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ABSTRACT

Background: This study is situated in the context of increasing agricultural waste generation and the continued
reliance on open burning practices in rural farming areas, which contribute to air pollution, greenhouse gas
emissions, and occupational exposure risks. The aim of this study is to design and examine a transitional
engineering solution in the form of an Internet of Things (IoT)-based Burner-Wet Scrubber system to support
controlled biomass combustion and emission mitigation in agricultural waste processing. Previous studies have
primarily focused on composting and agricultural waste reuse, with limited attention to practical solutions for
small-scale farming. Methods: This study applies an engineering-experimental approach consisting of reverse
engineering analysis, system design, prototype development, and pilot testing under controlled biomass
combustion conditions. Data were collected through IoT sensor monitoring of combustion temperature and
exhaust flow behavior, accompanied by observational assessment of particulate dispersion and functional
performance of the wet scrubber unit. Findings: The proposed system is capable of processing 100 to 875 kg of
agricultural waste per cycle while producing a char yield of 25 to 35% under controlled pyrolysis with an
electrical power consumption of approximately 1200 W. The results show that the system operates effectively
as an integrated combustion and filtration unit, characterized by more stable combustion conditions inside the
burner chamber and a visible reduction in particulate dispersion compared to open burning conditions, while
the monitoring interface facilitates transparent process observation and operational evaluation. These findings
support the theoretical position of the system as an engineering intervention that aligns environmental
mitigation objectives with practical field conditions. Conclusion: The study concludes thatan IoT-based Burner-
Wet Scrubber system has the potential to serve as a feasible, adaptive, and community-scale emission mitigation
alternative for agricultural waste combustion. Novelty/Originality of this article: The novelty of this study lies
in integrating a controlled burner, wet scrubber, and real-time IoT monitoring for smallholder agricultural
applications.

KEYWORDS: agricultural waste; emission mitigation; IoT.

1. Introduction

Indonesia is an agrarian country, a condition in which the economic and social
structure is strongly supported by the agricultural sector, both in terms of its economic
contribution, employment absorption, as well as its role in food security and commodity
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trade (Kusumaningrum, 2019). Economically, the agricultural sector contributes
approximately 12.4-14.3% to the national Gross Domestic Product (GDP), indicating that
agriculture remains an essential pillar in Indonesia’s economy (Bagus et al., 2024). From a
land-use perspective, based on IndexMundi survey data, around 30% of Indonesia’s total
land area is used for agricultural activities. Furthermore, data from the 2023 Agricultural
Census show that agricultural landowners are distributed across all provinces in Indonesia,
consisting of 28.42 million Agricultural Household Enterprises/Rumah Tangga Usaha
Pertanian (RTUP) and 29.34 million Individual Agricultural Enterprises/Usaha Pertanian
Perorangan (UTP), with the majority of farmers engaged in food crops and plantation
commodities. This condition illustrates that agricultural land in Indonesia is not only
extensive, but also intensively utilized by millions of agricultural actors across different
regions.

The agricultural sector in Indonesia, particularly the food-crop subsector which
includes rice, maize, and tuber crops and the plantation subsector such as oil palm, rubber,
and coffee, constitutes the dominant components within the national agrarian structure
(Dina, 2024). This is reflected in the extensive distribution of agricultural land for rice
cultivation across nearly all regions of Indonesia, both on Java Island and in several
provinces outside Java that serve as national food production centers (Rachman et al,,
2022). This statement is supported by Statistics Indonesia/Badan Pusat Statistik (BPS)
2024 data, which shows that East Java ranks as the province with the largest harvested rice
area in Indonesia, reaching 1.87 million hectares, followed by Central Java with 1.8 million
hectares and West Java with 1.55 million hectares. Other provinces outside Java also
demonstrate significant agricultural land dominance, namely North Sumatra and South
Sulawesi, with harvested rice areas of 956.7 thousand hectares and 882.4 thousand
hectares, respectively.

South
Sulawesi
12%

North Sumatera
14%

Fig. 1. Provinces with the largest agricultural land areas in Indonesia
(BPS, 2024)

Overall, the total harvested rice area in Indonesia in 2024 reached approximately 10.05
million hectares, producing 52.66 million tons of milled dry unhusked rice (GKG), which is
one of the primary food commodities forming the basis of national rice supply. In addition
to rice, other commodities such as maize also have significant production scale and land
coverage. In 2024, the harvested maize area reached around 2.55 million hectares, with a
production volume of more than 15 million tons of dried maize kernels (BPS, 2024).
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Trends in Rice Harvested Area and Production in Indonesia, 2024
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Fig. 2. Harvested area of rice in Indonesia
(BPS, 2024)

The agricultural sector in Indonesia not only encompasses food crop production, but
also the plantation subsector, which is widely developed and distributed across almost all
regions of the country (Faoziyah et al., 2024). According to the Agricultural Mechanization
and Modernization Agency/Balai Penerapan Modernisasi Pertanian (BPMP) in 2025, the
total plantation area in Indonesia has reached 27 million hectares, managed by
approximately 17 million plantation farmers operating at both small and large scales
throughout Indonesia. One of the key plantation commodities is oil palm, with a total oil
palm plantation area reaching 16 thousand hectares in 2024. The dominance of the
plantation subsector particularly oil palm is also reflected in the distribution of its land area
across various provinces. Based on Statistics Indonesia (BPS) 2024 data, Riau Province is
recorded as the region with the largest oil palm plantation area in Indonesia, reaching 3.4
thousand hectares, followed by Central Kalimantan with 2.16 thousand hectares, West
Kalimantan with 2.15 thousand hectares, and East Kalimantan with 1.48 thousand hectares.
The total oil palm plantation area continues to increase from year to year and is even
projected to reach around 17 thousand hectares based on expansion trends over the past
decade (Murphy etal., 2021). In addition to land area, oil palm also shows strong production
potential. Based on Statistics Indonesia data for 2023 and 2024 on national oil palm
production, there has been a consistent increase over time. In 2023, Indonesia produced
47.08 tons of oil palm, and this figure rose to 47.47 tons in 2024.
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Fig. 3. Provinces with the largest oil palm plantation areas in Indonesia
(BPS, 2024)
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The data above demonstrate that the scale of land allocated for agricultural activities
in Indonesia includes not only rice fields, but also dryland farms, plantations, and
productive upland areas distributed across Sumatra, Kalimantan, Java, Sulawesi, and the
eastern regions of Indonesia. Thus, the wide spatial distribution of agricultural land serves
as empirical evidence that agriculture occupies a substantial portion of Indonesia’s national
land-use structure (Juniyanti et al., 2021). This further reinforces the characterization of
Indonesia as an agrarian country whose geographic and demographic conditions are
strongly supported by agriculture as the socio-economic foundation of its society (Yulianda
& Harini, 2020). However, behind this strategic contribution, the agricultural sector also
generates agricultural waste in very large quantities as a direct consequence of production
and post-harvest processes (Wijaya & Syam, 2021). Agricultural residues such as rice straw,
rice husks, corn stalks, corn cobs, sugarcane bagasse, coconut husks, and other biomass
residues continue to increase in volume in line with the intensification and modernization
of agricultural production (Gupta et al,, 2022).

