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Wastewater treatment processes produce large quantities of sludge commonly containin
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over 90% water. The most important part of sludge treatment prior to disposal is the
reduction of the sludge volume by water separation in order to reduce the costs of

Keywords transportation and handling; numerous techniques had widely fulfilled the basic
v dewatering, functional definition of dewatering with varying degrees, and so they referred to
v’ drying beds, significant types of dewatering. For example sludge drying beds; Moisture reduction on
v Thickening, the drying bed is lost through percolation and evaporation. Sludge drying beds may be
v’ paved, classified into five main types: Conventional sand drying bed (SDB), paved drying bed
v Sludge. (PDB), Wedge-Wire, Vacuum assisted and Solar drying bed. Drying beds can be used

not only to dewater a particular sludge, but also to dry it to a solids concentration of more
rehamteamal1l1@yahoo.com  than 50-60% and to avoid potential problems from odor and pathogens. When the drying

Phone: +201017797984: is completed to produce biosolids , these biosolids act as a fertilizer for crop harvesting
Fax: +0244781997 and soil conditioners. The present work presents a general review on the types of the
sludge drying beds.

1. Introduction

1.1. Sludge treatment

The suspended solids, which appear in a wastewater treatment plant, are derived from the raw
wastewater. The solid likely contains micro-organisms, which contribute to the transmission of diseases
as well as organic and inorganic pollutants. They are toxic and generally have harmful effects on humans
and the environment. The amount of sludge produced during wastewater treatment depends on several
factors such as climate, culture, consumption habits, treatment technologies etc. [1].These solids
commonly termed as “sludge” must be collected from various points in the wastewater treatment process
in order to be treated by reducing the water and organic contents and, as a result, rendering them suitable
for reuse or final disposal [2; 3; 4].

Every year large amounts of wastewater sludge are produced worldwide. European Commission
indicates that while annual sludge production in Europe was 5.5 million tone of dry matter in 1992; it
increased to nearly 9 million tones by the end of 2005[5],these amounts are expected to strongly increase
up to 13 million tons dry sludge (DS) at the end by 2020. Sludge management (e.g. disposal) and
treatment represent more than 50 % of the construction and operating costs of a wastewater treatment
plant (WWTP) [6; 7]. According to several recent reports and as recently reviewed by Kelessidis, sludge
management is mainly performed in EU by land farming (direct or after composting), incineration (after
drying) and landfill [8].
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The level and method of sludge treatment are determined based on the type of wastewater treatment
process, from which the sludge is generated. The methods involve thickening, dewatering, digestion,
and composting [9; 10].

1.1.1 Sludge Thickening
Thickening is the practice of increasing solids content of sludge by the removal of a portion of its liquid
content [11; 12]. (Thickening process can enrich 0.8% of DS content of sludge to 4%.The significant
volume reduction achieved by sludge concentration via thickening would be beneficial to subsequent
treatment processes of digestion, dewatering or final disposal since it reduces the capacity of tanks and
equipment required, as well as the operational costs incurred [13]. It could be done by Gravity thickeners,
floatation, and Mechanical Thickening [12; 14].

1.1.2 Sludge Digestion

Sludge digestion is typically required after the aerobic process where the sludge may be unstable and
requires further treatment.
The specific purpose of digestion includes:-

1. Stabilization of solids

2. Reduction pathogenic organisms,

3. Reduction volume of sludge

4. Obtaining useful by products [2].
Technologies used for stabilization include lime stabilization, heat treatment, aerobic digestion,
anaerobic digestion and composting [15].

1.1.3 Sludge Dewatering
Dewatering is a physical unit operation aimed at reducing the moisture content of sludge, the removal

of water to the degree that the remaining sludge residue effectively behaves as a solid for handling
purposes [11].The minimum solids content at which this is achieved can vary between 16% and
30%[16;17;18]. Its methods are basically sub-divided into two major categories: “mechanical
dewatering” and “natural dewatering” [19; 13; 20]. The selection of appropriate sludge dewatering
technique depends upon the characteristics of the sludge to be dewatered, available space and moisture
content requirements of the sludge cake for ultimate disposal [15].

e Mechanical Dewatering
Mechanical equipment is typically used for dewatering of sludge. It includes the filter press, centrifuge
and belt press [14].

e Natural Dewatering
This method refers to the sludge dewatering in open basins where the moisture is removed either by
natural evaporation, gravity/induced drainage, or a combination of these [21]. Typically, natural
dewatering processes are less complex, easier to operate and require less energy than mechanical
systems. However, they are not often preferred because they require a large land area. The success of
the dewatering operation depends very much on the local climatic conditions; they are also fairly labor
intensive. There are two types of natural dewatering systems available and the most commonly used,;
"sludge drying beds" and "sludge lagoons™ [13; 9; 22].

1.2. Sludge Drying Beds (SDB)
Drying beds have been used since the beginning of the twentieth century [23].Drying of the sludge can
be divided into two different stages, namely drainage and evaporation [24; 21]. Drying is the process,
which can remove high amount of water from sludge. While thickening and dewatering can remove7%
and 35% of the total amount of water, respectively [25]. The design of SDB is mainly based on site
specifications, as well as environmental and climatic factors, per capita basis and a unit loading of
pounds of dry solids per square foot per year [26] .The sludge drying beds should be located at least 100
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m away from houses to avoid potential problems from odor and pathogens [27;2] The main advantages
of sludge drying beds are normally the lowest capital cost; When the land is readily available, Small
amount of operator attention and skill is required, Low energy consumption, Less sensitive to sludge
variability, Low chemical consumption and Higher dry cake solids contents than fully mechanical
methods[26;28;29;30;31;25;32] .

e Disadvantages include more land is required than fully mechanical methods, Lack of a rational
engineering design approach allowing sound engineering economic analysis, Requires a stabilized
sludge, Must be designed with careful concern for climatic effects, Clogging of sand bed, May be more
visible to the general public and the removal usually is labor intensive [26; 28; 29; 30; 33; 34; 35].

1.2.1.Dried Sludge Applications
Dried or treated sludge offers a wide range of applications, mainly including agricultural land
application. When the drying is completed to produce biosolids, these biosolids act as a fertilizer for
crop harvesting, the found organic nitrogen and phosphorous in biosolids are used quite efficiently by
crops as the plant nutrients, which are released slowly throughout the growing season. Besides the
application of crop harvesting, the treated sludge can be also used as a top dressing on golf course
fairways, soil conditioner for construction of parks [36].

1.2.2.Design of sludge drying beds
The design of sludge drying beds involves only the computation of the bed area .This may be done on
per capita basis or on solid loading rate basis. When data conforming to the local environmental
conditions is not available, the following data may be used:
1. Solid-loading rate: 50 to 150 kg of dry solids per square meter per year.
2. Per capita requirement of bed area (1.6 to 2.3 m2 for digested primary and activated sludge) [21].

1.2.3.Factors affecting on the efficiency of natural drying beds

1. Nature of sludge: Raw sludge and especially those containing high amount of oil or grease, tend
to dry slowly by evaporation above a dry solids content of about 30%, while digested sludge
crack faster forming a highly fragmented cake which in favorable weather or climate, will
produce a dry solid content as high as 70%.

