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ABSTRACT

Rapid urbanization and population growth in developing regions have significantly increased
municipal solid waste generation, intensifying pressure on existing landfill systems. A
substantial fraction of this waste consists of inorganic residual materials that cannot be
effectively recycled or composted and therefore require alternative treatment technologies. This
study proposes and evaluates the Advanced Waste Predator, an integrated thermal waste
treatment system designed at the Integrated Waste Management Facility (TPST) scale,
combining an incinerator with a high-efficiency cyclone and a packed-tower wet scrubber for
emission control. The system was designed based on field-derived waste characterization,
proximate and ultimate analyses, and stoichiometric combustion calculations. Emission
formation and control performance were quantitatively assessed through mass balance analysis
and post-treatment emission evaluation. Results indicate that the incinerator operates stably at
an average combustion temperature of approximately 1,025 °C with a waste processing capacity
of 885.9 kg h-'. The cyclone achieved a particulate removal efficiency of 47.5%, while the wet
scrubber further reduced pollutant concentrations with removal efficiencies of 72% for NO,,
92% for SO,, and 98% for CO. Following air pollution control, stack emission concentrations
complied with the Indonesian emission standards for thermal waste treatment. These findings
demonstrate that integrating incineration with appropriately designed air pollution control
devices at the TPST scale can significantly reduce landfill dependency while maintaining
regulatory compliance. The proposed system offers a technically feasible and environmentally
sound solution for managing residual inorganic waste in developing urban areas.
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1. Introduction

Rapid population growth and accelerated urbanization in developing regions have led to a substantial increase in municipal
solid waste generation, placing significant pressure on waste management systems worldwide (Leknoi et al., 2024). Local
governments are consequently challenged to provide effective and efficient waste treatment services amid rising demand, while
simultaneously facing limited financial capacity and constrained municipal budgets (Salazar-Adams & Ramirez-Figueroa, 2024).
Based on physical classification, waste can be categorized into solid, liquid, and gaseous forms, of which improperly managed
solid waste represents a major source of environmental pollution and poses serious risks to human health (Estoque, 2020).

Global projections further emphasize the urgency of this issue. The United Nations Environment Programme (UNEP)
estimates that global solid waste generation will increase from 2.126 billion tons in 2020 to 2.684 billion tons by 2030, rising to
3.229 billion tons in 2040 and reaching 3.782 billion tons by 2050. These projections indicate an average decadal increase of
approximately 0.552 billion tons, corresponding to a growth rate of 21.23% between 2020 and 2050, highlighting the growing
burden on existing waste treatment and disposal infrastructure.

Solid waste is generally classified based on degradability into organic and inorganic fractions. Organic waste, such as food
residues and garden waste, is biodegradable and can be treated through biological processes. In contrast, inorganic waste —
including plastics, rubber, cans, and metals—is non-biodegradable and requires extended periods for natural decomposition
(Sundarta et al., 2018). Although advances in recycling technologies enable the recovery of many inorganic materials, not all
inorganic waste is recyclable. A residual fraction, including leather, textiles, and rubber (LTR) as well as other non-recoverable
materials, lacks functional and economic value and is typically disposed of in landfills (Cavalcante et al., 2018).

The presence of residual inorganic waste creates an urgent need for treatment methods that are both efficient and cost-
effective, particularly under financial constraints faced by local governments and relevant stakeholders. Thermal treatment
through incineration represents a viable option for managing inorganic solid waste. Incinerators utilize high-temperature
oxidative combustion to rapidly and continuously reduce waste volume in a stable and reliable manner (Sun et al., 2016). Reported
advantages of incineration include reduced land requirements, making it suitable for areas with limited land availability (Zu &
Zhang, 2023). In addition, incineration can achieve waste volume reduction of up to 90%, produce residues that may be reused in
construction materials, and generate lower methane and greenhouse gas emissions compared to sanitary landfilling (Zu & Zhang,
2023). Compared with other thermal treatment technologies such as pyrolysis and gasification, incineration offers advantages in
terms of land-use efficiency and lower capital investment requirements (Gurgul et al., 2018; Dong et al., 2018). These characteristics
align with the financial and infrastructural challenges faced by local governments, including limited budgets and inadequate
waste treatment facilities (Salazar-Adams & Ramirez-Figueroa, 2024).

