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Abstract  

The increasing volume of waste poses significant environmental and public health risks if not properly managed. 

The management of unprocessed waste may be initiated at the household level by applying principles of the circular 

economy. This study aims to investigate the integration of bioconversion technology using Black Soldier Fly (BSF) 

larvae with an IoT-based air quality monitoring system for tofu dregs waste management. A microcontroller-based 

device was developed to monitor and control humidity, carbon dioxide (CO₂), and Total Volatile Organic 

Compounds (TVOCs) using sensors and an adsorption-based scrubber system. The results indicate that CO₂ levels 

decreased from 1470–1747 ppm to 400–483 ppm, while TVOC levels were reduced from 163–346 ppb to 0–6 ppb 

after treatment, significantly improving air quality and minimizing odor emissions. The combination of BSF larvae-

assisted bioconversion and automated emission control demonstrates a highly effective and sustainable approach to 

organic waste processing, reducing environmental pollution and generating valuable byproducts for economic 

utilization. This system offers a scalable solution for future applications in circular economy-based waste 

management.  In conclusion, this system offers a scalable solution for future applications in circular economy-based 

waste management. 
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INTRODUCTION  

The continuously increasing volume of waste, if not properly managed, can negatively impact 

environmental quality and public health. Local governments must take preventive measures to mitigate 

the adverse effects of these negative externalities in the form of waste. This can be achieved by providing 

education, assistance, and outreach programs focused on the principles of reducing, reusing, and recycling 

(Khairunisa & Safitri, 2020). Development that prioritizes environmental quality will foster inclusive well-

being for both society and the environment. Managing unprocessed waste can begin at the household level 

by adopting a circular economy approach. This approach represents a practical application of the green 

economy concept, aimed at achieving sustainable development by integrating economic growth with 

environmental protection (Kasztelan, 2017). 

The circular economy is fundamentally based on the 3R principles (Reduce, Reuse, Recycle), 

emphasizing optimal production by efficiently utilizing natural resources. It aims to minimize 

environmental exploitation, reduce pollution, lower emissions and waste, and promote the 

implementation of sustainable practices (Sørensen, 2018; Strielkowski, 2016). The concept of a circular 

economy can significantly reduce waste generation by promoting environmentally friendly product 

designs and ensuring careful processes in industries that implement the closed-loop system method 
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(Bocken et al., 2016). In the long term, resource production from waste can reduce emissions by up to 

70%, increase employment by 4%, and significantly decrease waste volume (Velenturf et al., 2021). The 

implementation of a circular economy can enhance environmental resilience, improve social welfare, 

reduce environmental degradation, foster the creation of new product added value, and drive green 

economic growth aligned with the goals of sustainable development (Bocken et al., 2016; Kasztelan, 2017; 

Sørensen, 2018; Strielkowski, 2016; Velenturf & Purnell, 2021). 

Implementation of the circular economy concept by adopting variables such as per capita urban 

waste generation, urban waste recycling rates, packaging waste recycling rates by type, organic waste 

recycling rates, and electronic waste recycling rates, it is possible to promote high-quality, sustainable 

economic growth and inclusive GDP growth. At the same time, this approach reduces natural resource 

consumption and ensures greater environmental protection (Busu & Trica, 2019; Sverko Grdic et al., 

2020). Waste has become a significant issue as the population grows, requiring effective management 

from temporary disposal sites (TDS) to final disposal sites (FDS). Additionally, proper waste processing 

demands suitable technology to ensure that the processed products do not generate new waste. In the era 

of Industry 4.0, the adoption of digital technology has emerged as an innovative solution for waste 

management. The Internet of Things (IoT) has proven to enhance environmental monitoring efficiency 

by providing real-time data that can be accessed remotely, enabling rapid responses to changes in 

environmental parameters. Previous studies have indicated that the implementation of IoT in waste 

processing improves the effectiveness of gas emission control and supports the sustainability of the 

circular economy (Jayaraman et al., 2016). Therefore, this study develops an IoT-based monitoring system 

to control CO₂ and TVOC emissions in the composting process of soybean pulp using Black Soldier Fly 

(BSF) larvae. 

