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Abstract
Carbon credits have emerged as a cornerstone of climate finance, enabling organ-
izations to offset unavoidable emissions by funding reduction or removal pro-
jects. However, the market continues to face skepticism due to weak verification 
mechanisms, risks of double counting, and opaque processes that undermine trust. 
This paper introduces Beyond Offsets, a techno-trust framework that inte-grates 
Artificial Intelligence (AI) and Blockchain to ensure transparency, ac-countability, 
and integrity across the carbon credit lifecycle. AI, powered by satel-lite imagery, 
IoT sensors, and machine learning models, establishes a digital Monitoring, 
Reporting, and Verification (dMRV) system that automates fraud detection, enhances 
accuracy, and evaluates credit quality in real time. Blockchain complements this by 
creating an immutable ledger where smart contracts enforce traceability, eliminate 
double counting, and securely manage tokenized carbon credits from issuance 
to retirement. Together, these technologies move the market beyond offsets from 
a fragile, fragmented system to a trustworthy, scalable archi-tecture for global 
climate action. The framework not only restores confidence among stakeholders but 
also positions carbon markets as robust enablers of sus-tainable development and 
net-zero ambitions.
Keywords: Carbon Credit, Blockchain, Artificial Intelligence (AI), Digital MRV (dMRV), 
Smart Contracts, Carbon Market Integrity, Decentralized Carbon Markets

Introduction
Carbon Credit
	 Carbon credits are a key tool in the global effort to achieve net-
zero emissions. They are tradable certificates that represent the 
reduction, removal, or avoidance of one tonne of carbon dioxide 
equivalent (CO2e) from the atmosphere. They are crucial because 
they provide a financial mechanism to incentivize climate action, 
allowing companies and individuals to offset emissions they cannot 
eliminate themselves. For businesses, carbon credits are an essential 
part of a comprehensive sustainability strategy. By purchasing these 
credits, companies can compensate for their unavoidable emissions 
by funding projects that reduce greenhouse gases elsewhere, such 
as reforestation, renewable energy installations, or clean cookstove 
initiatives. This not only helps them meet their net-zero targets and 
corporate social responsibility goals but also signals their commitment 
to investors, customers, and other stakeholders. In essence, carbon 
credits put a price on pollution, driving investment into projects that 
directly combat climate change and fostering innovation in green 
technologies
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Smart Contract 
	 A smart contract is a self-executing program stored on a blockchain that automatically enforces, 
verifies, or executes an agreement when predefined conditions are met.
	 A smart contract could be used to automatically issue personal carbon credits to an individual 
once their energy savings (e.g., reduced household electricity consumption) are verified by IoT 
devices. Since blockchain ensures transparency and immutability, smart contracts help build 
trust, remove intermediaries, and ensure fairness in allocating credits.(Alharbi & Hussain, 2025) 
Smart contracts present a compelling opportunity to revolutionize carbon credit systems, offering 
enhanced transparency and efficiency.

Research Objectives
	 To critically analyze the flaws in the existing carbon credit system with a focus on verification 
inefficiencies, double counting, lack of transparency, and trust deficits.
	 To explore the potential of AI-driven digital Monitoring, Reporting, and Verification 
(dMRV) systems for improving accuracy, scalability, and real-time validation of carbon credit 
projects.
	 To develop and propose an integrated AI–Blockchain framework with smart contracts 
that ensures transparency, prevents fraud, and restores integrity in the carbon credit lifecycle.