Despite its advantages, conventional incineration is associated with the generation of hazardous air pollutants. Oxidative
combustion produces flue gas emissions dominated by carbon dioxide (CO,) and carbon monoxide (CO), as well as total
particulate matter. Carbon dioxide contributes to greenhouse gas emissions, while carbon monoxide is a toxic, colorless, and
odorless gas. Prolonged exposure to particulate matter can cause adverse respiratory effects, ranging from mild irritation to
chronic conditions such as asthma and shortness of breath. In addition, nitrogen and sulfur compounds present in waste materials
are oxidized during combustion to form nitrogen oxides (NOy) and sulfur dioxide (SO,), both of which are harmful when inhaled.

Untreated incinerator emissions may exceed ambient air quality standards and contribute to atmospheric pollution.
According to Government Regulation No. 22 of 2021, such conditions are classified as air pollution when pollutant concentrations
surpass established ambient air quality limits. Air pollution not only exacerbates climate change but also poses serious risks to
human health, particularly by increasing the incidence of respiratory and cardiovascular diseases (Mahiyuddin et al., 2023).
Consequently, the integration of air pollution control devices is essential to ensure environmentally acceptable incinerator
operation. Among available technologies, cyclone separators and wet scrubbers offer a promising combination due to their
relatively low capital costs and high pollutant removal efficiencies, particularly under financial constraints (Salazar-Adams &
Ramirez-Figueroa, 2024).

Cyclone separators are effective in removing coarse to medium-sized particulates but exhibit limited efficiency for fine
particles. This limitation can be addressed by wet scrubbers, which are capable of removing fine particulates and gaseous
pollutants through physical and chemical interactions. The integration of these technologies with an incineration system is
therefore expected to significantly reduce flue gas emissions. In this study, the modified incineration system integrated with
cyclone and wet scrubber units is referred to as the Advanced Waste Predator, designed at the Integrated Waste Treatment Facility
(TPST) scale to minimize residual inorganic waste disposal through thermal treatment.

The TPST scale was selected due to its strategic role in reducing waste prior to landfill disposal, thereby mitigating the risk
of landfill overload. This study focuses on the design and evaluation of the Advanced Waste Predator system based on site-specific
conditions at the Ngembak Landfill (UPTD TPA Ngembak), which is currently experiencing overcapacity. The scope of treatment
is limited to residual inorganic solid waste, as organic waste is managed through composting. The proposed system is intended
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to serve as a technical reference for improving residual waste management and extending landfill lifespan through integrated
thermal treatment and air pollution control.

2.  Research Methodology
2.1  Study Area and Waste Characterization

This study was conducted at the Ngembak Final Disposal Site (UPTD TPA Ngembak), Grobogan Regency, Central Java,
Indonesia, which serves multiple sub-districts within the TPST service area. Municipal solid waste samples were collected directly
from incoming waste transport vehicles to represent the waste stream entering the facility. Waste sampling and characterization
followed Indonesian National Standards SNI 19-3964-1994 and SNI 19-2454-2002, adapted using the UN-Habitat Waste Wise
Cities Tool. Proximate and ultimate analyses were performed to determine moisture content, ash content, and elemental
composition, which served as the basis for combustion and emission calculations.
2.2 Incinerator and Air Pollution Control Design Framework

The design capacity of the incinerator was determined based on projected residual inorganic waste generation at the TPST
scale. Thermal performance was evaluated using calorific value estimations derived from Dulong-based empirical models.
Combustion temperature and mass balance calculations were performed to estimate flue gas composition and pollutant formation.
Air pollution control was achieved through a two-stage system consisting of a high-efficiency cyclone and a packed-tower wet
scrubber. The cyclone was designed according to Stairmand high-efficiency criteria to remove coarse particulates, while the wet
scrubber design followed U.S. EPA APTI guidelines to enhance gas-liquid contact for gaseous pollutant absorption. Key design
parameters included gas velocity, pressure drop, liquid-to-gas ratio, and packing characteristics.
2.3 Emission Analysis and Dispersion Modeling

Pollutant concentrations generated during combustion were estimated through stoichiometric mass balance calculations.
The removal efficiencies of the cyclone and wet scrubber were applied to determine post-treatment emission concentrations.
Atmospheric dispersion of stack emissions was simulated using the AERMOD model to assess potential impacts on ambient air
quality. Meteorological and site-specific parameters were incorporated to evaluate ground-level pollutant concentrations and
regulatory compliance.