On the other hand, the Paris Agreement, ratified on December 12, 2015, represents a
significant milestone in global climate policy. The agreement establishes a comprehensive
framework for addressing climate change in pursuit of alow-carbon and sustainable future.
[t requires countries to enhance and update their Nationally Determined Contributions
every five years and encourages a dynamic and progressive approach to climate action
(Sihotang, 2025). At the same time, global warming has emerged as a critical international
issue due to its substantial impacts on climate change. Biodiversity, human survival, and
ecosystems are all threatened by global warming driven by everyday human activities
(Ariska et al., 2022). Countries with large populations and high levels of industrialization
including Indonesia tend to have high carbon footprints, meaning they are responsible for
a considerable share of carbon emissions contributing to global warming (Dian, 2024).
Producing more than 704.4 million tons of carbon in 2023, Indonesia is the sixth-largest
carbon emitter in the Asia-Pacific region.

NATIONAL WASTE VOLUME COMPARISON
(2025 vs 2045)
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Fig. 4. National waste volume comparison 2025 vs 2045
(Yonatan, 2025)

The main challenge in agricultural waste management in Indonesia lies in the
imbalance between the massive scale of agricultural waste generated and the limited
availability of adequate waste-management systems (Arista, 2024). This condition emerges
when the increasing volume of agricultural residues is not accompanied by proper
management capacity, despite extensive agricultural land and high production intensity.
The agricultural sector in Indonesia produces a substantial amount of waste every year
(Dewi et al., 2024). According to the Long-Term National Development Plan (2025-2045)

JIMESE. 2026, VOLUME 4, ISSUE 1 https://doi.org/10.61511/jimese.v4i1.2026.2767


https://doi.org/10.61511/jimese.v4i1.2026.2767

Wulandari et al. (2026) 40

Strategic Environmental Assessment Report issued by the National Development Planning
Agency/Badan Perencanaan Pembangunan Nasional (Bappenas), Indonesia’s waste volume
in 2025 is projected to reach 63 million tons and is estimated to increase to 82.2 million
tons by 2045 with agricultural waste identified as one of the major contributing sectors.

Indonesia is currently facing a severe waste management problem. Based on data from
the Ministry of Environment, the total volume of waste generated in Indonesia has reached
73 million tons per year, or the equivalent of 200 thousand tons per day. This figure is
dominated by organic waste, a large proportion of which originates from agricultural waste,
amounting to approximately 150 million tons per year. These agricultural residues come
from food crop and plantation activities, including rice straw, rice husks, corn cobs,
sugarcane stalks, and empty fruit bunches of oil palm. In the food crop subsector, rice straw
contributes around 80 million tons per year, while the plantation subsector, particularly oil
palm, produces more than 40 million tons per year in the form of empty fruit bunches,
fibers, and shells (Irawan et al, 2023). The magnitude of this volume indicates that
agricultural waste is not a peripheral issue, but rather a structural consequence of the
national agricultural production system (Chen et al.,, 2022).

The large volume of agricultural waste generated is not matched by adequate post-
harvest recycling efforts. In Indonesia, the percentage of agricultural waste thatis processed
remains very low, with the post-harvest agricultural waste recycling rate currently below
10%, meaning that around 90% of agricultural residues are not managed properly or in an
integrated manner (Arista, 2024). In many rural areas, more than 60% of agricultural waste
is still managed through open burning practices, particularly during the post-harvest phase.
This method is often chosen because it is considered the fastest, cheapest, and most
practical way to clear land and prepare it for the next planting season (Judijanto, 2025).
However, behind this convenience lies a serious and cumulative environmental
consequence. Open burning of agricultural waste without emission control produces
various harmful pollutants such as carbon dioxide (CO;), carbon monoxide (CO), methane
(CH,), nitrogen oxides (NOy), sulfur dioxide (SO;), as well as fine particulate matter PM,.s
and black carbon (Kirasamutranon et al., 2025).

Within the context of national emission inventories, the agricultural sector was
recorded as generating approximately 53.93 million tons of CO,-eq in 2022, originating
from several activities including paddy field management, fertilizer use, and agricultural
waste burning (Hidayat, 2025). In the long term, the accumulation of emissions from
agricultural residues that are burned openly without proper management may accelerate
global warming and exacerbate climate change (Harahap et al., 2024). According to data
from the World Resources Institute (2021), there are five major sectors contributing to
global greenhouse gas emissions, with the energy sector being the largest contributor at
75.7%, followed by the agricultural sector as one of the next largest contributors. Although
its contribution is still below that of the energy and forestry sectors, emission trends from
agriculture continue to increase in line with production intensification and land expansion
(Raihan et al, 2022). Among agricultural by-products, rice husk a residue from rice
cultivation in the food crop subsector is often neglected and simply burned, making rice
cultivation one of the second-largest contributors to greenhouse gas emissions within the
agricultural sector (Fathia et al., 2024).

Based on these conditions, it can be projected that, without effective mitigation
interventions, emissions from agricultural burning will continue to increase over the
coming decades, thereby intensifying pressure on national emission-reduction efforts and
Indonesia’s commitments to the global climate agenda. Ironically, a sector that should serve
as a pillar of environmental sustainability has the potential to become a source of
environmental degradation when its waste is not managed responsibly (Bansal et al., 2025).
Furthermore, the issue of agricultural waste burning cannot be reduced merely to
behavioral factors or low environmental awareness among farmers, as such a perspective
risks placing the blame on farmers without addressing the deeper structural roots of the
problem (Suswandi, 2022).

JIMESE. 2026, VOLUME 4, ISSUE 1 https://doi.org/10.61511/jimese.v4i1.2026.2767


https://doi.org/10.61511/jimese.v4i1.2026.2767

Wulandari et al. (2026) 41

39 3%

= Energy ® Agriculture = Industrial Processes = Waste = Land Use Change and Forestry

Fig. 5. Global greenhouse gas emissions diagram
(World Resources Institute, 2021)

Limited access to waste-processing technology, inadequate supporting infrastructure,
and the absence of incentive systems that encourage productive waste utilization make
open burning the dominant option that farmers find difficult to avoid. In other words, open
burning represents a manifestation of systemic failure in providing appropriate technology
that is compatible with the social, economic, and geographical context of rural areas
(Suryani et al.,, 2025). This condition reflects a clear gap between global sustainability
agendas and field realities in Indonesia’s agricultural sector. On one hand, the world
demands large-scale carbon reduction and ecosystem protection; on the other hand, the
primary actors in the field are not yet equipped with the technical means necessary to
meaningfully contribute to these agendas. Without technological interventions that are both
applicable and adaptive, sustainability demands risk becoming an additional burden for
communities rather than a shared solution.

