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In this study, an integrated phase change material
drying system was designed to evaluate the efficiency of the system with the use of
renewable solar energy for different types of sludge with different moisture content.

This study was performed on the wastewater treatment plant sludge,
paint, and marble sludge. By distributing the screws on the sludge tray, covering the
system floor with a black trash bag, and mounting the reflector around the absorber
tubes has increased the efficiency of the system.

All the types of equipment used in the construction of the system are
used as heat storage material and increase the internal air temperature, and the
sludge temperature of the system. Temperature is transferred sequentially through
air and objects. This research was conducted in winter by 1156 Wh/m? mean internal
cumulative solar radiation. Due to the reduction of solar radiation, as the system was
upgraded, more water was released from the sludge surfaces. By Scanning Electron
Microscopy imaging, the porous surface was observed after sludge drying.

In this study, the waste sludge moisture decreased from 80% to 52.2%
during three improvement stages. The paint sludge moisture content reduced from
56% to 25%, and marble sludge moisture in the final stage reached from 26% to 5.2%.
The proposed solar dryer system is an economical way to reduce the sludge volume
in the transportation process.
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Renewable energy is one of the essential
resourcesin energy supply and human development.
Subsequently, the waste disposal process, especially
sludge, has also become problematic. Solar radiation
is a free energy source for various applications such
as drying (Ali et al., 2016). Traditional solar dryers,
usually operated in the open air, which have been
widely used in developing countries because of
their simplicity and economic (Bolaji and Olalusi,
2008). Drying processes have previously required
high energy costs (Di Fraia et al., 2016), but recently
it is known as an economical, convenient and slow
process (Di Fraia et al., 2018). Waste sludge, which is
produced as a by-product of high-volume treatment
plants. Liquid sludge from some industries is used
as fertilizer on agricultural lands, but some types of
sludge, such as pharmaceutical sludge, due to the
specific content cannot be used as fertilizer, so it
is dehydrated first. In some cases, it is possible to
reuse the evaporated water (Mehrdadi et al., 2007).
Transporting sludge residues can cause problems
due to high humidity and it has been suggested that
solar dryers are an effective method to solve this
problem (Swierczek et al., 2018; Ying et al., 2012).
Solar dryers are used for a variety of purposes
including drying food and heating location (Bano
et al., 2015). The water in the sludge is classified
as the type of free surface water and inner bound
water (Wang et al., 2012). A large amount of sludge
is produced daily by wastewater treatment plants
(WWTPs.), which must be removed in a short time
(Kacprzak et al., 2017), and if not disposed, it will
cause environmental pollution (Wang et al., 2019;
Wang et al.,, 2019; Wang et al., 2019; Archer et
al., 2017; Manara and Zabaniotou, 2012; Guo et
al., 2009). Solar dryers are investigated in both
direct, indirect, and mixed-mode according to their
performance and design (Simate, 2001). Integrated
solar dryers are a good solution for continuous solar
drying systems (Lakshmi et al.,, 2018). Centrifuge,
belt press, and drying bed are common techniques
for sludge dewatering (Spinosa et al., 2011). The
efficiency of solar dryers depends on the type of
absorber, area, wind speed, etc. The air is heated by
absorbing solar radiation, and the drying chamber
containing the sludge is exposed to hot air and
direct radiation (Vlachos et al., 2002). The efficiency
of these systems can also be increased by extending
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the surface area of the absorber or by installing the
fins (El-khawajah et al., 2011). The solar collectors
are beneficial for solar power source storage (Kamble
et al., 2013), and can be a useful tool to save energy
(Lakshmi et al., 2018), and minimize drying area.
A systematic method for classifying solar dryers
has also been developed, in two, general groups
of active and passive solar dryers for two stages
(constant phase) and (fall phase) (Udomkun et al.,
2020). As the drying process progresses, the sludge
becomes sticky and eventually turns into granules
(Bennamoun et al., 2013). The drying rate depends
on the mass and heat transfer from the interior
sludge surface (Darvishi et al., 2018). The reflector
is sometimes used to improve the drying process
and has been recognized as a suitable material,
especially in the construction of a large-scale
solar dryer (Kalbande et al., 2017). Heat transfer
in solar dryers occurs through natural convection
and conduction methods. The conventional drying
process consumed more time and is in comparison
with this designed solar drying system. Thermal
energy is considered as latent heat (phase change),
sensible heat, thermochemical, or combined heat
(Khouya and Draoui, 2019). Phase change materials
(PCM) such as paraffin results in the storage of
reasonable heat to keep the temperature of the
heated air at night or in hours when solar energy
is not available (Bhardwaj et al., 2017; Al-Abidi et
al., 2012). In this system, the paraffin-wax phase
change material was used to store solar energy, also
the absorption of solar radiation increased through
steps such as conduction method by spreading the
screws on the tray and coating the system floor by
the black bag and supplying the reflector. The solar
dryer is set up in the city of Bursa on the campus of
the Uludag University, and the study was performed
in winter season. Every year, millions of tons of
sludge waste are produced by various processes
from different industries, and depending on its
content, most of them are not allowed to be buried.
A large amount of sludge water is evaporated by a
solar dryer and its volume is significantly reduced.
In this system, the drying efficiency of three sludge
samples was investigated under different conditions
and time intervals. This system facilitates the sludge
transportation process, which is considered as an
economical method. This study have been carried
out in Bursa, Turkey in 2019.



