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Drying methods for municipal solid waste quality improvement
in the developed and developing countries: A review
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ABSTRACT

Nowadays, drying methods for municipal solid waste quality improvement have been adopted in the developed and developing countries
to valorize wastes for a renewable energy source, reduce dependency on fossil fuel and keep safer disposal at landfills. Among them, biodrying,
biostabilization, thermal drying and solar drying are the most common. Drying of municipal solid waste could offer several environmental
and economic benefits. Therefore, this review highlighted the drying methods for municipal solid waste quality improvement around the world
and compared them based on the reduction of moisture, weight and volume of municipal solid wastes against drying temperature and time
by using statistical analysis. It was observed that the drying temperature of different drying methods accounted for 115 + 40°C for thermal
drying, 59 + 37°C for solar drying, 55 + 15°C for biodrying and 58 + 11°C for biostabilization. Among the drying methods, thermal drying
provided the shortest drying time. The moisture reduction, weight reduction, volume reduction and heating value increase of municipal solid
waste could vary with drying temperature and time. Finally, the benefits and drawbacks of different drying methods were specified, and recom-
mendations were made for the future efficient drying.
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1. Introduction of the MSW in these countries could be higher than 27.45%.
Based on the physical composition analysis on waste composition
in 2015, it was observed that the composition of MSW in develop-
ing countries including low-income and lower-middle income
countries might be in the range of approximately 40-41% mois-
ture, 28-35% combustibles and 25-31% non-combustibles.

The amount of municipal solid waste (MSW) in the cities around
the world might reach 2.2 billion tons per year by 2025 [1].
The World Bank 2012 Report [1] showed that waste generation
rates in developing countries would double in the coming two
decades. The MSW in these countries was mainly composed of
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organic waste that accounted for 50-65%. Fig. 1 shows the com-
parison of waste composition around the world. Waste composi- 30 1 = Organic
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and the economic development of the countries. High-income = Plastic

countries had the higher percentages of paper with 24% of the
total than those of the other countries in 2015. Meanwhile, low-in-
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come countries had the higher composition of organic wastes, 10 4
with 53%. Tchobanoglous and Kreith [2] state that the typical 0
compositions of MSW are 50.89% combustibles, 27.45% mois- Low Income Lower-middle Upper-middle High Income
ture and 21.57% non-combustibles. However, since the MSW Income Income
composition of the developing countries majorly constitutes or- Countries
ganic fraction with over 50% of the total, the moisture content Fig. 1. Comparison of waste composition around the world (2015) [3].
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Unlike the developed countries, a waste-to-energy option by
thermal waste treatment such as incineration is not appropriate
in the developing countries due to the higher organic fractions
in their MSW composition [4, 5]. This high moisture content
of MSW could lower the recovery of recoverable materials, cause
the operational instability and low overall efficiency of the plant
and increase the operating cost of combustion [4-6]. Due to the
high moisture content of the MSW, low budget for the MSW
management and costly waste-to-energy technologies, the major
waste disposal methods have commonly become open dumping
and landfilling in the developing countries [1, 7-10]. Therefore,
waste disposal at open dumpsites and landfills without any control
have had negative impacts on the environment and public health
in these countries. The environmental issues have been majorly
caused by the greenhouse gas (GHG) emissions that are generated
from anaerobic digestion of organic wastes to the atmosphere
[11, 12] and leachate from landfills into the ground water and
rivers [13-15]. Meanwhile, the impacts of public health have been
significantly caused by the hygienic issues and pollution of air,
water and soil.

Waste management is a must for conservation of natural re-
sources as well as for protecting the environment in order to
approach sustainable development [16]. Booming economy, grow-
ing population, urbanization and industrialization accelerate
MSW generation rates [17]. As a result, most of the countries
with scarce land areas reach their available capacities of the land-
fills, hence, encountering higher cost of safe waste disposal and
difficulty of locating new disposal sites [16, 18, 19]. Thus, a sustain-
able approach to MSW management could be taken by utilizing
the waste resource effectively to meet human needs and minimize
the land use of waste disposal with the sustainability of natural
systems and the environment [16].