2. Weather and climatic condition: Water evaporates from the sludge slower than the clean water.
Sludge dewatering is also at the mercy of rainfall as a moisture reduction through evaporation is
minimal in cloudy conditions due to reduced intensity from the sun. A well digested sludge 200-
300mm thick can dry within one week or two without odour under favorable climatic condition.

3. Dry initial solid content of sludge: It has often been observed that dispersed particles have a
negative effect on the rate of filtration; therefore it is better to consolidate or thicken the sludge
before application so as to reduce the proportion of liquor which should be removed through
percolation or drainage.

4. Height of applied sludge: This is usually between 150-350mm thick with mechanically lift beds.
The depth of application is often 200mm. If the applied depth is too shallow, the thickness of the
sludge layer will be small and more applications will be required to deal with a given volume of
sludge. Solar intensity, wind velocity and temperature also affect the performance of drying bed
though they are often neglected [36; 37; 38].

1.2.4.Specifications of sludge drying beds components

1. Under drains it is made from the open joined vitrified clay pipe or tiles of at least 10 cm diameter.
Pipe should not be laid more than 6 m apart from each other.

2. Gravel covers the under-drainage system. Graded gravel is placed around the under drains in
layers up to 30 cm, with minimum of 15 cm above under drains. Gravel of effective size 3 to 6
mm.
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3. Sand of effective size 0.5 to 0.75 mm and uniformity coefficient not greater than 4 is used. The
depth of the sand may vary from 20 to 30 cm.

4. Dimensions Sludge drying beds are commonly 6 to 8 m wide and 30 m long. With the bed slope
of 0.5% the length should not exceed 30 m for single sludge application point.

5. Sludge Inlet Pipe of minimum 20 cm diameter should be used for sludge inlet pipe. This pipe
should discharge sludge at minimum height of 0.3 m above the sand bed. Splash plates should
be provided at discharge points to spread the sludge uniformly over the bed and prevent erosion
of the sand bed.

6. Removal of Sludge Dried sludge cake is removed by shovel or forks when the moisture content
is less than 70%. When the moisture content is less than 40% the sludge is suitable for grinding.
[39].

E. d. C. Lampreia [40] studied the mathematical model to develop the design and management of sludge
drying beds. This model takes into account the local meteorological conditions (temperature, solar
radiation, relative humidity and rainfall) and the initial sludge layer thickness 0.32, 0.2. Laboratory
analysis was carried out on samples taken from the beds in order to determine the sludge solids content
(SC) evolution. During the course of each cycle, the sludge applied layer thickness was measured as a
measure of the volume reduction associated with this process, the determination of the leachate COD
and SST values, in order to evaluate the type of treatment it should be submitted to.

It was observed that sludge drying beds present better performance, which means higher values of solids
content and consequent reduction of volume in a shorter period of time, in cycles where the air
temperature and solar radiation values were higher and relative humidity and precipitation registered
values were lower. For the same meteorological conditions, thinner sludge layers were more easily
dehydrated. Generically, the predictions obtained by the model showed good agreement with
experimental work.

1.2.5.Classification of sludge drying beds
Sludge drying beds may be classified into five main types Conventional sand drying bed, Wedge-Wire,
Vacuum assisted, Solar and paved Drying Bed; the following sections describe these types in details
[13].

1.2.5.1. Conventional sand drying beds

Sand drying bed is a drying bed supported with drainage channels. Sludge is laid in 200 to 300 mm
thickness and allowed to dry. Cycle time for dewatering and drying depends on the applied depth of the
sludge, the climatic conditions, temperature and humidity. In general this sludge depth may range in 200
to 450 mm (8 to 18 in), in some systems up to 1 m (3ft) of liquid sludge is applied in the initial layer.
Dewatering on sand beds process via two different mechanisms; filtration and evaporation, Water
drainage is the most important during the first 1-3 d leaving[21], the solid concentrations as high as 15—
25% . Further water removal occurs by evaporation, it is estimated that 60% of the water is drainable
[23; 41; 2; 32]. Drying beds are generally used for small and medium sized community or industrial
wastewater treatment plants. Although the method is simple and requires minimal operation attention, it
has disadvantages due to large area requirement and dependence on climatic conditions [13; 42-44].
This method is based on a simple principle of spreading the sludge out and letting it dry. Where much
of the water as possible as is removed by percolation into the under drains and the rest of the water may
be allowed to evaporate until the desired solids content is achieved [45]. The number of times that the
beds may be used depends on the drying time and the required time to remove the solids. The sludge can
then be removed manually to a nearby landfill area. The moisture content can be reduced by about 40%
after 10 to 15 days of drying under favorable conditions, sludge loading rate is 100-300 kg dry solids/
m2 /year for uncovered beds and typical sand drying bed construction is shown in (Figure 1).The beds
can be built with or without provision for mechanical sludge removal, and with or without a roof [1].
Typical sand beds consist of a layer of coarse sand 15-25 cm in depth and supported on a gravel bed
(0.3 -2.5 cm) that incorporates selected tiles or perforated pipe under-drain [31;46-49].
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Figure 1: a schematic of a Typical Sludge Drying Bed [1]

1.2.5.1.1. A sand bed's performance depends on
1. Required solids concentration in the dewatered sludge.
2. Solids concentration in the applied sludge.
3. Type of sludge to be applied (e.qg., stabilized, thickened, conditioned).
4. Drainage and evaporation rates.

1.2.5.1.2. Operation and Maintenance
The application of sludge treatment methods differs from country to country due to differences in
operating conditions and energy prices [50]. Conventional sludge drying is very simple, but trained staff
for operation and maintenance is required to ensure proper functioning. This method doesn’t require
electrical energy [29].

1.2.5.1.3. Cost Considerations
This conventional sludge treatment technology is more land intensive rather than energy intensive. Based
on the quantity of wastewater to be treated; size of the sludge drying bed changes. The capital investment
for this treatment unit is the highest in terms of the land requirement followed by the construction costs.
The O & M requirements include the labour hours, fuel energy, back washing as well as the annual
materials and maintenance parts [50].

1.2.5.1.4. The main problems related to sand drying beds are it's

The problem of using conventional sand drying beds (with 20 — 30 cm sludge layer) is that ,it requires a
large area of land for construction, and a period of not less than 10 — 15 days (Depending on Weather
conditions such as temperature and humidity) for drying and cleaning. When increasing the height of
the layer of sludge; in case of limiting lands, it takes a long period of time (several weeks) until it reaches
the degree of drying required. Another problem occurred when using sand drying beds that a loss in the
sand layers occurred during the process of cleaning, which requires the compensation of these sands
over time. Also one of the main problems facing the use of sand drying beds that it must be cleaned
manually without the use of mechanical equipment, which requires the division of beds into large groups
of small beds to facilitate the process of cleaning them. These defects and operating problems can be
overcome by using the paved drying beds, which is recommended by several studies and determining
its design criteria which are suitable for the Egyptian environment. [51].