The challenge of agricultural waste in Indonesia does not lie solely in the prevalence of
open burning, but also in the absence of waste-management solutions that are truly
effective, innovative, and capable of generating added value both for agricultural residues
and for local communities in economic terms (Kusumastuti et al., 2025). Previous
approaches to agricultural waste utilization have often focused on reuse as compost or
animal feed. However, these solutions still face managerial and technical constraints
(Judijanto, 2025). One of the main challenges is processing time, as the microbial
decomposition needed to reduce organic carbon and nitrogen requires a relatively long
period, sometimes months depending on climatic conditions, humidity levels, and
processing techniques. In agricultural systems that depend on rapid crop rotation, long
decomposition cycles are often perceived as an obstacle to land preparation (Al-Musawi et
al,, 2025).

In addition, manual waste-processing activities involve repetitive physical tasks such
as carrying, turning, mixing, and arranging waste piles, which may increase physical
workload, fatigue risk, and non-ergonomic working postures, particularly among elderly
farmers and informal rural laborers (Silvia et al., 2024). From an engineering ergonomics
perspective, most existing agricultural waste-management solutions have not been
designed with adequate consideration of user comfort and operability. Moreover, many
agricultural waste-management initiatives still emphasize waste reduction without
integrating value-added utilization (Muzdalifah & Ruqayyah, 2025). In fact, agricultural
residues hold potential to be integrated into biomass industries, bioenergy systems,
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alternative materials, or advanced land-processing technologies. As a result, agricultural
residues are still positioned as low-value surplus materials often limited to composting
rather than recognized as potential resource inputs (Ramirez et al., 2021). This condition
highlights a technological innovation gap in developing engineering solutions that
transform agricultural waste into value-added materials.

Without engineering innovations that can accelerate processing time, enhance
functional utility, and remain ergonomically feasible for users, farmers ultimately return to
open burning as the fastest, cheapest, and least labor-intensive option. Referring to one of
the mandates of the Republic of Indonesia as stated in Law No. 18 of 2008 concerning
sustainable waste management, all forms of waste produced represent a form of
responsibility arising from patterns of consumption and production. Furthermore, the issue
of agricultural waste management in Indonesia has direct implications for the achievement
of sustainable development targets, particularly SDG 9: Industry, Innovation and
Infrastructure, and SDG 13: Climate Action.

Within the context of SDG 9, continued reliance on conventional waste-handling
methods such as open burning reflects a technological and infrastructural gap in small-scale
agricultural systems. SDG 9 emphasizes the importance of strengthening industrial
engineering capacity, adopting appropriate technology, and developing inclusive
infrastructure to improve production efficiency while reducing environmental impact.
Meanwhile, agricultural waste burning is closely related to SDG 13: Climate Action, as open
biomass combustion releases multiple greenhouse gas emissions, particularly CO,, CH,, and
black carbon, which contribute to global warming. These emissions not only have local-scale
impacts in the form of air-quality degradation and health risks, but also contribute to the
accumulation of atmospheric greenhouse gas concentrations (Sokhi et al, 2021). This
condition calls for engineering solutions that are not only capable of reducing emissions,
but also adaptive to the practical constraints faced by farmers.

2. Methods

2.1 Overview

This study was conducted in the context of agricultural waste management practices
in rural farming areas where open burning of biomass remains widely applied due to the
absence of low-cost and appropriate emission-control technologies. The research was
carried out over a period of several months, covering the stages of conceptualization,
system design, prototyping, and experimental testing of the BERIKLIM system, a Burner-
Wet Scrubber integrated with Internet of Things (IoT) monitoring for controlled biomass
combustion. The study focuses on agricultural residues such as rice husks, corn cobs, and
dried agricultural biomass which are commonly burned openly during the post-harvest
season. This practice contributes to smoke formation and greenhouse gas emissions,
particularly carbon monoxide (CO) and particulate matter. The development of BERIKLIM
is positioned as a transitional environmental technology, aiming to reduce the negative
environmental impacts of biomass burning while remaining feasible for community-scale
agricultural use.

The selection of the study context and testing environment was based on the
prevalence of open burning as a dominant disposal method for agricultural residues, the
absence of affordable emission-control alternatives, and the relevance of introducing a
semi-technical system capable of stabilizing combustion and filtering exhaust gas prior to
release. From an ontological perspective, this research acknowledges that biomass burning
persists as a necessary practice in rural areas due to economic and accessibility constraints.
Epistemologically, the research applies engineering-based experimental inquiry, where
system design decisions are validated through prototyping, field-aligned testing, and
quantitative sensor-based measurements.
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2.2 Identification of needs and field-based problem mapping

The initial stage of the research was conducted through a literature review, field
observation of existing practices, and discussions with local stakeholders to understand the
characteristics of biomass burning in real-field conditions, the risks of smoke exposure to
operators, the limitations of available emission-control facilities, and the need for simple
and easy-to-operate technological solutions. From this process, several key technical
requirements were identified, namely: a combustion system capable of maintaining
temperature and airflow stability; an exhaust-gas filtration mechanism to reduce
particulate dispersion and emissions; a data-based monitoring system to support
operational evaluation; and a design that is easy to maintain and suitable for community-
scale agricultural use. Agricultural biomass residues were selected as the test material
because they are commonly burned after the harvest period. This stage ensured that the
technology developed was not only laboratory-based, but also relevant to field conditions
and user needs.

PREVIOUS SOLUTIONS & RECOMMENDATIONS

PREVIOUS SOLUTION:
Open burning of agricultural PREVIOUS SOLUTION:
waste without answer for the Management of agricultural waste is still without technical c
farmer’s need of practical, control of engineering, so the environment impact and health onsequences
ergonomic, and adaptive continue to happen even though waste processing is done.
technologies in field condition.

IS e s e e
v

* Farmers depend on open burning because waste process alternative is slow, not practical, and
physical task.
* Burning goes on without emission control mechanism, so C02, CO, and fine particulates release
toair. Implications
» Smoke exposure increase health risk and air quality decrease in farming region.
o Agriculture waste does not have economic value and doesn’t enter future use ecosystem.
* No data-based monitoring, so climate mitigation action in agricultural sector not measurable.

............................................ l. e mmemeeemeememeemememmecememeeemememenmm——

BERIKLIM Lack of agricultural waste management technology that is affordable,
Recomissadition ergonomic, has a controlled burning system integrated with loT for Root Cause
real-time monitoring.

