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ABSTRACT

Carbon markets and emissions trading have evolved through decades of climate policy — from the Kyoto Protocol’s Clean Development Mechanism in the 1990s
through the Paris Agreement’s Article 6 frameworks — yet they still face critical challenges of transparency, double-counting, high administrative costs, and trust
among participants. Recent literature suggests that distributed ledger technologies (DLT) like blockchain and automated smart contracts can mitigate many of these
issues. Blockchain’s immutable, decentralized ledger can transparently record each carbon credit issuance, transfer, and retirement, preventing double-counting and
fraud. Smart contracts can automate verification and settlement, reducing manual overhead and errors. This review synthesizes 50+ years of literature on carbon
pricing, carbon trading mechanisms, MRV (Measurement, Reporting & Verification) systems, and blockchain-based innovations. We trace the evolution of climate
agreements (UNFCCC, Kyoto 1997, Paris 2015), survey regulatory developments (ETS, VCM, Article 6 rulebook), and examine technological advances. We
highlight four main blockchain use-cases in carbon markets (compliance ETS, voluntary markets, Paris Article 6, and CORSIA aviation credits). We discuss
security, governance, and standardization issues, and evaluate benefits (trust, automation, liquidity) versus drawbacks (energy use, key management, regulatory
uncertainty). By analyzing academic studies, industry whitepapers, and institutional reports, we outline how blockchain can strengthen climate action while noting
critical limitations. This report aims to inform policymakers, market designers, and researchers about the state-of-the-art in blockchain-enabled carbon trading.

Keywords: Blockchain, Distributed Ledger Technology (DLT), Smart Contracts, Carbon Markets, Carbon Credits, Measurement, Reporting and
Verification (MRV), Digital MRV (D-MRV), Tokenization, Voluntary Carbon Markets (VCM), Article 6 of the Paris Agreement, Internationally
Transferred Mitigation Outcomes (ITMOs), Climate Action Data Trust (CAD Trust), ReFi (Regenerative Finance), Emissions Trading System (ETS),
Transparency, Double-Counting Prevention, Smart Contract Automation, Oracle Security, Proof-of-Stake (PoS), Permissioned Blockchains.

Introduction

Global carbon trading began under the Kyoto Protocol (1997), which for the first time-imposed binding GHG caps on developed countries and created
market mechanisms (International Emissions Trading, Joint Implementation, and the Clean Development Mechanism) to generate tradable emission
credits. The EU Emissions Trading System (EU ETS)

launched in 2005 as the world’s first large-scale cap-and-trade market. In the 2010s, voluntary carbon markets (VCM) expanded rapidly, while developing
countries also explored market-based climate policies. By 2015, the Paris Agreement shifted to a universal “bottom-up” framework: all Parties submit
Nationally Determined Contributions (NDCs) and may cooperatively transfer mitigation outcomes.

Article 6 of the Paris Agreement envisions new cooperative market mechanisms to achieve cost-effective emission reductions. Unlike Kyoto — which
covered only Annex | (developed) countries — Paris applies to ~98% of global emissions. However, the Paris framework left many details open, leading
to complex new rules (e.g. preventing double counting, outlining a UN-governed crediting mechanism under Article 6.4). Crucially, the “bottom-up”
nature of Paris means that diverse registry systems coexist, and there is no automatic global registry; this makes transparency and tracking of credits a
major challenge.

Measurement, Reporting, and Verification (MRV) systems underlie carbon markets by quantifying emission baselines and reductions. Traditionally,
MRV has relied on periodic surveys, self-reported data, and spot audits. This can be slow, error-prone, and susceptible to “greenwashing”. As one World
Bank report notes, “transactions in carbon markets will only reduce emissions if these reductions are real and credible, and accurately accounted and
tracked”. In practice, lack of standardized data systems and interoperability has created fragmented market registries, making it hard to ensure that a
given carbon credit isn’t claimed twice (by the project country and by a buyer).