1.2.5.1.5. Sand drying beds experiences worldwide
An extensive study conducted in Current United States practice is to make drying beds rectangular with
dimensions of 15-60 ft (4.5-18 m) wide by 50-150 ft (15-47 m) long with vertical side walls. Usually
4-9 in. (10-23 cm) of sand is placed over 8-18 in. (20-46 cm) of graded gravel or stone. Usually, the
sand is 0.012-0.05 in. (0.3-1.2 mm) in effective size and has a uniformity coefficient less than 5. Gravel
is normally graded from 1/8 to 1 in. (0.3-2.5 cm), in effective size. Normally, under drain piping has
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been vitrified clay, but plastic pipe is also becoming acceptable. The pipes shouldn't be less than 4 in.
(200 mm), should be spaced 8-20 ft (2.4-6 m) apart, and have a minimum slope of 1%. The piping to
the sludge drying beds should be designed for velocity of at-least 0.75 m/s. The sludge is placed on the
bed in 20-30 cm layers and allowed to dry [26].

SDBs are being used throughout the world especially in United States since the beginning of the 20th
century, but over the years its applicability is limited due to the environmental and climatic factors [52].
In the United States, the majority of Waste Water Treatment Plants (WWTPs) with capacities less than
5 MGD (equal to 18.93 m*/day) use SDBs. Similarly, Russia and other Eastern European countries use
SDBs in more than 80% of the WWTPs [53]. By 2009, Egypt had approx. 303 WWTPs handling 11.85
x106 m? /day of sewage. Most of these WWTPs use natural sludge drying beds [30]

And In Africa, a STP at Cambéréne (Dakar, Senegal) uses SDB for sludge treatment since 2006. The
initial design under estimated the sludge volumes to be treated and overestimated the sludge
concentrations by 40%. This caused serious problems in operations. After detailed study this issue was
resolved and the capacities of the SDBs were increased from 200 kg TS/m?/year to 400 kg

TS/m?/year. Currently, the plant is running at 300 kg TS/m?/year, thus allowing for an additional bed-
scrubbing period of about ten days [54]. Many cities in India including Chennai, Thane, Pune, Patna,
Chandigarh, and Bhopal use the conventional sludge drying beds as a part of sludge treatment process.
The quantum of sludge to be treated is generally very high due to the amount of wastewater that is
generated in these cities. The climatic conditions in India are also favorable for the use of SDBs as the
solar energy is available in ample in Indian subcontinent. In the city of Patna, many municipal
wastewater treatment plants are using the SDBs as a part of sludge treatment technology. Plants at Beur,
Saidpur have installed SDB having total capacity of 405 m® each. Furthermore, cities including Raipur,
Khurd (Chandigarh), Ahemdabad, Vasna, Rajkot, Vadodara, Surat (located in the state of Gujarat) also
have multiple sewage treatment plants, which include sludge drying beds as the treatment units [55].
Further to that The Central Public Health & Environmental Engineering Organisation under Ministry of
Urban Development has published the design guidelines for Sludge Drying Beds in India [56] .

F. A. Al-Nozaily et al. [21] studied the possible factors to provide less drying time such as sand type,
blocks spacing, Geo-Web support instead of blocks support and the polymer addition. The drying time
in the pilot plant ranged 7-10 days. The percolation was the main factor for sludge drying compared to
the evaporation of water. The averages were 65% and 35% for percolation and evaporation, respectively.
Moreover, 70% of the percolated water took place during first two days; this is in line with Mullick [57].
Has been observed Using a natural (rounded particles) Sa’adah sand (d=0.4-0.8mm) at upper filter layer
of the sludge drying beds has perform better than using crushed basalt (angular particles), which being
at existing sludge drying beds has an effect on preventing sludge passes through filter layer and finally
cause clogging drainage system. Using blocks support has no significant effect on drying time compared
to more surface filtration area. Increasing the blocks spacing (filtration area) has a significant effect on
drying time especially at rainfall season which can filtrate the excess water that came from rainfall
precipitation, therefore we can conclude that using of geo-web support which provided the higher
filtration area at rainfall .The polymer addition has no considerable effect on overall drying time
probably due to the small scale of pilot plant.

Radaideh et al. [58] studied the compare the efficiency of sand drying beds to dewater sludge digested
anaerobically against sludge digested in the aerobic/anoxic stages in extended aeration (EA) plants. Full
and lab scale experiments have shown that aerobically digested sludge in extended aeration plants has
better dewatering efficiency on sand drying beds than anaerobically digested sludge. This was shown by
comparing a number of parameters that are usually used to characterize the dewaterability of wastewater
sludge's. They included dry solids content, capillary suction time (CST), sludge volume index (SVI),
volatile and fixed solids, particle size distribution, fraction of small particles (fines) and drainage test.
It is recommended that sand drying beds be used in Jordan for extended aeration plants as these produce
low volumes of sludge that has better dewatering properties than anaerobically digested sludge.

Saleh Al-Muzaini [59] studied the examine the present dewatering facilities at the Jahra treatment
plant and to measure the pollutant levels in the produced sludge in order to assess the overall performance
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of the sand drying bed facilities. Laboratory results for the sludge produced at the Jahra plant showed
that organic matter and sand content are high, and heavy metals contents are low. Based on the results,
using sand-drying-bed technologies for dewatering at the Jahra plant will be difficult. Furthermore, sand-
drying beds always face problems with clogging of the sand layer. In addition, the sand quality in drying
beds sometimes does not conform to standard specifications, allowing escape of the fine sand particles
into the drainage system, clogging the drainage system. Suitable options for sludge dewatering
equipment are recommended, but an effective mechanical investigation should be conducted. Therefore,
a pilot mechanical dewatering facility should be established to provide the capacity for simultaneous
exploration of various mechanical dewatering systems such as belt filter press, centrifuge, and vacuum
filtration.

Mehrdadi et al. [36] studied the an experimental investigation was carried out to assess the efficacy of
solar energy for drying of sludge from pharmaceutical industrial waste over a sand bed covered( SSDSB
)as compared to the conventional sludge drying over a sand bed (CSDSB) . Most of the moisture content
was lost by drainage in first 3-4 days and the solar sludge drying sand bed (SSDSB) reduced drying time
by about 25- 35% as compared to the conventional sludge drying sand bed(CSDSB). The sludge loading
rates were observed to be about 138.5 kg solids/m2/year and 99.5 kg solids/m2/year for SSDSB and
CSDSB respectively. It may be concluded that the condensate water from SSDSB was of excellent
quality for several probable reuses.

According to J. A. Radaidah et al. [39] Intensive solar collector cells are being employed to increase the
efficiency of existing conventional sand beds, with the aim to avoid expansion of drying beds. This solar
energy is used to heat water that passes through galvanized pipes at the bottom of the sand drying beds
, Sludge that is applied to beds will become heated. This will enhance evaporation, accelerate dewatering
of sludge and help in the reduction of pathogenic levels. Obtained results indicated that the water content
of samples decreased from 96.5 % to 32.94 % within 18 days when conventional sand drying beds were
used. By modified beds only 60 % of this time was required.The increase of sludge temperature also
leads to reduce the microbiological content of sludge. 100 % removal of some pathogenic species (fecal
coliforms) was achieved; other contaminants and pathogens could be reduced to 99 %. The modified
sludge bed reduced drying time by about 35% as compared to the conventional sludge bend, thus
increasing the loading factor of beds by ~ 30 %.