A Burner-Wet Scrubber machine integrated with the Internet of Things (loT) as a smart engineering solution
for the emission control of agricultural waste combustion.

Fig. 6. Problem analysis tree of pre-BERIKLIM solutions
2.3 Reverse engineering

The design of the BERIKLIM system employed a reverse-engineering approach, in
which existing small-scale biomass burning practices were analyzed to derive the most
critical functional components, which were then reconstructed into a new system that is
safer and more measurable in its operation. The stages of the reverse-engineering process
included the analysis of flame behavior and exhaust-gas flow pathways, identification of
points of smoke and particulate formation, determination of key design parameters
(temperature, airflow, and exhaust-gas direction), functional modeling of the burner and
wet scrubber components, and evaluation of material affordability and ease of assembly.
This approach was selected to ensure that the technology developed remains contextually
relevant and simple in construction, while still demonstrating improved environmental
performance. At this stage, the integration of an loT-based monitoring system was also
established as a means of ensuring process transparency and systematic recording of
operational data.
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Fig. 7. Reverse engineering processes

2.4 System designh and component configuration

The BERIKLIM prototype consists of three main subsystems, namely the burner unit,
wet scrubber unit and loT-Baset Real-Time Monitoring System. The Burner Unit functions
as a controlled combustion chamber to reduce incomplete combustion and uncontrolled
smoke formation. Meanwhile, The Wet Scrubber Unit is designed to filter exhaust gas
through contact with a liquid medium to reduce particulate concentration and absorb
gaseous emissions. In addition, IoT-Based Real-Time Monitoring System: comprising
microcontroller modules, temperature sensors, gas concentration indicators, and a digital
dashboard for recording operational data. The design considered airflow direction, exhaust
pathway routing, thermal distribution, and operator access. The configuration was
arranged so that exhaust gases produced from combustion first pass through the connecting
duct, then enter the wet scrubber prior to atmospheric release. A simple structural frame
was selected to support ease of assembly, maintenance, and potential replication in similar
agricultural environments.

Burner Wet Scrubber

Fig. 8. Burner-Wet scrubber design

JIMESE. 2026, VOLUME 4, ISSUE 1 https://doi.org/10.61511/jimese.v4i1.2026.2767


https://doi.org/10.61511/jimese.v4i1.2026.2767

Wulandari et al. (2026) 45

2.5 Prototype development and assembly

Following the completion of the design process, a prototype was constructed using a
welded steel frame to support the burner chamber, gas pathway, and wet scrubber unit. A
drum was used as the combustion chamber structure, supported by an air supply system to
stabilize combustion during operation. The wet scrubber system was constructed as a
compact filtration unit designed for compatibility with the burner exhaust flow. The IoT
monitoring modules were installed to collect combustion-related parameters, and wiring
integration was carried out to enable synchronized data logging. The prototype
development stage served as both a technical implementation phase and a design validation
process, ensuring that the constructed system was aligned with the initial engineering
objectives.

3. Results and Discussion
3.1 Solutions

Results Based on the previously discussed issues in agricultural waste management, it
can be concluded that open burning remains the dominant practice among farmers in many
rural areas. This condition is primarily driven by limited access to appropriate technologies,
inadequate supporting infrastructure, and the absence of practical and economically
feasible alternatives for waste management. These findings indicate that the core problem
does not lie in the existence of biomass burning itself, but rather in the lack of an
engineering-based system capable of controlling and mitigating the environmental impacts
of a practice that remains difficult to avoid in current field conditions.

In response to this challenge, this study proposes a transitional solution that is realistic,
adaptable to the socio-economic conditions of smallholder farmers, and capable of
significantly reducing harmful exhaust gas emissions and particulate matter. The proposed
approach focuses on the application of an engineered combustion system integrated with
emission control mechanisms, serving as a technical mitigation strategy for agricultural
waste burning practices. This approach is not intended to legitimize open burning practices,
but rather to provide an interim mitigation framework for emissions arising from activities
that continue to occur in practice. By adopting this perspective, environmental
sustainability efforts are not placed solely on behavioral changes among farmers, but are
instead supported by technological interventions that enable a more controlled,
measurable, and environmentally responsible combustion process.

Conceptually, the proposed system integrates a controlled combustion unit with a wet-
based emission control device within a single operational framework that can be monitored
in real time through Internet of Things (IoT) technology. This integration is designed to
ensure that agricultural waste combustion does not occur in an uncontrolled manner, as
observed in conventional open burning, but instead operates under monitored, safer, and
more environmentally accountable conditions.

3.2 System architecture diagram

As illustrated in Figure 8, the proposed Internet of Things (IoT) system architecture is
designed with the ESP32-S3 microcontroller as the main control and processing unit. The
ESP32-S3 functions as the central node that acquires sensor data, executes control logic,
and coordinates actuator operations, while simultaneously enabling real-time data
communication through a cloud-based platform. This centralized architecture allows
integrated monitoring, control, and data logging within a single embedded system
framework. During the combustion process, temperature inside the burner chamber is
continuously monitored using a K-type thermocouple coupled with a MAX6675
thermocouple amplifier module. The MAX6675 converts low-level thermoelectric signals
into digital temperature data, allowing precise and reliable temperature measurement
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under high-temperature operating conditions. This temperature data serves as a critical
parameter to ensure that the oxidation process of agricultural waste remains stable,
efficient, and within predefined safety thresholds, thereby preventing incomplete
combustion or excessive thermal stress on system components.
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In addition to temperature monitoring, exhaust gas conditions are observed using an
MQ-7 gas sensor, which is utilized to detect carbon monoxide (CO) concentration as an
indicator of combustion quality. Elevated CO levels may signify incomplete combustion,
prompting corrective actions within the control system. Furthermore, an electrical current
sensor is employed to monitor the power consumption of major electrical loads, enabling
indirect assessment of actuator performance and operational efficiency. These sensor
inputs collectively provide a comprehensive representation of the combustion and emission
control conditions. The actuation subsystem is designed to regulate airflow and mechanical
operations within the system. A proximity sensor is implemented as a safety and
automation mechanism to detect the presence or position of mechanical components before
enabling actuator activation. Based on sensor inputs and predefined control logic, the
ESP32-S3 triggers a dual-channel relay module that interfaces with higher-power devices.