Sludge samples

The first sludge sample was from the Bursa
wastewater treatment plant after mechanical
treatment with 80% moisture. The second sample
was paint sludge, which was from the painting section
of the automobile factory and is dangerous according
to EU (European Union) standards 080113 code, also
is not permitted to be buried. The moisture content
in the paint sludge was 56%. The third sample was
marble sludge, which results from the cutting, and
polishing of marble slabs. Marble sludge is not
considered hazardous waste. The bulk of marble
sludge is calcium and magnesium oxide and contains
26% moisture content. The specifications of all three
types of sludge are shown in Table 1.

Experimental study

The dryer setup in this study was made of a
triangular aluminum frame. The surface and sides of
the system are covered with poly carbonate coating.
System absorber was dark glass heat pipes evacuated

tubes in which the copper pipes are embedded.
Approximately 650 g of the copper pipes were
filled with paraffin- wax phase change material that
can absorb solar heat and stored during the night
and in the absence of the sun. It prevents sudden
temperature changes and causes more heat to enter
the system. The generated heat by the paraffin-wax
was transferred to the indoor air and the aluminum
tray containing the sludge through convection, and
finally to the sludge by the conductive method.
Paraffin phase change material ensures that the
dryers have enough heat to continue the drying
process. Various sensors were used to different
sections of the system to measure the temperature.
Used sensors were (53120, Comet, Czech Republic),
a solar data logger (DT 185, CEM, India), (RX2100,
HOBO onset data logger, USA), Thermal Camera
(E5, FLIR, USA). A fan (120, Mutlusan, Turkey) and
a pump (Vaillant VCK, UK) for regular air circulation
were used. The installation of the fan resulted in a
homogeneous distribution of air within the system,
which accelerated the drying process. The sludge
with 0.5 cm is loaded into the aluminum tray with

Table 1: Characteristics of three types of sludge

Sludge characteristics Wastewater Treatment Plant Sludge paint sludge Marble Sludge
Total Solids (TS), % 20% 44% 74%
Magnesium oxide (MgO) 4,47%
pH 8.3

Conductivity (us/Cm) 267.83(us/Cm)

Lead (Pb) 31.77(mg/kg) <0.05(mg/L)

Calcium oxide (Ca0) 49,07%
Zinc (Zn) 1212.04(mg/kg) <0.1(mg/L)

Aluminium (Al) 9005.25(mg/kg)

Silicon dioxide(SiO,) 1,69%
Arsenic (As) 11.47(mg/kg) <0.05(mg/L)

Mercury (Hg) 587.4(mg/kg) <0.001(mg/L)

Iron(l1l) oxide(Fe,03) 0.21-1.3%
Chromium (Cr) 184.92(mg/kg)

Selenium (SA) (mg/kg DS.) 2.34(mg/kg DS.) <0.01(mg/L)

Aluminum oxide(Al,O3) 1.04-1.3%
Iron (Fe) 8857(mg/kg)

Nickel(Ni) 84.84632(mg/kg) <0.05(mg/L)

Sulphate (SO4) 15209(mg/kg) 2.52+0.38 (mg/L)

Carbon dioxide(CO2) 38.60%

Dissolved organic

1430428 (mg/L)
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a total area of 0.24 m? Fig. 1 shows the schematic
diagram of the system.

