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Case Study 8.3: Design and construction of  a planted drying bed in Thailand

In 1996, the Asian Institute of Technology (AIT) in collaboration with SANDEC/EAWAG, constructed 

a pilot-scale PDB to treat FS produced in Bangkok. This FS treatment scheme was comprised of the 

following units; i) screening for pre-treatment (retention of coarse material); ii) balancing and mixing 

tank (to achieve a certain degree of homogenisation of sludge from various sources); and iii) three 

PDBs attached to a waste stabilisation pond and a vertical-fl ow constructed wetland bed for leachate 

polishing. Each of the PDBs measured 5 m × 5 m at the surface of the fi lter bed (and 6.2 m x 6.2 m at the 

rim of the freeboard) and was lined with ferro-cement. 

The depth of the fi lter media was designed to be 65 cm to prevent protrusion of the cattail roots and 

rhizomes through the bottom of the media (root length is between 30 and 40 cm). A 10 cm layer 

of fi ne sand, 15 cm layer of small gravel, and 40 cm layer of large gravel (from top to bottom) were 

used to create the fi lter matrix in each PDB unit. A freeboard height of one meter was allowed for 

the accumulation of the dewatered sludge. Narrow-leaf cattails (Typha augustifolia), collected from 

a nearby natural wetland, were planted on top of the sand layer in each bed unit at an initial density 

of 8 shoots/m2. An underdrain and ventilation system consisting of hollow concrete blocks, each 

with a dimension of 20 cm x 40 cm x 16 cm and perforated PVC pipes with a diameter of 20 cm were 

installed at the bottom of the bed, under the fi lter media. Ventilation pipes of the same diameter were 

mounted on the drainage system and extended approximately one meter over top edge of the units 

to take advantage of natural draught ventilation to provide increased oxygen into the sludge layer and 

help reduce anaerobic conditions. The leachate of each PDB unit was collected in a 3 m3 concrete tank 

for sampling and analysis.

Figure 8.4 A currently out of use pilot-scale drying bed at the Asian Institute of Technology (AIT) , showing 
ventilation pipes (photo: Linda Strande).
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Table 8.4  Summary of design elements used for faecal sludge planted drying beds in Thailand

Component Details

Bed slope 1-3%

Side slope 50-100%

Drainage system Coarse gravel, hollow concrete blocks or perforated pipes

Ventilation Ventilation pipes connected to the drainage system

Filter Material From bottom to top
Large gravel (dia. = 5 cm) at a depth of 45 cm
Medium gravel (dia. = 2 cm) at a depth of 15 cm
Sand (dia. = 0.1 cm) at a depth of 10 cm

Vegetation Cattails (Typha augustifolia)

Freeboard 1.0 m

Feeding system Uniform distribution (in the middle of bed units)

Pre-treatment Coarse bar screen

8.6 OPERATION AND MAINTENANCE 

As with any treatment technology, proper operation and regular maintenance are essential for optimum 
performance and improved life span. An operating cycle generally consists of a start-up phase with 
reduced loading to acclimatise the plants, followed by loading at the design rate with intermittent plant 
harvesting and desludging. These aspects are discussed in the following sections.

8.6.1 Commissioning/ start-up
PDBs are technically simple, but biologically complex and must therefore be carefully operated during 
start-up to ensure that the macrophytes have a chance to acclimatise to growing under conditions of 
high-strength FS. During the start-up phase, the beds should be irrigated with untreated wastewater 
or diluted FS. One study found that during commissioning of a PDB with agricultural (pig) slurries, 
macrophytes were loaded with 25 mm of sludge twice in one month, 8-months after being planted. 
This time frame for acclimisation and low sludge loading rate (3 kg TS/m2/year) was found to be 
suffi cient to prepare the macrophytes for the full loading regime (Edwards et al., 2001). Planting 
macrophytes during the rainy or wet season is also recommended to help the macrophytes endure the 
commissioning phase. Depending on the climate and operational conditions, a start-up phase lasting 
from months to an entire year can be necessary before loading the bed at the design loading rates. On 
average, a 6 month start-up is recommended (Kengne et al., 2011). Cattails have been found to be 
more sensitive than reeds during the commissioning phase and may need extra time before they can 
withstand full loading. However, as shown in Case Study 8.3, two to three months has been adequate 
for acclimisation (Stefanakis and Tsihrintzis, 2012a). Plant density is another important factor and 
planting rates can vary from 4 plants/m2 to 12 plants/m2 (Edwards et al., 2001). Only vigorous and 
young shoots, free of parasites, should be selected for the PDBs to ensure that the macrophytes survive 
and thrive. As the plants develop and increase in density, so too will the evapotranspiration rates 
(Stefanakis and Tsihrintzis, 2012a). Case Study 8.4 presents two examples of PDB commissioning 
conditions in West Africa. 
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Case Study 8.4: Commissioning planted drying beds in West Africa
(Adapted from SANDEC/EAWAG, 2009)

