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Abstract: As climate trade intensifies the constraints of conventional carbon offsetting systems including
restricted transparency high prices and scalability issues have become increasingly more apparent this
studies introduces a decentralised framework the use of blockchain and iot to allow a transparent comfy
and scalable technique to carbon offsetting and buying and selling iot sensors capture actual-time
statistics on co emissions thats then recorded on a blockchain for tamper-proof monitoring and
verification by leveraging clever contracts the framework enables a peer-to-peer marketplace for carbon
credit lowering dependency on intermediaries and improving transaction performance a case examine
within the production and logistics sectors demonstrates the frameworks ability for wide application
suggesting it may support stakeholder engagement and foster worldwide sustainable practices the take a
look at concludes with a discussion on regulatory challenges and destiny studies pathways to extend the
frameworks impact across industries.

Keywords: Decentralized Carbon Economy, Blockchain, IoT (Internet of Things), Carbon Offsetting,
Smart Contracts, Carbon Credit Trading, Environmental Monitoring, Peer-to-Peer Marketplace

I. INTRODUCTION
The intensifying climate crisis poses a critical threat to global sustainability, predominantly fueled by human-induced
greenhouse gas emissions originating from sectors such as industry, energy production, and transportation. The
continual rise in atmospheric CO, levels has led to accelerating global warming, which in turn causes widespread
environmental degradation, social instability, and economic challenges. To combat these impacts, governments,
corporations, and individuals are increasingly adopting strategies aimed at reducing emissions, with carbon offsetting
emerging as a key instrument for achieving net-zero targets.
However, current carbon offsetting mechanisms face numerous structural and operational drawbacks that hinder their
effectiveness. A major issue lies in the lack of transparency, which complicates the verification and traceability of
carbon credits, casting doubt on their authenticity and environmental impact. Furthermore, the administrative
complexity and high overhead costs associated with these systems often exclude smaller entities, limiting inclusivity
and market expansion. These inefficiencies highlight the urgent need for a more transparent, cost-effective, and
inclusive solution.
This research introduces a novel framework that integrates blockchain technology with the Internet of Things (IoT) to
revolutionize carbon offsetting practices. The system leverages loT-enabled sensors to continuously monitor emissions
from diverse sources, including industrial plants and transportation infrastructure. The real-time data captured by these
devices is securely recorded on a blockchain, ensuring immutable, transparent, and verifiable emission records.
Additionally, the use of smart contracts facilitates the automatic issuance and exchange of carbon credits within a
decentralized marketplace, significantly reducing reliance on conventional intermediaries.
By enhancing transparency and reducing operational bottlenecks, this framework marks a substantial improvement in
carbon market functionality. For organizations, it offers efficient tools for environmental compliance and performance
monitoring. Regulators benefit from more accurate and timely insights into emission trends and offset project
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effectiveness. Moreover, the system democratizes access to carbon markets, empowering a wider range of participants
to engage in climate action through a trustworthy and user-friendly platform.

II. LITERATURE REVIEW
Global strategies to counter climate change increasingly rely on carbon credit systems, which provide economic
incentives for reducing greenhouse gas emissions. Originating from policy frameworks such as the Kyoto Protocol and
the Paris Agreement, these systems aim to create a regulated market for trading carbon allowances. Yet, the
conventional approaches often face issues like high overhead costs, cumbersome certification procedures, and limited
inclusion of smaller entities. These shortcomings, as discussed by Benwell and Fothergill [1], have undermined trust
and discouraged wider participation.
To overcome these barriers, emerging technologies are being integrated to bring transparency and efficiency to carbon
trading. One of the most promising is blockchain, which offers a secure and decentralized way to manage digital
transactions. By converting carbon credits into tokenized assets such as NFTs, each credit can be uniquely identified
and securely tracked. Studies from Chen et al. [2] and Le et al. [3] show that blockchain can monitor a credit's full
lifecycle, reducing the likelihood of manipulation. Platforms like Hedera Hashgraph have already begun utilizing this
model, providing peer-to-peer carbon trading without the need for traditional brokers or central authorities.
Enhancing these systems further, Internet of Things (IoT) devices offer a real-time data stream that supports precise
emission monitoring. Sensors installed in various emission-producing areas collect continuous environmental metrics
such as CO; levels and energy usage. Research from Sharma et al. [4] and Ahmed et al. [5] demonstrates that using IoT
sensors improves the integrity and resolution of the collected data. Innovations like custom firmware on smart meters
allow this information to be sent directly to blockchain networks, minimizing human error and enabling automated
validation.
At the same time, the rise of Web3 has enabled new tools for interacting with these systems. Decentralized applications
(dApps) provide interfaces where users can manage their carbon credits independently. These platforms typically
include wallet support and real-time dashboards, allowing users to view, trade, or retire credits securely. Garrick and
McKenzie [6] note that this shift toward decentralized trading systems enhances both usability and confidence in the
process. One example is the Hedera Offset platform, which uses Web3 tools to simplify the management of tokenized
credits.
Despite these advancements, several limitations still need attention. IoT systems may suffer from hardware failures or
cybersecurity threats, raising concerns about data reliability. Moreover, blockchain-based carbon credits are not yet
universally accepted under existing regulatory frameworks. As Zhu and Yuan [7] point out, aligning decentralized
technologies with global compliance requirements remains a challenge. One way forward is to incorporate artificial
intelligence (AI) and machine learning (ML) to enhance system intelligence. According to Thakur and Bhattacharya
[8], these tools can help spot anomalies and improve forecasting, ensuring greater trust in carbon offset calculations.
In conclusion, integrating blockchain, IoT, and Web3 technologies provides a powerful solution to many of the issues
plaguing traditional carbon markets. These tools enhance data reliability, streamline operations, and open the market to
a wider range of participants. As Al and ML become more advanced, their inclusion in carbon offset platforms could
mark a new era of transparent, automated, and globally scalable climate solutions.