Into this context emerges blockchain technology. Blockchain is a decentralized ledger that cryptographically links blocks of transaction data, ensuring
immutability and consensus among network participants. Its features — shared transparency, tamper-resistance, and programmable smart contracts — offer
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solutions to many carbon-market problems. Stakeholders hypothesize that by tokenizing carbon credits on a blockchain, each credit’s full history
(issuance, transfer, retirement) can be openly tracked. Smart contracts can automatically enforce registry rules and NDC accounting. These ideas have
been explored by governments, NGOs, and startups alike. However, the field is nascent and sometimes over-hyped. This review examines the literature
(academic, industry, institutional) on blockchain’s role in carbon markets, covering history, theory, case studies, and security considerations.

Nomenclature

Symbol/Term  Definition

DLT Distributed Ledger Technology — decentralized data infrastructure used to maintain a shared and tamper-proof record of transactions.

Blockchain A cryptographically secured, immutable, and decentralized ledger used to record carbon credit issuance, transfer, and retirement.

Smart Contract Self-executing program on a blockchain that automates rules, such as credit issuance, validation, and retirement.

MRV Measurement, Reporting, and Verification — systems used to quantify emission reductions and validate climate impact.
D-MRV Digital MRV — use of digital technologies (loT, satellite, automated analytics) to enhance MRV accuracy and frequency.
ITMO Internationally Transferred Mitigation Outcome — tradable emission reductions under Article 6.2 of the Paris Agreement.

Tokenization  The conversion of carbon credits into digital tokens on a blockchain, enabling traceable and liquid trading.

CAD Trust Climate Action Data Trust — a blockchain-based platform that aggregates carbon registry data to prevent double-counting.
VCM Voluntary Carbon Market — an unregulated market where private entities trade carbon credits for offsetting emissions.
ETS Emissions Trading System — regulated carbon markets using cap-and-trade mechanisms (e.g., EU ETS, China ETS).

PoS Proof-of-Stake — energy-efficient consensus algorithm used in blockchains to validate transactions.

Oracle A data feed that connects real-world MRV data to smart contracts for automated verification.

ReFi Regenerative Finance — blockchain-based financial systems aimed at funding environmental sustainability projects.

2. Background and Literature Review
2.1 Evolution of Carbon Markets and Regulatory Frameworks

Kyoto Protocol (1997). The Kyoto Protocol established the first large-scale carbon market. Annex | countries agreed binding targets, with flexibility to
meet them via emissions trading and project credits. Under Kyoto, two main offset mechanisms were created: Joint Implementation (JI) between Annex |
countries and the Clean Development Mechanism (CDM) allowing Annex | countries to finance emission-reduction projects in developing countries.
CDM projects generate Certified Emission Reductions (CERs) for sale. While groundbreaking, these mechanisms had issues (addressed below) and
covered only OECD countries.

European Union and Beyond. Parallel to Kyoto, the EU launched its ETS in 2005 — first in the power and heavy industry sectors. By linking compliance
credits (EU Allowances) with Kyoto units, the EU ETS became the world’s largest carbon market. Other jurisdictions followed: regional programs like
RGGI (Northeast USA, 2009), California’s cap-and-trade (2012), and dozens of voluntary/regional markets in Asia and Latin America. China introduced
pilots in the 2010s and in 2021 began a national ETS covering power plants. ICAP notes that “China’s national ETS began operating in 2021 ... covering
around 5.2 billion tCO, — or more than 40% of the country’s CO_, emissions”. This makes it the largest carbon market by emissions volume. New
markets in South Korea, Mexico, New Zealand, and others have further diversified the landscape.

