particles in the residual sludge and the gravel media, so their mobility out of the STRB through
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drainage is limited . A research study in pilot STRBs indicated that the gravel substrate is the main

heavy metal sink . The accumulation in the residual sludge layer and also the plant uptake were very low, while

less than 16% of the heavy metal mass left the bed through drainage.

2.3.4. Nutrients

The residual sludge from an STRB is considered a valuable fertilizer, due to its high nutrient, i.e., nitrogen and

phosphorus, content . Nitrification and denitrification are the main microbial processes that transform and

reduce nitrogen during the operation period . A small amount of nitrogen also leaves the system through

drainage, mainly as nitrate, and, thus, returns to the WWTP inflow. In addition, it has been observed that the total

phosphorous concentration tends to increase in the residual sludge , as a result of organic matter

mineralization. A small fraction of phosphorous is subjected to interactions with iron and other constituents and is

thus bound in the residual sludge matrix.

2.3.5. Hazardous Organic Compounds

Sludge may contain a range of hazardous organic compounds, e.g., polyaromatic hydrocarbons (PAHs), di-2-

ethylhexyl-phthalates (DEHPs), nonylphenol/nonylphenol ethoxylates (NPEs), and linear alkyl benzene sulfonates

(LASs), which originate from coal and tars, lubricating oil additives, and detergents. Sludge treatment in STRBs

results in the mineralization of these compounds . The long operation period of STRBs, which can

exceed 10 years, provides adequate time for microbiological and abiotic processes to effectively mineralize and

decrease the contents of most hazardous organic compounds. Even for a shorter period of 3–6 months, significant

reductions have been observed. Such processes have not been detected in conventional mechanical dewatering

methods, e.g., centrifugation .

A previous study on the mineralization of LAS and NPE in sludge treated in an STRB reported 98% LAS and 93%

NPE degradation under aerobic conditions , indicating that limited oxygen availability affects the degradation of

organic compounds. Oxygen inflow into the sludge significantly enhanced LAS and NPE mineralization; on the

other hand, mineralization under anaerobic conditions was very limited. The same study reported 60% and 32%

reductions of DEHP and PAH, respectively . The organic compounds were not only mineralized in the upper

parts but through the whole depth of the residual sludge layer. Trials with anaerobically digested sludge

(representing sludge after mechanical treatment) indicated a partial degradation of LAS, NPE, DEHP, and PAH in

the top sludge layer (0–20 cm), while below this depth, it was observed that these compounds were not

degraded .
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