III. METHODOLOGY
The proposed platform introduces a comprehensive solution that integrates the Internet of Things (IoT), blockchain
technology, and Web3-based tokenization to create a transparent and decentralized ecosystem for managing carbon
credits. This approach promotes full traceability, verifiability, and accountability across every phase of carbon credit
creation and exchange. The system is designed to function with minimal human oversight, thereby reducing errors and
enhancing efficiency.
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Data Collection Using IoT Devices

The process begins with IoT sensors being deployed at key locations, such as emission sources and renewable energy
facilities. Devices like Elite meters and Sonoff POW 320D units are equipped with a custom version of the Tasmota
firmware, allowing them to monitor critical environmental indicators—such as carbon dioxide levels and clean energy
outputs (e.g., from solar or wind sources). These sensors periodically gather data and send it securely to the Hedera
Offset node via authenticated HTTP requests. Each sensor is assigned a unique token, linking it to a verified user or
organization.

Validation and Secure Logging

Once the data reaches the Hedera Offset node, it is processed through Hedera Hashgraph’s Consensus Service (HCS)
for decentralized verification. This layer provides tamper-proof timestamps and confirms data authenticity. The Offset
node, developed using TypeScript, acts as a bridge between sensors and the blockchain. It ensures data validity,
manages device authorization, and organizes validated records into an immutable structure. This tamper-resistant
dataset lays the groundwork for the issuance of carbon credits.

NFT-Based Carbon Credit Generation

After successful validation, the collected data is handed over to the Hedera Token Service (HTS) for digital
representation. Using a predefined algorithm, verifiable metrics such as renewable energy generation in kilowatt-hours
or avoided CO, emissions are converted into non-fungible tokens (NFTs). Each NFT is uniquely tied to the originating
data, including timestamp, device ID, and specific measurements. The credits are then minted and stored on the Hedera
blockchain, ensuring they are transparent, secure, and trackable. The platform also supports fractional NFTs, allowing
users to trade smaller portions of credits, thus making the market more inclusive.
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Fig 1. System Architecture Diagram

User Interaction and Decentralized Trading
End-users interact with the platform via a Web3-enabled frontend developed in React. Through this dashboard,
stakeholders can register new IoT devices, monitor ongoing data feeds, and track token issuance. Integration with
EE
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wallets like HashPack provides a secure and user-friendly experience for managing and trading carbon credits. The
interface also displays live energy production statistics, tokenization progress, and device status, giving users full
visibility into their environmental impact.

Security and Regulatory Alignment

Robust security protocols underpin the entire system, including encrypted communication channels, role-based user
access, and the immutable nature of blockchain records. Device and user identities are verified through decentralized
identity tokens, ensuring only authorized entities participate in the system. The platform also aims to align with
international carbon offset standards and is designed with adaptability in mind to accommodate evolving compliance
requirements. Future enhancements will include machine learning models for detecting anomalies and forecasting
performance trends, making the platform more adaptive and intelligent in managing verification processes.

IV. RESULTS
The deployment of the IoT and blockchain-integrated carbon credit system brought about notable enhancements in
efficiency, transparency, and accessibility for a solar energy facility. By leveraging smart meters and real-time data
validation mechanisms, the platform enabled automated issuance of carbon credits based on authenticated renewable
energy output and associated CO, reductions. This automation not only streamlined the credit generation process but
also improved revenue potential by facilitating direct engagement in decentralized carbon markets.
TABLE I: PERFORMANCE METRICS AND DETAILS TABLE

Metric Details

Project Location Mid-sized industrial area

Plant Capacity 5 MW

Technology Used ESP32 devices with Tasmota firmware, Hedera HCS & HTS
Monitoring Approach Real-time IoT data collection (energy output and CO, reduction)
Carbon Credits Generated | Approx. 1,500 metric tons of CO, over 3 months

Verification Method Hedera Consensus Service (HCS) for timestamping and validation
Tokenization NFTs created using Hedera Token Service (HTS)