Research Methodology
	 This study employs a qualitative–quantitative hybrid research design that integrates exploratory, 
conceptual, and evaluative approaches to address the integrity challenges within carbon credit 
markets. The methodology is structured around three core objectives: first, to identify and critically 
analyse the flaws in the existing carbon credit system; second, to explore the potential of AI-
driven digital Monitoring, Reporting, and Verification (dMRV) systems; and third, to develop and 
propose an integrated AI–Blockchain framework with smart contracts that ensures transparency, 
trust, and prevention of fraud across the carbon credit lifecycle.
	 To address the first objective, a detailed desk-based review is undertaken, drawing on secondary 
data sources such as regulatory reports from Verra (Verified Carbon Standard, 2023) and Gold 
Standard (2022), UNFCCC documentation (UNFCCC, 2021), corporate sustainability disclosures, 
and peer-reviewed scholarly literature (Bayer et al., 2022). This enables a comprehensive mapping 
of systemic weaknesses, including verification inefficiencies, double counting, opacity, and the 
broader trust deficit undermining market credibility.
	 The second objective is approached through a case study analysis of emerging AI applications in 
climate monitoring, including digital MRV pilots conducted by Pachama (2023), Blue Sky (2022), 
and the Gold Standard Digital MRV Programme (Gold Standard, 2022). Literature mapping and 
technology evaluation methods are employed to assess the role of satellite imagery, IoT sensors, 
anomaly detection models, and predictive analytics in enhancing the accuracy, scalability, and 
cost-effectiveness of carbon project verification (González et al., 2021; Shukla & Chouhan, 2022).
	 For the third objective, the study adopts a conceptual modeling approach to design an integrated 
AI–Blockchain framework. The AI layer is proposed to automate verification through anomaly 
detection, image classification, and predictive analytics (Pachama, 2023), while the blockchain 
layer leverages smart contracts for token issuance, trading, and retirement to ensure immutability 
and prevent double counting (Infosys, 2021; Carbonplace, 2022). The framework is further 
illustrated through a workflow that traces the lifecycle of carbon credits from project validation to 
retirement, thereby providing an end-to-end solution to identified gaps (BATS Consulting, 2021).
	 Data collection in this research relies primarily on secondary sources, supplemented where 
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feasible by primary insights obtained through expert interviews with carbon market stakeholders, 
NGOs, and sustainability officers involved in carbon project development and verification. 
Analytical methods combine qualitative thematic coding of identified flaws with a comparative 
evaluation of four approaches—traditional carbon markets, AI-only solutions, blockchain-only 
solutions, and the proposed integrated model—against criteria such as transparency, scalability, 
cost-efficiency, and trust-building capacity (BeZero Carbon, 2022; CarbonPlan, 2022).
	 Validation of the proposed framework is carried out through comparative matrix analysis and 
expert review methods, whereby the conceptual model is evaluated by academics, climate finance 
professionals, and blockchain developers. Scenario-based demonstrations, such as the application 
of the framework to a REDD+ forest conservation project, further test its practical relevance 
in addressing fraud prevention, lifecycle transparency, and market scalability (Earthood, 2023; 
Senken, 2023).
	 The methodology also incorporates ethical considerations, including the protection of data 
privacy in AI-driven MRV processes (Shukla & Chouhan, 2022), the fair inclusion of indigenous 
and local communities in carbon projects (UNFCCC, 2021), and the avoidance of algorithmic 
bias in environmental data interpretation (González et al., 2021). Through this rigorous multi-
layered approach, the research aims to deliver not only a critical evaluation of existing carbon 
market weaknesses but also a robust, future-oriented framework that leverages AI and blockchain 
integration to restore integrity, trust, and transparency in global carbon credit markets.
	
Literature Review
	 Saraji and Borowczak (2021) proposed a blockchain-based carbon credit ecosystem that 
integrates smart contracts to overcome the limitations of traditional carbon trading systems, such 
as lack of transparency, double spending, and high transaction costs. Their framework emphasizes 
tokenization of carbon credits with clear minting and burning protocols, automated market 
mechanisms for trading, and inclusive participation of stakeholders. This approach aims to enhance 
transparency, accessibility, and standardization in carbon markets while also offering potential 
applications to other credit and trading systems.(Saraji & Borowczak, 2021). Haryono (2025) 
explored an AI and blockchain-based optimization model for carbon trading under the REDD+ 
scheme in East Java. The study combined AI algorithms for accurate deforestation estimation and 
carbon stock calculation with GIS tools to identify high-priority intervention zones. Blockchain 
technology was integrated to automate carbon credit transactions, ensuring transparency and trust 
among stakeholders. The results indicated improved MRV efficiency and stakeholder satisfaction, 
highlighting the potential of advanced technologies in strengthening sustainable forest management 
and scaling REDD+ programs globally.(Haryono, 2025) An AI-enhanced blockchain framework 
was proposed for climate change monitoring and carbon credit verification. Their model integrates 
satellite imagery, IoT data, and machine learning algorithms with blockchain ledgers to establish 
tamper-proof monitoring systems. The framework employs smart contracts, federated learning for 
cross-border emission tracking, and neural networks to validate sequestration projects. The study 
demonstrated significant improvements in verification accuracy, transaction transparency, and 
market efficiency compared to traditional systems, offering a robust foundation for addressing data 
integrity and trust issues in global carbon markets.(Gupta et al., 2025) A comprehensive review 
was conducted of blockchain applications in carbon markets, emphasizing its role in overcoming 
transparency, efficiency, and governance challenges. The study highlights how blockchain-based 
smart contracts can automate verification and validation processes, thereby reducing fraud and 
ensuring regulatory compliance. Unlike earlier reviews, this work specifically examined platform 
interoperability and the integration of blockchain with decentralization, decarbonization, and 
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digitization. The authors concluded that while blockchain improves transparency and accountability 
in carbon trading, challenges related to interoperability and governance remain significant barriers 
to large-scale adoption.(Merlo et al., 2025) A blockchain-powered carbon trading platform was 
proposed based on the cap-and-trade mechanism to support national-level commitments for 
reducing greenhouse gas emissions. The system enables industries to track, manage, and trade 
carbon credits in a secure, tamper-proof, and auditable manner, thereby enhancing accountability 
and trust among participants. By integrating blockchain architecture with government-regulated 
compliance markets, the platform creates price incentives for emission reduction and green 
innovation. The study emphasizes the potential of blockchain to improve transparency and efficiency 
in enforcing carbon caps, while also providing verifiable mechanisms for emission reductions.
(Patil et al., 2024) Boumaiza and Maher proposed a blockchain-based peer-to-peer (P2P) trading 
platform to enhance transparency and efficiency in carbon and energy markets. The study focuses 
on the role of prosumers—individuals who both generate and consume energy—by enabling them 
to trade surplus energy while tracking associated carbon emissions. The blockchain framework 
ensures decentralization, security, and immutable transaction records, addressing challenges of 
pricing fairness and emission accountability in decentralized energy systems. A pilot project in the 
Education City Community Housing (ECCH) was designed to evaluate the platform’s real-world 
feasibility, with the potential to advance sustainable energy management and equitable carbon 
trading in residential neighborhoods.(Boumaiza & Maher, 2024) Systematic literature review on 
smart-contract-driven personal carbon credit management in smart cities. Drawing on studies from 
2013–2024 across major databases, their review categorized existing research into two streams: 
blockchain and IoT applications for carbon trading, and building energy-related carbon credits. 
The findings revealed a lack of focus on how individuals can directly obtain carbon credits through 
energy-saving behaviors, with most studies emphasizing broader emission reduction in the building 
sector. The authors emphasized the need for future research to design scalable and efficient personal 
carbon credit systems that can better integrate individual energy consumption patterns within smart 
city initiatives.(Alharbi & Hussain, 2025)
	
