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Abstract: Plastic waste is one of the most rapidly growing environmental issues, with most going to
landfill and being openly burned, creating significant air pollution. This research proposes a prototype
to safely and cost-effectively convert unwanted plastic waste into desirable electricity, while
simultaneously mitigating emissions and toxicity. The presented system utilizes a Thermoelectric
Generator (TEG) to harvest heat from waste that is burned and convert it into electrical energy, which is
captured in a LiFePOy battery. The stored energy can be utilized to operate small loads, such as fans,
LED bulbs, and mobile chargers. Additionally, to minimize environmental impact, the emission of smoke
from the waste being burned will be filtered and the carbon particles that are captured will then be
processed into black ink, allowing a form of dual recycling. The system will utilize an Arduino UNO for
system control and monitoring, while network connected IoT technology (LoRa tech) enables long-range
wireless transmission of real-time data. The proposed solution demonstrates an aggregated approach to
waste management, renewable energy, and IoT technology for urban and rural applications.
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I. INTRODUCTION

Plastic waste is a global challenge due to its inability to biodegrade and because of its extensive use. Landfilling and
incinerating waste can cause significant damage to the environment. Waste-to Energy systems represent a sustainability
solution to recycling waste into usable energy[1-5].
This project will study the integration of Thermoelectric Generators (TEGs) toward direct heat-to-electricity conversion
with IoT-based monitoring (LoRa) and DAC (dispersive aerogel) pollution filtering toward carbon recycling. This
system is revolutionary and impactful because it uses carbon emissions to generate clean micro-energy and transform
carbon emissions into ink.
The world’s appetite for energy is matched only by its capacity to produce waste. Every year, humanity generates over
two billion tons of municipal solid waste (MSW), a staggering mountain that strains landfills and pollutes ecosystems.
Waste-to-Electricity (WTE) generation, which converts this "trash" into usable power, is a vital solution—a necessary
convergence of waste management and energy production.
But WTE systems are notoriously complex, temperamental, and costly to operate. They deal with highly variable
feedstock (the waste itself) and operate under extreme conditions. Until recently, managing these plants relied heavily
on complex SCADA systems and manual checks, leaving significant gaps in real-time operational visibility.
Enter LoRa (Long Range) Technology: the ultra-efficient wireless protocol that is transforming the operational
heartbeat of industrial ecology, turning passive WTE facilities into actively intelligent power sources[6-30].
A modern WTE plant is a finely tuned furnace, where precise control over factors like temperature, oxygen levels, and
boiler pressure determines efficiency and minimizes harmful emissions. The challenges are pervasive:

e Variable Feedstock: The quality and caloric content of waste change daily, requiring constant calibration of the

combustion process.
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e Harsh Environments: The heat, dust, and corrosive gases found in WTE facilities are brutal on traditional
electronics and battery life.
e  Geographic Reach: Monitoring waste streams before they even arrive (e.g., fill levels in transfer stations or
remote sorting units) is crucial but often cost-prohibitive using cellular networks.
e Predictive Maintenance: Unexpected component failure in high-heat environments leads to costly, polluting
downtime.
LoRa technology provides the perfect decentralized, low-power nervous system required to manage these challenges.
Built for sending small packets of data over vast distances with minimal battery consumption, LoRa allows WTE
operators to blanket their entire operation—from the tipping floor to the emissions stack—with smart sensors[31-60].
Here is how LoRa transforms the WTE ecosystem:

1. Real-Time Combustion Optimization
The key to efficient WTE is maintaining the "sweet spot" of combustion. Too cool, and emissions increase; too hot, and
the boiler components degrade rapidly.
e LoRa Application: Thousands of inexpensive, battery-powered LoRa sensors are deployed across the boiler
and furnace. These sensors monitor localized temperature anomalies and pressure changes in real time.
e The Impact: Instead of reacting to standard readings from a few central points, operators gain a precise thermal
map. This allows for immediate, automated adjustment of air injection or waste input, maximizing heat
transfer and minimizing fuel consumption variability.