3. Results and Discussions

3.1 Waste Generation and Service Area Projection

The analysis of municipal solid waste generation within the service area of UPTD TPA Ngembak reveals a consistent upward
trend over the past decade, driven primarily by population growth and regional economic development. Population projection
using multiple statistical approaches, including arithmetic, geometric, and least-square methods, demonstrates that the selected
best-fit model provides a reliable estimation of future demographic growth. The projected population increase directly correlates
with rising consumption patterns, which consequently elevate the quantity of waste generated within the service area. Population
projection results for the service area are summarized in Table 1, indicating a continuous increase over the planning horizon.

Table 1. Population served by the TPST over the last ten years.

Year Total Population
2013 373.295
2014 375.927
2015 378.506
2016 380.965
2017 383.382
2018 388.174
2019 393.026
2020 400.534
2021 409.251
2022 418.990
2023 415.566

Economic indicators, particularly Gross Regional Domestic Product (GRDP), further reinforce this trend. The agricultural
and industrial sectors remain the dominant contributors to the regional economy, as reflected in their steady GRDP growth.
Agricultural activities generate waste streams associated with packaging, processing residues, and supporting infrastructure,
while industrial expansion contributes to increased inorganic waste fractions. The combined influence of population growth and
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economic expansion results in a measurable escalation of waste generation rates. The measured daily municipal solid waste
generation entering the TPST system is presented in Table 2.

Table 2. Daily municipal solid waste generation in the TPST service area.

Waste Generation . Domestic Waste Domestic Waste
Total Domestic Waste . .

No Year Population Rate Generation (kg/day) Generation Generation

(kg/capita/day) (tonnes/day) (tonnes/year)
1 2023 424.067 0,339 143.704,156 143,704 52.452,017
2 2024 429.144 0,342 146.900,945 146,901 53.618,845
3 2025 434.222 0,346 150.145,796 150,146 54.803,216
4 2026 439.299 0,349 153.439,497 153,439 56.005,417
5 2027 444.376 0,353 156.782,826 156,783 57.225,732
6 2028 449.453 0,356 160.176,554 160,177 58.464,442
7 2029 454.531 0,360 163.621,451 163,621 59.721,830
8 2030 459.608 0,364 167.118,283 167,118 60.998,173
9 2031 464.685 0,367 170.667,820 170,668 62.293,754
10 2032 469.762 0,371 174.270,829 174,271 63.608,853
11 2033 474.839 0,375 177.928,085 177,928 64.943,751
12 2034 479.917 0,378 181.640,363 181,640 66.298,733
13 2035 484.994 0,382 185.408,446 185,408 67.674,083
14 2036 490.071 0,386 189.233,120 189,233 69.070,089
15 2037 495.148 0,390 193.115,179 193,115 70.487,040

The calculated waste generation rate confirms that the TPST system receives approximately 135.181 tons of waste per day.
Of this total, around 4.766% consists of residual inorganic waste that cannot be effectively treated through recycling or composting
processes. This residual fraction represents a critical management challenge, as continued disposal through landfilling would
accelerate land use limitations and increase long-term environmental risks. Therefore, identifying and quantifying this waste
fraction is essential for determining the appropriate capacity and operational parameters of the Advanced Waste Predator system.

These findings are consistent with previous studies conducted in developing regions, which demonstrate that increasing
income levels and urbanization significantly influence municipal waste generation. Consequently, the integration of advanced
thermal treatment technologies at the TPST scale becomes increasingly relevant to ensure sustainable waste management under
evolving socioeconomic conditions. The composition of municipal solid waste in the TPST service area is summarized in Table 3.

Table 3. Composition of municipal solid waste in the TPST service area.