Cofiea et al. [60] investigated the use of drying beds in separating solid and liquid fractions of faecal
sludge (FS) so that the solids can be cocomposted and the organic matter and part of the nutrients
captured for urban agriculture. The loading rate of sludge ranged from 196 to 321 kg total solids (TS)
/m2 y. Biosolids with (TS) 20% were obtained after an average drying time of 2 weeks. During FS
dewatering, percentage reduction in concentrations of solids and organic constituents was above 80%.
This shows that drying beds are effective in achieving solids—liquid separation of FS withholding on
average, 96% of the SS. Hundred percent of the helminth eggs were withheld on the drying beds.

A. Masmoudi [61] studied the experimental data about sewage sludge drying through a pilot scale drying
bed, during winter, spring and summer. To achieve a moisture content of 0.15 kg water /kg DS, the
drying period of the 2 cm thickness sludge layer was 14 days in winter, 5 days in spring and 4 days in
summer. The dry solid content (DS) increased from 4.1% to 87.25% in winter, 4.8% to 87% in spring
and from 4% to 87% in summer. The sludge volume was reduced up to 95 % in the three seasons. The
maximum drying rate value observed in spring was 0.38 kg water/ kg DS.h and 0.97 kg water/ kg DS.h
in summer. This rate was not calculated in winter because of the moisture content‘s irregular variation.

1.2.5.2. Wedge-wire drying beds
Since the 1960s, Wedge-wire drying bed has been successfully used in England to dewater both
municipal and industrial wastewater sludge, Used in the United States since the early 1970s [2; 41].
In wedge-wire drying beds, artificial media made of stainless steel wire wedge and high-density
polyurethane formed into panels have been successfully utilized. Drainage and evaporation are the two
mechanisms utilized to form a sludge cake [23] .
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A typical cross section of a wedge-wire bed is shown in (Figure 2).The bed consists of a shallow
rectangular watertight basin fitted with a false floor of wedge water panels. These panels have slotted
openings of 0.01 in. (0.25 mm). This false floor is made watertight with caulking where the panels about
the walls. An outlet valve to control the rate of drainage is located underneath the false floor [62]. The
U.S. EPA reported the following advantages for the system: no clogging of the media, constant and rapid
drainage, higher throughput rate than sand beds, easier removal of sludge cake, ability of drying difficult
to dewater sludge and ease of maintenance. [63; 33] .
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Figure 2: a schematic of a Cross-section of a wedge-wire drying bed [33]

1.2.5.3. Vacuum assisted
The only operating vacuum-assisted drying beds at this time are two 20 ft (6m) by 40 ft (12m) units built
in 1976 at Sunrise city, Florida. They dewater an aerobically digested sludge having 2% solid
concentration, which is wasted from a stabilization wastewater treatment plant [64; 2].
1.2.5.3.1. The principal components of the Sunrise facility are as following
1. A bottom ground slab consisting of reinforced concrete.
2. A layer of stabilized aggregate several inches thick which provide support for the rigid
multimedia filter top. This space is also the vacuum chamber and is connected to a vacuum pump.
3. Arrigid multi-media filter top is placed on the aggregate support. Sludge is then applied to the
surface of this media [13].

1.2.5.3.2. The operating sequence is as following
1. Sludge is introduced onto the filter surface by gravity flow at the rate of 150 gpm (9.4 L/s) and
to a depth of 12-18 in. (3046 cm).
2. Filtrate drains through the multi-media filter and into the space containing the aggregates and
then to a sump, from which it is pumped back to the plant by a self-actuated submersible pump.
3. Assoon as the entire surface of the multi-media filter is covered with sludge, the vacuum system
is started and vacuum is maintained at 1-10 in. Hg (3—34 kN/m2).
Under favorable weather conditions, this system dewaters the dilute aerobically digested sludge to a 12%
solids concentration in 24 h without polymer addition, and to the same level in 8 h if polymer is added.
This particular sludge of 12% solids concentration is capable of being lifted from the bed by a fork or
mechanical equipment. The sludge will further dewater to about 20% solids concentration in 48 h [23;
65].

1.2.5.3.3. Process performance and theory
A cake of 40-45% solids might be achieved in 2-6 wk. in good weather and with well-digested
secondary, primary, or mixed sludge. With chemical conditioning, dewatering time may be reduced by

Elbaz et al., J. Mater. Environ. Sci., 2020, 11(4), pp. 593-608 600



50% or more. Solids contents as high 85-90% have been achieved on sand beds, but normally, the
required times to achieve such dry sludge cakes are impractical. The mechanisms for water removal
impose a number of operating variables that affect the design of drying beds, such as:

1. Sludge condition.

2. Sludge characteristics.

3. Soil permeability.

4. Land availability and cost [65].
However, Air temperature, relative humidity, percentage of sunshine, and wind velocity also affect the
rate of water evaporation. In the summer or at high temperature and humidity, the rate of drying is two
to three times faster than in the winter or at low temperature [66]. It is noteworthy that in many
wastewater treatment plants sludge is stored in digesters in the winter and dried only in the summer [65].

1.2.5.4. Solar drying beds
Solar drying is one of the oldest drying techniques in which solar radiation is used; solar drying does not
require man produced energy [67].
This bed type utilizes energy from the sun to achieve dewatering operation and drying. It makes use of
sophisticated technology like that of GREEN HOUSE [2; 68].
According to Mayis kurt [69] demonstrates that solar panels can be used as auxiliary heat source for a
Solar Dryer (GSD) instead of a thermal dryer if enough area, solar radiation, ventilation and mixing of
sludge is provided. The results indicated that water removal from WWTP sludge with solar panels is
less economical compare to water removal with Greenhouse Solar Dryer (GSD) and investment cost of
thermal dryer systems. However, it is economical option when comparing it with energy requirement
cost.
Salihoglu et al., [70] study the limited liming & solar drying as an alternative to only liming the
mechanically dewatered sludge. Open and covered solar sludge drying plants were constructed in pilot
scale for experimental purposes. Dry solids and climatic conditions were constantly measured; faecal
coliform reduction was also monitored. The specially designed covered solar drying plant proved to be
more efficient than the open plant in terms of drying and faecal coliform reduction. It was found that, if
the limited liming & solar drying method was applied after mechanical dewatering instead of only-liming
method, the total amount of the sludge to be disposed would be reduced by approximately 40%. This
would lead to a reduction in the transportation, handling, and landfilling costs. The covered solar drying
system can be applied in cities receiving high solar radiation. It provides regulated indoor conditions for
controlling emission, odor, and lower energy costs and higher drying performance can be obtained.

