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Abstract: Incineration technologies for municipal solid waste have undergone many developments in
terms of control equipment for efficient emissions and advanced combustion technologies such as
fluidized bed combustion systems. Excessive moisture in the waste of organic materials has resulted
in storage problems, pest and bacterial infections, odor, and difficulties in pre-processing before
combustion. Size reduction of waste components is important for efficient combustion; however,
moisture is a detriment to this process. The importance of drying the organic materials within waste
was discovered and led to the creation of several drying methods, both using conventional and
non-conventional energy sources. In this study, a totally grid independent photovoltaic thermal dryer
with unity solar fraction was installed for municipal solid waste drying and the performance of
functional components, namely, the photovoltaic system, the solar heater, and the drying chamber,
were evaluated for arid desert climatic conditions for year-round performance. The photovoltaic
system was used to energize the fan for the dryer air supply and panel cooling. The effect of air cooling
on the photovoltaic panel power was evaluated. The solar air heater parameters, namely the heat
removal factor and the overall loss coefficient were experimentally determined. Waste samples
collected in the cities of Riyadh and Dammam under two climate conditions were tested to determine
the drying rates and optimum drying bed thicknesses. The actual drying rates and its impact on the
energy produced during waste combustion were determined. The results and economic analysis
indicate that the overall gains achieved after implementing this drying method increase the economic
performance of waste to energy systems.
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1. Introduction

As of 2018, more than 1 billion tons of waste is produced worldwide and is expected to rise
to 2.2 billion by the end 0f 2025 [1]. About 70% of the municipal solid waste (MSW) is landfilled, 19%
is recycled, and 11% is converted to energy [2]. Waste-to-energy supply chains help to mitigate both
disposal problems and the demand for energy [3]. The incineration of waste is an effective means to
reduce the MSW volume to much smaller volumes and to recover energy at the same time. There is
approximately a 60% reduction in weight and up to a 90% reduction in volume [4]. Combustion and
emissions control measures have been developed by new and efficient designs and have been
successfully implemented to make sure that the emissions meet the necessary standards [5]. MSW
incineration is usually done by either a mass burn grate firing method or by fluidized bed combustion.
Grate firing is done by two methods: sloping grate or vibrating grate. Fluidized bed combustion can
be a bubbling bed technology or a circulating fluidized bed technology.

The storage of MSW, which has a moisture content of more than 40%, has become one of the
operating challenges for waste storage and incinerators. Organic wastes such as vegetable wastes have a
high moisture content (88-94%) and cause major environmental problems at municipal dumpsites [6].
Moisture plays a key role in the decomposition of MSW, and a 20% to 30% moisture content aids this
process [7]. The effects of moisture on the anaerobic digestion of MSW were studied at different
moisture dosing rates, and a significant increase in the digestion rate was reported [8]. Excessive
moisture can result in leachates, especially if the waste is dumped on loose soil. The formation of odors
is another undesirable consequence of excessive moisture in the waste. Moreover, the grindability of
the waste is also affected by the presence of high moisture [9]. Since the waste is reduced in size in
grinding mills, the energy consumption for the grinding process increases with an increase in the
moisture content. Moisture affects the sustainability of the combustion process of the municipal waste
by reducing its calorific value due to the heat absorbed for the evaporation of the water in it. The annual
average calorific value of wet MSW must not be below 7 MJ/kg in order to maintain a viable
incineration process [10].

The effect of the MSW fuel size on the combustion process in a fixed bed was analyzed, and it
was found that sizes greater than 50 mm resulted in a decrease in the combustion temperature and a
decrease in the emission of greenhouse gases [11]. A system to reduce moisture by thermal drying of
MSW was proposed to reduce pollutants and to improve the overall efficiency of a combustion system
using the waste heat recovery from the flue gas. The calculations showed that the lower heating value
of the MSW increased to 9,000 kJ/kg at drying temperatures of 533 K for a duration of 10 minutes.
The incineration temperatures were found to be acceptable [12].
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A reduction in the moisture content in MSW can increase the heat available through combustion,
which can be used for heat production or electricity generation through direct usage or usage in the
form of refuse derived fuel pellets [13—15].