Paris Agreement (2015). The Paris Agreement moved from Kyoto’s “top-down” targets for developed countries to a universal scheme where all Parties
pledge mitigation goals (NDCs). Article 6 of Paris creates provisions for international cooperation via “cooperative approaches” (Art. 6.2) and a
centralized mechanism (Art. 6.4) similar to the CDM. After lengthy negotiations, rules for Article 6 were agreed in 2021 (Glasgow), emphasizing
avoidance of double counting and sustainable development. The new mechanisms allow Internationally Transferred Mitigation Outcomes (ITMOs)
among Parties and a UN-supervised crediting system (sometimes called the Sustainable Development Mechanism). Crucially, Paris includes all countries,
so carbon markets under Paris have the potential to be far larger and more global than under Kyoto.
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Voluntary Carbon Markets (VCM). Parallel to compliance markets, a voluntary market has grown for corporate offsets. Standards like Verra, Gold
Standard, and others issue credits to private buyers. Unlike compliance regimes, VCM is unregulated and suffers from quality concerns and
fragmentation. Recent surveys find a “trust problem”: multiple certification standards, weak auditing, and opaque pricing have led to skepticism about
credit quality. High-profile controversies (phantom credits, dubious projects) have spurred calls for reform. The Taskforce on Scaling Voluntary Carbon
Markets (TSVCM) and initiatives like the Integrity Council for the VCM have emerged to define high-quality credits and claims. IETA reports note a
“lack of standardized definitions of quality”” and significant efforts under way to improve integrity.

MRV and Data Infrastructure. All carbon markets rely on MRV to quantify emissions baselines and reductions. Conventionally, MRV is done by
periodic monitoring and third-party verification. Digital MRV (D-MRV) seeks to use technology (satellites, sensors, 10T, automated reporting) to improve
accuracy and reduce cost. A World Bank report argues that “digital monitoring, reporting, and verification (D-MRV) systems” are needed for future
carbon markets. It emphasizes connecting disparate registries and real-time data streams. In 2022, the World Bank, Singapore, and IETA launched the
Climate Action Data Trust (CAD Trust), an open blockchain-based platform to aggregate carbon credit data globally. This aims to harmonize registry
data and help spot double-counting across systems.

In summary, carbon markets have grown more complex: from a few dozen developed-country projects to a vast global web of compliance and voluntary
trading. New international rules (Article 6) promise market growth, but also require robust accounting. A recurring theme in the literature is that
“transparency and accountability are critical 10 a Well-functioning carbon market”. Many analysts identify double-counting, fraud, and data
fragmentation as key risks. Against this backdrop, blockchain is proposed as an enabling technology to underpin next-generation carbon infrastructure.

2.2 Blockchain and Smart Contract Theory

Blockchain Basics. A blockchain is a distributed ledger maintained by a network of nodes. Each block contains a batch of transactions and a cryptographic
link to the previous block. The network uses a consensus protocol (e.g. Proof-of-Work or Proof-of-Stake) to agree on the valid chain. Once recorded,
blocks are immutable: altering past transactions would require controlling the majority of the network’s power, which is infeasible in large public chains.
Key security concepts include cryptography (ensuring data integrity and authentication) and consensus mechanisms (preventing unilateral tampering).
Smart contracts are programmable scripts stored on-chain that automatically execute when predefined conditions are met. They enable automation (e.g.
automatic issuance or transfer of tokens when certain data arrive) without central intermediaries.

Public vs. Permissioned Blockchains. Blockchain systems vary in openness. Public chains (like Ethereum, Bitcoin) allow any node to participate in
consensus. Permissioned (private) chains (e.g. Hyperledger Fabric, Corda) restrict participation to known parties. Public chains offer high transparency
and censorship-resistance, but often incur higher energy costs (especially if PoW) and slower throughput. Permissioned chains can be more efficient and
tailored to known users, but rely on some degree of trust among consortium members. Technical comparisons in the literature note that both public and
permissioned chains could address carbon market needs: e.g. Ethereum (public) and Hyperledger (private) were both shown capable of enhancing
transparency, automation, and double-counting prevention. The choice of blockchain design thus depends on governance preferences and scalability
requirements in the carbon context.