Marketplace Integration Decentralized trading via HashPack wallet

Benefits Observed Real-time traceability, reduced admin costs, scalable tokenization
Impact Increased global accessibility, and improved revenue through direct trading

Through the use of non-fungible tokens (NFTs) to represent environmental metrics, the platform fostered greater
transparency and established a verifiable chain of trust, making it easier to trade offsets across a global network. Over a
three-month period, the system successfully validated and exchanged around 1,500 metric tons of carbon offsets,
substantially lowering administrative overhead and enhancing the scalability of operations. The integration of the
HashPack wallet alongside the Hedera Token Service offered a secure and intuitive interface for peer-to-peer
transactions, allowing the solar plant to broaden its market presence and connect with international carbon credit
purchasers.
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Comparison: Conventional vs Proposed Carbon Offsetting System

BN Conventional Systems 2 = 2

E Proposed loT + Blockchain
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Fig 2. Bar chart showing a comparison between proposed IoT + Blockchain solution and conventional system.

V.CHALLENGES

A major hurdle in deploying an IoT-driven carbon offset system lies in safeguarding the accuracy and reliability of the
data collected by the sensors. Since the credibility of carbon credits hinges on precise environmental measurements, it
is essential that the data originating from IoT devices—such as smart meters and emission sensors—tremains both
consistent and tamper-resistant. These devices are susceptible to technical issues like calibration errors, hardware
malfunctions, or cybersecurity threats, all of which can distort the collected data. Although blockchain provides a
secure and immutable storage layer, it does not inherently verify the authenticity of the input data. To overcome this
vulnerability, further investigation is needed into the development of secure communication protocols for IoT, robust
data validation techniques, and resilient error-detection algorithms. Additionally, implementing backup devices or using
alternative data streams for cross-verification can serve as an added layer of protection to uphold the accuracy of
emissions reporting and carbon credit issuance.

Another pressing challenge lies in harmonizing blockchain-enabled carbon credit systems with the diverse and evolving
regulatory landscapes governing carbon markets. These markets are governed by region-specific rules that define how
carbon offsets should be tracked, verified, and certified. In many cases, such regulations are not yet designed to
accommodate decentralized systems, which may cause friction in gaining official recognition for blockchain-generated
credits. Moreover, inconsistencies between local laws and international agreements—Ilike the Paris Accord—further
complicate the adoption of such innovative technologies. Addressing this issue calls for the formulation of updated
regulatory frameworks that recognize and integrate the decentralized nature of blockchain-based carbon credits.
Progress in this area will depend heavily on collaboration among blockchain developers, policymakers, and standard-
setting organizations to ensure compliance while retaining the benefits of decentralization. Research focused on
regulatory alignment and interoperability will be crucial to mainstream adoption.

VI. FUTURE SCOPE
The future of carbon offset systems can be significantly advanced through the strategic use of machine learning. Rather
than relying solely on static data, ML models can analyze real-time information gathered from IoT sensors, weather
feeds, and operational inputs to generate highly accurate predictions about energy efficiency and emissions reductions.
This approach enables carbon credits to be allocated dynamically, based on current environmental impact rather than
historical averages. Furthermore, machine learning can act as a safeguard by identifying anomalies in data patterns—
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whether caused by faulty equipment, inconsistencies in reporting, or potential security threats. Such predictive and
diagnostic capabilities not only enhance trust in the offset process but also assist organizations in proactively shaping
their environmental strategies.

While renewable energy remains a central focus, broadening the scope of carbon offset programs to other high-
emission industries can greatly increase their effectiveness. Agriculture, transportation, and manufacturing are prime
candidates for this expansion. In farming, smart systems can monitor elements like fertilizer application, livestock
emissions, and soil carbon content, linking sustainable practices to measurable credit rewards. Transport fleets can use
embedded sensors to track fuel usage and emissions per trip, offering real-time data for credit calculations. Similarly,
factories equipped with digital monitoring can assess energy consumption and greenhouse gas output, feeding accurate
information into the offset framework. Including these sectors would not only diversify the carbon credit landscape but
also encourage more industries to invest in reducing their environmental footprint.

VII. CONCLUSION
Our study introduces an original system that reimagines carbon offsetting through the combined use of real-time
sensing and secure digital infrastructure. By deploying IoT devices to track emission outputs as they happen, and using
blockchain as a decentralized, tamper-resistant ledger, we aim to build a transparent and efficient framework for
managing and trading carbon credits. This dual-technology system addresses existing gaps in data credibility and
transactional trust, offering a clear, verifiable trail of carbon-related activities.
To illustrate its effectiveness, we apply the system to a solar energy plant as a case example. Within this setup,
emissions data is collected in real time, and corresponding carbon credits are automatically verified and recorded on a
blockchain network. This process not only encourages cleaner energy adoption but also simplifies the route to carbon
certification. Though some technical and policy-related barriers persist, the integration of these technologies lays the
foundation for a decentralized, accountable, and scalable climate solution. Our long-term vision is to empower global
participants to engage in carbon reduction with confidence and clarity.
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