In Cameroon, young shoots, or fragments of E. pyramidalis shoots, having at least one internode, and 

old fragments of rhizomes of C. papyrus weighing 300 to 350 g (fresh weight) were allowed to grow 

for 6 weeks in the media saturated with raw domestic wastewater prior to sludge application. FS was 

applied over the next 6 months in increasing concentrations before reaching the full loading rate of 100 

to 200 kg TS/m2/yr (Kengne et al., 2011). The plant density before sludge application was 11 shoots 

per m2 for E. pyramidalis and 9 rhizomes (with 1 to 4 shoots/rhizomes) per m2 for C. papyrus. 

In Senegal, the starting phase for a full scale PDB with E. pyramidalis took four months during which 

time the beds were loaded with the supernatant from a FS settling-thickening tank. After this time, the 

PDBs were loaded with FS with a concentration ranging from 13 to 235 kg/m2/year. Plant densities at 

the start up ranged from 9 to 12 shoots/m2. 

8.6.2 Loading rates and sludge accumulation
Before loading the beds, vacuum trucks should discharge the sludge into a holding-mixing tank that 
is fi tted with a bar screen to retain coarse material and garbage and prevent it from clogging the bed. 
Furthermore, the tank has the benefi t of acting as a buffering unit to regulate the fl ow of sludge onto the 
bed; some type of holding-mixing unit should always be installed before the bed is loaded. 

Figure 8.5  A holding -mixing tank with a bar screen is used in Senegal to prevent garbage from clogging the bed 
(photo: Linda Strande).
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Data on PDBs operating at nominal loading rates vary according to area, and indicate the importance 
of climate on the operating parameters. In general, hot, dry conditions that allow for increased rates of 
evapotranspiration allow for increased sludge loading rates. In Europe, loading rates with wastewater 
sludge have generally been low (not more than 80 kg/m2/year), while results from FS treatment in 
tropical countries have revealed that PDBs can be loaded with almost three times this amount. For 
example, a series of experiments conducted at AIT with FS, showed that a cattail-based PDB was 
operated with up to 250 kg/m2/year (Koottatep et al., 2005). Similarly, in Dakar, trials of PDBs 
vegetated with E. pyramidalis performed well when loaded with FS at concentrations of up to 235 kg/
m2/year. In Cameroon, treatment of FS at yard scale show that a PDB planted with C. papyrus could be 
operated effi ciently at 100 kg/m2/year while a bed planted with E. pyramidalis could be loaded with 
200 kg kg/m2/year. However, attempts to increase the loading to 300 kg/m2/year generally resulted 
in severe clogging of beds (Kengne et al., 2011). Between 1996 and 2003, experimental drying beds 
were operated at the Asian Institute of Technology (AIT) in Bangkok, Thailand and the solids (kg TS/
m2) were monitored in the dried sludge and the effl uent. The results of the mass balance are presented 
in Table 8.5. 

It is interesting to note that on average, about 47% of the solids were retained in the dried layer of 
sludge, about 12% passed through the bed and were captured in the leachate (see below for a discussion 
on leachate) and 42% were ‘unaccounted’ for. The ‘unaccountable’ solids were lost due to a combination 
of mineralisation and/or sorbtion onto/integrated into the fi lter media. These results illustrate why 
media regeneration is necessary, and the importance of further treatment for the leachate treatment 
due to the high solids concentrations. 

8.6.3 Feeding frequency and resting phase 
Loading of PDBs is always intermittent and the frequency varies from site to site. Typically, loading 
occurs one to three times a week by means of valves and siphons or pumping devices installed in a 
buffer tank, which is preferable to loading directly from a truck. Once loaded with a layer of sludge, 
the bed is allowed to drain completely, during which time the pores of the fi lter matrix are emptied of 
leachate, and refi lled with air. The next application of sludge effectively seals off these small pockets 
of air. Once this occurs, oxygen, which is instrumental in the nitrifi cation process is rapidly depleted 
(Kadlec and Wallace, 2009). Therefore the resting time between loading periods is very important as it 
prevents biological clogging and allows pores to refi ll with oxygen (Stefanakis and Tsihrintzis, 2012a). 