Inefficiencies of existing carbon credit mechanism
	 Five major inefficiencies of existing carbon credit mechanisms are: Greenwashing, where 
companies make misleading environmental claims; Lack of Transparency and Verification, leading 
to potential double-counting or unverified credits; the Overemphasis on Offsetting, shifting focus 
from direct emissions reductions to buying credits; Concerns about Additionality, where projects 
would have happened anyway; and Social and Environmental Safeguard Issues, as some projects 
can negatively impact local communities or the environment. One major problem in carbon markets 
is greenwashing, where companies purchase carbon credits to look environmentally friendly 
without actually reducing their own emissions. This creates a false image of progress and weakens 
the credibility of the carbon trading system. As a result, real climate action is delayed, and the 
overall goal of reducing greenhouse gases becomes harder to achieve.(Mateo-Márquez et al., 2022)
Another key challenge is the lack of transparency and verification in carbon markets. It is often 
difficult to confirm whether carbon credits actually represent real, measurable, and permanent 
emission reductions. (Tsai, 2025)enabling production system managers to monitor carbon offset 
activities, detect fraudulent behaviors, and streamline operations. This research provides actionable 
insights into supply chain emissions management and operational risk reduction by leveraging 
advanced visualization techniques. The proposed approach offers innovative solutions to address 
the complexities of blockchain-based carbon trading, emphasizing transparency and sustainability. 
Our analysis demonstrates the effectiveness of these techniques in mitigating fraud and supporting 



Two-Day International Research Conference (NGPVSIT2026)
Digital Innovation and Transformation with Emerging Trends for Sustainable Development

Dr. N.G.P. Arts and Science College / Vidyalankar School of Information Technology196