One relay channel controls a blower unit responsible for regulating airflow into the
combustion chamber, while the other channel actuates an AC magnetic contactor connected
to a single-phase AC motor. This configuration allows safe isolation between low-voltage
control circuits and high-voltage power systems, enhancing operational safety and system
reliability. For local monitoring and user feedback, the system is equipped with a 20x4 [2C-
based LCD module. This display presents real-time information such as combustion
temperature, gas concentration status, and system operating modes, enabling operators to
observe system conditions directly at the device level without relying solely on remote
interfaces. At the application layer, a modular mobile interface enables bidirectional
interaction between users and the system. Sensor data transmitted from the ESP32-S3 is
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uploaded to a Firebase-based cloud database, where it is stored and synchronized in real
time. Users can access this data through the mobile application to monitor system
performance, review operational status, and issue control commands when necessary. The
integration of Firebase ensures scalable data handling and supports remote supervision
without requiring complex server-side infrastructure.

3.3 3D model of the burner-wet scrubber machine

The exhaust gas generated during the combustion process is subsequently directed to
the wet scrubber unit, as illustrated in Figure 10, which shows the physical integration
between the burner chamber and the wet scrubber through a dedicated gas channel. This
configuration ensures that combustion by-products are not released directly into the
atmosphere, but instead undergo a controlled emission treatment process before discharge.
Along the exhaust gas pathway, an MQ-7 sensor is installed to detect carbon monoxide (CO)
concentration, while an opacity sensor is employed to measure the turbidity of the exhaust
gas caused by fine particulate matter. These sensors operate simultaneously to provide a
comprehensive representation of emission quality during the combustion process, serving
as key indicators for environmental impact monitoring. All sensor data are transmitted to
the ESP32-S3 microcontroller for processing and subsequently synchronized with a
Firebase cloud database. The stored data are then visualized through a Kodular-based
monitoring application, allowing users to monitor system conditions such as combustion
temperature, CO concentration, and emission levels in real time. Through this mechanism,
the agricultural waste processing system transitions from a previously passive operation to
a transparent, data-driven system, in which critical combustion and emission control
parameters can be continuously observed through an loT-based monitoring framewor.

Fig 10. 3D model of the burner-wet scrubber machine

In addition to digital monitoring, the burner-wet scrubber system is designed with
operational simplicity and user ergonomics in mind. The ash discharge mechanism is based
on a simple karakuri principle, whereby combustion residues are released downward using
gravitational force through an opening mechanism located at the bottom of the burner
chamber, as shown in Figure 11. This design reduces the need for manual lifting and
minimizes operator workload during cleaning and maintenance processes.

Fig. 11. Gravity-based ash discharge mechanism (karakuri system) at the bottom of the burner
chamber
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To support mobility and operational flexibility in field applications, the machine is
equipped with rolling wheels integrated into the lower frame structure. This feature allows
the system to be easily moved or repositioned according to site-specific requirements. The
overall top view and structural layout of the machine, including the arrangement of major
components, are presented in Figure 12, which illustrates the compact and mobile design
of the burner-wet scrubber system.

Fig. 12. Top view and 3D design of the burner-wet scrubber system showing blower and gas flow
configuration

From the actuation perspective, the system incorporates a blower responsible for
conveying exhaust gas from the burner chamber to the wet scrubber unit. The blower and
combustion unit are driven by a single-phase AC motor, which is interfaced with the control
system via a 5 V relay module and an AC magnetic contactor. To enhance operational safety,
a proximity sensor is integrated into the control system, as illustrated in Figure 13. This
sensor detects the presence of objects or human activity within hazardous areas
surrounding the machine. When abnormal conditions are identified, the ESP32-S3
automatically interrupts system operation by deactivating the relay and magnetic
contactor. This safety mechanism reflects the application of the Jidoka principle, in which
the system is designed to autonomously halt operations when deviations occur, thereby
reducing the risk of accidents and minimizing potential environmental and operational
hazards.

Temperature
Sensor

Proximity Sensor

Fig. 13. Implementation of the Jidoka safety principle using a proximity sensor integrated with the
control system

3.4 Machine capacity design and technical specifications

The design of the IoT-based burner-wet scrubber system is developed to
accommodate the characteristics of agricultural waste at a village-scale combustion
capacity. Physically, the machine has overall dimensions of 2100 x 1100 x 3200 mm, with a
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total processing chamber volume of 2500 liters (2.5 m?). This capacity represents a practical
compromise between the need to manage a significant amount of agricultural waste and the
spatial and power limitations commonly encountered in field applications. With an
electrical power consumption of approximately +1200 W, the system remains suitable for
operation in rural areas with extensive agricultural land and limited -electrical
infrastructure. The machine operates as a closed oven system employing controlled
pyrolysis or regulated combustion, allowing agricultural waste to be processed under low-
oxygen conditions while maintaining precise temperature control. To ensure effective heat
circulation and gas flow during the carbonization process, the actual loading capacity is set
at 95% of the total chamber volume, assuming dry biomass conditions. This design strategy
optimizes space utilization without compromising thermal stability and process efficiency.
The overall machine dimensions and general technical specifications are summarized in
Table 1.

Table 1. General dimensions and specifications of the burner-wet scrubber system

Parameter Specification

Overall dimensions (L x W x H) 2100 x 1100 x 3200 mm

Total processing volume 2500 L (2.5m?)

Effective loading capacity 95% of total volume

Electrical power consumption +1200 W

Operating mode Closed-system controlled pyrolysis

Target application scale Village-level agricultural waste processing

3.5 Thermal characteristics and operating temperature range

The thermal characteristics of each type of agricultural waste form the basis for
determining the operational temperature range of the system. Rice husk begins to react at
temperatures of 250-300 °C, with optimal char formation occurring at 350-450 °C, while
the maximum safe temperature is limited to <500 °C to prevent excessive silica ash
formation. Rice straw exhibits a slightly lower initial reaction temperature of 230-280 °C,
with an optimal carbonization range of 300-400 °C and a maximum safe temperature of
<450 °C, as straw tends to degrade rapidly at higher temperatures. Corn cobs require higher
thermal input, with an initial reaction temperature of 280-320 °C, an optimal range of 400-
500 °C, and a safe upper limit of <550 °C, making them suitable for producing hard char or
briquette feedstock. Coffee husk displays intermediate thermal behavior, with optimal
carbonization occurring at 350-450 °C and a maximum safe temperature of <500 °C,
considering the tendency for increased ash content at excessive temperatures. The thermal
operating ranges for different agricultural wastes are presented in Table 2.

Table 2. Thermal characteristics and safe operating temperature ranges of agricultural waste

Waste type Initial reaction Optimal carbonization Maximum safe
temperature (°C) range (°C) temperature (°C)

Rice husk 250-300 350-450 <500

Rice straw 230-280 300-400 <450

Corn cob 280-320 400-500 <550

Coffee husk 260-300 350-450 <500

3.6 Processing capacity, duration, and char yield

Based on a processing chamber volume of 2500 liters and the bulk density of each
agricultural waste type, the system is capable of handling varying masses of dry biomass
per operational cycle. Dry rice husk, characterized by a relatively low bulk density, can be
processed at approximately 200-250 kg per cycle, with an estimated processing time of 10-
18 hours. Dry rice straw can be processed at 100-175 kg per cycle with a processing
duration of 8-14 hours. For higher-density biomass, such as dry corn cobs, the system can
accommodate 500-875 kg per cycle, with processing times ranging from 14-24 hours. Dry
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coffee husk can be processed at 350-500 kg per cycle, with an estimated processing
duration of 10-16 hours. These processing capacities and durations are summarized in
Table 3.