Different methods have been adopted to dry MSW. Bio-drying involves the use of heat generated
during the aerobic conversion of organic material to dry the fresh waste material. The greenhouse type
of bio-dryer used with solar energy required a temperature from 40 to 70 °C and sufficient aeration
inside the reactor [16]. Solar greenhouse dryers used to dry tomatoes produced an increase in the air
temperature between 20 to 40 °C [17]. Bio-stabilization involves proper pretreatment of the waste and
then subjecting it to biodegradation, but the process time is much higher [18]. Solar drying involves
heating air using solar energy and using circulation and operating temperatures from 50 to 60 °C [19].
Thermal drying was found to achieve 100% dry waste, but the associated fuel cost to produce the hot
air at temperatures ranged from 107 to 167 °C with a short drying time from 160 to 260 minutes [20].
The drying temperatures required for different methods of drying MSW were found to be 59 + 37 °C
for solar drying, 58 £ 11 °C for bio-stabilization, 115 + 40 °C for thermal drying, and 55 &+ 15 °C for
bio-drying. Thermal drying, although an expensive option, provided the shortest drying time [21].

Lower initial and operating costs have favored the use of solar drying as the most practical and
economical method for MSW. Applications of this method for pre-processing the waste before
combustion or gasification reduce the overall cost of energy produced either as electrical power or
process heat. Essentially, the drying process has two forms of input for efficient operation: the high
temperature of the drying medium, which is air, and the continuous air change rates to transport the
evaporated moisture from the material. The air temperature can be increased using solar collectors,
which has undergone several improvements over the past several years. Technological developments
in solar air heating for drying applications have been widely discussed, including natural and forced
convection [22]. The energy required to supply air to the product that is dried can be supplied from
both conventional and non-conventional sources. The concept of photovoltaic thermal (PVT) solar
collectors has developed recently with both power and heat sources. The performance of PVT
collectors with different configurations have been studied, both experimentally and numerically, for
various applications that require heat and electricity [23].

The present experimental work was performed to determine the drying performance using a
PVT-driven hot air supply system coupled with a solar air heater. The dual advantage of PVT systems,
which can provide hot air and electrical fan power, which are equally important for drying, has been
utilized for MSW drying. These systems were investigated to dry a wide range of materials, including
agricultural products (e.g., fruits, vegetables, and herbs), food, and other materials. In this study, the
concept of after heating the hot air produced from the PVT system was introduced. This ensures
higher air temperatures at the drying bed. The material for drying was MSW as procured from the
source. The solar panel performance and drying efficiencies were determined using an engineering
equations solver. The overall efficiency of this grid independent drying mechanism was determined
for a particular operating condition, and the obtained results were used to estimate the annual
performance. The methodology section includes the description of the experimental set up, followed
by details of the analytical equations used in the calculations. The panel performance equation, the
thermal performance tests on the direct solar heating, and the drying performance are explained. The
results section gives the solar PV temperature and performance, the thermal performance of the PV
panel, and the secondary heating zone drying results for two different climate zones.
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2. Methodology

The model solar PVT dryer consists of four sections: the PV panel section, a provision for air
cooling on its bottom surface, the solar air heater, and the dryer. The air circulation is maintained by
the fan, which is energized by the PV panel itself. A polycrystalline PV panel is used, which is inclined
at an angle equal to the latitude of the location facing south, as per the procedures established in [24].
The air flow maintained by the fan is directed to the PV panel bottom surface. The PV panel gets
cooled by this air, which then moves to the solar air heater section. In the solar air heater section, the
absorber plate is covered with a single layer glass plate, and air flows between the glass plate and the
absorber plate. Then, the hot air from the solar air heater passes through the fan and goes to the dryer
section, where a bed of MSW is spread over a perforated sheet. The solar air heater has a length of 2 m and
a width of 0.5 m. The schematic layout and a picture of the experimental system is given in Figure 1.

1-Fan
2- Drying bed
3-PV panel
4-Absorber
5-Insulation
6-Air inlet

Figure 1. The schematic layout and the picture of the experimental system.