However, if the resting times between FS loading is increased, more PDBs would be required to treat 
the same volume of sludge. Using a semi-empirical equation, researchers determined that in order to 
maximise water-loss and minimise costs, 11 days was the optimum number of days between loadings 
(Giraldi and Iannelli, 2009). This is in keeping with other reported practices of between one and three 
weeks (Stefanakis and Tsihrintzis, 2012a).

Table 8.5  Total Solids (TS) mass balance of faecal sludge from septic tanks on planted drying beds after 300 days of 
operation (adapted from Koottatep and Surinkul et al., 2004)

Unit #1 Unit #2 Unit #3 Average

(kg TS/m2) (%) (kg TS/m2) (%) (kg TS/m2) (%) (%)

Faecal sludge 187 115 112 -

Dried sludge 93 50 60 52 43 38 47

Percolate 20 11 14 12 13 12 12

Unaccounted 74 39 41 36 56 50 42
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8.6.4  Plant harvesting and regrowth
As mentioned in Section 8.5.2 a benefi t of PDBs is that the macrophytes can be harvested for benefi cial 
enduse (covered in more detail in Chapter 10). Macrophytes grown in PDBs generate two to three 
times the biomass that is produced in naturally occurring wetlands, due to the availability of nutrients, 
especially nitrogen and phosphorus (Warman and Termeer, 2005). Harvesting generally occurs on 
a regular basis (e.g. during desludging), but could also be dictated by other considerations such as 
the need to sell the plants for enduse purposes (e.g. fodder) or to mitigate insect attacks (Altieri and 
Nicholls, 2003; Pimental and Warneke, 1989). It has been found that insects can have a great impact on 
larger plants, especially in dense monocultures, which may require the removal of older plants to allow 
new and vigorous shoots to take over. E. pyramidalis, which is highly sought after as fodder in some 
regions, can be harvested up to three times a year (Kengne et al., 2008). 

Currently, harvesting is carried out manually since most of the PDBs have been operated at experimental 
or pilot scale. Mechanical methods will probably be introduced when PDBs are operated at full scale. 
Harvesting is done by cutting plants at the surface, not by pulling out the whole plant. This prevents 
damage to the fi lter, and if the rhizome is left intact, the leaves and stalks can readily regrow. 

8.6.5 Bed emptying
Finding the optimum loading rate is important for the operation and maintenance of PDBs to ensure 
that the sludge layer does not accumulate and become too thick and require desludging before it is 
fully drained. On an experimental scale, it has been found that a loading rate of 100 kg TS/m2/year, 
results in the accumulation of approximately 30 to 40 cm/year of sludge, compared to 50-70 cm/year 
if loading rate of 200 kg TS/m2/year is used. For PDBs with a freeboard of 1.5 m to 2 m these loading 
rates would result in a 3-5 year operation life before desludging is required (Kengne et al., 2011). Prior 
to removal, sludge can be left for several months without additional loading which results in greater 
pathogen and moisture reduction. For example, a signifi cant increase of 25-43% in dry matter content 
was achieved when pilot-scale beds were left for one month prior to desludging in Cameroon, and the 
helminth (Ascaris) egg concentration was reduced to less than 4 viable eggs/g TS from 79 eggs/g TS 
and a viability 67% (Kengne et al., 2009b). 

Sludge removal is currently carried out manually, although mechanical desludging machines may 
be employed in the future. Depending on how carefully the bed was desludged, it may be necessary 
to reconstitute the substrate of the bed, either by adding to or replacing the upper layer (sand or fi ne 
gravel), or by replacing the entire bed. 