1.2.5.5. Paved drying beds

Since the 1950s, Paved drying beds have had limited use. (Figure 3) shows typical paved drying bed
construction. Normally, the beds are rectangular in shape and are 20-50 ft (5-15 m) wide by 70-150 ft
(21-46 m) long with vertical sidewalls [2].Current practice is to use either concrete or asphalt lining.
Normally, the lining rests on an 8-12 in. (20-30 c¢cm) build up sand or gravel base. The lining should
have a minimum of 1.5% slope to the drainage area. An unpaved area, 2—-3 ft (0.60-1 m) wide is placed
along either side or down the middle for drainage. A minimum 4 in. (100 mm) diameter pipe is used to
convey drainage water away [23]. Paved beds have worked successfully with anaerobically digested
sludge's but are less desirable than sand beds for aerobically digested activated sludge [51] . The use of
digested or otherwise stabilized, sludge is necessary to avoid odor complaints and to satisfy regulatory
requirements for final sludge disposal.

If sludge-settling properties are good, it is possible to remove 20-30% of water from sludge; drying
period depends on climatic conditions [41].
The key advantage of this type of bed is the ability to use mechanical equipment for sludge removal
without causing damage to under drain pipes or loss of sand, shorter drying times as well as more
economical operation when compared with conventional sand drying beds. The main disadvantages are
high capital cost and a larger land area requirement than for conventional sand drying beds [33].
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Figure 3: a schematic of atypical Paved Drying Bed [18]

Recent improvements to the paved bed process utilize a tractor-mounted horizontal auger, or other
device, to regularly mix and aerate the sludge. This mixing and aeration breaks up the surface crust that
inhibits evaporation, allowing more rapid dewatering than conventional sand beds. Some of the
equipment was originally developed for composting operations but serves equally well for paved bed
dewatering. Under drained beds are still used in some locations, but the most cost effective approach in
suitable climates is to construct a low cost impermeable paved bed and depend on decantation of
supernatant and auger/aeration mixing for evaporation to reach the necessary dewatering level [71] .

1.2.5.5.1. Specifications

Studied the wall of drying beds must be water tight and should extend to 300 mm to 600 mm above and
should not be less than 150 mm below the surface of the bed, an impermeable concrete pad must be
installed over a liner. Sand Media Beds: should have at least 300mm sand bed with coefficient of
uniformity of less than 4.0 and effective grain size of not less than 0.3mm. The sand above the top of the
under drain should not be above 75mm thick.

Gravel Media Bed: the top layer of gravel media bed must be at least 75mm thick and of size between
3.1mm and 6.3mm [2].

1.2.5.5.2. Design Considerations

The critical design parameter for paved beds, as with sand beds and drying lagoons, is the surface area
required to dewater the sludge to the specified solids level in the specified time. Since drainage is not a
factor in many modern paved bed designs, the only ways water can be removed is through decantation
and evaporation. Paved beds can be used in any location, but since evaporation provides the major
pathway for water loss, they work best in warm, arid and semi-arid climates. Assuming the same degree
of effort with the auger/ aerator, the design solids loading on a bed, or the bed area will be directly related
to the potential evaporation, and precipitation in the local area. The design loading rate for the system in
Roswell, NM, is 244 kg/m?/yr (50 Ib/ft?/yr); the loading during a pilot test in Wichita, KS, was 127
kg/m?/yr (26 Ib/ft?/yr). In more humid climates the allowable loading might be even lower [72].

A study in New Mexico indicated that the evaporation rate from mixed and aerated sludge was about
58.7 percent of the free water pan evaporation tor the site. That relationship should be generally valid
for other locations also. At large scale projects, where land costs can be very significant, a pilot test to
determine this ratio should be used to optimize the design [72].

1.2.5.5.3. Structural Elements
Paved beds have been constructed with concrete and asphalt pavement, with and without drains.
However, the most economical approach may be to use soil cement as the paved surface. Information
on construction of soil cement pavements can be obtained from the Portland Cement Association. A long
rectangular configuration improves efficiency by reducing the time required for turning the auger/aerator
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vehicle. A variety of inlet and decantation structures are also possible. The minimum total depth of the
bed is about 0.8 m (2.6 ft) to provide some free board above the typical 30 cm (12 in) sludge layer. In
some systems up to 1 m (3 ft) of liquid sludge is applied in the initial layer .Other major system
components include the sludge and decantation piping, and the auger/aerator vehicles [70] (EPA, 1985).
Field experience indicates that the use of paved drying beds results in shorter drying times as well as
more economical operation when compared with conventional sand drying beds, Paved beds have
worked successfully with anaerobically digested sludge's but are less desirable than sand beds for
aerobically digested activated sludge[51] .

1.2.5.5.4. Performance Expectations
The use of digested or otherwise stabilized, sludge is necessary to avoid odor complaints and to satisfy
regulatory requirements for final sludge disposal. The decantation phase might require 2 to 3 days for
sludge settling and 1 to 2 days to decant each increment of sludge added. Depending on the sludge
characteristics, It drainage is allowed by the design. It should also be essentially complete during the
time allowed for sludge settling and decantation.
The final evaporative drying period will depend on the climatic conditions occurring after the sludge is
applied and on the regular use of the auger/aerator equipment. Solids in the range of 40 to 50 percent
can be achieved in 30 to 40 days in an arid climate, for a 30 cm (12 in) sludge layer, depending on the
time of year and the effectiveness of decantation [72].
A 1 m (3 ft) sludge layer in the same climate might require 100 to 250 days to reach 50 percent solids,
depending on when the sludge was applied [73;74] .

1.2.5.5.5. Operation and Maintenance

The major operational tasks are sludge application, decantation, mixing and aeration, and sludge
removal. Depending on the size of the operation and the time at year, the sludge on the bed should be
mixed several times a week to maintain optimum evaporation conditions. Labor requirements at the
Roswell, NM system are estimated to be about 0.3 hr/yr per Mg of dry solids processed [72].
Maintenance requirements include routine care of the auger/aeration equipment, the sludge pumping and
piping network, the decantation piping, and the bed and dikes. If the site experiences freezing weather
in the winter months, the valves and pumps in the system need to be protected and checked periodically
during the critical freezing periods.

1.2.5.5.6. Costs

Capital costs are strongly influenced by the cost of land at the project site. Other major capital costs
include the containing walls and pavement, application and decantation piping (and drainage piping if
used), the auger/aerator, and the sludge removal equipment .The major O & M costs are labor and fuel
for the equipment [72].

D. V. Manfioh et al. [75] studied the compare the dewatering of septic tank sludge using conventional
sludge drying bed (CSDB) and a sludge drying bed with permeable pavement (SDBPP). At the same
time of dewatering, the volume drained by the SDBPP was 37.4+4.6% higher than that obtained in the
CSDB. Therefore, a lower drying bed could be used. However, it provided a sludge cake with a similar
concentration of solids as the one obtained in the conventional bed (CSDB). It was found that the use of
synthetic polymer allowed dewatering to occur in less time, this would result in more drying cycles in
the same bed area, or in the size reduction of the sludge drying beds if the same volume of sludge is
employed, The use or not of polymer does not interfere in the solids content of the cake. The reuse of the
pavement was proven possible, but required large volumes of water and mechanical equipment. The use
of a Sludge drying bed with permeable pavement (SDBPP) or a Sludge drying bed composed of
permeable pavement plus a layer of sand (SDBS) showed no significant difference between the volume
dewatered regarding the humidity in the sludge cake and the maintenance. Thus, in this alternative
system, adding sand to the pavement (SDBS) would be unnecessary.
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Lienard et al. [73] studied dewatering of activated sludge in experimental reed-planted and unplanted
sludge concrete drying beds. They concluded that reeds were found to contribute to maintaining a high
and regular liquid conductivity in the sludge, which allows easier and higher dosing of planted beds.
Solids concentration may range between 40 to 50 percent for 30—40 days of drying period in an arid
climate for a 30 cm sludge layer [72].