Nowadays, waste-to-energy has become a type of renewable
energy utilization that can provide environmental and economic
benefits in the world [20]. When incinerated, not only energy
can be benefited from waste, but also waste can be reduced by
80-85% by weight and by 95-96% by volume [21]. Hence, the
energy-oriented conversion technologies have become a potential
to produce the refuse-derived fuel (RDF) from wastes and reduce
the bulk volume of the wastes [22]. Perazzini et al. [23] suggest
that the proper treatment of organic or inorganic solid wastes
such as biodrying is necessary for economic and environmental
interests to obtain added-value by-product through resource recov-
ery, energy recovery and reuse. Therefore, the optimization of
MSW quality by drying could offer the numerous benefits, includ-
ing the easier recovery of recoverable materials [23, 24], easier
storage for the future, easier transportation and reduction of dis-
posal costs [16, 25, 26], improvement of heating values of waste
fuel [24, 27-33] for the efficiency improvement of thermal waste
treatment process [6], less dependency on fossil fuels, reduction
of waste odor by slowing down the deterioration of the waste
[6, 33], reduction of environmental impacts from open dumpsites
and landfills [6, 12-14, 31, 34], and mitigation of global warming
[6, 35].

Most recent studies [6, 16, 23, 24, 27, 31, 36-48] have majorly
focused on biostabilization, biodrying methods, solar drying and
thermal drying for the pretreatment of high organic concentration
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of solid wastes. Moreover, numerous studies [4, 22-24, 27-29,
31-34, 36-49] have also investigated the process, performance
efficiency and economic feasibility of different drying methods
for the quality improvement of solid wastes coming from industrial
sector, municipal sector and agricultural sector. However, as far
as the authors are aware, the review of optimizing MSW quality
by the different drying methods has not been conducted yet.
Therefore, this study highlighted the drying methods for opti-
mization of MSW quality (excluding the other drying methods
for drying solid wastes such as sludge and sewage sludge) to
be effectively applied, based on the local conditions, available
energy sources and affordable technologies.

2. Methodology

The data related to drying methods for optimization of MSW
quality in this review study were collated from the published
research papers and academic articles. The study summarized
and highlighted the different MSW drying methods, drying param-
eters and changes of MSW quality before and after drying.
Statistical analysis was performed to make a comparative analysis
of the different drying methods regarding the reduction of mois-
ture, weight and volume of MSW against the drying temperature
and drying time. Based on the statistical analysis, the effect of
moisture reduction on weight reduction and increase in heating
value of MSW was also evaluated.

2.1. Drying Methods

Dryers use external heat sources or internal energy by organic
waste decomposition [27, 29]. The dryers have been used for
environmental engineering applications such as RDF drying,
sludge dewatering [27] and MSW drying for fuel and reduced
disposal at landfills [24, 33, 34, 45, 46]. The most common drying
methods recently used around the world for optimization of MSW
quality are as follows:

(a) Biodrying

(b) Biostabilization

(c) Solar Drying

(d) Thermal Drying

2.1.1. Biodrying
Biodrying is a treatment that uses natural and forced aeration
along with the heat generated by natural aerobic bioconversion
of some organic matter to dry the waste [50]. The main principle
of biodrying process utilizes internal energy by organic waste
decomposition [29]. Commonly, the involved microorganisms for
the breakdown of the organic matters during biodrying process
include bacteria, fungi, actinomycetes and celluloses degraders.
The addition of inoculating materials at different time also exhibits
various effects on the degradation rate of total organics and the
performance of water removal and water content reduction [49].
Biodrying technology that removes water by microbial activities
is a good potential for pretreatment of organic wastes with high
water concentration [4, 47, 51].

Since it is an economic and environmentally friendly method
[29], biodrying has been gaining attraction in Europe including
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Italy, Germany, United Kingdom, Spain, Poland, Greece, Romania
[24, 32, 37, 39, 41, 42, 52] and in some parts of Asia including
China, India and Malaysia [22, 29, 38, 43, 53]. Several studies
[4, 22, 27, 29, 32, 34, 37, 38, 40, 43, 47] have investigated biodrying
process, mostly in a lab and pilot scale and partly in an industrial
scale. The studies have concerned with solid wastes such as mixed
or separated MSW, organic wastes and other wastes from munici-
pal sectors and agricultural sectors. Biodrying technology can
produce a high-quality bio-dried material within the lowest possi-
ble residence time (7-15 d) [29, 33, 39, 40, 41, 44]. The range
of temperatures for a proper growth of the microorganisms during
a biodrying process is between 40°C and 70°C with a proper aeration
system inside the reactor [42].