Organic bioconversion technology, such as maggot cultivation, offers a promising solution for 

organic waste management. Black Soldier Fly (BSF) larvae are highly effective in degrading waste, 

outperforming other insects, and are safe for human health as they are not disease vectors. The byproducts 

of BSF bioconversion include BSF eggs, maggots, kasgot (bioconversion residue), which can serve as 

growing media for vegetables, and leachate, a liquid derived from the rearing media, which can be used 

as organic liquid fertilizer. This bioconversion program not only addresses environmental challenges 

through organic waste reduction but also enhances the welfare of maggot farmers, fisheries, and organic 

agriculture. Additionally, BSF larvae can reduce organic waste volume by up to 50% daily, with each 

kilogram of larvae capable of degrading 3–4 kg of organic waste per day (Rukmini et al., 2020). The high 

nutritional content of maggots also makes them an alternative protein source for livestock and 

aquaculture, further supporting sustainable food production systems (Rukmini et al., 2020).    

The processing of organic waste, such as tofu waste, is carried out using Black Soldier Fly (BSF) 

larvae, which consume organic waste and convert it into various insect protein products. Maggots can be 

used as natural feed for livestock, while the processed organic matter is turned into fertilizer for 

agriculture. The maggots hatch from eggs after a 4-day incubation period, and the larvae, which grow to 

about 30 cm long and 6 cm wide, continue feeding throughout their life cycle of approximately 14 days. 

Kitchen waste, manure, and garden waste are preferred food sources for BSF larvae. This method proves 

to be highly effective, both in terms of conversion rate (up to 50%) and the valuable products produced 

from the conversion. PT Biomagg Sinergi Internasional is a company providing responsible and reliable 

organic waste management solutions since 2017. The company uses bioconversion technology to process 

organic waste, transforming it into economically valuable products by using Black Soldier Fly (BSF) 

larvae that consume organic waste and convert it into insect protein. To date, the company has processed 

3,104 tons of organic waste. In this study, we received supervision from PT Biomagg Internasional in 

terms of procuring BSF larvae seeds and guidance on other technical issues. The waste sorted for maggot 

feed needs to be carefully selected. If organic waste is not properly sorted, maggots will produce foul 

odors, contributing to air pollution. This can be confirmed by high levels of Volatile Organic Compounds 

(VOC). High VOC concentrations are difficult to control manually and quickly, so a sensor-equipped 

device capable of measuring and adsorbing VOCs and CO2 in the maggot breeding environment is 
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needed. Based on this issue, the decision was made to design a microcontroller-based device that can 

measure and absorb VOCs and CO2 in the maggot breeding facility. 

METHOD 

The equipment used includes: First we prepare a set of maggot breeding sites. This tool consists of 

3 plastic containers with dimensions of 25x50x80 cm. These three containers are placed on each supporting 

layer made of light steel. Next, we prepare 1 set of air pollution control equipment, a set of TVOC sensors 

and CO2 sensors. The material used in this test was tofu industry waste dregs, each weighing around 5 kg 

and the surface of the waste was leveled. The next stage is adding maggot larvae to the surface of the waste. 

In a composting device using maggots, the entire plastic container is covered with plastic wire to prevent 

unwanted living creatures from entering. Next, the air pollution control device and its sensors can be turned 

on. Every day, stirring is carried out to maximize the waste processing process.       In Figure 1 you can see 

the design and equipment of the maggot larvae breeding room.   

 
Figure 1. The design and equipment space 

The circuit diagram serves as the blueprint for the equipment model to be designed. The 

microcontroller module subsequently sends the data from sensor readings and relay conditions to an LCD 

display and to Firebase as a database. Below is the circuit schematic for the development of this equipment 

on Figure 2. The image was created with the fritzing program is an open-source software tool designed to 

support designers. 

 

 
Figure 2. Initial Design of the Air Monitoring Device in the BSF Breeding Space 

 

Information: 

1. Microcontroller Board (ESP32/Arduino) 

2. Sensor DHT (Temperature and Humidity) 

3. LCD 16x2 

4. Fan  
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5. Relay Module 

6. Humidifier Module 

7. Power Supply (7-12V) 

Maintenance of BSF Larvae . The initial trial involved the full maintenance of Black Soldier Fly 

(BSF) larvae over one complete life cycle, including larva, mature larva, prepupa, pupa, and adult fly 

stages. The duration of this process was approximately 45 days. Throughout this period, maintenance was 

carried out according to the standard operating procedure (SOP) provided by PT. Biomagg Sinergi 

Internasional.  During the maintenance period, temperature, humidity, and VOC levels in the air were 

monitored to obtain data trends throughout the process. The ideal temperature is between 24°C to 30°C. 