. Pre-compaction Post-compaction Composition
No | Waste Composition | Total (kg) Height (cm) pVolume (L) | Height (cm) pVolume (L) ?%)
1 | Kitchen Waste 15,310 31,000 12,400 27,000 10,800 72,251%
2 | Garden Waste 0,630 55,000 22,000 43,000 17,200 2,973%
3 | Paper and Cardboard 0,230 9,000 3,600 6,000 2,400 1,085%
4 | Film Plastic 3,155 95,000 38,000 85,500 34,200 14,889%
5 | Rigid Plastic 0,390 69,000 27,600 53,000 21,200 1,840%
6 | Metals - - - - - -
7 | Glass - - - - - -
8 Textiles and Footwear 0,700 27,000 10,800 21,000 8,400 3,303%
9 | Wood - - - - - -
10 | Special Waste 0,015 4,500 1,800 4,500 1,800 0,071%
11 | Composite Products 0,450 42,000 16,800 33,000 13,200 2,124%
12 | Others 0,310 35,000 14,000 26,000 10,400 1,463%
Total 21,190 119,600 100,000%

3.2 Characteristics of Residual Inorganic Waste
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The residual inorganic waste stream analyzed in this study exhibits heterogeneous physical and chemical characteristics,
reflecting its diverse origins. Proximate analysis results indicate relatively low moisture content compared to organic waste
fractions, which is advantageous for thermal treatment processes. Lower moisture levels reduce the energy required for
evaporation during combustion, thereby enhancing overall thermal efficiency. The proximate analysis results of the residual
inorganic waste are presented in Table 4.

Table 4. Proximate analysis of residual inorganic waste.

Proximate analysis

Parameter Result | Unit
Moisture Content | 12,160 %
Ash Content 14,290 %

Volatile matter and fixed carbon contents suggest that the waste possesses sufficient combustibility to sustain stable
incineration. The presence of fixed carbon contributes to prolonged heat release, supporting continuous combustion, while volatile
matter facilitates ignition and flame stability. These characteristics are critical for achieving consistent operational performance in
small- to medium-scale incineration systems.

Ultimate analysis further confirms that carbon constitutes the dominant elemental component of the residual waste, followed
by oxygen and hydrogen, with nitrogen and sulfur present in smaller proportions. These elemental compositions directly
influence combustion stoichiometry and the formation of gaseous emissions. In particular, nitrogen and sulfur contents are closely
associated with the generation of nitrogen oxides (NOy) and sulfur dioxide (SO.), respectively. The elemental composition of the
residual inorganic waste determined by ultimate analysis is shown in Table 5.

Table 5. Ultimate analysis of residual inorganic waste.

Ultimate analysis
Parameter | Result | Unit
Carbon 74,660 %

Hidrogen 8,888 %
Oksigen 13,522 %
Nitrogen 0,880 %

Sulfur 0,050 %

The calculated lower heating value (LHV) of the residual waste supports the feasibility of self-sustaining combustion at
elevated temperatures without excessive reliance on auxiliary fuel. However, the observed variability in waste composition
underscores the importance of robust incinerator design capable of accommodating fluctuations in feed characteristics. Overall,
the analyzed properties of the residual inorganic waste are consistent with waste streams reported in similar TPST-scale facilities
across Southeast Asia, reinforcing the applicability of the proposed system. The heating value and laboratory-based characteristics
of the residual inorganic waste are summarized in Table 6.

Table 6. Heating value and laboratory test results of residual inorganic waste.

Fuel Composition of Inorganic Residual Solid Waste

Mass of Inorganic Residual Solid Waste 885,913 kg/hr

Chemical M"(\),leeicgl;l:r Composition (%) Mass Flow Rate | Molar Flow Rate
Element (kg/kmol) (kg/hr) (kmol/hr)

C (Carbon) 12,000 76,660% 679,141 56,595

H (Hydrogen) 1,000 8,888% 78,740 78,740

O (Oxygen) 16,000 13,522% 119,793 7,487

N (Nitrogen) 14,000 0,880% 7,796 0,557

S (Sulfur) 32,000 0,050% 0,443 0,014

Ash - 14,290% 126,597 -
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Fuel Composition of Inorganic Residual Solid Waste
Mass of Inorganic Residual Solid Waste 885,913 kg/hr
Chemical Mole.cular .. Mass Flow Rate | Molar Flow Rate
Element Weight Composition (%) (kg/hr) (kmol/hr)
(kg/kmol)
Water / Moisture 18,000 12,160% 107,727 5,985

3.3 Combustion Mass Balance and Emission Formation

The combustion mass balance for the Advanced Waste Predator system was developed based on stoichiometric calculations
and experimentally determined waste characteristics. The incinerator operates at an average combustion temperature of
approximately 1,025°C, which is sufficient to ensure complete oxidation of combustible components and minimize the formation
of unburned residues. The input parameters used for the combustion mass balance calculation are presented in Table 7.