8.6.6 Leachate
Leachate is the liquid that fi lters down through the sludge layer and the porous media. It should be 
collected and treated with a subsequent treatment technology prior to discharge to the environment. 
However, the leachate can also be used for irrigation or aquaculture (covered in more detail in Chapter 
10). If the PDBs are located at a wastewater treatment plant, the leachate can be treated with the 
wastewater. Other possibilities include dedicated onsite technologies such as waste stabilisation ponds 
(Chapter 5; Strauss et al., 1997). Measurement of the leachate characteristics over time shows that most 
parameters have a peak concentration following sludge loading (COD, PO4

3-, TSS, VSS) followed by a 
rapid decline, indicating a fl ushing phenomenon and/or the dynamic treatment mechanisms at work 
in the bed. A study conducted with sludge from a biological wastewater treatment plant, showed an 
80% reduction in COD (initially 2,500 mg/L) during the fi rst 10 minutes after loading, and over 92% 
COD reduction after two days. Additionally, initial ammonium concentrations of more than 350 mg/L 
decreased rapidly and were reduced by 90% within the fi rst 10 minutes after loading. This decrease 
in ammonia was accompanied by an increase in nitrate concentration, thereby refl ecting the rapid 
nitrifi cation process (Stefanakis and Tsihrintzis, 2012a). Research at AIT illustrated that approximately 
12% of the total solids remain in the leachate (Table 8.5). The same research on parallel beds also 
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showed that 45% of the total liquid in the loaded sludge ended up as leachate (while 5% remained in 
the sludge layer, and 50% was lost to evapotranspiration). Furthermore, the leachate was only found 
to contain about 5% of the total nitrogen applied, with the majority (82%) being taken up and a small 
percentage (13%) remaining in the sludge layer (Koottatep and Surinkul, 2004). In general, leachate 
stops draining from the bed one to two days after loading. Leachate production is highly variable; high 
shock loads and intermittent fl ows must be taken into consideration in the design of any subsequent 
treatment process. 

8.6.7 Factors affecting performance
The main causes of poor operational performance include poorly constructed fi lters; inadequate 
capillary connections; an inadequate number of beds, insuffi cient bed area; or overloading during 
commissioning and subsequent operation (Nielson, 2005). Other factors such as the settling of 
particulate matter, fast-growing biofi lm, chemical precipitation and salt formation, and dense root 
development have also been mentioned as further reasons for clogging (Molle et al., 2006). Operational 
problems can be overcome by proper dimensioning of the PDBs which takes the dewatering potential 
of the sludge into account and does not rely solely on calculations of the sludge volume production. 
The loading program should be designed to prevent the sludge layer from accumulating too quickly as 
this can inhibit the growth of such that the macrophytes. Table 8.6 summarises suggested operational 
parameters for PDBs and the operational aspects that need to be taken into consideration.

8.7 COSTS AND BENEFITS

One of the most attractive features of PDBs compared to other sludge treatment technologies is the 
fact that they have low capital, operating, maintenance, supervision and energy costs (Stefanakis and 
Tsihrintzis, 2012a). PDBs do not require chemical fl occulants, centrifuges or belt presses (Edwards et 
al., 2001). However, PDBs can be more expensive than unplanted drying beds, both in terms of the 
capital costs (e.g. purchasing macrophytes), and operational costs (e.g. plant harvesting, weeding and 
vector control), but they have the advantage of requiring less desludging (e.g. once every few years 
versus every two to three weeks). 

Table 8.6  Operational parameters for a planted drying bed

Treatment component Details Remarks

Loading 60-250 kg TS/m2/year Depending on the sludge source and 
conditions

Feeding frequency 1-3 times a week Depending on the weather conditions, the 
dry matter content of the sludge and the plant 
species

Resting 2 days to several weeks Depending on the weather conditions, the 
dry matter content of the sludge and the plant 
species

Plant acclimatisation Start-up with plant density of 4-12 
shoots/m2

Start-up during a rainy or wet season is 
recommended

Apply domestic wastewater and 
gradually add FS until the plants 
achieve a height of 1 m

Plant harvesting Up to 3 times/year, following a 
few years of operations or during 
desludging 

Depending on plant type, the growth status 
and valorisation option. Valid especially for 
Echinochloa pyramidalis
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A study in Italy, attempted to quantify the costs associated with building and operating a PDB for 
the treatment of wastewater sludge. Although the values obtained are not representative of costs 
worldwide, they do provide some useful insights. Construction costs, including the plants, other 
materials and labour were estimated to be in the region of 350 USD/m2 while the operating costs, 
including plant harvesting, sludge transport and disposal were calculated to be 180 USD/m2 (Giraldi 
and Iannelli, 2009). Considering a sludge production rate (from primary wastewater treatment) of 16kg 
TS/capita/year, and assuming loading rates between 30 and 75 kg TS/m2/year these PDBs could treat 
the sludge of between 1.7 and 4 capita/m2 (Stefanakis and Tsihrintzis, 2012a). Since a large portion 
of the operating costs are associated with transport (e.g. transport to the disposal site and transport of 
an endproduct from the site), local transport costs can signifi cantly impact on the total. Furthermore, 
construction costs will vary depending on the availability and cost of local labour and materials (Giraldi 
and Iannelli, 2009). 