2.1. Functions and specifications of the system components

The PV panel has an area of 0.8 m x 0.5 m and is tilted to the horizontal at an angle of 25°. The
air passage that leads to the solar air heater is arranged such that the air gets in contact with the bottom
surface of the panel to cool the panel. Figure 1 shows the construction of the panel with the cooling duct.

The power output of the PV panel is determined based on the electrical efficiency of the panel
using the following equation [25]:

Py =Me X I X A (1)

where P, is the electrical power output of the panel, W,

Ner 1s the electrical efficiency of the panel from Eq 2,

A is the panel area, m?, and

I, is the solar radiation incident on the tilted plane of the collector, W/m?.
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The theoretical electrical efficiency 1 is a function of the cell temperature [9] and is using the
following equation:

Nel = Nref X [1- Be X (Tc — Tref)]a ()

where ¢ 1S the nominal efficiency of the panel at a standard temperature of 298 K,

Trer 1s the reference temperature which is 298 K,

T. is the cell temperature (K), and

B is the cells temperature coefficient, which indicates a drop in efficiency with the temperature. The
temperature coefficient used in this panel is (—0.4)% /° C.

The solar radiation intensity is measured with a pyranometer connected to a data acquisition
system with an uncertainty of +2%, and the panel temperature is measured with a K type thermocouple
with an uncertainty less than £0.25 °C. The efficiency of the PV cell is calculated from the measured
temperature and, based on this efficiency, the power output of the panel is determined.

2.2. Solar panel Fr and UL determination

The performance characteristics of the solar air heater are the heat removal factor, Fr, and the
collector’s overall loss coefficient, UL. These are determined by the “AT over I”, in which the
Hottel-Whillier-Bliss (HWB) equation is divided by the heat collected by the solar collector using the
following equation [9]:

TR (17— Ta) . 3)

UczFRx(T(X)—[ It

The variation of efficiency with the value of [(T#-Ta)/It] gives the values of Fr and UL by fitting
the straight line and graphically identifying the slope and the y-intercept. In the above equation, T+ and
Ta represent the air temperatures at the inlet of the collector, and It represents the intensity of solar radiation.
The temperature measurements are using K type thermocouples with an uncertainty less than +0.25 °C,
and the solar radiation intensity is measured using a pyranometer with an uncertainty of +2%.

2.3. Rate of heat production in municipal solid waste fired combustion systems

Heat produced by the combustion systems depends on the fuel composition and the combustion
efficiency. The higher heating value (HHV) was calculated using the Dulong formula and decimal
fractions of the individual elements carbon (C), hydrogen (H), sulfur (S), and oxygen (O) present in
the waste sample using the following example [26]:

HHV =0.3383 xC +1.443 x H—0.1804 x O + 0.0942 xS. 4)

Online monitoring of the fuel moisture content demonstrated an increased combustion
temperature and efficiency alongside a decrease in carbon monoxide emissions and fine particulate
matter [27]. The HHV of a fuel is the total heat available in the fuel and the lower heating value (LHV)
is the net heat available after condensation of the moisture in the flue gas [28]. The heat release
rate (HRR) is the heat required to operate a power plant boiler using a solid fuel firing system and
depends on the power generation rate by combustion (Pg), the boiler efficiency (ns), and the generator
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efficiency (ng) (Eq 5). Performance tests on the boilers that used the MSW as fuel indicated a boiler
efficiency of 60% and a generator efficiency of 90%. The flue gas temperature reduced when the
moisture content increased in the fuel [29].

Pg
npXNg

HRR =

)

An estimate of the LHV or the net heating value (NHV) is obtained from the measured HHV by
subtracting the heat of vaporization of water in the products as follows [29]:

LHV = HHV x (1 — M) — 2.447M, (6)

where LHV is the gross (or lower) heating value in MJ/kg, and M is the weight of moisture in 1 kg of fuel.
The constant 2.447 is the latent heat of vaporization of water in MJ/kg at 25 °C. A more accurate
estimate of the net heating value can be obtained by including the heat released by the combustion of
the hydrogen content of the biomass. Equation 2 gives the variation of the heat produced by the
combustion system ring at different moisture contents [30]. The minimum sustainable heat required
depends on the capacity of the combustion system. Usually, the capacity of the combustion system
depends on the quantity of waste produced in the collection area.