Conclusion

The literature review revealed that the sludge contains micro-organisms, which contribute to the
transmission of diseases as well as organic and inorganic pollutants they are toxic and generally have
harmful effects on humans and the environment. Must be collected in order to be treated by reducing its
water content and organic matter and, as a result rendering them suitable for reuse or final disposal , This
is done by dewatering. There are two types of dewatering; sludge drying beds and sludge lagoons. Many
researches have been conducted to investigate beneficial uses of sludge drying beds. Moisture reduction
on the drying bed is through percolation and evaporation, Solid-loading rate (50 to 300 kg/m2/year).
Drying beds have many advantages; less complex, easier to operate, and require less operational energy
than mechanical dewatering systems, Low energy consumption, less sensitive to sludge variability, Low
chemical consumption. The design of sludge drying beds is based mainly on site specifications, as well
as environmental and climatic factors. The sludge drying beds are divided into; Conventional sand
drying bed (SDB), paved drying bed (PDB), Wedge-Wire, Vacuum assisted and Solar drying bed. The
key advantage of paved bed is the ability to use mechanical equipment for sludge removal without
causing damage to under drain pipes or loss of sand, shorter drying times as well as more economical
operation when compared with conventional sand drying beds, Solar drying beds it is economical, does
not require man produced energy and advantage of wedge-wire no clogging of the media, constant and
rapid drainage, higher throughput rate than sand beds and ease of maintenance.

References

1. AL-Malack, M.H., Abuzaid, N.S., Bukhari, A.A., Essa, M.H., Characterization, Utilization and
Disposal of Municipal Sludge, the Arabian Journal for Science and Engineering, 27 (2002).
https://sswm.info/node/6148

2. E.B. Ifeanyi, FMTLxLyLz Dimensional equation for sludge drying bed, PG/M.ENG./2008/49211,
(2008) 9-18. http://www.unn.edu.ng/publications/files/images/Eze%20Brendan.pdf

3. Tonetti, A.L., Duarte, N.C., Figueiredo, I.C.S., Brasil, A.L., Alternativas para o gerenciamento de
lodo de sistemas descentralizados de tratamento de esgotos de areas rurais (Alternatives for the
management of sludge from decentralized sewage treatment systems in rural areas), 12 (2018) 145-
152. http://dx.doi.org/10.20396//labore.v12i1.8649680

4. Gabrielli, G., Paixdo, J., Coraucci, B., Tonetti, A.L., Ambiance rose production and nutrient supply
in soil irrigated with treated sewage, 19 (8) (2015) 755-759. http://dx.doi.org/10.1590/1807-
1929/agriambi.v19n8p755-759

5. European Commision, European Commission Environment Waste Sludge, (2012).
http://ec.europa.eu/environment/waste/sludge/index.htm

6. M. Pognani, R. Barrena, X. Font, Evolution of organic matter in a full-scale composting plant for
the treatment of sewage sludge and biowaste by respiration techniques and pyrolysis-GC/MS, 102
(2011) 4536-4543. . https://www.sciencedirect.com/science/article/abs/pii/S0960852410020985

7. Marcos von Sperling: Carlos A. Chernicharo, Biological wastewater treatment in warm climate
regions, USA 1 (2005). www.iwapublishing.com/sites/default/files/ebooks/9781780402734.pdf

8. A. Kelessidis, A.S. Stasinakis, Comparative study of the methods used for treatment and final
disposal of sewage sludge in European countries, 32 (2012) 1186-1195.
https://www.researchgate.net/publication/221834222 Comparative_Study of the Methods_Used
for_Treatment _and Final_Disposal_of Sewage_Sludge_in_European_Countries

9. A. Alturkmani, https://www.scribd.com/document/205773035/Sludge-Treatment, (2012).

Elbaz et al., J. Mater. Environ. Sci., 2020, 11(4), pp. 593-608 604


https://l.facebook.com/l.php?u=http%3A%2F%2Fdx.doi.org%2F10.20396%2F%2Flabore.v12i1.8649680%3Ffbclid%3DIwAR2ocKPiUjhqZTPhQDw6cQ34Y5moeWHJ-pSQi2S1QLCvJR0eYD8gWw7Xqw4&h=AT0DxdADyGG91bRbDneFkv6pO6BfxkYu1-Df-0m0uRgt-wiHeFY0OkpUJOe_E1dwJ5xsIjC3ZUCS6t7UA3MFx0Z4P0cHZ2X8OKftutHIvy8s5kjufb-crkGF_WFDHueVFGeI
http://ec.europa.eu/environment/waste/sludge/index.htm
https://www.scribd.com/document/205773035/Sludge-Treatment

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.
29.

30.

31.

. P.B. Sorensen, Filtration of activated sludge, Ph.D. thesis, Environmental Engineering Laboratory,
Aalborg University, Denmark (1996).

E. Uggetti, I. Ferrer, E. Llorens, J. Garcia ,Sludge treatment wetlands: A review on the state of the
art, 101 (1996) 2905-2912.

Hanel, K., Biological Treatment of Sewage by the Activated Sludge Process, ISBN No. 0-7458-
0295-8 (1988). https://www.lenntech.com/wwtp/wwtp-overview.htm

Metcalf and Eddy Inc., Wastewater Engineering , Treatment and Reuse, (Fourth Edition) (2003).
www.academia.edu/36512973/Wastewater Engineering_Treatment and_Reuse_Fourth_Edition
McFarland, M.J., Biosolids Engineering, ISBN: 9780070471788  (2001) McGraw-Hill.
https://www.accessengineeringlibrary.com/content/book/9780070471788

Garg, N.K, Multicriteria Assessment of Alternative Sludge Disposal Methods, M.sc. thesis,
University of Strathclyde, Scotland (2009).
http://www.esru.strath.ac.uk/Documents/MSc_2009/Garg.pdf

Swanwick, J.D., Second European Sewage and Refuse Symposium, (1972).

WPCF, Sewage Treatment Plant Design: Water Pollution Control Federation, 8 (1959).
https://www.amazon.com/Sewage-Treatment-Design-Practice-Engineering/dp/BO0SARBTCI

T. Ruiz, T. Kaosol, C. Wisniewski, Dewatering of urban residual sludges : Filterability and
hydrotextural characteristics ~ of  conditioned  sludges, 72 (2010)  275-281.
https://www.sciencedirect.com/science/article/pii/S1383586610000778?via%3Dihub

Coker, C.S., etal. , Dewatering Municipal Wastewater Sludge for Incineration, (1991).