Security and Privacy. Blockchain’s core security strength is its cryptographic immutability. Transaction records are effectively tamper-proof, and users
sign transactions with private keys. This dramatically reduces some fraud risks: a token for a carbon credit cannot be duplicated or altered without
detection. However, blockchain also introduces new attack vectors. For example, if a coalition gains >50% of network power (a “51% attack™), they
could rewrite recent transactions — undermining data integrity. Smart contracts themselves may contain bugs; notable cases (in other sectors) have shown
vulnerabilities where flawed code can be exploited. In carbon markets, a maliciously programmed contract could potentially mint bogus credits or fail to
retire credits. Therefore, rigorous code audits and governance are essential. Privacy is another concern: on a public chain, all data are visible to everyone
(though often pseudonymously). This may conflict with confidentiality of project details or prices. Permissioned chains or cryptographic privacy
techniques can mitigate this, but at the cost of reduced openness.

Energy and Environmental Footprint. Ironically, early concerns about blockchain in climate contexts centered on its energy use. Bitcoin’s Proof-of-
Work, for example, consumes as much electricity as some countries annually. Newer chains (like Ethereum post-2022, and many corporate blockchains)
use Proof-of-Stake, dramatically cutting energy per transaction. (For instance, Bitcoin’s transaction uses ~830 kWh on average, whereas PoS networks
can be orders of magnitude lower.) Designers of carbon-market systems typically favor low-energy consensus (PoS, or private networks) to avoid negating
climate benefits.

Consensus and Smart Contract Automation. The decentralized consensus mechanism means that no single party controls the ledger; this can align
well with multi-stakeholder carbon governance. Smart contracts bring “algorithmic trust” — for example, a contract could automatically retire a credit
when a buyer funds a project, or reject transactions that would violate double-counting rules. One study notes that “the deployment of blockchain-based
smart contracts enables automated compliance verification ... with decreased administrative work and decreased chances of human mistakes”. In practice,
smart contracts could link on-chain carbon credit tokens with off-chain MRV data via oracles, further tightening the integrity of accounting.

2.3 Digital MRV and IoT Integration

Traditional vs. Digital MRV. Conventional MRV involves manual monitoring (e.g. meter readings, field visits) and periodic third-party audits. Digital
MRV (D-MRV) employs sensors, satellite data, 10T devices, and automated analytics to achieve near-real-time reporting. Recent literature argues that
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D-MRV is essential for scaling carbon markets under Paris. For example, forestry projects can use satellite imagery to track deforestation, while landfill
gas projects can use continuous emission monitors. By itself, blockchain does not measure emissions; rather, it can record and timestamp data from digital
MRV systems to make audits auditable and immutable.

Case Studies. The World Bank’s 2022 report presents cases where D-MRYV is used: forestry project pilots, rural energy projects, and urban waste-to-
energy, each leveraging digital sensors and platforms. Linked to blockchain, these digital data streams can feed into a trustless ledger. For instance, the
Climate Action Data Trust (a blockchain-based data hub) aims to ingest project metadata and MRV outputs from registries so that every credit’s lineage
is verifiable. Another example is the COP26 Climate Warehouse prototype, which links national registry entries via distributed ledger to avoid duplicate
ITMOs. In Asia-Pacific, the Colombian EcoRegistry and Malaysia’s Verdana launched the first digital carbon registry with built-in MRV blockchain
integration, illustrating real-world adoption.

Blockchain for MRV. Several studies emphasize that blockchain can complement digital MRV by ensuring data integrity.

A UNFCCC case study (Mungroo et al. 2024) finds that blockchain can “create tamper-proof records of emissions data and project activities” and that
smart contracts can automate compliance checks. For example, Gold Standard implemented a distributed ledger “registry” to track issuance and retirement
of credits, making retirements auditable. Davidson et al. (2024) likewise note that smart contract automation can handle verification and issuance
processes, reducing human intervention. While these are early pilots, the trend is clear: combining loT-sourced MRV data with blockchain can drastically
tighten the trust in reported reductions.