Table 7. Input parameters for the combustion mass balance of the Advanced Waste Predator.

Component | Input (kg/hr)
C 679,141
H 78,740
(@) 119,793
N 7,796
S 0,443
02 Inlet 3.910,013
N2 Inlet 12.886,051

Mass balance calculations demonstrate a substantial reduction in waste mass following thermal treatment, confirming the
effectiveness of incineration in minimizing residual volume. This reduction directly contributes to decreasing landfill dependency
and associated environmental burdens. The combustion process generates flue gas streams containing nitrogen dioxide (NOy),

Inorganic Solid
Waste Residue
Cc H o N s
679,141 kg/h 78,740 kg/h 119,793 kg/h 7,796 kg/h 0,443 kg/h

Water Vapor
1.417,318 kg/h

Carbon Dioxide
2.490,182 kg/h
Residual Oxygen
737,917 kg/h
Residual Nitrogen
12.870,459 kg/h

Air outlet

Oxygen Inlet
02:3910,013 kg/h Incenerator
N2: 12886,051 Air inlet
Centrifugal Fan
23.000 m¥/h
2.050-2.991 Pascal

NO, = 51,231 kg/h

CO =113,985 kg/h

SO, =0,886 kg/h

Total Particulate = 1,329 kg/h

A
Removed to Ash
cyclone Storage: Total
Particulate Particulate = 0,631 ka/hr
Removal

NO; = 51,231 kg/h

CO = 113,985 kg/h

SO, = 0,886 kg/h

Total Particulate = 0,698 kg/h

Residual Ash to Ash
Storage:
125,121 kg/hr

Residual
Ash

Removed via Inlet Water to
WWTP
Wastewater = 20,902 L/h
NO; = 47,476 kg/h
CO = 111,896 kg/h
SO, = 0,659 kg/h
Total Particulate = 0,634 kg/h

Water Inlet
4,887 Lisec Wet

6 Circulations per scrubber
Day

Gaseous and Particulate
R I through Wat
NO, = 3,755 kg/h CMOVE e Yater
CO = 2,089 kg/h
S0, = 0,227 kglh
Total Particulate = 0,064 kg/h

Chimney

Output

NO, = 3,755 kg/h
CO = 2,089 kg/h
SO, = 0,227 kgih

Total Particulate = 0,064 kg/h
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sulfur dioxide (SO,), carbon monoxide (CO), and particulate matter, which are characteristic of thermal waste treatment systems.
The output mass balance of the combustion process is summarized in Table 8. The concentrations of major gaseous emissions
produced during combustion are presented in Table 9. The mass balance results of the combustion process are summarized in
Figure 1.

Figure 1. Mass balance of the Advanced Waste Predator system during the combustion process.

Table 8. Output mass balance of the Advanced Waste Predator combustion process.

Component Output (kg/hr)
(@) 737,917
N 12.870,459
NO2 51,231
H20 1.417,318
CcO2 2.490,182
CcO 113,985
SO2 0,886
Total Ash 126,597
Fly Ash 1,476
Bottom Ash 125,121
Total Particulates 1,329

Table 9. Concentrations of gaseous emissions generated during combustion.
Parameter Emission Concentration (mg/m3) | Threshold Limit (mg/m3) | Remark
NO2 2.171,857 470 Exceeds
CcO 4.832,194 625 Exceeds
502 37,557 210 Compliant
Total Particulates 56,335 120 Compliant

The presence of excess oxygen within the combustion chamber enhances oxidation efficiency and reduces the formation of
incomplete combustion products. However, elevated temperatures also promote thermal NO, formation, necessitating the
integration of effective downstream emission control technologies. The calculated emission loads prior to treatment serve as
baseline values for evaluating the performance of the cyclone and wet scrubber systems.

These results highlight the inherent trade-offs associated with high-temperature incineration, where improved waste
destruction efficiency must be balanced against the potential for increased gaseous emissions. Consequently, the design and
optimization of air pollution control devices play a critical role in achieving environmentally acceptable system performance.