If it is too hot, the larvae will leave their food source to look for a cooler place. If it is too cold, the larvae's 

metabolism will slow down. A shady environment and away from sunlight, if the food source is exposed 

to light, the larvae will move to deeper layers of the food source to avoid the light. The ideal humidity for 

maggot growth lies between 60% and 90%, which helps the larvae digest their feed. These sensors are 

connected to a cloud-based database via WiFi, enabling remote monitoring and data-driven analysis using 

an ESP32 microcontroller. This system is designed to support a cyber-physical systems approach in 

Industry 4.0, where IoT sensors optimize gas emission monitoring through automation and real-time data 

integration (Alharthi et al., 2019; Bigiotti et al., 2025; Campo et al., 2018; Elsisi et al., 2021; Hasan & 

Ahammed, 2021; Jalinder Jadhav et al., 2024; Lee et al., 2014; Mistry et al., 2024; Munsamy & 

Telukdarie, 2018; Patel et al., 2023; Qian et al., 2022; Suresh et al., 2023). Additionally, integration with 

the scrubber and adsorbent system ensures that the collected data can be utilized for more effective 

decision-making in organic waste management. As a comparison, sensors with the same specifications 

were also installed without the presence of BSF larvae or processed solid waste, serving as baseline data. 

Another treatment involved monitoring and maintenance using the same method but without the odor and 

CO2 control system. 

Table 1. Experimental plan for ambient air quality monitoring 

Code Treatment 
Observed 

Parameters 

A Baseline (Monitoring equipment without pollution control) CO2, odor, TVOC 

B Standard Maintenance (Monitoring equipment in maintenance room 

without pollution control equipment) 

CO2, odor, TVOC 

C Maintenance with Design Tools (Tools for monitoring and 

controlling pollution in the maintenance room) 

CO2, odor, TVOC 

 
Data Analysis and Design Finalization. The data collected from the designed device was processed 

using data analysis software and then compared across different treatments. Treatment A served as the 

baseline, measuring CO2 levels and odor conditions in the maintenance environment. Treatment B 

involved monitoring the maintenance conditions without intervention from the automatic humidity and 

odor control system. Treatment C included monitoring the maintenance environment using the designed 

device. The results from these treatments were analyzed to evaluate the effectiveness of the device and 

refine the final design. 

 

RESULT AND DISCUSSION  

The composting facility, equipped with air pollution control devices (APCD) and sensors, was 

utilized to process various organic waste types, including coconut pulp, tofu dregs, and vegetable waste. 

The decomposition of organic waste by Black Soldier Fly (BSF) larvae is known to generate volatile 
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organic compounds (VOCs) and carbon dioxide (CO₂) emissions due to microbial activity . To mitigate 

these emissions and optimize the composting process, it is essential to maintain air quality control within 

the facility. To minimize VOC emissions, the air surrounding the composting chamber was extracted 

using a pump and directed into the APCD, which consists of an adsorber and a scrubber system. The 

adsorber contained a mixture of ginger charcoal and zeolite, chosen for their high porosity and alkaline 

properties, which enhance adsorption efficiency. Meanwhile, the wet scrubber system, designed to 

remove airborne pollutants, operated by using a liquid medium to chemically absorb or neutralize 

contaminants. This approach effectively reduced gas emissions, improving overall air quality during the 

composting process (Amrul et al., 2022; Cheremisinoff & Rosenfeld, 2010; Kumar et al., 2018). 

The APCD system utilized four recycled plastic drums, each with a 60-liter capacity. The first two 

drums functioned as a double wet scrubber, connected in series through PPC pipes and spray nozzles to 

maximize contact between polluted air and water, facilitating the removal of harmful particles. The third 

drum contained foam filters, zeolite stones, and coral stones as filtration media, ensuring the removal of 

residual contaminants before the scrubber water was collected in the final holding tank. The zeolite 

material, sourced from Sukabumi, was selected due to its abundant microporous and macroporous 

structures, which enhance adsorption capacity. The design and implementation of this air pollution control 

equipment are illustrated in Figure 3. 