As a type of biodrying, the greenhouse dryer is operated by
the action of solar-energy striking directly on the product inside
it [54]. The drying process in a greenhouse results in two main
effects: (a) the metabolic heat generation by natural aerobic bio-
conversion of the organic matter, called the process of biodrying
[27, 37, 50] and (b) solar energy stored as heat inside the greenhouse
that increases the air temperature [50]. During the drying process,
the temperature and relative humidity in the greenhouse are higher
than in outdoor conditions, hence, resulting in a positive effect
on microorganisms in waste by improving microbial growth and
activity [50]. Some type of greenhouse drying might be similar
to the type of solar drying, depending on the type of drying.
However, green house drying is mostly run by the direct sun
energy rather than by the heat supplied from solar collector.
Colomer-Mendoza et al. [31] stated that, during their research
studies, the greenhouse dryer provided the initial volume reduc-
tion of wastes by more than 50% within 12-30 d depending on
the months [31].

2.1.2. Biostabilization

Biostabilization involves the enhanced biological degradation of
organic matter, which can reduce MSW weight and volume, and
decrease the environmental pollutions, such as leachate and land-
fill gas [46]. The microbial metabolism of the biostabilization
is similar to that of biodrying. The main differences concern the
preparation of materials to be processed, management criteria,
process duration, emission factors and energy balance [42]. Time
required for an effective biostabilization process is much longer
than that of biodrying. Through innovative technologies for waste
treatment, bio-stabilized materials can be used for agricultural
purposes and stored safely in a landfill while bio-dried materials
can be used as an energy source like fuel [37]. Despite the need
of extra construction investment, operation and management
(O&M) costs, bio-stabilization can offer numerous economic ad-
vantages resulting from the combination of biostabilization and
subsequent landfills, such as more efficient utilization of land
space, leachate production and GHG emissions reduction, and
post-closure costs savings [46].

2.1.3. Solar drying

The heat from the sun coupled with the wind has been used
to dry food crops for preservation for several thousand years
[55]. During the last decades, several developing countries have
started to change their energy policies toward further reduction
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of petroleum import and to alter their energy use toward the
utilization of renewable energies [25]. Accordingly, the availability
of solar energy and the operational marketing and economy reasons
offer a good opportunity for using solar drying all over the world
[25]. Solar drying can benefit the environment due to its utilization
of renewable energy source and exemption for GHG emission
[16] despite the high capital investment cost.

In solar drying process, drying takes place in a modular solar
dryer with forced convection, of which the design supports the
heating and air circulation [30]. In solar drying of agricultural
products, the moisture is removed by the solar heated air, having
a temperature range of 50-60°C [56]. Solar dryers have been cur-
rently adopted in various type, size and design. Toshniwal and
Karale [57] state that solar dryers can generally be classified, based
on air movement mode, insulation exposure, air flow direction,
dryer arrangement, solar contribution and type of the materials
to be dried.

Numerous studies [6, 16, 25, 26, 30, 55-73] analyzed and re-
viewed various solar drying types, their drying periods and efficien-
cies related to drying of fruits, vegetables, agricultural and marine
products, biomass and solid wastes, etc. Among them, Pawale
et al. [73] proposed a potential design about hybrid MSW
solar dryer with the solar absorber plate assembly and the
electrical supplied heating coil as an external energy source.
Shirinbakhsh and Amidpour [6] also designed a new large-scale
Solar-Assisted Conveyer-Belt Dryer (SACBD) to dry biomass
in large facilities. According to these scholars, the designed
SACBD system consisted of a flat-plate solar air heater, photo-
voltaic (PV) panels, a circulating fan, a heat exchanger, a drying
chamber, and a cyclone separator. The system was designed to
dry 0.1 tonnes of biomass per hour (on the dry basis) in the climatic
conditions of Tehran [6].