Table 3. Processing capacity and estimated carbonization time per cycle

Waste type Processing capacity Estimated processing time (hours)
(kg/cycle)

Rice husk 200-250 10-18

Rice straw 100-175 8-14

Corn cob 500-875 14-24

Coffee husk 350-500 10-16

3.7 Charyield estimation

The final char yield is strongly influenced by waste type and operating conditions.
Overall, the char yield ranges from 25-35% of the initial dry biomass weight. Rice husk and
coffee husk exhibit relatively higher yields of 30-35%, while rice straw produces 25-30%,
and corn cob yields range from 28-33%. Considering the effective loading capacity of 95%,
the system is capable of producing a substantial amount of char per cycle, as summarized in
Table 4.

Table 4. Estimated char yield per processing cycle

Waste type Char yield (%) Estimated char output (kg/cycle)
Rice husk 30-35 57-67

Rice straw 25-30 30-36

Corn cob 28-33 167-196

Coffee husk 30-35 114-133

4. Conclusions

The findings of this study show that the IoT-based Burner-Wet Scrubber system
functions effectively as a transitional and context-appropriate engineering solution for
agricultural waste combustion, enabling more stable combustion conditions inside the
burner chamber and reducing visible particulate dispersion when compared to open
burning practices commonly found in rural farming areas. These results indicate that the
system has the potential to support local-scale emission mitigation efforts in agricultural
environments where access to advanced waste-processing technologies and environmental
control infrastructure remains limited. Beyond its technical outcome, the study contributes
to the broader discourse on sustainable environmental engineering by demonstrating how
engineering design, environmental risk reduction, and technological adaptability can be
integrated into a practical solution that responds to real-field operational constraints.

The contribution of this study is also aligned with the global sustainability agenda,
particularly with Sustainable Development Goal 9 (Industry, Innovation and Infrastructure)
and Sustainable Development Goal 13 (Climate Action). The system provides an example of
appropriate-technology innovation that strengthens technological capacity at the
community level while encouraging safer and more environmentally responsible
agricultural practices. In accordance with the aim and scope of this journal, the study offers
empirical evidence on how engineering-based interventions can generate both
environmental and socio-technical benefits, while simultaneously supporting emission-
reduction initiatives and the transition toward more sustainable agricultural waste-
management systems.

Acknowledgement
The authors would like to express their deepest gratitude to the Politeknik Manufaktur
Bandung (POLMAN) for providing institutional support and facilities that enabled this

JIMESE. 2026, VOLUME 4, ISSUE 1 https://doi.org/10.61511/jimese.v4i1.2026.2767


https://doi.org/10.61511/jimese.v4i1.2026.2767

Wulandari et al. (2026) 51

research to be carried out successfully. Special thanks are also extended to the supervisors
and mentors, Mr. Rizki for the invaluable guidance, constructive feedback, and continuous
encouragement throughout the research and writing process. Finally, sincere appreciation
is given to the 3 functional team members: Ayu Wulandari, Ega Nugraha Firdaus, and Ravy
whose dedication and collaboration made this study possible.

Author Contribution
The authors were solely responsible for all aspects of this study, including
conceptualization, methodology, data analysis, and manuscript preparation.

Funding
This research received no external funding.

Ethical Review Board Statement
Not available.

Informed Consent Statement
Not available.

Data Availability Statement
Not available.

Conflicts of Interest
The authors declare no conflict of interest.

Open Access

©2026. The authors. This article is licensed under a Creative Commons Attribution 4.0
International License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons license, and indicate if changes were
made. The images or other third-party material in this article are included in the article’s
Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is
not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit:
http://creativecommons.org/licenses/by/4.0/

References

Al-Musawi, Z. K, Vona, V., & Kulmany, I. M. (2025). Utilizing different crop rotation systems
for agricultural and environmental sustainability: A review. Agronomy, 15(8), 1966.
https://doi.org/10.3390/agronomy15081966

Ariska, M., Akhsan, H., Muslim, M., Romadoni, M., & Putriyani, F. S. (2022). Prediksi
perubahan iklim ekstrem di kota Palembang dan kaitannya dengan fenomena el nifio-
southern oscillation (enso) berbasis machine learning. JIPFRI (Jurnal Inovasi
Pendidikan Fisika dan Riset Ilmiah), 6(2), 79-86.
https://doi.org/10.30599/jipfri.v6i2.1611

Arista, N. . D. (2024). Karakteristik limbah pertanian dan dampaknya: Mengapa
pengelolaan ramah lingkungan penting. Waste Handling and Environmental
Monitoring, 1(2), 67-76. https://doi.org/10.61511/whem.v1i2.2024.1204

BPS. (2024). Statistik Kelapa Sawit Indonesia 2023. Badan Pusat Statistik Indonesia.
https://www.bps.go.id/id/publication/2024/11/29/d5dcb42ab730df1be4339c34/s
tatistik-kelapa-sawit-indonesia-2023.html

Bagus Wiranatakusuma, D., Fairuztama, R., & Aprizal, A. (2024). Analyzing determinants of
economic growth on agricultural sector in Indonesia. In E3S Web of Conferences (Vol.

JIMESE. 2026, VOLUME 4, ISSUE 1 https://doi.org/10.61511/jimese.v4i1.2026.2767


https://doi.org/10.61511/jimese.v4i1.2026.2767
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/agronomy15081966
https://doi.org/10.30599/jipfri.v6i2.1611
https://doi.org/10.61511/whem.v1i2.2024.1204
https://www.bps.go.id/id/publication/2024/11/29/d5dcb42ab730df1be4339c34/statistik-kelapa-sawit-indonesia-2023.html
https://www.bps.go.id/id/publication/2024/11/29/d5dcb42ab730df1be4339c34/statistik-kelapa-sawit-indonesia-2023.html

Wulandari et al. (2026) 52

595, p. 01006). EDP Sciences. https://doi.org/10.1051/e3sconf/202459501006

Bansal, P., Durand, R., Kreutzer, M., Kunisch, S., & McGahan, A. M. (2025). Strategy can no
longer ignore planetary boundaries: A call for tackling strategy's ecological
fallacy. Journal of Management Studies, 62(2), 965-985.
https://doi.org/10.1111/joms.13088