compliance with international carbon trading standards. The findings contribute to integrating 
advanced technologies into sustainable production systems, offering practical implications for 
achieving global climate change mitigation goals and fostering a more efficient and secure carbon 
credit market.”,”container-title”:”Electronics”,”DOI”:”10.3390/electronics14010157”,”IS
SN”:”2079-9292”,”issue”:”1”,”journalAbbreviation”:”Electronics”,”language”:”en”,”license”:”h
ttps://creativecommons.org/licenses/by/4.0/”,”page”:”157”,”source”:”DOI.org (CrossrefIn some 
cases, the same reduction is even counted more than once by different parties. Without transparent 
systems, real-time tracking, and independent audits, the market loses credibility and it becomes 
hard to enforce rules or prevent the trade of flawed credits.(Jaffer et al., 2024)such as from 
international flights for essential travel, to be offset by an equivalent climate benefit, such as 
avoiding emissions from tropical deforestation. However, many concerns regarding the credibility 
of these offsetting claims have been raised. Moreover, the credit market is manual, therefore 
inefficient and unscalable, and non-fungible, therefore illiquid. To address these issues, we propose 
an efficient digital methodology that combines remote sensing data, modern econometric techniques, 
and on-chain certification and trading to create a new digital carbon asset (the PACT stablecoinA 
further issue is the overemphasis on offsetting. Instead of reducing emissions at their source, many 
companies rely on purchasing carbon offsets to balance out their pollution. This creates a loophole 
where developed countries and industries continue harmful practices while appearing climate-
friendly. Such dependence on offsets delays the urgent shift away from fossil fuels and slows down 
real progress toward sustainable solutions.(Helppi et al., 2023)Paris compatibility, effectiveness, 
prioritizing removals, and transparency.\n            \n            \n              Results and discussion\n              
The review revealed that necessary instructions enabling appropriate emissions offsetting were 
absent in the guidelines. Moreover, the degree of climate ambition and the role of offsetting varied 
between guidelines. Deficiencies in emissions offsetting guidance may increase the uncertainty of 
companies’ succeeding in offsetting their emissions.\n            \n            \n              Conclusions\n              
Developing guidance on emissions offsetting could benefit society and corporations by increasing 
the certainty of achieving successful emissions offsetting. Standardizing corporate emissions 
offsetting could be considered as one solution for unifying the practice. The practical life-cycle 
implications of current ambiguity in guidelines are a direction for future research.”,”container-
title”:”The International Journal of Life Cycle Assessment”,”DOI”:”10.1007/s11367-023-02166-
w”,”ISSN”:”0948-3349, 1614-7502”,”issue”:”7”,”journalAbbreviation”:”Int J Life Cycle Assess”
,”language”:”en”,”page”:”924-932”,”source”:”DOI.org (CrossrefAnother issue is concerns about 
additionality. Carbon credits are supposed to be given only when a project reduces emissions that 
would not have happened without the funding from the credits.(Pan et al., 2022)there are challenges 
and barriers to developing an FCO project, such as carbon leakage and cost-effectiveness. There 
have been few attempts to summarize and synthesize all types and aspects of existing challenges 
and possible solutions for FCO projects. This paper systematically reviews and discusses the 
current challenges involved in developing FCO projects, and then draws on the experience and 
lessons of existing projects to show how those challenges were addressed in world-leading 
voluntary carbon standards, namely the Verified Carbon Standard, the American Carbon Registry, 
the Climate Action Reserve, and Plan Vivo. These voluntary markets have rich experience in FCO 
projects and are responsible for a significant share of the market. From the 53 publications used in 
this analysis, three broad thematic categories of challenges emerged. These were related to 
methodology, socio-economic implications, and implementation. Methodological challenges, 
particularly additionality, permanence, and leakage, were the focus of 46% of the selected research 
papers, while socio-economic challenges, including transaction, social, and opportunity costs, were 
addressed by 35%. The remaining 19% of the research articles focused on implementational 



197http://www.shanlaxjournals.com

Shanlax

International Journal of Arts, Science and Humanities

challenges related to monitoring, reporting, and verification. Major voluntary standards adequately 
addressed most of the methodological and implementational barriers by adopting various 
approaches. However, the standards did not adequately address socio-economic issues, despite 
these being the second most frequently discussed theme in the papers analyzed. More research is 
clearly needed on the socio-economic challenges involved in the development of FCO projects. For 
the development of high-quality forestry carbon offset projects, there are many challenges and no 
simple, universal recipe for addressing them. However, it is crucial to build upon the current science 
and move forward with carbon projects which ensure effective, long-term carbon sinks and 
maximize benefits for biodiversity and people; this is particularly important with a growing public 
and private interest in this field.”,”container-title”:”Journal of Forestry Research”,”DOI”:”10.1007/
s11676-022-01488-z”,”ISSN”:”1007-662X, 1993-0607”,”issue”:”4”,”journalAbbreviation”:”J. 
For. Res.”,”language”:”en”,”page”:”1109-1122”,”source”:”DOI.org (Crossref In practice, 
however, many projects claim to be “additional” even though they would have taken place anyway. 
This loophole results in credits being awarded for reductions that are not truly extra, which weakens 
the effectiveness of the carbon market and reduces its ability to achieve real climate benefits.
(Randazzo et al., 2023)improved forest management (IFMAnother challenge is social and 
environmental safeguard issues. Some carbon credit projects, such as forestry programs or 
renewable energy developments, can unintentionally harm local communities or ecosystems. For 
example, indigenous groups may lose access to their land and resources, or mining for renewable 
energy materials may cause environmental damage. Because the carbon market often lacks strong 
safeguards, these projects can create new problems even while aiming to address climate change.
(Fiegenbaum, 2024)
	