2.1.4. Thermal drying

The dewatering option is named thermal drying when an external
auxiliary energy source allows the heating of the waste [24].
During thermal drying, a significant amount of thermal energy
needs to be transferred to the wet solids to evaporate the water
and to heat the solids and remaining water [65]. Yuan et al.
[4] assert that although use of thermal drying enables a product
with high solid content to be rapidly obtained, this technique
is, in most cases, neither cost-effective nor environmentally
friendly because a non-renewable energy resource is consumed.
The approach of thermal drying has been fully developed for
sewage sludge [24] but the applications of drying MSW are found
to be emerging.

Bukhmirov et al. [74] conducted the research on the convective
thermal drying process at 0.1 meters per second of hot air flow
rates in an experimental scale. Bukhmirov et al. reported that
about 100% of moisture reduction in MSW were achieved at drying
temperature of 107-167°C during 160-260 min. Lawanangkul [75]
conducted the research study on the improvement of thermal
efficiency of a gasifier with a new fuel drying system by waste
heat from an internal gas engine. The fuel drying system was
designed to improve the thermal efficiency of the gasifier by re-
ducing the moisture content of MSW from 50% to 20%.
Lawanangkul outlined that the improved gasifier design with the
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recovered waste heat could be commercially profitable and envi-
ronmentally friendly since the utilized fuel was biomass.

When the drying oven is used for drying process, it causes
the objects to dry out through evaporation, by using convection
heating, in which the object is heated by air currents [76]. Gravity
convection or forced air convection drying ovens could provide
a greater degree of evenness, control of temperature, rapid drying
capabilities [77]. Oven drying can yield efficient dehydration proc-
ess and short drying times [78], with a maximum temperature
of 250-350°C [77].

2.2. Effect of Bulking Agents

Bulking agents (BA) are carbon sources such as wood chips, leaves
and yard trimmings, corn cobs, stalks and straw [79]. They can
promote pore spaces allowing for more oxygen through the pile
[79]. To achieve efficient drying of MSW, it is imperative to ensure
high porosity within the waste matrix [33]. Several researchers
[4, 33, 80, 81] have used BA to improve the efficiency of bio-drying
process by adjusting the initial moisture content and free air
space of waste which provides high porosity and easier transport
of oxygen through the waste matrix.

3. Comparison of Drying Methods

Table 1 shows the reviewed drying methods, drying parameters
and MSW properties before and after drying. Drying methods
includes biodrying, biostabilization, thermal drying and solar
drying. Different drying methods might have different drying
efficiencies based on the types of drying, capacity of the reactors,
size of materials to be dried, drying temperature, ventilation
monitoring, turning effects, drying time, use of external heat
sources, etc.

The moisture reduction, weight reduction, volume reduction
and heating value increase of MSW after drying process were
estimated as follows:

Moisture reduction (%)

Initial moistrue content - Final moisture content

— - X 100
Initial moisture content

Weight reduction (%)

Initial weight - Final weight

X 100
Initial weight
Volume reduction (%) = @)
Initial volume - Final volume
X 100

Initial volume

532

Heating value increase (%)

Final heating value - Initial heating value

— , X 100
Initial heating value

3.1. Comparison of Applied Drying Methods around the World

According to the research studies, it is observed that various
drying methods for optimization of MSW have been adopted
around the world. Table 2 presents the comparison of the applied
drying methods in the world. Among them, most developed and
developing countries have focused significantly on biodrying
as a major drying method. This drying method is most suitable
for the treatment of the wastes with high moisture contents within
a proper drying period. The study [24] pointed out the existing
and planned biodrying plants in Europe, majorly in Germany,
Ttaly, Spain and UK had about 20 plants, ranging a capacity
of 40,000-360,000 tons per year. Biostabilization and thermal
drying have also applied in an industrial scale. Meanwhile, the
research and development related to solar drying have been con-
ducted in a lab and pilot scale for drying of food wastes only
in developing countries (Jordan and Egypt). However, this drying
method could be emerging due to an advancement of technologies.
Hence, the countries with high solar radiation could take advan-
tages of the solar energy resource for MSW drying to gain waste
fuel and reduce the volume and moisture content of bulk wastes
for easier transportation and safer disposal at landfills.