Among the different methods, solar drying
has more advantages than other methods, and in
this study, during different stages, by improving
the system, the priority of selecting this method is
emphasized and with the development of science, the
possibility of advancing this technique will continue.
Drying technics are mentioned in Table 2.

Another important advantage of solar dryers is
the inactivation of bacteria under solar radiation. In

LV

Fig. 1: Schematic diagram of solar drying system.

research conducted in previous months in the same
system Wastewater treatment plant sludge under
2312 Wh/m? cumulative solar radiation, the amount
of E-coli Microorganism is reduced from 5 logs CFU/
gr to 3 logs CFU/gr.

Solar dryers should work in both cloudy and
sunny weather. Increasing the collector surface
reduces drying time. The produced hot air provides
conditions for moisture evaporation from the sludge

Table 2: Drying Techniques (Zhang et al., 2014)

Drying techniques Advantages

Disadvantages

Vacuum Drying

Low risk and maintenance cost

Free energy
Solar Drying

Simple installation

Bacteria reduction

Reduce surrounding pressure

Freeze Dryin
rving Operate under vacuum

Energy consumption

Osmotic Dehydration , L
Short dying time

Oven Drying Short dying time

Drum Drying Rapid and efficient

Spray Drying Rapid and efficient

Method is suitable for sensitive material

Costly

Long process
It needs a wide space

High possibility of progress and development

Costly

Not remove enough moisture

Needs more energy
Costly
Costly
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(Simate, 2001). The drying rate is achieved by
removing moisture from the surface and inner part
of the sludge (Can, 2000). Many strategies have been
proposed in this study to improve and increase the
efficiency of the dryer. By placing one kg of sludge
into the dryer, the performance of the system was
evaluated from 10 a.m. to 16 p.m. for 6 h. During
three stages, the system was repeatedly modified
to improve dryer performance. For all three sludge
samples, one kg of sludge was spread on an aluminum
tray and the internal temperature of the system was
increased during direct sunlight and through heat
stored in paraffin-wax. In the first stage, sludge drying
efficiency increases by adding steel screws that were
dispersed and standing on the sludge surfaces. The
steel screws transfer heat directly to the sludge by a
conductive method due to the heat received from the
solar radiation, in addition, with increasing cracking
on the sludge surfaces, the drying rate was increased.
In the next stage, coating the dryer floor with a
black trash bag actually enhanced the absorption
of solar radiation directly into the system. In the
third step, the use of aluminum foil as a reflector
around the glass tubes causes solar radiation to hit
the reflector and return to the collector and increase
the absorption of solar radiation. The aluminum foil
as a reflective material was used for increasing the
absorption of sunlight (Wagner et al., 1984), also can
be used as cheaper material easily around the glass
tubes. Due to the concave shape of aluminum foil,
the solar radiation was easily reflected in the black
glass tubes for further absorption. These reflectors
were connected to the dryer itself and reflect solar

Wastewater Treatment Plant Sludge

Paint Sludge

Marble Sludge

Fig. 2: Sludge morphology after solar drying by applying screws.

radiation to paraffin tubes, thereby the temperature
of the paraffin increased. Drying speed was improved
by system modification and sludge drying time was
reduced. Fig. 2 shows the cracks created around the
screws in three sludge samples.

In this study, the moisture content of all three
sludge types at each stage in Eq. 1 is calculated.

Moisture Content %=%x100 (1)
M = Wet sludge weight(g)
D = Dry sludge weight (g)

Increasing the drying performance in WWTPs. by
applying Screws, black trash bag, and Reflector

In Fig. 3(a). is shown the weight of WWTPs. sample
has reached from 1000 g to 800 g within 6 h by 1120
Wh/m? internal cumulative solar radiation. The mean
temperature and humidity inside the system were
16.8°C and 45.8%. In Fig. 3(b). by placing the steel
screws on the surface of the waste sludge, the weight
of the sludge has reached from 1000 g to 782 g, with
1120 Wh/m? internal cumulative solar radiation. In
Fig. 3(c). in addition to the screws spreading, also the
system floor was covered with black trash bag, and
the sludge weight was reduced from 1000 g to754 g
by receiving 1064 Wh/m? internal cumulative solar
radiation. The average internal temperature and
humidity of the system were 18.6 Cand 41.1%. In Fig.
3(d), the aluminum foil was used as a reflector along
with the screws and black trash bag. At this stage,
the weight of the sludge was changed from 1000 g
to 722 g with 1046 Wh/m? internal cumulative solar