 
Figure 3.  Design and Equipment of APCD 

 

 The monitoring process for tofu dreg composting was conducted over five days (Figure 4), with 

CO₂ and TVOC levels measured at various time intervals. On the first day, sensors were placed near the 

composting container for the initial 20 minutes, followed by another 20-minute measurement after the 

emission air passed through the APCD system. The results indicated that initial CO₂ levels ranged from 

1470 to 1747 ppm, while TVOC concentrations were recorded between 163 and 346 ppb. The high VOC 

values correspond to intensive microbial decomposition, leading to significant emissions. After 20 minutes, 

VOC levels decreased by over 85%, while CO₂ levels dropped by more than 62%. The final CO₂ and TVOC 

levels after APCD treatment ranged between 400–560 ppm and 13–35 ppb, respectively. Further monitoring 

revealed additional reductions, with CO₂ levels stabilizing at 400–483 ppm and TVOC levels nearing 0–6 

ppb. These findings highlight the significant role of the APCD system in reducing VOC and CO₂ emissions, 

with VOCs experiencing the most drastic reduction due to adsorption and scrubbing mechanisms. 
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Figure 4.  Monitoring of CO₂ and TVOC Levels During Tofu Waste Composting Over Five Days (a. first, b. second, 

c. third, d. fourth, e. fifth). Real-time monitoring of CO₂ (ppm) and TVOC (ppb) levels during the composting process 

over five days. The graphs illustrate the reduction in gas emissions following the activation of the air pollution control 

device (APCD). 

 

The concentration of CO₂ and TVOC were fluctuated in second day, that ranged between 480–1492 

ppm and 12–236 ppb, respectively. The variations were attributed to external environmental factors, such 

as wind direction and humidity fluctuations. However, after 20 minutes of APCD activation, both CO₂ 

and VOC levels decreased, confirming the efficiency of the ginger charcoal-zeolite adsorbent and wet 

scrubber system in gas reduction. By the third day, emissions exhibited greater stability, with CO₂ levels 

at 400–505 ppm and TVOC concentrations at 3–5 ppb, demonstrating the system’s consistency in air 

quality improvement. On the fourth day, a similar pattern was observed, though slight decreases in CO₂ 

and TVOC levels were recorded, indicating that microbial activity in the composting process was still 

ongoing (He et al., 2020). The measured CO₂ and TVOC levels on this day were 416.67 ppm and 8.43 

ppb, respectively. By the fifth day, CO₂ and TVOC concentrations were notably lower, averaging 408.33 

ppm and 1.5 ppb, respectively. The consistent reduction in emissions indicates that the composting 

process had reached a more stable and controlled phase, demonstrating the effectiveness of IoT-based air 

quality monitoring in tracking gas emissions over time. These results are in line with previous research, 

which found that VOCs are most prominent during the initial stages of composting when high-fat and 

protein-containing organic matter, such as tofu and coconut dregs, undergoes decomposition (He et al., 

2020; Li et al., 2022; Walpajri et al., 2023). 

The implementation of Black Soldier Fly (BSF) larvae in tofu waste composting significantly 

influenced the reduction of Total Volatile Organic Compounds (TVOCs) and carbon dioxide (CO₂) levels 

in the waste management environment. The data collected from real-time monitoring indicated that CO₂ 

concentrations decreased from an initial range of 1470–1747 ppm to 400–483 ppm, while TVOC levels 

were reduced from 163–346 ppb to 0–6 ppb. These findings are consistent with previous studies 

emphasizing the role of BSF larvae in organic waste bioconversion and its impact on air quality 

improvement (He et al., 2020; Michishita et al., 2023). The significant reduction in TVOCs is attributed 

to the metabolic activities of BSF larvae and the microbial communities associated with their gut 

microbiota. Research has shown that BSF larvae alter microbial populations in organic waste, reducing 

the presence of pathogenic and odor-producing bacteria (Li et al., 2022; Rukmini et al., 2020). The present 

study identified the dominance of Lactobacillus, Leuconostoc, Bacillus, and Actinomycetes, which are 