2.4 Recent Developments in Blockchain Carbon Research

Academic and industry attention to blockchain in carbon markets has grown since ~2017. A systematic survey by Sipthorpe et al. (2022) in One Earth
identified 39 organizations working on blockchain carbon solutions across four domains: (1) compliance ETS, (2) voluntary markets, (3) Article 6
mechanisms, and (4) CORSIA aviation offsets. Their analysis found that most projects were still at proof-of-concept stage (TRL <3), though at least one
has reached full maturity (TRL 9). The authors conclude that addressing common technical and regulatory barriers could allow blockchain to “facilitate
globalized carbon markets with greater efficiency, transparency, and accessibility”. This cautious tone is echoed by RMI (2022), which notes that
blockchain has trust-building potential but the field is nascent: “Whether these aspirations can course correct a market plagued by low supply of credible

credits. .. is an open question”.

Key literature points to several blockchain use cases in carbon markets. Franke et al. (2020) explore blockchain design choices for Article 6.2, concluding
that both public (Ethereum) and private (Hyperledger) chains can meet core needs of transparency and anti-double-counting. An IETA white paper (2023)
notes current trends in VCM: distributed ledger technologies are increasingly used to (a) record project data and MRV metrics, (b) embed registries on-
chain so all transactions are transparent, and (c) potentially “tokenize” credits to improve liquidity. Real-world pilots reflect this: for instance, NASA and
IBM have tested blockchain-based satellite imagery to certify reforestation credits, and companies like Verra and CCER are integrating DLT into their
registries.

In the voluntary space, novel “ReFi” (regenerative finance) projects have emerged: protocols like Toucan, KlimaDAO, and Moss aim to wrap real-world
carbon credits into blockchain tokens (often ERC-20 or NFTSs), enabling on-chain trading and DeFi liquidity. However, these have drawn criticism; for
example, some analyses argue that tokenization can “further financialize” the VCM and detach credits from their physical projects, making them
vulnerable to crypto market volatility. Such studies emphasize governance pitfalls: a token can become a purely speculative asset unless its underlying
data is rigorously managed. This underscores the need for integrating blockchain within formal governance: e.g. Verra’s 2025 partnership with Hedera
aims to create a digital backbone for the Verra registry, combining DLT with project methodologies.

Overall, the literature shows enthusiasm for blockchain’s potential but also realism about barriers. Common themes include: transparency (immutable
ledgers can solve data gaps); double-counting prevention (each transferred ton can only be used once); automation (smart contracts reduce
bureaucracy); and access (tokenized credits can open markets to smaller players). On the downside, authors repeatedly warn about security, scalability,
and energy. Smart-contract bugs, private key theft, or 51% attacks could undermine trust if not guarded against. Public blockchains (PoW) have been
criticized for carbon footprints, though shifting to PoS mitigates this. Moreover, regulatory uncertainty—how to classify on-chain credits, or enforce
cross-border rules via code—is often cited as a non-technical bottleneck.

The literature review thus paints a picture of a young, rapidly evolving field. Next, we delve into theoretical and analytical perspectives on how blockchain
addresses carbon market problems.

3. Theoretical Considerations
3.1 Trust, Transparency, and Double-Counting

A fundamental problem in carbon accounting is mutual assured mitigation: any emission reduction in one party’s inventory must not be counted again
in another’s. In other words, if Country A sells an emission reduction to Country B (as an ITMO), only one of them can legitimately report that ton
towards its NDC. Traditional registries rely on manual bookkeeping and post-hoc reconciliation, leaving room for double claims. Blockchain offers a
theoretical fix: by encoding each carbon credit as a unique token, consensus prevents reuse. In a blockchain-based system, every retirement (spend) of a
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carbon token is permanently recorded. As one analysis puts it, a transparent on-chain registry means “each credit’s issuance and transaction history

becomes immutable and publicly accessible... ensuring that each credit is only sold or used once”.