<
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Fig. 3: WWTPs. drying performance by solar dryer; (a) WWTPs. without improvement; (b) WWTPs. with Screws applying in the sludge
tray; (c) WWTPs. with Screws and Black trash bag cover applying in the floor of dryer; (d) WWTPs. with Screws, Black trash bag cover and
aluminum foil reflector applying around the glass tube absorber.
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Fig. 4: Paint sludge drying performance by solar dryer; (a) Paint sludge without improvement; (b) Paint sludge with Screws applying in the
sludge tray; (c) Paint sludge with Screws and Black trash bag cover applying in the floor of dryer; (d) Paint sludge with Screws, Black trash
bag cover and aluminum foil reflector applying around the glass tube absorber.
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radiation. Also, the average internal temperature and
humidity of the dryer were 21.6'C and 35.9%. In the
Fig. 3, the sludge drying efficiency increases from 20%
in Fig. 3(a) to 28% in the Fig. 3(d). At each stage, the
sludge moisture reaches from 80% to 60%, 58.2%,
55.4% and 52.2%, respectively.

Increasing the drying performance in Paint Sludge by
applying Screws, black trash bag, and Reflector

In Fig. 4(a), is shown the weight of the paint sludge
sample has reached from 1000 to 824 g by providing
1141 Wh/m? internal cumulative solar radiation. The
average temperature and humidity inside the system
were 19°C and 41%. In Fig. 4(b). by placing the steel
screws, the weight of the sludge has reached from
1000 to 763 g with 1141 Wh/m? internal cumulative
solar radiation. In Fig. 4(c), after covering the system
floor with black trash bag, the sludge weight was
reduced by receiving 1103 Wh/m?2internal cumulative
solar radiation from 1000 to 740 g. The average

I Marble Sludge Weight(g)
—e— Internal temperature °C

temperature and humidity of the internal system
were 21 C and 37%. In Fig. 4(d), by using the reflector,
the weight of the sludge was changed from 1000 to
690 g with 1100 Wh/m? internal cumulative solar
radiation. Also, the average internal temperature and
humidity of the system were 23°C and 32%. In the
Fig. 4(a), the sludge drying efficiency increases from
18% to 31% in the Fig. 4(d). At each stage, the paint
sludge moisture reduces from 56% to 38.4%, 32.3%,
30% and 25%, respectively.

Increasing the drying performance in Marble Sludge
by applying Screws, black trash bag cover, and
Reflector

In Fig. 5(a), the marble sludge weight sample
has reduced from 1000 to 854 g with 1367 Wh/
m? internal cumulative solar radiation. The average
internal temperature and internal humidity were
25°C and 45%. In Fig. 5(b), the sludge weight has
reached by screws applying in the tray from 1000
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Fig. 5: The Marble sludge drying performance by solar dryer; (a) Marble sludge without improvement; (b) Marble sludge with Screws
applying in the sludge tray
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Continued Fig. 5: The Marble sludge drying performance by solar dryer; (c) Marble sludge with Screws & Black trash bag cover applying in
the floor of dryer; (d) Marble with Screws, Black trash bag cover and aluminium foil reflector applying around the glass tube absorber.

to 810 g with 1367 Wh/m? internal cumulative solar
radiation. In Fig. 5(c), the system modified by black
trash bag and the sludge weight was reduced from
1000 to 808 g by receiving 1361 Wh/m? internal
cumulative solar radiation. The internal average
temperature and humidity of the system were 25°C
and 35%. In Fig. 5(d). The sludge weight was changed
from 1000 to 792 g with 1002 Wh/m? internal
cumulative solar radiation. The average internal
temperature and humidity were 26°C and 50%. In
Fig. 5(a), the sludge drying efficiency increases from
15% to 21% in Fig. 5(d). At each stage, the marble
sludge moisture changes from 26% to 11.4%, 7%,
6.8%, and 5.2%, respectively.

The solar radiation intensity decreases during
each step, but due to system upgrading, sludge
drying efficiency increases. This study was conducted
in winter, with 1156 Wh/m? mean solar radiation,
which improved the sludge drying process from the
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first stage to third stage. Dryer efficiency increases
with time and system quality increasing. This study
was performed in a very short time when the solar
radiation is very low. And the goal is just how to
change the system improvement at each stage. In the
drying systems that have been done in various studies
in the previous articles, the improvement process has
not been studied in steps and has been done for a
longer period of time. Also, this study was performed
only for one kilogram of sludge, which certainly has
high efficiency in a larger volume of sludge will be
more evident. Comparison of different solar dryer is
shown in Table 3.