3.4 Incinerator Performance Evaluation

The performance evaluation of the Advanced Waste Predator incinerator demonstrates stable and efficient operation under
continuous feeding conditions. The selected combustion chamber dimensions and residence time ensure sufficient interaction
between waste materials and oxidizing agents, resulting in high destruction efficiency. Temperature distribution within the
combustion chamber indicates uniform heat transfer, reducing the likelihood of localized cold spots and incomplete combustion.
The operating parameters of the incinerator used in this study are summarized in Table 10.

Table 10. Operating parameters of the incinerator system.

Parameter Value Unit
C 76,660% %
H 8,888% %
O 13,522% %
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N 0,880% %

S 0,050% %

Ash Content 14,290% %

Moisture Content 12,160% %
Processed Waste 885,913 kg/hr
Waste Density 667,063 kg/m3

Ash production from the incineration process is significantly lower than the original waste mass, reflecting effective thermal
degradation of combustible components. The resulting ash exhibits characteristics suitable for potential reuse in construction
materials, such as supplementary cementitious components or brick additives, following appropriate treatment and quality
assessment. This outcome aligns with circular economy principles by transforming waste residues into value-added products.
The calculated calorific value of the waste feedstock is presented in Table 11.

Table 11. Calorific value calculation results for incinerator feedstock.

Calorific Value Equation Remark
Calorific Value | 329,382 | kJ/kg Dulong -
Calorific Value | 252,785 | kJ/kg | Modified Dulong | Lowest
Calorific Value | 358,042 | kJ/kg Vandralek Highest

Average 313,403 | kJ/kg Average

From an operational standpoint, the incinerator design offers flexibility in handling variable waste compositions while
maintaining consistent performance. Its relatively compact footprint and moderate energy requirements make it particularly
suitable for TPST-scale applications in regions with limited land availability and financial constraints. These attributes support
the feasibility of decentralized waste treatment solutions tailored to local conditions.

3.5 Cyclone Performance for Particulate Control

The high-efficiency cyclone serves as the primary particulate control device within the Advanced Waste Predator system.
Design calculations indicate an overall particulate removal efficiency of 47.456%, which is influenced by particle size distribution,
gas velocity, and cyclone geometry. Coarse particles are effectively separated through centrifugal forces, while finer particles
remain more challenging to capture. The configuration and main dimensions of the high-efficiency cyclone separator are
presented in Table 12. The detailed cyclone design developed in this study is illustrated in Figure 2.

075

0.75

225

3.75

H—
Figure 2. Detailed design configuration of the high-efficiency cyclone separator used for particulate control.

Table 12. Configuration of the high-efficiency cyclone separator.
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Cyclone Part / Component | Dimension Ratio to Cyclone Diameter (Dc)

Dc 1

Hc 0,5
Bc 0,2
Sc 0,5
Dc 0,5
Lc 1,5
Zc 2,5

Based on the applied design calculations, the cyclone separator demonstrates a high particulate removal capability under
the selected operating conditions. The overall collection efficiency is governed by gas inlet velocity, cyclone geometry, and particle
size distribution of the flue gas stream. A consolidated summary of the cyclone design parameters and the resulting performance
indicators, including cut size and total collection efficiency, is presented in Table 13.

Table 13. Summary of cyclone separator design and performance.

Cyclone
Design Criteria Value Unit
Cyclone Diameter 1,5 m
Inlet Height (H) 0,75 m
Inlet Width (W) 0,3 m
Gas Exit Diameter (De) 0,75 m
Body Length (Lb) 0,75 m
Vortex Finder Length (s) 3,75 m
Cone Length (Lc) 2,25 m
Dust Outlet Diameter (Dd) 0,3 m
Inlet Velocity 21,20 m/s
Effective Number of Turns (ne) 6 -
Cut Diameter (dpc) 4,30 pum
Pressure Drop (AP) 1641,028 | (N/m2)/Pa
Efficiency 47,46 %

Although cyclone separators are inherently limited in their ability to remove fine particulates, their role as a pre-treatment
device is critical. By removing a substantial portion of coarse particulates, the cyclone reduces the particulate load entering the
wet scrubber, thereby enhancing the overall efficiency and longevity of the downstream control system.

The pressure drop across the cyclone remains within acceptable limits, indicating that energy consumption associated with
gas flow resistance does not compromise system sustainability. The observed performance is consistent with reported efficiencies
for high-efficiency cyclone designs operating under similar conditions. Consequently, the cyclone contributes significantly to the
integrated emission control strategy of the Advanced Waste Predator.