known to produce volatile organic sulfur compounds (VOSCs) such as dimethyl disulfide (DMDS) and 
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dimethyl trisulfide (DMTS), contributing to odor emissions in untreated waste (Hasan et al., 2021; Suresh 

et al., 2023). The transformation of microbial communities through BSF intervention thus plays a crucial 

role in controlling the emission of these compounds. The effectiveness of BSF larvae in waste 

bioconversion aligns with the circular economy concept, which integrates organic waste valorization into 

sustainable resource utilization (Busu et al.,, 2019; Velenturf et al., 2021). Besides reducing TVOCs, BSF 

larvae also produce by-products such as larval biomass and compost residue (kasgot), which can be 

repurposed as high-protein feed and organic fertilizer (Bocken et al., 2016; Busu et al., 2019; Liland et 

al., 2023; Michishita et al., 2023; Viguier et al., 2021). This transformation highlights the dual 

environmental and economic benefits of incorporating BSF into waste management strategies. 

 
(a) (b) 

Figure 5. (a) Initial input of tofu dregs and (b) tofu dregs after decomposition 

 

The observations on the fifth day demonstrated greater stability, indicating the completion of the 

composting process. Composting generates gas emissions such as CO₂ and TVOC, with concentrations 

fluctuating depending on the type of organic material and microbial activity. According to Li et al. (2022) 

research, volatile compounds (TVOC) are typically higher at the start of the composting process, 

particularly when organic materials rich in fats or proteins, such as tofu and coconut dregs, undergo 

decomposition (He et al., 2020; Li et al., 2022). The significant reduction in CO₂ and TVOC levels 

demonstrates the effectiveness of the IoT system in supporting gas emission monitoring and control during 

the composting process. With cloud-connected sensors, this system enables real-time data processing and 

gas emission trend analysis, forming an integral part of the smart waste management approach in Industry 

4.0 (Jayaraman et al., 2016; Srisooksai et al., 2019; Sułkowska, 2021). The visual transformation of tofu 

dregs throughout the composting process is depicted in Figure 5. 

CONCLUSION  

The IoT-based emission control system successfully reduced CO₂ and TVOC concentrations to near 

ambient levels, reaching 408.33 ppm CO₂ and 1.5 ppb TVOC by the fifth day. The integration of Black 

Soldier Fly (BSF) larvae and air pollution control devices (APCDs) optimized waste decomposition, 

reducing odor and improving compost stability. The presence of beneficial microbes further enhanced 

organic matter breakdown. This approach aligns with circular economy principles, converting organic 

waste into high-protein feed and organic fertilizer, promoting sustainable waste management. This research 

is useful for the global community, especially researchers, because it can be used as a reference for further 

research that focuses on scalability and long-term impacts in industrial applications. 
 

 

REFERENCES  

Alharthi, S., Johnson, P., Alharthi, M., & Jose, C. (2019). IoT/CPS Ecosystem for Efficient Electricity 

Consumption : Invited Paper. 2019 10th International Green and Sustainable Computing Conference, 



   

83 

 

IGSC 2019. https://doi.org/10.1109/IGSC48788.2019.8957164 

Amrul, N. F., Ahmad, I. K., Ezlin, N., Basri, A., Suja, F., Ain, N., Jalil, A., & Azman, N. A. (2022). A 

Review of Organic Waste Treatment Using Black Soldier Fly ( Hermetia illucens ). Sustainabilitu. 14 

(8). 1–15.  https://doi.org/10.3390/su14084565 

Bigiotti, A., Shah, P., & Trestian, R. (2025). Blockchain and Digital Twin Integration for Remote Control 

of Cyber-Physical Systems. In Lecture Notes on Data Engineering and Communications 

Technologies. 232. 258–269. https://doi.org/10.1007/978-3-031-76462-2_23 

Bocken, N. M. P., de Pauw, I., Bakker, C., & van der Grinten, B. (2016). Product design and business model 

strategies for a circular economy. Journal of Industrial and Production Engineering, 33(5), 308–320. 

https://doi.org/10.1080/21681015.2016.1172124 

Busu, M., & Trica, C. L. (2019). Sustainability of Circular Economy Indicators and Their Impact on 

Economic Growth of the European Union. Sustainability, 11(19), 5481. 

https://doi.org/10.3390/su11195481 

Campo, G. D., Calatrava, S., Canada, G., Olloqui, J., Martinez, R., & Santamaria, A. (2018). IoT Solution 

for energy optimization in industry 4.0: Issues of a real-life implementation. 2018 Global Internet of 

Things Summit, GIoTS 2018. https://doi.org/10.1109/GIOTS.2018.8534537 

Cheremisinoff, N. P., & Rosenfeld, P. E. (2010). Sources of air emissions from pulp and paper mills. 