Chen, Z., Sarkar, A.,, Rahman, A, Li, X., & Xia, X. (2022). Exploring the drivers of green
agricultural development (GAD) in China: A spatial association network structure
approaches. Land use policy, 112, 105827.
https://doi.org/10.1016/j.landusepol.2021.105827

Dewi, S. B. L., Aulia, R. V., & Laily, D. W. (2024). Implementasi pertanian berkelanjutan
dengan memanfaatkan limbah pertanian menjadi pupuk organik cair di Desa Musir Lor
Kabupaten  Nganjuk. Jurnal Abdi  Masyarakat Indonesia, 4(4), 1067-1076.
https://doi.org/10.54082/jamsi.1281

Dina, F. (2024). Kontribusi Dan Elastisitas Subsektor Dalam Sektor Pertanian di Indonesia.
Juremi: Jurnal Riset Ekonomi, 4(3), 711-720.
https://doi.org/10.53625 /juremi.v4i3.8918

Faoziyah, U., Rosyaridho, M. F., & Panggabean, R. (2024). Unearthing agricultural land use
dynamics in Indonesia: Between food security and policy interventions. Land, 13(12),
2030. https://doi.org/10.3390/1and13122030

Fathia, A. N., Hadianto, A., & Raswatie, F. D. (2024). Strategi Mengurangi Emisi Gas Rumah
Kaca pada Budidaya Padi di Indonesia. Indonesian Journal of Agricultural Resource and
Environmental Economics, 3(1), 49-58. https://doi.org/10.29244 /ijaree.v3i1.54757

Gupta, N., Mahur, B. K., Izrayeel, A. M. D., Ahuja, A., & Rastogi, V. K. (2022). Biomass
conversion of agricultural waste residues for different applications: a comprehensive
review. Environmental Science and Pollution Research,29(49), 73622-73647.
https://doi.org/10.1007/s11356-022-22802-6

Harahap, L. M., Manurung, Y. I. B, Situngkir, J. B., & Simanungkalit, N. A. (2024). Pengelolaan
Risiko Iklim Dalam Sektor Pertanian: Strategi Dan Implementasi. Jurnal Iimu
Manajemen, Bisnis dan Ekonomi (JIMBE), 1(6), 117-126.
https://doi.org/10.59971/jimbe.v1i5.217

Hidayat, M. G. I. A. (2025). Analisis Alih Fungsi Lahan Menjadi Permukiman Dan Dampaknya
Terhadap Stok Karbon Di Kecamatan Labuapi Kabupaten Lombok Barat. Universitas
Islam Indonesia.
https://dspace.uii.ac.id/bitstream /handle/123456789/58479/23927004.pdf?seque
nce=1&isAllowed=y

[rawan, A., Kustiningsih, 1., Kurniawan, T., Munarto, R., Satria, D., & Alwan, H. Potensi Dan
Peluang Pemanfaatan Biomassa Sebagai Energi. Penerbit Adab.

Judijanto, L. (2025). Pengelolaan Limbah Pertanian Sebagai Sumber Energi Terbarukan.
In Prosiding  Seminar  Nasional Indonesia (Vol. 3, No. 2, pp. 61-70).
http://sociohum.net/index.php/prosidingnasioanal/article/view/55

Juniyanti, L., Purnomo, H., Kartodihardjo, H., & Prasetyo, L. B. (2021). Understanding the
driving forces and actors of land change due to forestry and agricultural practices in
sumatra and kalimantan: A systematic review. Land, 10(5), 463.
https://doi.org/10.3390/1and10050463

Kirasamutranon, L. Kirasamuthranon, L., Surachotivet, S, Wongchampa, P, &
Kirasamutranon, K. (2025). Carbon footprint reduction through mobile pelletizing of
rice straw in Thailand. Sustainable Chemistry for Climate Action, 100124.
https://doi.org/10.1016/j.scca.2025.100124

Kusumaningrum, S. I. (2019). Pemanfaatan sektor pertanian sebagai penunjang
pertumbuhan perekonomian indonesia. Transaksi, 11(1), 80-89.
https://ejournal.atmajaya.ac.id/index.php/transaksi/article /view /477

Kusumastuti, S. Y., Wiliyanti, V., Judijanto, L., Rahayu, S., Amna, S., Agus, F., & Adhikara, C. T.
(2025). Green Technology: Inovasi teknologi berkelanjutan dan ramah lingkungan. PT.
Green Pustaka Indonesia.

Murphy, D. ], Goggin, K., & Paterson, R. R. M. (2021). Oil palm in the 2020s and beyond:

JIMESE. 2026, VOLUME 4, ISSUE 1 https://doi.org/10.61511/jimese.v4i1.2026.2767


https://doi.org/10.61511/jimese.v4i1.2026.2767
https://doi.org/10.1051/e3sconf/202459501006
https://doi.org/10.1111/joms.13088
https://doi.org/10.1016/j.landusepol.2021.105827
https://doi.org/10.54082/Jamsi.1281
https://doi.org/10.53625/juremi.v4i3.8918
https://doi.org/10.3390/Land13122030
https://doi.org/10.29244/ijaree.v3i1.54757
https://doi.org/10.1007/s11356-022-22802-6
https://doi.org/10.59971/jimbe.v1i5.217
https://dspace.uii.ac.id/bitstream/handle/123456789/58479/23927004.pdf?sequence=1&isAllowed=y
https://dspace.uii.ac.id/bitstream/handle/123456789/58479/23927004.pdf?sequence=1&isAllowed=y
http://sociohum.net/index.php/prosidingnasioanal/article/view/55
https://doi.org/10.3390/land10050463
https://doi.org/10.1016/j.scca.2025.100124
https://ejournal.atmajaya.ac.id/index.php/transaksi/article/view/477

Wulandari et al. (2026) 53

challenges and  solutions. CABI  agriculture  and  bioscience, 2(1),  39.
https://doi.org/10.1186/s43170-021-00058-3

Muzdalifah, M., & Ruqayyah, S. (2025). Optimalisasi limbah pertanian untuk produk olahan
inovatif di Kabupaten Bima sebagai upaya peningkatan nilai ekonomi. UNITY: Journal
of Community Service, 1(2), 40-44. https://doi.org/10.70716 /unity.v1i2.114

PRMP Perkebunan. (2025). Berita BRMP Perkebunan - Optimisme Sektor Perkebunan 2025.
Pusat Perakitan dan Modernisasi Pertanian Perkebunan.
https: erkebunan.brmp.pertanian.go.id /berita/optimisme-sektor-perkebunan-

2025?utm source

Rachman, B., Ariningsih, E., Sudaryanto, T., Ariani, M., Septanti, K. S., Adawiyah, C. R,, .. &
Yuniarti, E. (2022). Sustainability status, sensitive and key factors for increasing rice
production: A case study in West Java, Indonesia. Plos One, 17(12), e0274689.
https://doi.org/10.1371 /journal.pone.0274689

Raihan, A., Begum, R. A., Nizam, M,, Said, M., & Pereira, J.]. (2022). Dynamicimpacts of energy
use, agricultural land expansion, and deforestation on CO2 emissions in
Malaysia. Environmental and Ecological Statistics, 29(3), 477-507.
https://doi.org/10.1007/s10651-022-00532-9

Ramirez, ]., McCabe, B., Jensen, P. D., Speight, R., Harrison, M., Van Den Berg, L., & O’'Hara, 1.
(2021). Wastes to profit: a circular economy approach to value-addition in livestock
industries. Animal Production Science, 61(6), 541-550.
https://doi.org/10.1071/an20400

Sari, S. P., Permana, [., Hutabarat, A. L. R, Sari, D., Nurtanti, [, Azis, A.R., & Vertygo, S. (2024).
Pengelolaan Pengelolaan Limbah Peternakan Peternakan. Get Press Indonesia.