2.4. Drying of MSW
The drying rate or the final moisture content of the dried product depends on the airflow rate, the

drying time, and the drying temperature. The temperature attained by the air that enters the drier (To)
from the solar collector determines the drying temperature and is given by the following Eq 7 [31]:

To =T+ ngpa ; (7
where T; is the air inlet temperature, and T, is the ambient temperature. The drying efficiency (nd) of the
solar drying process is defined as the ratio of energy involved in removing the moisture in the dried
material to the energy supplied to the dryer during the drying period (Eq 7). The energy gain is the
latent heat of vaporization (hsg) for the mass of moisture removed (me), and the energy input is the
energy used for drying in the form of hot air from the solar collector during the period (t) of 36
hours (Eq 8). To is the average hourly air temperature at the collector outlet, Ta is the ambient
temperature, m, is average hourly air mass flow rate, and Cya is the specific heat of air. Note that drying
happens during the drying time (t), even without the solar radiation input if there is a difference in the
partial vapor pressure of the dried material and that of the air [31].

= Mmehyg g
= S iCpatr- (8)
X280[MeCpa(To—Ta)xtx3600]

Na

2.5. Solar fraction

The solar fraction (@) is defined as the ratio of the actual thermal energy utilized for drying and
the total energy that falls on the collector (Eq 9). W is the weight of the moisture evaporated during
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the average sunshine (It)hour t. A s is the latent heat of evaporation at the saturation temperature of
moisture at the partial pressure which corresponds to the ambient temperature [32].

_ Wxig
¢= o1t ©)

3. Results and discussion

An experimental study about MSW drying using waste collected from households using a grid
energy independent drying system and solar energy was performed. The results of the PVT system
performance, the solar thermal collector performance, and the dryer performance are given below.
Figure 2 shows the panel temperature with and without cooling, and Figure 3 shows the panel power
output with and without cooling. A comparison was performed to endure similar conditions of solar
radiation, wind speeds, and sky clearness on two consecutive days. The panel temperatures were
measured using K type thermocouples, and the power output was measured using a power analyzer
with total uncertainty of 0.0082 W.

50
Without cooling

N
[}

N
[e=)

w
W

With cooling

Temperature, deg. C
[\ [\] W
(=] (9] (e}

—_
(O]

7 9 11 13 15 17 19
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Figure 2. Panel temperature with and without cooling.

The maximum value of the power output was recorded as 43.2 W in the case of the cooling effect,
and was found to be 41.8 without cooling measured under similar conditions of solar radiation,
clearness of sky, and wind velocity. The gain in power output was higher during the peak solar radiation
period. The results agreed with the calculated values from Eqs 1 and 2. The “AT over I’ method was
used to determine the heat removal factor (Fr) and the overall loss coefficient (UL) of the solar air
heating system as per the procedure given in Section 2. The measurements of the air temperature at the
inlet to the air heater, the outlet of the air heater, and the ambient temperature were recorded using a
thermocouple and a data acquisition system. The uncertainties in the thermocouples were 0.004 °C.
The air mass flow rate was determined using the average air velocity, the cross-sectional flow area,
and the density of air calculated at the average temperature. Figure 4 shows the graph that was used to
determine the Fr and UL, and the results are given below.
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Figure 3. Panel power output with and without cooling.
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Figure 4. Solar air heater performance in terms [(Ts-Ta)/I] and collector efficiency.

The y-intercept and the slopes were obtained from the graph to determine the performance
parameters. The transmissivity absorptivity coefficient used in the calculations was 0.85 for solar
thermal collectors with a single normal glass and blackened steel absorber surfaces [33].

Fpra = 0.4128
Frp =0.485
U,Fr = 3.611
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U, = 7.43 Wm?2K

The values of Fr and UL are in agreement with published values in the literature for solar air
heaters with single glazing and flow over the absorber surface.