Elsevier.  179–259. https://doi.org/10.1016/B978-0-08-096446-1.10006-1 

Elsisi, M., Mahmoud, K., Lehtonen, M., & Darwish, M. M. F. (2021). Reliable industry 4.0 based on 

machine learning and IOT for analyzing, monitoring, and securing smart meters. Sensors 

(Switzerland), 21(2), 1–16. https://doi.org/10.3390/s21020487 

Hasan, M. Z., & Ahammed, R. (2021). Application of Industry 4.0 in LPG condition monitoring and 

emergency systems using IoT approach. World Journal of Engineering, 18(6), 971–984. 

https://doi.org/10.1108/WJE-06-2020-0218 

He, P., Du, W., Xu, X., Zhang, H., Shao, L., & Lü, F. (2020). Effect of biochemical composition on odor 

emission potential of biowaste during aerobic biodegradation. Science of The Total Environment, 727, 

138285. https://doi.org/10.1016/j.scitotenv.2020.138285 

Jalinder Jadhav, R., Radhakrishnan, P., Arun Jadhav, D., Ashreetha, B., Divya, J., & Mukherjee, S. (2024). 

Internet of Things Enabled Gas Leakage Detection Over Industrial Areas using Powerful MQ Series 

Sensor and Controller. 7th International Conference on Inventive Computation Technologies, ICICT 

2024, 1679–1686. https://doi.org/10.1109/ICICT60155.2024.10544961 

Jayaraman, P., Yavari, A., Georgakopoulos, D., Morshed, A., & Zaslavsky, A. (2016). Internet of Things 

Platform for Smart Farming: Experiences and Lessons Learnt. Sensors, 16(11), 1884. 

https://doi.org/10.3390/s16111884 

Kasztelan, A. (2017). Green Growth, Green Economy and Sustainable Development: Terminological and 

Relational Discourse. Prague Economic Papers, 26(4), 487–499. https://doi.org/10.18267/j.pep.626 

Khairunisa, N. S., & Safitri, D. R. (2020). Integrasi Data Sampah Sebagai Upaya Mewujudkan Zero Waste 

Management: Studi Kasus Di Kota Bandung. Jurnal Analisa Sosiologi, 9, 108–123. 

https://doi.org/10.20961/jas.v9i0.39829 

Kumar, S., Negi, S., Mandpe, A., Singh, R. V., & Hussain, A. (2018). Rapid composting techniques in 

Indian context and utilization of black soldier fly for enhanced decomposition of biodegradable 

wastes-A comprehensive review. Journal of Environmental Management, 227, 189–199. 

Lee, J., Kao, H.-A., & Yang, S. (2014). Service Innovation and Smart Analytics for Industry 4.0 and Big 

Data Environment. Procedia CIRP. 16. 3–8. https://doi.org/10.1016/j.procir.2014.02.001 

Li, D., Yuan, J., Ding, J., Wang, H., Shen, Y., & Li, G. (2022). Effects of carbon/nitrogen ratio and aeration 

rate on the sheep manure composting process and associated gaseous emissions. Journal of 

Environmental Management. 323. 116093. https://doi.org/10.1016/j.jenvman.2022.116093 

Liland, N. S., Sørensen, M., Belghit, I., Willora, F. P., Torrissen, A., & Torrissen, O. (2023). Closing the 

gap – producing black soldier fly larvae on aquaculture side streams. Journal of Insects as Food and 

Feed, 9(7), 885–892. https://doi.org/10.3920/JIFF2022.0154 

Michishita, R., Shimoda, M., Furukawa, S., & Uehara, T. (2023). Inoculation with black soldier fly larvae 

https://doi.org/10.3390/su14084565


   

84 

 

alters the microbiome and volatile organic compound profile of decomposing food waste. Scientific 