Metcalf & Eddy, Wastewater Engineering: Treatment, Disposal, and Reuse, 1334, 3rd edn.
McGraw-Hill, New York (2016) .

F.A. Al-Nozaily, M.T. Taha, H. M. Mohammed, Evaluation of the sludge drying beds at sana’a
waste water treatment plant, (2013).http://iwtc.info/wp-content/uploads/2013/11/99.pdf.
https://www.ontario.ca/document/design-guidelines-sewage-works/sludge-thickening-and-
dewatering

L.K. Wang, Li, Y., Shammas, N.K. & Sakellaropoulous, G.P., Handbook of Environmental
Engineering. Biosolids Treatment Processes, 6 (2007) 403-430.
https://www.springer.com/gp/book/9781588293961

Chai, L.H., Statistical Dynamic Features of Sludge Drying Systems, In: International Journal of
Thermal Sciences, Amsterdam: Elsevier B.V, 46 (2007) 802-811.
https://doi.org/10.1016/j.ijthermalsci.2006.10.011

Flaga, A., Sludge Drying: Institute of Heat Engineering and Air Protection, Cracow University of
Technology, 24 (2007) 31-155.

Tchobanoglous, G., Burton, F.L., Stensel, H.D., Metcalf & Eddy Inc. (Editor), Wastewater
Engineering, Treatment and Reuse, (Fourth Edition). New York: McGraw-Hill Companies, Inc.,
Boston, (2003).
https://search.proquest.com/openview/82d18bbd088cd47b8eee58569f8f6a36/1?pg-
origsite=gscholar&cbl=25142

A.S. Sultan, H.B. El-Sayed, E.D. Yousef, Chemical, physical and biological characteristics of
sewage water (sludge and effluent), (2004) 133-146.

Sanimas (Editor), Informed Choice Catalogue, pdf presentation. BORDA and USAID, (2005).
Tilley, E.; Luethi, C.; Morel, A.; Zurbruegg, C.; Schertenleib, R., Compendium of Sanitation
Systems and Technologies, Duebendorf, Switzerland: (EAWAG) and (WSSCC), (2008).
https://sswm.info/sites/default/files/reference_attachments/TILLEY %202008%20Compendium%?2
00f%?20Sanitation%20Systems%20and%20Technologies_0.pdf

M. Ghazy , T. Dockhorn , N. Dichtl ,Sewage Sludge Management in Egypt: Current Status and
Perspectives towards a  Sustainable  Agricultural Use, 3(9) (2009) 299-307.
https://publications.waset.org/13648/pdf

F. Ghobrial, O. Samhjan, K. Al-Harmi, and A. Eliman, Appropriate Technology for Sludge
Dewatering in Kuwait, Report No.KISR. (1986).

Elbaz et al., J. Mater. Environ. Sci., 2020, 11(4), pp. 593-608 605


http://www.esru.strath.ac.uk/Documents/MSc_2009/Garg.pdf
https://doi.org/10.1016/j.ijthermalsci.2006.10.011
http://archive.sswm.info/library/34
http://archive.sswm.info/library/34

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

M.J. Hammer, Water and Wastewater Technology, New York: John Wiley and Sons (1975).
https://www.abebooks.com/Water-Wastewater-Technology-Mark-J-Hammer/22483918998/bd
EPA Environmental Protection Agency, Process Design Manual for Dewatering Municipal
Wastewater  Sludge's, Report  No. EPA - 625/ 1- 82-014  (1982).
www.ircwash.org/resources/process-design-manual-dewatering-municipal-wastewater-sludges
W.J. Clarke, W. Viessman, Jr. and M.J. Hammer, Water Supply and Pollution Control, 3rd edn.
New York: Harper &Row (1977). https://www.biblio.com/9780700224951

W.W. Eckenfelder, Jr., C.J. Santhanam, Sludge Treatment; Pollution Engineering and Technology,
NewYork: Marcel Decker 14 (1981). https://www.abebooks.com/9780824769772/Sludge-
Treatment-Pollution-Engineering-Technology-0824769775/plp

Mehrdadi, N., Joshi, S.G., Nasrabadi, T. and Hoveidi, H., Aplication of Solar Energy for Drying of
Sludge from Pharmaceutical Industrial Waste Water and Probable Reuse, ISSN: 1735-6865, 1 (1)
(2007) 42-48.
https://www.researchgate.net/publication/27794316_Aplication_of Solar_Energy for Drying_of
Sludge_from_Pharmaceutical _Industrial Waste Water_and_Probable Reuse

J.B. Bien, §. Osady, i.p. Teoria, Wydawnictwo Politechniki Czestochowskiej, Czestochowa (2002).
E. Quon and Tambiyn, M., Intensity of radiation and rate of sludge drying, 91 (1965) 17- 32.
https://cedb.asce.org/CEDBsearch/record.jsp?dockey=0013858

J.A. Radaidah, K.K. Al-Zboon, Increase the Efficiency of Conventional Sand Drying Beds by using
Intensive Solar (2011).
https://www.researchgate.net/publication/228450039 Increase_the Efficiency of Conventional
Sand_Drying_Beds_by using_lIntensive_Solar_Energy A case study from_Jordan

E.d.C. Lampreia, Modelling sludge drying bed dewatering processes, Instituto Superior Técnico,
Universidade de Lisboa, Portugal (2017).

EPA, Dewatering Municipal Wastewater Sludge, Report No. EPA/625/1-87/014 Washington DC:
U. S. Environmental Protection Agency (1987) 193.

Al-Muzaini, S., Performance Of Sand Drying Beds For Sludge Dewatering, The Arabian Journal
for Science and Engineering, 28(2B) (2003).

Ogleni, N., Ozdemir, S., Pathogen reduction effects of solar drying and soil, 34 (2010) 509-515.
https://www.researchgate.net/publication/266866335_Pathogen_reduction_effects_of solar_dryin
g_and_soil_application_in_sewage_sludge

S. Ritterbusch , M. Bux ,Solar Drying of Sludge - Recent Experiences in Large Installations, 3rd
European Conference on Sludge Management, Leon, Spain (2012).

Strande, L., Ronteltap, M., Brdjanovic, D., Faecal Sludge Management. Systems Approach for
Implementation and Operation, IWA Publishing, London, UK, ISBN: 9781780404721 (2014).
https://www.researchgate.net/publication/264357136_Faecal_Sludge_Management_Systems_App
roach_for_Implementation_and_Operation

Hossam and S. Saad, Solar Energy for Sludge Drying in Alexandria Metropolitan Area, Wat. Sci.
Technol., 22(12) (1990) 193-204. https://doi.org/10.2166/wst.1990.0114

S.Marklund, Dewatering of Sludge by Natural Methods, Wat. Sci. Technol., 22(3-4) (1990) 239-
246. https://doi.org/10.2166/wst.1990.0207

S.Marklund, Dewatering of Drying Beds — Combined Biological-Chemical Sludge Behaviour,
Wat. Sci. Technol., 28(10) (1993) 65-72. https://doi.org/10.2166/wst.1993.0206

O. Nishimura, K. Gotoh, and A. Sato, Gravity Dewatering Mechanism - Application to High Speed
Sludge Drying Beds, 497(2-2) (1994) 119-126
https://www.jstage.jst.go.jp/article/jscej1984/1994/497/1994 497 119/ article

M. Ghazy, T. Dockhorn, and N. Dichtl, Economic and Environmental Assessment of Sewage Sludge
Treatment Processes Application in Egypt, (Fifteenth International Water Technology Conference)
(2011).http://iwtc.info/wp-content/uploads/2011/07/G31.pdf

Elbaz et al., J. Mater. Environ. Sci., 2020, 11(4), pp. 593-608 606


https://doi.org/10.2166/wst.1990.0114
https://doi.org/10.2166/wst.1990.0207
https://doi.org/10.2166/wst.1993.0206

51.