3.6 Wet Scrubber Performance for Gaseous Pollutants

The packed tower wet scrubber represents the core component for gaseous pollutant removal in the Advanced Waste
Predator system. Performance evaluation reveals removal efficiencies of 72% for NO,, 92% for SO,, and 98% for CO. These results
demonstrate the effectiveness of gas-liquid contact within the packed media and confirm the suitability of the selected scrubber
configuration. The removal efficiencies of major gaseous pollutants achieved by the wet scrubber are presented in Table 14. The
packing material used in the wet scrubber system is shown in Figure 3.

Raschig ring®
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Figure 3. Ceramic Raschig ring packing employed in the wet scrubber for gas absorption.

Table 14. Removal efficiency of gaseous pollutants by the wet scrubber

Alternatif Wet Scrubber Gas
Pressure Drop L/G Ratio (L/m3) Removal Efficiency (%)
Venturi Scrubber 13-250 cm H20 2,7-5,3 90-99
Plate Tower 2,5-20 cm H20 0,7-2 98
Orrifice Scrubber 5-25 cm H20 0,07-0,7 90 (High solubility gas)
Spray Tower 1,3-7,6 cm H20 0,07-2,7 50-90
Packed Tower 2-8,5 cm/m of Packing 0,13-2 99
Cyclonic Spray Scrubber 4-25 cm H20 0,3-1,3 90 (High solubility gas)
Baffle Spray Scrubber 2,5-7,5 cm H20 0,13 <50
Particulate
Alternatif Wet Scrubber - — -
Pressure Drop L/G Ratio (L/m3) | Efficiency (Cut Diameter, yum)
Venturi Scrubber 50-250 cm H20 0,4-2,7 0,2
Plate Tower 2-20 cm H20 0,3-0,7 >2
Orrifice Scrubber 5-25 cm H20 1,3-5,3 0,8-1
Spray Tower 1,3-7,6 cm H20 0,07-2,7 2-8
Packed Tower 2-8,5 cm/m of Packing 0,13-2 1,5
Cyclonic Spray Scrubber 4-25 cm H20 0,3-1,3 2-3
Baffle Spray Scrubber 2,5-7,5 cm H20 0,13 10

The high removal efficiency for SO, can be attributed to its high solubility in the scrubbing liquid, which facilitates rapid
mass transfer and absorption. In contrast, the slightly lower efficiency observed for NO, reflects its lower solubility and slower
reaction kinetics. Nevertheless, the achieved NO, removal remains sufficient to ensure compliance with applicable emission
standards.

In addition to gaseous pollutant control, the wet scrubber provides secondary particulate removal, complementing the
cyclone’s performance. The integration of these two control devices results in a comprehensive emission reduction system capable
of addressing both particulate and gaseous pollutants effectively. The emission concentrations after treatment by the wet scrubber
system are summarized in Table 15
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Table 15. Emission concentrations after wet scrubber treatment.

Pre-Treatment Concentration | Post-Treatment Concentration . Amount Removed
Parameter Efficiency
kg/hr mg/m3 kg/hr mg/m3 mg/m3
SO2 0,886 37,557 0,227 10,516 72% 27,041
NO2 51,231 2171,857 3,755 173,749 92% 1998,108
CcO 113,985 4832,194 2,089 96,644 98% 4735,550
Total Particulates 0,698 29,601 0,064 2,960 90% 26,641

3.7 Pressure Drop and Fan Selection Implications

The total system pressure drop was determined by summing individual losses across the incinerator, cyclone, wet scrubber,
ducting, and stack components. This analysis informed the selection of a centrifugal fan capable of maintaining stable flue gas
flow under normal operating conditions. Proper fan selection is essential to prevent backflow, ensure consistent combustion
conditions, and maintain optimal pollutant removal efficiency.

The selected fan demonstrates sufficient capacity while maintaining reasonable energy consumption levels. Balancing
pressure drop and energy efficiency represents a critical design consideration, particularly for TPST-scale systems where
operational costs must be carefully managed. The results indicate that the overall system design achieves an effective compromise
between performance and energy demand.