3.2. Comparison of Drying Methods Based on Drying
Temperature and Drying Time

Fig. 2 shows the comparison of drying methods based on the
drying temperature and drying time. Regarding the research stud-
ies as described in Table 1 above, the drying temperature of
thermal drying process could range approximately from 60°C
to 200°C. This drying method could provide faster drying effi-
ciency in a shorter time as compared to other drying methods.
With this drying method, 100% moisture reduction could be
achieved, allowing 87% weight reduction and 70% volume reduc-
tion during the drying period of 6-10 h [74]. Among the different
drying methods, biostabilization process takes the longest period,
but it could reduce the weight of MSW by 85% in 100 d, as
stated by He et al. [46]. The drying temperature of the different drying
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Fig. 2. Comparison of drying methods based on drying temperature

and drying time.
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Table 2. Comparison of Applied Drying Methods around the World [4, 20, 22, 24, 27-29, 31, 32, 34, 36-50, 74, 75, 80-90]

Types of field applications Country groups
Types of drying Number of . ; . ks
methods research papers Laboratory Pilot Industrial  Developed  Developing Remar
scale scale scale countries countries
[a] Values were based on the number
Biodrying 28 17 7 4 13 15 of research papers that were collected
by the year 2018.
[b] Developed countries and developing
Biostabilization 5 1 2 2 4 1 countries were categeorized based on
the World Bank 2012 Report.
[c] Experimental scale and feasibility
. study were assumed as pilot scale
Thermal drying 5 2 3 i i 5* Whﬂ}(; full scale was asgumed as
industrial scale.
* Although thermal drying is being
Solar drying 9 1 1 ) ) 9 applied in an industrial scale, the

methods accounted for 59 = 37°C for solar drying, 115 = 40 °C
for thermal drying, 55 = 15°C for biodrying and 58 = 11°C for
biostabilization. Meanwhile, the drying time of these methods
was 0.38 * 0.04 d for solar drying, 0.11 = 0.06 d for thermal
drying, 16 = 7 d for biodrying and 52 + 40 d for biostabilization.

3.3. Comparison of Drying Methods based on Final Drying
Time against the Reduction of Moisture, Weight and
Volume of MSW

Fig. 3(a), Fig. 3(b) and Fig. 3(c) present the comparison of drying

available research papers were currently
very few.

methods, based on the final drying time against the reduction
of moisture, weight and volume of MSW. Regarding the research
studies as shown in Table 1 above, it was observed that the
reduction of moisture, weight and volume of MSW would depend
strongly on the types of drying, drying temperatures, size and
type of materials, proper ventilation, turning effects, addition
of bulking agents, drying period, etc. The moisture reduction
of MSW accounted for 85 + 17% by solar drying, 63 = 32%
by thermal drying, 61 + 24% by biodrying and 54 *+ 32% by
bio-stabilization. Meanwhile, the weight reduction of MSW ac-
counted for 35 = 6% by solar drying, 51 = 23% by thermal

9 100
< 80 R %0 ©
g g
154 ‘- -1 =
E) 60 "G ' _?) 60 RS a
o 40 % 40
E )
5 20 2 20
S =
0 0
-20 0 20 40 60 80 100 -20 0 20 40 60 80 100
Drying Time (day) Drying Time (day)
@ Solar Drying (59 = 37°C) @ Biodrying (55 = 15°C) M Solar Drying (59 = 37°C) M Biodrying (55 £ 15°C)
< Thermal Drying (115 +40°C) ¢ Biostabilization (58 + 11°C) [0 Thermal Drying (115+40°C) M Biostabilization (58 + 11°C)
100 O
S =0
=
2
S 60 - + -1
=
3
=40 ®
2 Y !
=2
§ 20
0
-20 0 20 40 60 80 100
Drying Time (day)

@ Solar Drying (59 +37°C)
© Thermal Drying (115 + 40°C)

@ Biodrying (55 + 15°C)
@ Biostabilization (58 = 11°C)

Fig. 3. (@) Final drying time versus moisture reduction, (b) final drying time versus weight reduction and (c) final drying time versus volume

reduction for different drying methods.
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drying, 54 * 22% by biodrying and 55 *+ 33% by bio-stabilization.
Likewise, the volume reduction of MSW accounted for 44 =+
1% by solar drying, 41 = 3% by thermal drying, 58 * 16%
by biodrying and 34 * 13% by biostabilization. The drying time
of these methods were 0.38 + 0.04 d for solar drying, 0.11 *+
0.06 d for thermal drying, 16 + 7 d for bio-drying and 52
40 d for biostabilization.