3.1. Moisture analysis results for samples collected from different locations and seasons

Saudi Arabia is in the hot desert climatic region, and is classified as Bwh per the Koppen climate
classification [34]. MSW samples were collected from the two urban regions Riyadh and Dammam,
and the moisture analysis of the organic matter in the samples were conducted as per American Society
for Testing and Materials (ASTM) standards. Table 1 shows the percentage of different constituents
found in the waste for the two regions. The components of the waste sample were identified based the
elements in the waste, which were determined using the proximate analysis values of individual items
such as plastic, paper, and so on [35].

Table 1. Percentage of components in MSW and their ultimate analysis.

Riyadh
Component % by weight C H N S 0]
Paper 28.5 12.37 1.68 0.11 0.06 14.31
Plastic 52 3.74 0.48 0.04 0.02 0.92
Glass 4.6 0.00 0.00 0.00 0.00 0.00
Wood 8.0 3.73 0.47 0.11 0.02 3.67
Textiles 6.4 342 0.42 0.18 0.03 2.35
Organics 37.0 18.69 2.63 0.78 0.07 14.84
Others 10.3 431 0.65 0.14 0.03 5.18
Total 46.25 6.33 1.37 0.22 41.27
Dammam
Component % by weight C H N S o
Paper 16.03 6.96 0.95 0.06 0.03 8.05
Plastic 5.8 4.17 0.53 0.05 0.02 1.03
Glass 6.86 0.00 0.00 0.00 0.00 0.00
Wood 9.63 4.49 0.57 0.13 0.02 4.42
Textiles 5.77 3.09 0.38 0.16 0.02 2.12
Organics 37.0 18.69 2.63 0.78 0.07 14.84
Others 18.91 7.90 1.19 0.26 0.06 9.51
Total 45.29 6.25 1.45 0.22 39.96

3.2. Determination of optimum drying bed depth

The optimum bed depth experimentally determined by repeating the drying process at different
depths (h). The drying process was performed for a total of 36 hours starting from 8 am to 8 pm the
following day. During this time, the active sunshine hours were from 8 am to 6 pm, for a total of 20 hours.
The remaining 12 hours were the non-sunshine hours, during which drying took place at a low rate.
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Figure 5 shows a decrease in the weight of the samples taken with three different bed heights
of 2, 4, and 6 cm using the pH sample. The weight was taken every four hours, and the difference
between the initial and final weight gives the quantity of moisture evaporated.
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Figure 5. Decrease in weight with time for different bed heights.

The difference in weights between the beginning and end of the drying process or the water
evaporated were found to be 1.29, 2.6, and 2.47 kg corresponding to the 2, 4, and 6 cm bed heights.
Thus, the 4 cm bed height was taken as the optimum bed height for subsequent drying experiments.

Figures 6 and 7 show drying curves of the hot and cold weather conditions for the three samples
collected from Riyadh, Jeddah, and Dammam, which are the three major urban regions in Saudi Arabia.
Samples labeled Rh and Dh represent samples collected during hot season from Riyadh and Dammam,
respectively. Samples labeled Rc and Dc represent samples collected from Riyadh and Dammam
during the cold season, respectively.
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Figure 6. Decrease in the weight with time during hot climate.
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Figure 7. Decrease in weight with time during cold climate.

The drying process was recorded in the form of the weight of the sample taken with time. The
total weight loss represents the quantity of water removed from the waste. The final moisture content
can be calculated from this weight loss. The final moisture content in the hot season for Riyadh and
Dammam waste after drying resulted in significant increase for their lower heating values. Table 2
shows the results of the analysis before and after drying for the hot weather season (May to October) and
cold season (November to April), which are given separately for nonrecycling and recycling scenarios.

Table 2. Drying parameters and results of MSW heating value before and after drying for

nonrecycling scenario.