2. Predictive Maintenance and Asset Health
In a WTE plant, a failing pump or vibrating turbine is not just a maintenance issue; it’s a risk to continuous energy
production. Using traditional wired sensors for vibration monitoring is often impractical due to the cabling complexity
and heat exposure.
e LoRa Application: LoRa-enabled vibration and acoustic sensors are affixed to critical rotating machinery
(turbines, fans, shredders). These sensors transmit baseline telemetry every few minutes.
e  The Impact: Data flows continuously back to a central gateway, identifying subtle vibrational signatures that
signal impending failure months in advance. This move from reactive to predictive maintenance drastically
reduces downtime and capital expenditure for replacement parts.

3. Emissions and Compliance Monitoring
WTE facilities must adhere to stringent air quality regulations (NOx, SOx, particulate matter). Manual sampling is slow
and offers only a snapshot of compliance.
e LoRa Application: LoRa nodes are integrated with low-power gas and particulate sensors near the flue gas
stacks and pollution control equipment.
e The Impact: Operators receive continuous, granular data on emission levels. If a threshold is exceeded, the
system triggers immediate adjustments, ensuring the plant operates within permitted ecological boundaries
24/17.

4. Smart Inventory Management (The Fuel)
The operational efficiency of a WTE plant starts with its fuel: the waste itself. Optimizing the blend of incoming waste
streams requires constant oversight.
e LoRa Application: LoRa sensors are placed in remote waste bunkers, transfer stations, and specialized
preprocessing units. These nodes can monitor weight, density, and even use thermal imaging to estimate
moisture content.
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e The Impact: By knowing the precise quality and volume of waste inventory, the plant can intelligently blend
feedstock to maintain a consistent calorific value before it even enters the furnace, leading to more stable
energy output.

The integration of LoRa technology fundamentally alters the cost-benefit analysis of Waste-to-Electricity generation,
pushing it toward maximum productivity:

Feature Pre-LoRa WTE Operation LoRa-Enabled Smart WTE
Data Visibility Centralized, slow, snapshot-based. Decentralized, real-time, granular mapping.

Predictive; alerts triggered by subtle vibrational

Maintenance Reactive; based on component failure. shifts
Power High; reliant on intensive wired / | Ultra-low; sensors run for years on small
Consumption cellular systems. batteries.

Constantly fluctuating due to variable | Optimized combustion leading to highly stable

Efficienc

ldency feedstock. energy output.
Cost of | High cost for wiring and central | Low capital expenditure for robust, wireless
Deployment infrastructure. Sensors.

By providing an affordable, robust, and long-range communication layer, LoRa transforms WTE plants from expensive
necessities into highly efficient, self-optimizing "energy factories." It ensures that every megawatt generated is done so
with minimal environmental impact and maximal operational longevity[61-79].

The future of waste management is no longer just about disposal; it’s about intelligent resource recovery. Thanks to the
quiet, powerful connectivity of LoRa, the trash we discard today is becoming a predictable, digitally managed source of
power for tomorrow.

II. LITERATURE REVIEW
Incineration, pyrolysis, and gasification are types of Waste-to-Energy technologies studied to convert municipal solid
waste into energy and fuels. Plastic waste has high calorific and energy values, ranging from 35-46 MJ/kg. However,
conventional technologies are costly, require a large amount of infrastructure, and contribute to polluting emissions if
not managed correctly.
Most studies show Thermoelectric Generators (TEGs) are a clean alternative for converting heat to electricity directly.
TEGs are based on the Seebeck effect. TEGs provide electricity by utilizing temperature differences across the surfaces
of TEGs. Commercial offerings, such as a TEC1-12706, are not particularly efficient (3 - 7%) but do provide a
compact, quiet system that can be scaled down easily for smaller prototypes. Most studies call for appropriate heat-sink
design and conditioning of the power to maximize electricity generation.
Advances in the Internet of Things and low-power, long-range communications are improving data transfer
mechanisms for environmental monitoring and smart waste operation. There is ample literature to support LoRa for
remote telemetry monitoring of air quality and/or the energy systems in operation.
In addition, the literature on carbon capture and reuse indicates that soot, collected from the combustion process, can be
refined into pigments and inks, thereby addressing pollution and simultaneously producing a value-added product.
However, relatively few integrated studies include energy harvesting from TEG, IoT monitoring, and recycling of
carbon to ink, which is the unique aspect of this work.
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III. BLOCK DIAGRAM, METHODOLOGY
The Waste-to-Electricity system described here is engineered to convert the heat of plastic waste into electricity without
compromising the pollution control and monitoring components as shown in Figure 1. The approach consists of four
main sub-systems:

1. EnergyConversion:

Plastics are combusted in a controlled chamber with heat applied to thermoelectric generator (TEG) modules
constructed based on the Seebeck effect. Each TEG module generates low voltage (2—4 V), which is then boosted for
charging a 12.8 V lithium iron phosphate (LiFePO,) battery using a DC—DC boost converter. This energy is then used
to drive small loads such as fans, LED bulbs and mobile chargers.