3.8 Emission Dispersion Modeling and Environmental Implications

Emission dispersion modeling conducted using AERMOD provides insight into the potential environmental impacts of the
Advanced Waste Predator system. Simulation results indicate that ground-level concentrations of NO,, SO,, CO, and total
suspended particulates remain below regulatory thresholds in surrounding areas. The highest concentrations occur in close
proximity to the emission source, with rapid dilution observed as distance increases. The dispersion patterns of major pollutants
based on AERMOD simulation are illustrated in Figures 5-8.
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Figure 4. Meteorological data processing results generated using the AERMET model for dispersion analysis.

Figure 5. Ground-level concentration dispersion of total suspended particulates (TSP) based on AERMOD simulation.

Figure 7. Ground-level concentration dispersion of sulfur dioxide (SOz based n AERMOD simulation.
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Figure 8. Ground-level concentration dispersion of nitrogen dioxide (NO,) predicted using the AERMOD model.

These findings demonstrate that the integrated emission control system effectively mitigates potential impacts on ambient
air quality. The dispersion patterns suggest that the facility can be safely operated near residential or mixed-use areas, provided
that operational controls and maintenance procedures are consistently implemented. The modeling outcomes further support the
environmental feasibility of deploying the Advanced Waste Predator at the TPST scale.

3.9 Regulatory Compliance and Environmental Significance

Final emission concentrations measured at the stack after treatment fully comply with the Indonesian Minister of
Environment and Forestry Regulation No. 70 of 2016. This compliance underscores the effectiveness of integrating incineration
technology with appropriate air pollution control devices, including a high-efficiency cyclone and packed tower wet scrubber.

From an environmental management perspective, the Advanced Waste Predator offers a viable and sustainable solution for
managing residual inorganic waste at the TPST scale. By significantly reducing landfill dependency, minimizing atmospheric
emissions, and enabling potential resource recovery from ash residues, the system contributes to improved waste management
practices in developing regions. The results of this study highlight the potential for adopting integrated thermal treatment and
emission control technologies to address growing waste management challenges under constrained economic and environmental
conditions.

4. Conclusion

Based on the design and evaluation of the Advanced Waste Predator system, which integrates an incinerator, cyclone, wet
scrubber, chimney, and supporting components, it can be concluded that the unit is capable of processing 7.0873 tons of waste per
day. With an operational duration of eight hours, this corresponds to an average throughput of 885.913 kg of solid waste per hour.
The emission analysis revealed concentrations of NO; at 2,171.857 mg/m3, CO at 4,832.194 mg/m?, SO, at 37.557 mg/m?, and total
particulates at 56.335 mg/m?, with NO, and CO exceeding the emission standards stipulated in the Regulation of the Ministry of
Environment and Forestry of the Republic of Indonesia No. 70/2016 on Thermal Waste Treatment Emission Quality Standards. To
mitigate these emissions, appropriate air pollution control devices were employed, namely a high-efficiency cyclone and a packed-
tower wet scrubber utilizing ceramic Raschig rings as packing media. The cyclone achieved an efficiency of 47.456%, reducing
particulate matter to 29.601 mg/m?, while the wet scrubber demonstrated removal efficiencies of 72% for SO,, 92% for NO,, 98%
for CO, and 90% for particulates, resulting in final concentrations of 10.516 mg/m?, 173.749 mg/m?, 96.644 mg/m?, and 2.960 mg/m>3,
respectively. The mass balance analysis indicated inputs of 885.913 kg/h of inorganic solid waste, 3,910.013 kg/h of oxygen,
12,886.051 kg/h of nitrogen, and 4.887 L/s of water, producing outputs of 1,417.318 kg/h of water vapor, 2,490.182 kg/h of CO,,
737.917 kg/h of residual oxygen, 12,870.459 kg/h of residual nitrogen, 125.121 kg/h of bottom ash, 1.463 kg/h of cyclone ash, 20.902
L/h of wastewater from the wet scrubber, and stack emissions of 3.755 kg/h NO,, 2.089 kg/h CO, 0.227 kg/h SO,, and 0.064 kg/h
particulates. The total cost of designing the Advanced Waste Predator system was calculated at IDR 2,798,444,346.15. These
findings demonstrate the technical feasibility of the system in reducing pollutant emissions and highlight its potential as a
sustainable solution for solid waste management in compliance with environmental regulations.
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