Verification Inefficiencies`1

Fig.1 Verification Inefficiencies in Carbon Credit Markets

	 Figure1 illustrates the verification bottlenecks that persist within the carbon credit market. The 
process typically begins with project developers, who implement activities aimed at reducing or 
sequestering carbon emissions, such as renewable energy deployment or afforestation projects. 
In order to monetize these efforts, developers must undergo third-party verification by auditors. 
This verification step, however, is often cost-intensive and time-consuming, especially for small-
scale developers. Auditors rely on manual data collection and fragmented methodologies, which 
not only increases the cost of compliance but also delays the issuance of verified credits. Once 
auditors complete their assessments, the findings are submitted to regulators, who are responsible 
for certifying the carbon credits. Due to the absence of standardized protocols across jurisdictions, 
regulatory approval can be inconsistent and protracted, further extending the timeline for credit 
issuance. Some regulatory approval, credits are finally made available to buyers, including 
corporations and investors seeking to offset their emissions. 
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	 However, the verification inefficiencies described above generate several systemic challenges: 
Delays in credit issuance that discourage timely trading, non-standardized methodologies that 
undermine comparability and credibility of credits, High transaction costs that disproportionately 
affect small and medium-scale developers and transparency gaps that reduce buyer confidence and 
expose the market to risks of fraudulent or low-quality credits.
	 Collectively, these inefficiencies impede trust, scalability, and liquidity in carbon markets. 
They limit participation from developers, create uncertainty for buyers, and ultimately weaken the 
market’s role in advancing climate mitigation objectives.
	
Double Counting Risks
	 Double counting remains one of the most persistent threats to the environmental integrity of 
carbon markets. It occurs when the same emissions reduction is credited or claimed more than 
once, thereby inflating the perceived climate benefit and undermining market credibility (Gold 
Standard, 2022; UNFCCC, 2021). Two mechanisms are especially problematic: double issuance 
and the absence of uniform accounting standards.
	 Double issuance arises when multiple registries or project developers inadvertently—or 
fraudulently—issue more than one credit for the same verified tonne of CO₂e reduction. This risk 
is heightened by the fragmented landscape of voluntary and compliance markets, where registries 
operate independently and lack automated cross-checking protocols (Carbonplace, 2022). Without 
a single, tamper-proof ledger, credits can circulate across platforms and be sold to different buyers, 
effectively multiplying a single emissions reduction.
	 Equally critical is the lack of globally harmonized accounting standards. Variations in 
methodologies, reporting requirements, and verification cycles among registries such as Verra and 
the Clean Development Mechanism complicate the tracking of credits across borders (Bayer et al., 
2022). Inconsistent national reporting—especially when host countries count exported reductions 
toward their own climate targets—further amplifies the risk of double claims under Article 6 of the 
Paris Agreement (UNFCCC, 2021).
	 Mitigating these vulnerabilities requires interoperable registries, standardized accounting rules, 
and technologies capable of real-time cross-platform reconciliation. Blockchain-based systems, 
when coupled with rigorous monitoring and smart-contract protocols, are increasingly viewed as a 
viable means to prevent both double issuance and inconsistent reporting (Infosys, 2021).
	
Transparency Deficit
	 The transparency deficit in contemporary carbon markets undermines their credibility and 
hampers effective climate action. Project data—such as baseline emissions, verification reports, and 
credit retirement records—are often stored in siloed registries with limited public accessibility and 
inconsistent disclosure formats (Bayer et al., 2022). This opacity makes it difficult for independent 
stakeholders to trace a credit’s full lifecycle or to confirm that a claimed tonne of carbon reduction 
corresponds to verifiable environmental outcomes (Gold Standard, 2022). The absence of 
interoperable databases and real-time reporting further complicates cross-border auditing, leaving 
room for administrative errors and fraudulent claims (UNFCCC, 2021).
	
Trust Deficit
	 Closely linked is the trust deficit, driven in large part by greenwashing—the practice whereby 
corporations purchase low-quality or unverifiable credits to project an image of environmental 
responsibility while avoiding substantive emission reductions within their own operations 
(Carbonplace, 2022). Investigations have revealed instances where credits represented projects 
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with overstated benefits or questionable additionality, eroding investor and consumer confidence 
(BeZero Carbon, 2022). Without transparent verification and immutable tracking, such practices 
persist undetected, weakening both market integrity and public support.
	 Integrating blockchain-based ledgers and AI-enabled monitoring offers a pathway to remedy 
these deficits by providing tamper-proof records, real-time project validation, and auditable proof 
of retirement, thereby restoring credibility to voluntary and compliance carbon markets (Infosys, 
2021).
	