52.

53.

54,

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

G.P. Sakellaropoulos, Drying and evaporation process in Handbook of Environmental Engineering,
Chapter 8, L.K. Wang, and N.C. Pereira, (eds.), Humana Press, Inc. Totowa, NJ, 4 (1986) 373-446.
https://link.springer.com/chapter/10.1007/978-1-4612-4822-4 8

Carpenter, L.V., Sludge Drying on Open and Covered Drying Beds, 10 (3) (1938)503-512 .
https://www.jstor.org/stable/250307687seq=1

Turovskiy, 1.S., Mathai, P.K., Wastewater Sludge Processing, New Jersey: John Wiley & Sons,
(2005). https://onlinelibrary.wiley.com/doi/book/10.1002/047179161X

Eawag, Department of Water and Sanitation in Developing Countries, 10 (2009).
www.eawag.ch/fileadmin/Domain1/Abteilungen/sandec/publikationen/news/sandec_news_10.pdf
CPCB, Status of Sewage Treatment in India, New Delhi: Central Pollution Control Board (CPCB),
Ministry of Urban Development of India, (2005).

CPHEEO (Editor), Manual on Sewerage and Sewage Treatment, Part A: Engineering. New Delhi:
The Central Public Health and Environmental Engineering Organisation (CPHEEO) Ministry of
Urban Development, Government of India, (2012). https://www.indiawaterportal.org/node/32068
Mullick, M.A., Wastewater Treatment Processes in the Middle East, The Book Guild Ltd, Sussex,
England (1987). https://www.amazon.com/Wastewater-Treatment-Processes-Middle-
East/dp/0863322336

J.A. Radaideh, B.Y. Ammary, K.K. Al-Zboon, Dewaterability of sludge digested in extended
aeration plants using conventional sand drying beds, African Journal of Biotechnology , 9 (29)
(2010) 4578-4583. https://www.ajol.info/index.php/ajb/article/view/82737

A. Saleh, Performance of sand drying beds for sludge dewatering, 28(2) (2003)
https://www.researchgate.net/publication/237665334 Performance of sand_drying_beds_for_slu
dge_dewatering

Cofie, O.0., Agbottah, S., Strauss, M., Esseku, H., Montangero, A., Awuah, E. & Kone, D., Solid-
liquid separation of faecal sludge using drying beds in Ghana Implications for nutrient recycling in
urban agriculture, 40 (1) (2006) 75-82. https://www.ncbi.nlm.nih.gov/pubmed/16343581

A. Masmoudi, A.B.S. Ali, H. Mhiri, Experimental study of sludge drying bed under a Mediterranean
climate in Tunisia, The 10th International Renewable Energy Congress (2019).
https://ieeexplore.ieee.org/document/8754628

N.K. Salihoglu, P. Vedat, G. Salihoglu, Solar drying in sludge management in Turkey, Faculty of
Engineering & Architecture, Environmental Engineering Department, Uludag University, 16059,
Bursa, Turkey, 32(10) (2006) 1661-1675.
www.researchgate.net/publication/239369609 Solar_drying_in_sludge management_in_Turkey
EPA, Handbook Process Design Manual for Sludge Treatment and Disposal, Technology Transfer,
EPA-625/1-74 -006 (1974).

EPA Design Information Report, The Original Vacuum Sludge Dewatering Bed, Journal of the
Water Pollution Control Federation, 59(4) (1987) 228-234.

R.S. Burd, A Study of Sludge Handling and Disposal, US Dept. of the Interior, Federal Water
Pollution Control Administration, Publish. WP-20-4 (1968).

Editors, Sludge drying, sewage Ind. Wastes, 31(2) (1959) 239.

C. Hii, Jangam, S., Ong, S., Mujumdar, A., Solar Drying: Fundamentals,Applications and
Innovations, (2012).
www.academia.edu/24789118/Solar_Drying_Fundamentals_Applications_and_Innovations
Bennamoun, L., Solar drying of wastewater sludge: a review. Renewable & Sustainable Energy, 16
1) (2012)1061-1073.
www.researchgate.net/publication/225292143 Solar_drying_of wastewater sludge A_Review
M. kurt, A. Aksoy, F. Sanin, Evaluation of solar sludge drying alternatives on costs and area
requirements, 82 (2015) 47-57. https://doi.org/10.1016/].watres.2015.04.043

N.K. Salihoglu, V. Pinarli, G. Salihoglu, Solar drying in sludge management in Turkey, 32(10)
(2007) 1661-1675.
www.researchgate.net/publication/239369609 Solar_drying_in_sludge_management_in_Turkey

Elbaz et al., J. Mater. Environ. Sci., 2020, 11(4), pp. 593-608 607


http://www.eawag.ch/fileadmin/Domain1/Abteilungen/sandec/publikationen/news/sandec_news_10.pdf
https://www.ncbi.nlm.nih.gov/pubmed/16343581
https://doi.org/10.1016/j.watres.2015.04.043

71. EPA, Handbook, Septage Treatment and Disposal, US Environmental Protection Agency,
Washington, DC, June, EPA-625/6-84-009 (1984) 300. www.epa.gov/sites/production/files/2018-
11/documents/quide-septage-treatment-disposal.pdf

72. U.S. EPA, Innovative Sludge Drying Study, City of Roswell, New Mexico, Project Report C-35-
1052-01 (1985).

73. Lienard, Ph. Duchene, and D. Gorini, Study of the Activated Sludge Dewatering in Experimental
Reed-Planted or  Unplanted Sludge Drying Beds, 32(3) (1995) 251-261.
https://doi.org/10.1016/0273-1223(95)00626-5

74. Metcalf and Eddy, Incorporated, Wastewater Engineering: Treatment Disposal and Reuse, New
York: McGraw-Hill (1991). https://searchworks.stanford.edu/view/525308

75. D.V. Manfio, A.L. Tonetti and D. Matta, Dewatering of septic tank sludge in alternative sludge
drying bed, (2018).
https://www.researchgate.net/publication/328102071 Dewatering_of septic_tank sludge in_alter
native_sludge_drying_bed

(2020) ; http://www.jmaterenvironsci.com

Elbaz et al., J. Mater. Environ. Sci., 2020, 11(4), pp. 593-608 608


https://doi.org/10.1016/0273-1223(95)00626-5
http://www.jmaterenvironsci.com/