I+

3.4. Effect of Moisture Reduction on Weight Reduction and
Heating Value Increase

To analyze the effect of the moisture reduction on the weight
reduction and heating value increase of the MSW in a consistent
way, the authors considered the samples be the mixed MSW
alone, excluding the food wastes, biodegradable wastes, kitchen
wastes, RDF, etc. Besides, since there were insufficient data or
lack of data about the moisture reduction, weight reduction and

heating value increase of MSW in most research studies related
to solar drying, thermal drying and biostabilization, it is not cur-
rently possible to perform a statistical analysis. However, as these
required data were sufficient in biodrying process, statistical data
analysis was performed on the variables related to the moisture
reduction of MSW for this drying method.

To examine the strength and direction of linear relationship
between the variables, Pearson correlation was calculated for each
pair of the variables (Table 3). The significance of correlation
coefficient was determined by comparison of the p-value to sig-
nificance level 0.05. Correlation was significant (p-value was below
the significance level of 0.05) in the following pairs of variables:
moisture reduction and weight reduction; moisture reduction and
heating value increase.

The effect of moisture reduction on weight reduction and heat-
ing value increase of MSW from biodrying process in developed

Table 3. Values of Correlation Coefficient, Sample Size and p-values of Different Variables Related to Moisture Reduction for Biodrying Process

Description
Correlation coefficient 0.79
Moisture .
reduction Sample size 20
p-value 0.00004
Developed Countries

0100

£ %0 y=0.5787x + 7.2035

5 R2=0.8513

T 60

= (e]

&

& 40 o

=

£ 20

@

=

0
0 20 40 60 80 100
Moisture Reduction (%)

0 160 Developed Countries

S

bee y=0.6118x+12.913

%z 120 R2=0.5078

2

9

=

v 80 (4]

=

= ()

% [}

o0

'é 40 . ®

b

- (<]

0
0 20 40 60 80 100

Moisture Reduction (%)

Developed countries Developing countries Developed countries Developing countries

Weight reduction

Heating value increase

0.92 0.71 0.80
5 11 8
0.02550 0.0139 0.01738

Developing Countries

100
9
< 80 y =0.7205x + 10.076
£ RZ=0619 o
S 60
=
2 o
&2 40
=
F 5
@
=

0
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160 Developing Countries
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Heating Value Increase (%)

80
y=1.8177x - 6.1995
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Fig. 4. (a) Moisture reduction versus weight reduction and (b) moisture reduction versus heating value increase of MSW from biodrying process

in developed countries and developing countries.
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and developing countries is shown in Fig. 4(a) and Fig. 4(b),
respectively. Generally, weight reduction and heating value in-
crease of MSW could vary accordingly with moisture reduction.
The higher moisture reduction from the bulk MSW wastes, espe-
cially in developing countries could supply higher weight reduc-
tion and higher heating value increase of the MSW. It was
observed that 50% moisture reduction from the mixed MSW
might provide approximately 35% and 45% weight reduction,
and 45% and 85% heating value increase in developed and
developing countries, respectively (Fig. 4(a) and Fig. 4(b)). It
is due to that the effect of moisture reduction on weight reduction
and heating value increase depends strongly on the types and
composition of MSW in developed and developing countries.
Generally, developed countries have higher combustible frac-
tion and lower moisture content of the MSW. Meanwhile, devel-
oping countries have higher organic fraction and higher moisture
content of the MSW. Therefore, the effect of moisture reduction
on the weight reduction and heating value increase of the MSW
in developed countries is comparatively lower than that of devel-
oping countries.

4. Comparison between Benefits and Drawbacks
of Drying Methods for MSW Drying

Regarding the different nature of drying methods related to MSW
drying, the comparison between the benefits and drawbacks is
briefly presented in Table 4. Comparisons were made based on
drying period, drying temperture, reduction of moisture, volume,
weight, odor and leachate, improvement of fuel quality, require-
ment of auxiliary energy, possibility of material recovery for re-
cyclables, acceptability for waste storage, cost of dryers and pur-
pose of usage of dried materials such as fuel for waste-to-energy,
disposal at landfill and agriculture use.