8.8 EXAMPLE PROBLEM 

In order to demonstrate the calculations that are required in designing and constructing a PDB, an 
exercise is presented below as a practical example. Table 8.7 provides information that can be used to 
assist with the required calculations.

8.8.1 Practice question
After conducting a preliminary study, a municipality would like to design a PDB to dewater FS having 
the following characteristics:
Estimated annual FS emptied:  5,000 m3/year 
Average TS content of raw FS:  30,000 mg/L (or 30 kg TS/m3)

Using this information:
Determine the total solids of faecal sludge per year:
5,000 m3/year x 30 kg TS/m3: 150,000 kg TS/year

Determine the specifi c area required for the planted-sludge drying bed 
Choose the TS loading rate:  200 kg TS/m2/year
Area required: 150,000 kg TS/year x                  1             = 750 m2  
                     200 kg TS/m2/year

This specifi c area can be divided into several beds according to the topography of the site. Assuming 
that the topography of the area is uniform, the specifi c area can be split into 5 beds of 150 m2 each
Additional areas for bar screen, mixing tanks, leachate tanks and vacuum trucks need to be taken into 
consideration. The minimum area is about 20% of specifi c area.

Table 8.7  Suggested design parameters of planted sludge drying beds for faecal sludge dewatering

Design parameter Suggested ranges Unit

FS production rate 1.5 L/capita/day

TS content 30 mg/L

Solid loading rate 200 kg TS/m2/year

FS application frequency 1 to 2 times/week
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8.9 CONCLUSIONS AND RECOMMENDATIONS

PDBs are a relatively new technology for treating FS from septic tanks and other onsite sanitation 
technologies in low- and middle-income countries. Extensive experience in Europe and the US has 
produced robust results, but the data are not entirely applicable to FS due to the sludge type and strength, 
and the climatic conditions. Currently, many experimental and pilot scale beds are being investigated 
in various parts of the world, especially tropical climates where solar radiation and evapotranspiration 
is high. PDBs have long been known as a reliable technology for sludge treatment, but have become 
increasingly attractive for FSM in rapidly growing cities in low- to middle-income countries as they 
are less costly to build than conventional wastewater sludge treatment technologies, can be built using 
local materials and labour, and require little maintenance, few to no chemicals and minimal energy to 
operate successfully. Although the macrophytes require some time to acclimatise to the nutrient-rich 
sludge, the PDB can then operate for up to 10 years without desludging and the macrophytes can be 
harvested for benefi cial use. The stabilised sludge layer can also be used as a soil amendment and organic 
fertiliser.

However, PDBs require a signifi cant amount of space (0.25 to one m2/capita) and therefore, the 
technology is not well-suited to dense, urban areas. Furthermore, the bed must be accessible by trucks 
that transport sludge, and should therefore be built on or near roads that are easily traversed by large 
vehicles. Although resilient, macrophytes may be prone to insect attacks and parasitism. Therefore, 
although maintenance is not constant, it must be diligent. In recent years, much research has been 
carried out in order to determine optimum parameters for the design and operation of the most robust 
PDBs as possible. There are, however still questions that remain unanswered, such as: 
• the effects of feeding frequency on bed performance;
• the vulnerability and resilience of macrophytes to insect attacks;
• the effects of high conductivity and ammonia;
• the most effective treatment methods for leachate;
• the long-term (10+ year) performance of the beds; and
• the cost-benefi t analysis of the system.

Each of these aspects should be researched under different loading rates, with different types of FS and 
under different climactic conditions. Although research remains important, priority should be given 
to upscaling and promoting PDBs whenever possible and appropriate. Time must not be wasted on 
perfecting this technology, but rather building on current knowledge and disseminating evidence as it 
is gathered. 

8.10 BIBLIOGRAPHY

Altieri, M. A., Nicholls, C. I. (2003). Soil fertility management and insect pests: harmonizing soil and plant health in 

agroecosystems. Soil and Tillage Research 72(2), p.203-211.

Bialowiec, A., Wojnowska-Baryla, I., Agopsowicz, M. (2007). The effi ciency of evapotranspiration of landfi ll leachate 

in the soil-plant system with willow Salix amygdalina L. Ecological Engineering 30(4), p.356-361.