From a game-theoretic view, blockchain changes incentives. In a consortium or public blockchain, no single participant can unilaterally modify the ledger.
Honest behavior is enforced by cryptographic protocols and (in public networks) economic stakes. This shifts the equilibrium: cheating (double-claiming)
would require infeasible computational power or collusion. The key theoretical trust mechanism is the consensus protocol: as one write-up notes,
“blockchain’s decentralized structure makes record-keeping trustworthy and tamperproof,” which is vital when actors do not trust centralized authorities.
Therefore, blockchain can align well with climate regimes that involve both public and private actors who may not fully trust each other.

3.2 Smart Contracts and Automation

Smart contracts enable conditional logic on the blockchain. Theoretically, they function as autonomous agents enforcing contract terms without humans.
In carbon markets, a smart contract could implement any rule that is logically explicit. For example, a contract might be coded to automatically retire a
token when a buyer submits payment, or to release funds only upon receipt of valid MRV data. The formal verification of contracts (making sure code
matches intended policy) is an active research area, but practice suggests it can cut down paperwork. According to one detailed MRV study, smart
contracts “enable automated compliance verification” S0 that as soon as a mitigation action meets criteria, the ledger state updates without manual audit.
This reduces the risk of human error or delay.

Moreover, smart contracts can interlock multiple agents. For instance, an NDC registry contract could automatically adjust a country’s reported emissions
as credits flow in or out. A global trading platform could enforce that credits must meet certain metadata standards before being tokenized. Thus, in
theory, entire market processes — issuance, verification, transfer, retirement — could be made algorithmic. The literature emphasizes this potential: RMI
describes smart contracts as “vending machines” of policy logic, storing project metadata securely and enabling transparent information exchange. In
short, smart contracts offer a bridge between hard-coded policy rules and the fluidity of market transactions.

3.3 Transparency vs. Privacy Trade-offs

Blockchain’s transparency is a double-edged sword. On the one hand, making all transactions public is a boon: regulators, buyers, and civil society can
audit the market.

The World Bank notes that an open data infrastructure could bring “real-time, comparable, and auditable emissions reductions data from disparate
registry systems” into one view. Several projects (e.g. the CAD Trust) are building exactly that. On the other hand, completely open ledgers could reveal
sensitive business information (e.g. prices, volumes) or allow parties to see proprietary project details. This raises a privacy concern: how to prove
integrity without revealing too much? Permissioned blockchains or cryptographic techniques (like zero-knowledge proofs) may be necessary. The
literature acknowledges these trade-offs but generally leans toward transparency, arguing that reputational risk and regulatory oversight justify open data.

3.4 Systems Integration and Standards

A crucial theoretical challenge is interoperability. Carbon markets comprise many standards and registries (e.g. EU, California, CDM, VCS, Verra, etc.).
For blockchain to help, either one global platform must emerge or systems need robust APls. One model is a multi-chain architecture where different
registries remain separate but report metadata to a shared ledger (e.g. CAD Trust). The theory of decentralized systems suggests that even if blockchains
proliferate, standards (like Data schemas or the UN’s Article 6 registry requirements) can ensure consistency. In fact, policy proposals recommend that
Article 6 transactions be logged on interoperable platforms to safeguard against double counting.

Security theory also factors in: blockchains require careful governance of keys and nodes. In a global carbon market, who runs the validators?
Theoretically, models include consortiums of UNFCCC-accredited bodies, or fully decentralized public validators. Each has trade-offs in resilience and
trust. There is also the concept of “data oracles” — off-chain feeds that feed on-chain contracts with real-world measurements. Oracle security is a
recognized theoretical weakness (the interface between digital and physical worlds), and MRV data will rely heavily on secure, verified oracles. These
integration questions — architecture, governance, interfaces — are a current focus of research and pilot projects (e.g. Verra/Hedera, Verra’s integration of
Hedera Guardian).