2. Control and Monitoring:

The control unit is an Arduino UNO, which receives input from various sensors: MQ-2 for gas detection, DHT11 for
ambient temperature and humidity, and DS18B20 for accurate TEG surface temperature readings. The Arduino
monitors system conditions and switches loads when the battery indicated sufficient charge..

3. Pollution Filtering and Carbon Recycling:

The exhaust gases move through a three-stage filtration system comprising mesh, activated carbon, and soot collection.
The carbon particles that are separated by filtration are processed in solvents to make carbon-based ink, thus ensuring
dual recycling of both waste and emissions into usable products.

4. 10T and LoRa Communication:

The LoRa SX1278 module transmits real-time parameters including battery voltage, temperature, and gas levels up to a
distance of 10 km. This provides the capacity for remote monitoring on IoT dashboards so that is represented in a smart
city or rural micro-grid.

Block Diagram
= =y
e KR e - Temperature& Arduino UNO/
Plastic Waste Heating Panel Smoke Sensors ESP

- o

LoRa
Transmitter

l Module

Battery

LoRa
Display Data, Receiver
Send Alerts, (in control
Save Logs. room/mobile
device)

Fig 1 .Basic block diagram of waste to electricity generation system
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Working Principle:

The Waste-to-Electricity system functions through thermoelectric energy conversion, whereby the heat energy
generated through the combustion of plastic waste is directly converted to electrical energy via Thermoelectric
Generators (TEGs). When there is a temperature difference (AT) across either side of a TEG module, the charge
carriers (electrons or holes) will move from the hot side to the cold side, producing an electromotive force, this is called
the Seebeck effect. In the current system, the hot side of the TEG is mounted to the combustion chamber wall, while the
cold side is mounted to an aluminum heatsink, which is cooled by air. The voltage produced by each TEG (24 V) is
combined together in parallel or series to determine the output power. The DC output will then be conditioned to a
regulated level with a DC—DC boost converter to produce 12 V DC power to charge the LiFePO, battery.

A microcontroller (Arduino UNO) monitors temperature, gas concentration, and battery voltages by using sensors
(DS18B20, MQ-2, and DHT11). After charging, the battery is used to power low-voltage loads such as LEDs, fans, and
mobile chargers. To restrict pollution, the smoke from burning the waste is filtered by layers of mesh and activated
carbon where soot particles are caught and later turned into carbon-based ink. The system then transmits real-time
parameters, allowing for remote monitoring of temperature, voltage, and air quality, using LoRa communication. The
combination of these three processes - generating energy, controlling pollution, and IoT monitoring - results in a
compact, environmentally conscious method of sustainable waste management.

Applications:
e Environmental Pollution Control
e Disaster relief and emergency zones.
e  Smart waste management in urban areas.
e Educational renewable energy Kkits.
e  Municipal and Urban Waste Management

Future Scope:
e Integrate Battery Management System (BMS) for better efficiency.
e Expand LoRa into LoRaWAN for IoT cloud integration.
e Combine with solar panels for hybrid renewable energy.
e Scale system for municipal and industrial waste processing.
e Commercialize ink recycling as an eco-product.

IV. CONCLUSION
The suggested Waste-to-Electricity system offers a unique, sustainable solution to combat the plastic waste issue. By
incorporating TEG energy harvesting, pollution filtration, and IoT-based monitoring, this system provides
environmental and economic benefits. It is appropriate for small-scale applications in rural communities, disaster-
affected areas, and educational settings, but it could potentially be adapted to a larger scale for use in smart cities. The
dual recycling idea converting the waste into electricity and ink, provides an advantage to the product and supports the
goal of a cleaner and greener future.
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