Hot season Cold season

Riyadh Dammam Riyadh Dammam
Average air relative humidity (%) 15 42 20 46
Average drying temperature, °C 54 51 42 44
MSW moisture content (Before drying) 80 82 86 87
MSW moisture content (After drying) 39 57 61 67
Moisture evaporated (kg) 2.68 2.32 2.56 242
Thermal efficiency of drying (%) 20.62 26.78 26.52 23.20
Non recycling scenario
LHV before drying (kJ/kg) 11916 11268 11987 11050
LHYV after drying (kJ/kg) 36348 26921 36823 33944
Recycling scenario
LHYV before drying (kJ/kg) 3600 5760 4080 4828
LHYV after drying (kJ/kg) 14379 17696 12536 14833

AIMS Energy

Volume 13, Issue 4, 922-937.
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From the tables, it is observed that there is an increased amount of moisture removal during the
hot season compared to the cold season. Additionally, the moisture removal for samples in Riyadh was
relatively higher. This can be attributed to the atmospheric humidity, which plays an important role in
the drying rate. The heat content can be calculated using Eq 5 from the results of the HHV obtained
from waste components to data given in Table 1. The heat content available in the dried form of
municipal waste from Riyadh and Dammam are 36,348 and 26,921 kJ/kg, respectively, for the hot
season when all the constituents of the waste such as plastics, wood, rubber, paper, and organics are
considered in the non-recycling scenario. When materials such as wood, paper, and plastic are recycled
and only the organics are used, then the total heat contents are 14,379 and 17,696 kJ/kg, respectively,
during the hot seasons for the two cities [36]. As expected, the drying is less during the cold season
due to the lower drying temperature. Drying produces a significant improvement in the LHV or the
NHYV. The above results indicate a considerable improvement in the power generation rate after drying
as per the heat release rate (Eq 5).

3.3 Drying efficiency

The efficiency of the drying process depends on various factors such as the drying temperature,
the air velocity across the drying bed, the humidity of the drying air, and the nature of the material
being dried. The drying process has three stages: the rising rate stage, the constant rate stage, and the
falling rate stage. The constant rate and the falling rate take more time since these processes involve
the movement of moisture from inside the material to the surface through the pores. The higher
temperature reduces the vapor pressure around the material and aids increased drying. The higher
velocity flow across the bed aids in the speedy removal of moisture from the bed. In the above
experiment, the intensity of solar radiation, which changes throughout the day, determines the drying
efficiency, which can be determined using Eq 8; the drying efficiency was found to be in the range
of 20 to 26% for the four cases. Experiments on similar flow configurations in solar driers produced
similar results of 27.5% [37,38]. The results show higher efficiency values when compared to that of
solar cabinet driers used to dry other products [39]. Cabinet type solar driers were found to have an
efficiency in the range of 18-20%. Drying tests conducted on the MSW using a solar greenhouse dryer
produced an efficiency value of 17.01% [40]. Hence, the results from this study are encouraging and
needs further testing on a larger scale.

4. Conclusions

In this study, experimental studies on a solar drying system with a PV panel powered air
circulation were conducted to dry MSW. The purpose of drying was to enhance the energy recovery
from the waste and to prevent waste infestation and odor. The performance characteristics of the solar
thermal collector, namely the heat removal factor and the overall loss coefficient, were determined
using the “AT over I’ method, and were 0.485 and 7.43 W/m? K, respectively. The solar PV panel showed
an efficiency improvement due to air cooling, which resulted in a higher power output of 1.4 W. The
drying bed was tested for moisture reduction with 2, 4, and 6 cm thickness, and a 4 cm drying bed was
identified as the optimum bed thickness. Drying tests were done with waste samples collected from
two urban regions under hot and cold conditions. The period between May to October was used as the
hot period, and the period between November and April was used as the cold period. The results of the
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934

drying performance indicated significant enhancements in the heating values of the MSW by 2.5 to 3
times due to a reduced moisture content. The obtained drying efficiency was agreeable with the
published data. The installation of dryers operating on solar energy helps to improve the power
production in MSW fired power plants at no additional operating cost. This study is limited to tests on
batch loading of the product and several challenges associated with a continuous large-scale operation
need to be overcome. Future work on the continuous operation of the solar drying system for MSW is
required to integrate this method in commercial incineration or gasification installations.
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