Heat transfer to sludge

Each material used in the system caused the
system’sinternaltemperature andsludge temperature
to increase as a heat storage source, also Fig. 6 shows
how the temperature rises sequentially. As the solar
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Table 3: Comparison of different solar dryer

References

Moisture changes

Figure
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Continued Table 3: Comparison of different solar dryer

References Moisture changes Figure

For tomato, okra and carrot dryers achieved
(Eke, 2014) 54.55, 52.88 and 50.98 percent gain in
Tomato, okra and carrot drying time and 21.80%, 21.18% and 24.95%

system drying efficiencies respectively.

(Garanto, 2016) Sludge Sludge is dried from 18 % DS to > 95% DS;

16 | O [

15 NN S

14 IEEEEEEER—— N = N —
13 IS

12 R [

11 T

10

TIME (H)

0 50 100 150 200 250 300
TEMPERATURE C
M 1.0utdoor Temperature’C M 2.Indoor Temperature °C
M 3.Copper Pipes Temperature °C 4.Polycarbonate Cover Temperature °C
B 5.Earth Temperature °C M 6.Insulation Temperature °C
B 7.Frame Temperature °C W 8.Tubes Stand Temperature °C
B 9. Aluminum Tray Temperature °C M 10.Partition Temperature °C

m 11.Sludge Temperature °C
Fig. 6: Heat transfer in solar dryer system

radiation intensifies, all the components temperature are important. In Fig. 6, the temperature changes are
inside and outside the system be increased, so the shown from 10:00 a.m. to 16:00 p.m. and the highest
selection of equipment and the type of components change was at 14:00 p.m.
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Fig. 7: SEM pictures from dried sludges: Left picture is WWTPs. with 11% Moisture and right picture is Paint sludge with 7% Moisture

SEM analysis

In this study, scanning electron microscopy (SEM)
was imaged with a TESCAN VEGA3 SEM for WWTPs.
with 11%, and paint sludge with 7% moisture content.
As shown in Fig. 7, by increasing the temperature,
the water particles rapidly detach from the sludge,
resulting in pores and pipes of various dimensions
on the sludge surface, which are more visible in the
paint sludge. With this method, imaging the sludge
morphology changes after drying were clearly visible.
Wastewater sludge and paint sludge were imaged at
332 and 599 maghnifications. The holes in the marble
sludge does not form after drying and becomes a flat
surface that is not visible by imaging.

Inthis study, the efficiency of asolar dryer designed
for three different sludge types was investigated.
During the drying process the system drying
efficiency was improved from first step of spreading
the screws in the tray to the third step of using the
reflector in three sludge sample, with 1156 Wh/m?
mean internal cumulative solar radiation in winter,
which was more noticeable in the paint sludge due to
the high amount of free water. The moisture content
of WWTPs. reduced from 80% to 52.2% and paint
sludge reduced from 56% to 25% and marble sludge
moisture changed from 26% to 5.2%. At each stage,
although the cumulative solar radiation be reduced,
but due to system renewal, the sludge drying process
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was improved, which was more effective in the paint
sludge and was clearly visible in SEM imaging. The
equipment used in the construction of the dryer must
have a high heat storage capacity as a heat source
and have a positive effect on the drying process. In
the first stage, the sludge absorbs heat through tray
and screws by conductive method and increases the
drying rate. In the second stage, the black coating of
the dryer floor leads to absorb the solar radiation
completely, and in the third stage, by installing the
reflector, the sun lights returns to the glass tubes
and the paraffin temperature increases. The heat of
the paraffin transfers to copper pipes and it cause
to increase the internal air temperature. In addition,
four factors such as cumulative solar radiation,
indoor temperature, indoor humidity and time play
important role in the drying process. The importance
of using this system is to reduce the volume of
sludge that leads to a reduction in transporting
costs, also it improves waste management and
can be used in various industries. Investigating the
progress of solar dryer technology is appropriate
for future development. As a result of the research,
the necessary conditions for drying three types of
sludge in the winter season in the Bursa region were
determined.
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