Developed Vs Developing Countries 
	 Table 1: Developed vs. Developing Countries: Economic and Emissions Disparities 

Relevant to Carbon Markets (2022)
Per capita income band Average per cap-

ita income 2022 
(US$/hd)

Total In-
come 2022 

(%)

Total Popula-
tion 2022 (%)

Per capita 
GHG emissions 

2022 
(t CO2e/hd)

Developed (High In-
come) Countries (over 
$13,845/hd) 

51,776 62.5% 15.6% 12.4

Developing Countries 5,772 37.5% 84.4% 5.8
Upper middle income 
($4,466 – $13,845/hd)

10,608 29.1% 35.6% 9.4

Lower middle income  
($1,136 – $4,465/hd)

2,539 8.0% 41.0% 3.2

Low income  (less than 
$1,136/hd)

727 0.4% 7.8% 2.9

World 12,968 100.0% 100.0% 6.8
	 As shown in Table 1, developed countries represent only 15.6% of the global population yet 
account for 62.5% of global income and emit nearly twice as much per capita GHG as developing 
countries. In contrast, developing nations, though home to 84.4% of the population, hold limited 
income shares and lower emissions per capita. Such disparities highlight the structural inequities 
within carbon markets, where costly and opaque verification processes disproportionately burden 
low- and middle-income countries. The uneven distribution of income and emissions further 
complicates the trust deficit in carbon markets. While high-income countries have both the 
resources and historical responsibility, developing nations struggle to access credit markets due to 
high verification costs and lack of transparency. This imbalance necessitates a system that not only 
ensures transparency but also lowers verification barriers for low- and middle-income countries. 
By integrating AI for digital measurement, reporting, and verification (dMRV), and blockchain for 
tamper-proof recording and tokenization of credits, our proposed framework directly addresses the 
inequities outlined in Table 1.

Proposed Framework
	 This study proposes a comprehensive framework that integrates AI-driven digital Monitoring, 
Reporting, and Verification (dMRV) with blockchain-enabled governance mechanisms to enhance 
the transparency, trust, and integrity of carbon credit markets. The framework is designed around 
three interconnected layers: the data layer, the processing layer, and the governance layer. Together, 
these components ensure that carbon credits are grounded in accurate, real-world data while being 
managed in a transparent and tamper-proof manner.
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Figure 1: Proposed AI–Blockchain Framework for Carbon Credit Integrity
	 Figure 1 presents the proposed AI–Blockchain framework for carbon credit integrity. 
Environmental data from IoT sensors and remote sources are processed through an AI-driven MRV 
system that applies prediction models, classification algorithms, and anomaly detection to verify 
project outcomes. Verified data are then tokenized on a blockchain, where smart contracts and an 
immutable ledger ensure transparency, prevent double-counting, and automate credit retirement. 
The resulting digital credits enter the carbon market, enabling secure trading and verifiable offsets.
	
AI-Driven dMRV (Data and Processing Layers) 
	 At the foundation of the framework lies an AI-enabled dMRV system, which leverages machine 
learning algorithms to automate data collection, analysis, and validation. This system integrates 
diverse data sources to ensure real-time, accurate, and low-cost verification of carbon projects:
	 Satellite Imagery: Advanced computer vision models analyze remote sensing data to monitor 
land-use changes such as deforestation and reforestation. This enables near-instant detection of 
environmental changes with a high degree of precision.
	 IoT Sensors: Ground-level environmental data, including temperature, humidity, and soil carbon 
levels, are collected through IoT-based sensing devices. These data streams provide localized and 
granular verification of project outcomes.
	 Predictive Models: AI/ML-based forecasting tools process multi-source data to estimate long-
term climate impacts, detect anomalies, and flag inconsistencies indicative of fraud or misreporting. 
Additionally, these models can generate a quality score for carbon credits based on project 
performance. By replacing traditional manual audits—which are often slow, expensive, and prone 
to inefficiencies—the AI-driven dMRV system ensures accuracy, scalability, and integrity from the 
earliest stages of credit generation.
	