Sihotang, F. M. P. (2025). Kontribusi Aktor Nonnegara terhadap Lingkungan Global dalam
Perdagangan Karbon melalui Penerapan Sistem Registri Nasional-Pengendalian
Perubahan Iklim di Indonesia (SRN-PPI). Padjadjaran Journal of International
Relations, 7(2), 137-153. https://doi.org/10.24198/padjir.v7i2.62312

Silvia, V., Agustina, M., & Zulfa, D. (2025). What drives household labor absorption in
Indonesia? A provincial-level analysis using panel ARDL modeling. Cogent Economics &
Finance, 13(1), 2485398. https://doi.org/10.1080/23322039.2025.2485398

Sokhi, R. S., Moussiopoulos, N., Baklanov, A., Bartzis, ]., Coll, L., Finardj, S., ... & Kukkonen, ].
(2022). Advances in air quality research-current and emerging
challenges. Atmospheric chemistry and physics, 22(7), 4615-4703.
https://doi.org/10.5194 /acp-22-4615-2022

Suryani, A, Salim, A. A., Baali, Y., Sulistiyorini, D., Yunus, A., & Siregar, Y. A. (2025). Kesehatan
Lingkungan: Prinsip, Risiko, dan Pengelolaan. Yayasan Tri Edukasi [Imiah.

Suswandi. (2022). Pemberdayaan Petani Kecil Pemberdayaan Petani Kecil. UNS Press.

United Nations. (2015). The 17 Sustainable Development Goals. United Nations.
https://sdgs.un.org/goals

Wijaya, M. M., & Syam, H. (2021). Eksplorasi Limbah Biomassa Dan Aplikasinya. Badan
Penerbit Universitas Negeri Makassar.

World Resources Institute. (2021). Where Do Emissions Come From? These Charts Explain
Greenhouse  Gas  Emissions by  Sector. World Resources Institute.
https://www.wri.org/insights /4-charts-explain-greenhouse-gas-emissions-
countries-and-sectors

Yonatan, A. Z. (2025). Volume Sampah RI Bakal Tembus 82 Juta Ton pada 2045. GoodStat.
https://goodstats.id/article/volume-sampah-ri-bakal-tembus-82-juta-ton-pada-
2045-HovWO

Yulianda, Y., & Harini, R. (2020). Agriculture sector workers and rice production in Riau
Province in 2010-2018. In E3S Web of Conferences (Vol. 200, p. 04001). EDP Sciences.
https://doi.org/10.1051/e3sconf/202020004001

Zahara, S. A, Siregar, A. R. S., & Marniati, M. (2025). Analisis mendalam bahaya polusi udara
dan upaya pencegahan preventif yang efektif. Antigen: Jurnal Kesehatan Masyarakat
dan IImu Gizi, 3(3), 186-199. https://doi.org/10.57213 /antigen.v3i3.732

JIMESE. 2026, VOLUME 4, ISSUE 1 https://doi.org/10.61511/jimese.v4i1.2026.2767


https://doi.org/10.61511/jimese.v4i1.2026.2767
https://doi.org/10.1186/s43170-021-00058-3
https://doi.org/10.70716/unity.v1i2.114
https://perkebunan.brmp.pertanian.go.id/berita/optimisme-sektor-perkebunan-2025?utm_source
https://perkebunan.brmp.pertanian.go.id/berita/optimisme-sektor-perkebunan-2025?utm_source
https://doi.org/10.1371/journal.pone.0274689
https://doi.org/10.1007/s10651-022-00532-9
https://doi.org/10.1071/an20400
https://doi.org/10.24198/padjir.v7i2.62312
https://doi.org/10.1080/23322039.2025.2485398
https://doi.org/10.5194/acp-22-4615-2022
https://sdgs.un.org/goals
https://www.wri.org/insights/4-charts-explain-greenhouse-gas-emissions-countries-and-sectors
https://www.wri.org/insights/4-charts-explain-greenhouse-gas-emissions-countries-and-sectors
https://goodstats.id/article/volume-sampah-ri-bakal-tembus-82-juta-ton-pada-2045-HovWO
https://goodstats.id/article/volume-sampah-ri-bakal-tembus-82-juta-ton-pada-2045-HovWO
https://doi.org/10.1051/e3sconf/202020004001
https://doi.org/10.57213/antigen.v3i3.732

Wulandari et al. (2026) 54

Biographies of Authors

Ayu Wulandari, Manufacturing Engineering Technology, PoliteknikManufaktur Bandung,
Bandung, West Java 40135, Indonesia

*  Email: 224411003@mbhs.polman-bandung.ac.id
= ORCID: N/A

=  Web of Science ResearcherID: N/A

= Scopus Author ID: N/A

= Homepage: N/A

Ega Nugraha Firdaus, Manufacturing Engineering Technology, Politeknik Manufaktur
Bandung, West Java 40135, Indonesia

* Email: 223412037 @mbhs.polman-bandung.ac.id
= ORCID: N/A

=  Web of Science ResearcherID: N/A

= Scopus Author ID: N/A

*= Homepage: N/A

Ravy Rahadi, Manufacturing Engineering Technology, PoliteknikManufaktur Bandung,
Bandung, West Java 40135, Indonesia

* Email: 223411024@mbhs.polman-bandung.ac.id

= ORCID: N/A

=  Web of Science ResearcherID: N/A

= Scopus Author ID: N/A

* Homepage: N/A

JIMESE. 2026, VOLUME 4, ISSUE 1 https://doi.org/10.61511/jimese.v4i1.2026.2767


https://doi.org/10.61511/jimese.v4i1.2026.2767
mailto:224411003@mhs.polman-bandung.ac.id
mailto:223412037@mhs.polman-bandung.ac.id
mailto:223411024@mhs.polman-bandung.ac.id