Despite the advantages of biodrying method for the reduction
of weight, volume and moisture of MSW, it might be a kind
of costly technologies for the developing countries. However, bio-
drying under greenhouse conditions are quite suitable for develop-
ing countries that have higher solar radiation since it is cheap
and can be operated by local accessible technologies. Biodrying
is most suitable for creating a renewable energy source from wastes
and safer disposal at landfills. Like a biodrying process, bio-
stabilization is also suitable for biostabilation of wastes to dispose
safely at landfills. This method could offer several benefits includ-
ing volume reduction of wastes, minimized landfill use and re-
duced environmental impacts. However, its drawbacks include
longer periods of the stabilization process.

Solar drying is also most suitable for the countries that have
enough solar radiation while thermal drying can be implemented
by an external heat source or waste heat disposed from the power
plants such as international combustion engines and gas turbines.
The benefits of these methods have shorter drying periods.
However, thermal drying may have higher operation and main-
tenance cost for large scale drying processes, if applied only by
external heat sources, except waste heat.
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Table 4. Comparisons between Benefits and Drawbacks of Drying Methods for MSW Drying

Reduction of
moisture/volume/we

Purpose of usage of

Acceptability for

Possibility of

Auxiliary
fuel/heat/energy  material recovery

dried materials

ight/odor/leachate
and improvement of

Remarks

required for recyclables waste slorage

fuel quality

Drying Drying period

temperature

Drying method

Landfill  Agriculture

Waste to
energy

High

Low

High  Short TLong  Yes No Yes No Yes No Yes

Low

[4, 22, 24, 27-29, 31- 34, 37, 42, 45,
50, 63, 67, 73]
YGreenhouse conditions under Sun

X4

Xl

Biodrying

*Forced Aeration
%Natural convection

[24, 29, 37, 44-46, 85, 90]
*Forced Aeration

Biostabilization

[6, 26, 56-72, 85, 88, 89]
%Ventilation/ Hybrid Solar Drying

X?

Solar drying

"Natural convection

[4, 24, 65, 74-78, 86, 87)

Thermal drying
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5. Recommendations

Nowadays, the energy-oriented conversion technologies are gain-
ing attractions in the developed and developing countries to valor-
ize wastes for a renewable energy source, reduce dependency
on fossil fuel and keep safer disposal at landfills. Among them,
biodrying, biostabilization, thermal drying and solar drying are
the most common. The crucial factors for consideration of suitable
dryers are materials to be handled, size of materials, feed rate,
heat source, quality of dried product, construction cost, and operation
and maintenance cost [75]. Among them, one of the most important
factors in choosing a drying method is the cost for using a dryer
[29]. However, the considerations for reduction of dryer cost
should include economic and environmental benefits such as
transportation cost, reduced disposal cost at landfill, recovered
recyclable materials from MSW, waste fuel for energy production,
GHG emission avoidance from dried wastes and reduction of
environmental pollution.

The drying efficiency of different drying methods can be im-
proved by mixing bulking agents into the wastes. Bulking agents
could help adjust the initial moisture content of MSW and provide
the high porosity in MSW for easier transport of air into the
drying MSW materials. Likewise, drying of separated wastes such
as wastes with a removal of glass or other inert wastes could
also offer more benefits in faster drying efficiency and increase
higher heating values of the separated wastes than drying of mixed
wastes alone. One thing that should be careful about drying is
that the dried waste materials should be carefully stored in the
store room to avoid affecting dried materials from air humidity
from the surrounding and of preventing dried materials from fire.

Moreover, the energy source for drying should be cheap and reliable.
If it is derived from renewable energy sources and other waste heat
sources, drying process will be more economical and environmentally
friendly. Currently, most research experiments related to MSW drying
have been well-developed to a considerable degree around the world.
Likewise, drying technologies could significantly play a key role for
approaching a sustainable waste management system to gain environ-
mental and economic benefits in the future.

6. Conclusions

Nowadays, various drying methods for optimization of MSW quality
have been adopted and applied in the developed countries and
developing countries. Thermal drying and biodrying have been ap-
plied from laboratory and pilot scales to industrial scales. Meanwhile,
the development of other drying methods is also emerging. With
several environmental and economic benefits, drying of MSW could
be a good potential of valorizing wastes for a renewable energy
source, reduced dependency on fossil fuel, safer disposal at landfills
and conservation of the environment in the future.
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