Breen, P. F. (1997). The performance of vertical fl ow experimental wetland under a range of operational formats and 

environmental conditions. Water Science and Technology 35(5), p.167-174.

Brix, H. (1994). Functions of macrophytes in constructed wetlands. Water Science and Technology 29(4), p.71-78.

Brix, H. (1997). Do macrophytes play a role in constructed treatment wetlands? Water Science and Technology 35(5), 

p.11-17.

Chen, W., Chen, Z., He, Q., Wang, X., Wang, C., Chen, D. (2007). Root growth of wetland plants with different root 

types. Acta Ecologica Sinica 27(2), p.450-457.



Te
ch

no
lo

gy

175

Clarke, E., Baldwin, A. H. (2002). Responses of wetland plants to ammonia and water level. Ecological Engineering 

18(3), p.257-264.

Davis, L. (1995). A handbook of constructed wetlands: A guide to creating wetlands for--agricultural wastewater, 

domestic wastewater, coal mine drainage, stormwater in the Mid-Atlantic Region. Vol 1. General 

considerations (Vol. 1). Washington, DC: USDA-NRCS, EPA Region III.

De Maeseneer, J. L. (1997). Constructed wetlands for sludge dewatering. Water Science and Technology, 35(5), 279-

285.

EAWAG/SANDEC. (2009). Recueil des résultats de recherche sur la gestion des boues de vidange du projet de 

collaboration ONAS-EAWAG/SANDEC- Phase I, 2006-2009. Dakar: EAWAG/SANDEC.

Edwards, J. K., Gray, K. R., Cooper, D. J., Biddlestone, A. J., Willoughby, N. (2001). Reed bed dewatering of agricultural 

sludges and slurries. Water, Science and Technology 44(10-11), p.551-558.

Gagnon, V., Chazarenc, F., Comeau, Y., Brisson, J. (2007). Infl uence of macrophytes species on microbial density and 

activity in constructed wetlands. Water Science and Technology, 56(3), 249-254.

Giraldi, D., Iannelli, R. (2009). Short-term water content analysis for the optimization of sludge dewatering in 

dedicated constructed wetlands (reed bed systems). Desalination 246(1-3), p.92-99.

Hardej, M., Ozimek, T. (2002). The effect of sewage sludge fl ooding on growth and morphometric parameters of 

Phragmites australis (Cav.) Trin. ex Steudel. Ecological Engineering 18(3), p.343-350.

Hutchinson, J., Dalziel, J. M. (1972). Flora of west Tropical Africa (Vol. Vol. III). London: Crown Agents for Overseas 

governments and administrations.

Ingallinella, A. M., Sanguinetti, G., Koottatep, T., Montangero, A., Strauss, M. (2002). The challenge of faecal sludge 

management in urban areas – strategies, regulations and treatment options. Water, Science and Technology 

46(10), p.285-294.

Kadlec, R. H., Knight, R. L. (1996). Treatment wetlands. Boca Raton, FL.: Lewis Publishers.

Kadlec, R. H., Wallace, S. (2009). Treatment wetlands (2nd edition ed.). Boca Raton, FL: CRC Press.

Kengne, I. M., Akoa, A., Soh, E. K., Tsama, V., Ngoutane, M. M., Dodane, P. H. (2008). Effects of faecal sludge application 

on growth characteristics and chemical composition of Echinochloa pyramidalis (Lam.) Hitch. and Chase and 

Cyperus papyrus L. Ecological Engineering 34(3), p.233-242.

Kengne, I.M., Dodane, P.-H., Amougou Akoa, Koné, D., 2009a. Vertical fl ow constructed wetlands as sustainable 

sanitation approach for faecal sludge dewatering in developing countries. Desalination, (248) p291-297.

Kengne, I. M., Amougou Akoa, Koné, D. (2009b). Recovery of biosolids from constructed wetlands used for faecal 

sludge dewatering in tropical regions. Environmental Science and Technology 43, p.6816-6821.

Kengne, I. M., Soh Kengne, E., Akoa, A., Bemmo, N., Dodane, P.-H., & Koné, D. (2011). Vertical-fl ow constructed 

wetlands as an emerging solution for faecal sludge dewatering in developing countries. Journal of Water, 

Sanitation and Hygiene for Development 01(1), 13-19.