Reports, 13(1), 4297. https://doi.org/10.1038/s41598-023-31388-z 

Mistry, A., Bablani, V., Soni, N., & Mehta, S. (2024). Energy Surveillance Tactics and Coherent 

Application Using Automation and IOT. Journal of The Institution of Engineers (India): Series B, 

105(4), 797–807. https://doi.org/10.1007/s40031-024-01014-1 

Munsamy, M., & Telukdarie, A. (2018). Application of Industry 4.0 towards Achieving Business 

Sustainability. IEEE International Conference on Industrial Engineering and Engineering 

Management, 2019-Decem. 844–848. https://doi.org/10.1109/IEEM.2018.8607566 

Patel, D., Maiti, C., & Muthuswamy, S. (2023). Real-Time Performance Monitoring of a CNC Milling 

Machine using ROS 2 and AWS IoT Towards Industry 4.0. EUROCON 2023 - 20th International 

Conference on Smart Technologies, Proceedings. 776–781. 

https://doi.org/10.1109/EUROCON56442.2023.10199020 

Qian, C., Liu, X., Ripley, C., Qian, M., Liang, F., & Yu, W. (2022). Digital Twin—Cyber Replica of 

Physical Things: Architecture, Applications and Future Research Directions. Future Internet. 14(2). 

https://doi.org/10.3390/fi14020064 

Rukmini, P., Rozak, D., & Setyo, W. (2020). Pengolahan Sampah Organik Untuk Budidaya Maggot Black 

Soldier Fly (BSF). Seminar Nasional Pengabdian Kepada Masyarakat. 3. 250–253. 

http://www.jpmi.journals.id/index.php/jpmi/article/view/926 

Sørensen, P. B. (2018). From the Linear Economy to the Circular Economy: A Basic Model. FinanzArchiv, 

74(1), 71. https://doi.org/10.1628/001522118X15097191506475 

Srisooksai, T., Kaemarungsi, K., Takada, J., & Saito, K. (2019). Small-fading and Wideband Propagation 

Characteristics in Fruit Orchard at 2.4 GHz for Wireless Network in Smart Farming Application. 2019 

International Conference on Robotics,Electrical and Signal Processing Techniques (ICREST), 354–

358. https://doi.org/10.1109/ICREST.2019.8644152 

Strielkowski, W. (2016). Entrepreneurship, sustainability, and solar distributed generation. 

Entrepreneurship and Sustainability Issues, 4(1), 9–16. https://doi.org/10.9770/jesi.2016.4.1(1) 

Sułkowska, P. (2021). The idea of a smart city on the example of the city of Gliwice. Scientific Papers of 

Silesian University of Technology Organization and Management Series. 151. 

https://doi.org/10.29119/1641-3466.2021.151.45 

Suresh, K., Rajakumar, P., Soumya, K., Dakshina, R., & Abinaya, V. R. (2023). AireWatch: Futuristic Gas 

Monitoring. 2023 Intelligent Computing and Control for Engineering and Business Systems, ICCEBS 

2023. https://doi.org/10.1109/ICCEBS58601.2023.10448707 

Sverko Grdic, Z., Krstinic Nizic, M., & Rudan, E. (2020). Circular Economy Concept in the Context of 

Economic Development in EU Countries. Sustainability. 12(7). 3060. 

https://doi.org/10.3390/su12073060 

Velenturf, A. P. M., & Purnell, P. (2021). Principles for a sustainable circular economy. Sustainable 

Production and Consumption. 27. 1437–1457. https://doi.org/10.1016/j.spc.2021.02.018 

Viguier, L., Cavan, N., Bockstaller, C., Cadoux, S., Corre-Hellou, G., Dubois, S., Duval, R., Keichinger, 

O., Toqué, C., Toupet de Cordoue, A.-L., & Angevin, F. (2021). Combining diversification practices 

to enhance the sustainability of conventional cropping systems. European Journal of Agronomy. 127. 

126279. https://doi.org/https://doi.org/10.1016/j.eja.2021.126279 

Walpajri, F., Siregar, F. W., Ilyosa, A. N., & Wiyaga, M. (2023). Effectiveness Of Various Types Bio-

Activators To Speed Up The Composting Process And Quality Of Compost Fertilizer. 36(2), 630–

636. 

 