Blockchain and Smart Contracts (Governance Layer):
	 Once verified, credits are tokenized as unique digital assets on a blockchain. This governance layer 
addresses market challenges related to transparency, traceability, and fraud prevention:Immutable 
Ledger: All credit-related transactions, from issuance to transfer and retirement, are permanently 
recorded on a decentralized blockchain ledger. This ensures full traceability and eliminates the 
possibility of double-counting.
	 Smart Contracts: Self-executing smart contracts automate market rules and compliance. For 
example, a contract may automatically retire a credit upon its use by a buyer, thereby removing it 
from circulation and providing auditable proof of offset.
	 Transparency and Trust: The decentralized and publicly accessible nature of blockchain builds 
trust among market participants. Buyers and regulators can verify the origin, quality, and usage of 
credits across their entire lifecycle.
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	 The integration of AI-powered dMRV with blockchain-enabled governance creates a closed-
loop system that addresses the core inefficiencies of current carbon markets: high verification costs, 
delays in issuance, and lack of transparency. By providing verifiable, tamper-proof, and real-time 
data management, this framework enhances both the credibility and scalability of carbon credit 
markets, while lowering entry barriers for developing countries and smaller project developers.

Figure 2: AI-Blockchain Carbon Credit Framework Lifecycle

AI driven dDMRV Layer
	 The Artificial Intelligence (AI)–driven digital, dynamic Monitoring, Reporting, and Verification 
(dDMRV) layer constitutes the foundational data infrastructure of the proposed carbon-credit 
integrity framework. This layer replaces the conventional, periodic verification cycle with a 
continuous, automated, and adaptive system capable of capturing and validating greenhouse-gas 
(GHG) reduction data in near real time. By integrating satellite remote sensing, Internet-of-Things 
(IoT) sensor networks, and advanced machine-learning algorithms, the dDMRV layer addresses 
the well-documented weaknesses of traditional MRV—namely high transaction costs, temporal 
gaps in measurement, and susceptibility to human error (Gold Standard, 2022; Verra, 2023).
	 From a technical perspective, computer-vision models applied to high-resolution satellite 
imagery can quantify changes in land cover, biomass density, and deforestation rates with precision 
that surpasses manual field audits (González et al., 2021). IoT devices, including soil-carbon probes 
and micro-climate sensors, transmit granular environmental data to cloud platforms where machine-
learning algorithms perform anomaly detection and trend forecasting (Shukla & Chouhan, 2022). 
Such models not only validate current sequestration levels but also generate predictive baselines 
for future carbon capture, thereby strengthening the additionality assessments that underpin credit 
issuance (Pachama, 2023).
	 The “dynamic” dimension of dDMRV lies in its capacity for continuous recalibration. 
Federated-learning techniques enable algorithms to improve as new regional datasets become 
available, while preserving data sovereignty and privacy (González et al., 2021). In turn, this 
dynamic adaptability ensures that verification remains robust even as climatic conditions or project 
parameters evolve. When cryptographically hashed outputs from these AI processes are transmitted 
to the blockchain layer, the risk of “garbage in, garbage out” is markedly reduced, creating a secure 
bridge between empirical measurement and immutable record-keeping (Infosys, 2021).
	 Collectively, the AI-driven dDMRV layer enhances transparency, scalability, and trust by 
delivering real-time, verifiable, and tamper-resistant data to the carbon-credit ecosystem. Its 
integration with decentralized ledger technology thus represents a critical step toward a globally 
credible and fraud-resistant carbon market (Carbonplace, 2022; UNFCCC, 2021).
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Blockchain & Smart Contracts Layer
	 The Blockchain and Smart Contracts Layer functions as the governance and trust backbone 
of the proposed carbon-credit verification framework. Building upon the verified data supplied 
by the AI-driven digital, dynamic Monitoring, Reporting, and Verification (dDMRV) layer, this 
component ensures that each carbon credit’s creation, transfer, and retirement is immutable, 
transparent, and tamper-resistant. Distributed ledger technology (DLT) provides a decentralized 
record of all transactions, eliminating the need for a single central authority and thereby reducing 
the risk of fraud, double counting, and data manipulation (Bayer et al., 2022; Carbonplace, 2022).
	 At its core, the blockchain layer operates as an append-only ledger. Each transaction—whether 
the issuance of a new credit, a transfer between market participants, or the final retirement of 
a token—is cryptographically hashed and time-stamped across multiple network nodes. This 
distributed consensus ensures that no single actor can unilaterally alter the record, aligning with 
the transparency and auditability demands of global carbon markets (BATS Consulting, 2021; 
UNFCCC, 2021). Moreover, because the blockchain is public or consortium-based, stakeholders 
such as regulators, project developers, and corporate buyers can independently verify the provenance 
of every credit, creating a “single source of truth” for compliance and voluntary markets alike.
	 Smart contracts—self-executing agreements encoded directly onto the blockchain—extend 
this integrity by automating the rules of carbon-credit issuance and retirement. Once AI-validated 
dDMRV data meet pre-defined criteria, a smart contract can automatically mint a tokenized 
credit (fungible or non-fungible) representing one metric ton of CO₂e reduction (Infosys, 2021). 
Likewise, when a buyer retires a credit to offset emissions, the contract can “burn” the token, 
permanently removing it from circulation and preventing double use (Toucan Protocol, 2022). 
These programmable conditions reduce administrative overhead, accelerate settlement, and ensure 
that compliance actions occur precisely as specified without the need for intermediaries (Bayer et 
al., 2022).
	 Interoperability is another critical design feature. Cross-chain bridges and standardized 
token protocols (e.g., ERC-20 or ERC-721) enable credits to move seamlessly between different 
blockchain ecosystems, enhancing market liquidity while maintaining traceability (Nori, 2023). 
Additionally, governance can be enhanced through decentralized autonomous organizations 
(DAOs), which allow stakeholders to vote on protocol upgrades, verification standards, and dispute 
resolution mechanisms (KlimaDAO, 2023).
	 By coupling cryptographic immutability with automated execution, the Blockchain and Smart 
Contracts Layer provides a trustless yet verifiable infrastructure for global carbon markets. This 
architecture not only strengthens confidence among investors and regulators but also complements 
the AI-driven dDMRV layer, ensuring that high-quality environmental data are matched with 
equally rigorous transactional integrity (Gold Standard, 2022; Verra, 2023).
	