Kim, B. J., Smith, D. (1997). Evaluation of sludge dewatering reed beds: A niche for small systems. Water Science and 

Technology 35(6), p.21-28.

Koottatep, T., Surinkul, N., Polprasert, C., Kamal, A. S. M., Koné, D., Montangero, A. (2005). Treatment of septage 

in constructed wetlands in tropical climate: lessons learnt from seven years of operation. Water Science and 

Technology 51(9), p.119-126.

Kroiss, H. (2004). What is the potential for utilizing the resources in sludge? Water Science and Technology 49(10), 

p.1-10.

Lienard, A. Payrastre, F. (1996). Treatment of sludge from septic tanks in reed beds fi lters pilot plants. In: IWA (Ed), 

5th Int. Conf. on Wetlands Systems for Water Pollution Control, Vol. I, IWA, Vienna, p.1-9.

Molla, A. H., Fakhru’l-Razi, A., Abd-Aziz, S., Hanafi , M. M., Roychoudhury, P. K., Alam, M. Z. (2002). A potential 

resource for bioconversion of domestic wastewater sludge. Bioresource Technology 85(3), p.263-272.

Molle, P., Lienard, A., Grasmick, A., Iwema, A. (2006). Effect of reeds and feeding operations on hydraulic behaviour 

of vertical fl ow constructed wetlands under hydraulic overloads. Water Research 40(3), p.606-612.

Nielsen, S. (2003). Sludge drying reed beds. Water Science and Technology 48(5), p.101-109.

Nielsen, S. (2005). Sludge reed beds facilities – Operation and problems. Water Science and Technology 51 (9), 

p.99–107.



Te
ch

no
lo

gy

176

Pimental, D., Warneke, A. (1989). Ecological effects of manure, sewage sludge and other organic wastes on arthropod 

populations. Agricultural Zoology Reviews 3, p.1-29.

Prochaska, C. A., Zouboulis, A. I., Eskridge, K. M. (2007). Performance of pilot-scale vertical-fl ow constructed 

wetlands, as affected by season, substrate, hydraulic load and frequency of application of simulated urban 

sewage. Ecological Engineering 31(1), 57-66.

Strauss, M., Larmie, S.A., Heinss, U. (1997). Treatment of sludges from on-site sanitation - Low-cost options. Water 

Science and Technology 35 (6), p.129-136

Stefanakis, A. I., Akratos, C. S., Melidis, P., & Tsihrintzis, V. A. (2009). Surplus activated sludge dewatering in pilot-

scale sludge drying reed beds. Journal of Hazardous Materials, 172(2-3), p.1122-1130.

Stefanakis, A. I., Tsihrintzis, V. A. (2012a). Effect of various design and operation parameters on performance of pilot-

scale Sludge Drying Reed Beds. Ecological Engineering 38(1), p.65-78.

Stefanakis, A. I., Tsihrintzis, V. A. (2012b). Heavy metal fate in pilot-scale sludge drying reed beds under various 

design and operation conditions. Journal of Hazardous Materials (213-214), p.393-405.

Towers, W., Horne, P. (1997). Sewage sludge recycling to agricultural land: the environmental scientist’s perspective. 

Journal of the Commission for International Water and Environmental Management 11, p.162-132.

Uggetti, E., Ferrer, I., Carretero, J., Garcia, J. (2012). Performance of sludge treatment wetlands using different plant 

species and porous media. Journal of Hazardous Materials, 217-218, 263-270.

Van Cuyk, S., Siegrist, R., Logan, A., Masson, S., Fischer, E., Figueroa, L. (2001). Hydraulic and purifi cation behaviors 

and their interactions during wastewater treatment in soil infi ltration systems. Water Research 35(4), p.953-

964.

Warman, P. R., Termeer, W. C. (2005). Evaluation of sewage sludge, septic waste and sludge compost applications to 

corn and forage: yields and N, P and K content of crops and soils. Bioresource Technology 96(8), p.955-961.

End of Chapter Study Questions

1. Describe the main components of PDBs, and the basic fundamentals of their operation.

2. Explain what macrophytes are, and list four essential roles they play in FSM.

3. Identify four performance indicators that are important for monitoring the performance of 
PDBs to ensure they are meeting treatment objectives.

4. Finding the optimum loading rate is important for the operation and maintenance of PDBs, 
explain why this is important.

5. What are challenges and benefi ts of using the PDB technology for FSM in dense urban areas?