Integration Layer
	 The Integration Layer represents the pivotal interface that unites the AI-driven digital, 
dynamic Monitoring, Reporting, and Verification (dDMRV) processes with the blockchain and 
smart contracts infrastructure. Its primary role is to ensure that the high-fidelity environmental 
data generated by the AI layer are securely transmitted, standardized, and seamlessly recorded on 
the blockchain ledger. Without this bridge, the benefits of each individual technology—AI’s data 
accuracy and blockchain’s immutability—would remain siloed, exposing the system to the classic 
“garbage in, garbage out” dilemma (Bayer et al., 2022; Carbonplace, 2022).
	 At a technical level, the Integration Layer performs data harmonization and cryptographic 
validation. Data packets from IoT devices, satellite imagery analytics, and predictive models are 
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first normalized into interoperable formats using open standards such as JSON-LD and ISO 14064. 
Hashing algorithms then generate cryptographic fingerprints of each verified dataset, which are 
anchored on-chain to provide immutable proofs of origin and integrity (Infosys, 2021). This process 
ensures that only AI-verified, tamper-evident data are admitted to the blockchain, reinforcing end-
to-end trust and transparency (Gold Standard, 2022).
	 A second critical function of the Integration Layer is the orchestration of smart contract 
triggers. When predefined verification thresholds—such as a confirmed tonne of CO₂e reduction—
are met, the layer automatically calls the relevant smart contract to mint or retire carbon-credit 
tokens. Oracle services like Chainlink can be employed to relay off-chain data securely to on-chain 
applications, eliminating the need for manual interventions and minimizing the risk of human error 
(Chainlink Labs, 2023). This automated relay not only accelerates settlement but also guarantees that 
credit issuance and retirement remain tightly coupled with real-world environmental performance 
(Shukla & Chouhan, 2022).
	 Interoperability across multiple blockchains and registries is also a defining characteristic. 
The Integration Layer can deploy cross-chain bridges and application programming interfaces 
(APIs) that allow tokenized credits to move fluidly between networks—whether public chains 
such as Ethereum and Polygon or permissioned consortia like Hyperledger Fabric—while retaining 
complete provenance records (Nori, 2023; Toucan Protocol, 2022). Such interoperability enhances 
market liquidity and supports global carbon-market harmonization, a priority emphasized in Article 
6 of the Paris Agreement (UNFCCC, 2021).
	 Governance and security are embedded through role-based access controls and decentralized 
autonomous organization (DAO) voting mechanisms, enabling regulators, project developers, and 
buyers to audit or update protocols without compromising data integrity (KlimaDAO, 2023). By 
acting as the convergence point for data, verification, and transactional execution, the Integration 
Layer transforms isolated technological capabilities into a cohesive, scalable infrastructure for 
trustworthy carbon-credit markets (BATS Consulting, 2021; Verra, 2023).
	
Conclusion
	 The integration of an AI-driven dDMRV layer with a blockchain and smart-contracts 
infrastructure, unified through a secure integration layer, creates a transparent, tamper-resistant, and 
scalable framework for carbon-credit verification. By combining accurate, real-time environmental 
data with immutable transaction records and automated governance, this approach addresses 
long-standing issues of trust, double counting, and market inefficiency, thereby strengthening the 
credibility and global adoption of carbon markets.
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