4. Analysis of Blockchain Impact on Carbon Markets
4.1 Addressing Market Challenges

Transparency and Trust. Historically, carbon markets suffered from opacity: registries were not interconnected, and critics accused some credits of
being “phony” or counted twice. Blockchain addresses this by design. When every credit is tokenized, its status is always publicly visible. As WEF
commentary observes, “all participants will be able to view a transparent, digital record of every carbon credit at all times... making it easier to identify
fraudulent claims”. Empirical analysis agrees: registries on-chain can quickly reveal inconsistencies. For example, if two parties claim the same credit,
the blockchain consensus would show one double-spend attempt failing. This builds market confidence.
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Double Counting Prevention. One of Article 6’s hardest problems is ensuring that an ITMO is counted only once: in the seller’s or buyer’s inventory,
but not both. Blockchain’s single-source ledger is a natural solution. By assigning a unique 1D to each credit (or using token UTXOs), the ledger enforces
that once it’s retired on one side, it cannot be used again. UNEP’s policy brief explicitly notes that blockchain “makes sure that a token cannot be applied
in several areas at the same time (e.g. NDC target and transference to another country)”. Our analysis finds broad agreement: almost every source cites
double-counting as a prime motivator for blockchain adoption.

Process Automation and Cost Reduction. Current carbon transactions involve multiple intermediaries: project developers, auditors, registries, traders,
and governmental reviewers. Each step is manual and costly.

By contrast, blockchain can encode workflows into smart contracts, reducing middlemen. For instance, when a project meets its milestones (verified by
loT data), a smart contract could automatically issue credits and list them for sale. Buyers could auto-settle payments upon retirement of credits. This
streamlines processes. IETA notes that smart contract issuance can “automate... issuance of ITMOs and first verification of submitted data”. RMI adds
that blockchain “can reduce transaction costs, minimize tedious paperwork, and streamline the carbon trading process”. Our reading of market pilots
confirms these potential efficiency gains, though real savings will depend on network fees and onboarding costs.

Enhanced Liquidity and Participation. Tokenizing credits also opens up new market dynamics. In theory, credits become like financial securities that
can be fractionally traded on decentralized exchanges. The WEF and others argue that removing opaque middlemen will channel more funds to project
developers. Crypto-native markets (DeFi) can also offer novel funding: e.g. pre-selling credits via futures or collateralized instruments. Our literature
survey (Swinkels 2023) shows that blockchain exchanges have started trading tokenized credits, with millions of dollars in volume. While still small
relative to global markets, these platforms demonstrate price discovery and 24/7 liquidity that classic carbon markets lack. In particular, small businesses
and individuals (who usually cannot participate in compliance markets) can more easily buy on a blockchain platform. This democratization effect is
often cited as an advantage of open blockchains.

4.2 Case Studies and Applications

Climate Action Data Trust (CAD Trust). Launched by the World Bank, Singapore, and IETA, CAD Trust is an open-source blockchain platform to
aggregate project and credit data. It connects multiple registries (Gold Standard, Verra, etc.) so that every credit’s metadata and serial number are mirrored
on-chain. In practice, CAD Trust issues its own tokens representing each real-world credit, ensuring a transparent audit trail. Early users include Verra
integrating vintage data. CAD Trust exemplifies a compliance-oriented use-case: linking existing programs to avoid Article 6 double-counting.

Ethiopia’s Land Sector Initiative (LEAF Coalition). In 2021, an initiative known as LEAF used blockchain to structure payments for avoided
deforestation. While not strictly a blockchain transaction (it combined government agreements with private finance), projects like the Rimba Raya REDD+
in Indonesia have experimented with DLT registries to prove carbon savings to buyers. These efforts often employ blockchain to store loT/satellite data
that trigger credit issuance.

Tencent and IBM Initiatives. Technology companies have piloted blockchain carbon schemes. For example, IBM and Veridium (2018) issued carbon
credit tokens on Stellar; such platforms demonstrated proof-of-concept transparency. More recently, Verra announced integration with Hedera (a
Hashgraph-based ledger) to digitally transform its registry. This will accelerate review processes and embed carbon credits on a permissioned ledger.
These projects, though corporate-driven, highlight how standards bodies see blockchain as part of their roadmap.

Cryptocarbon Projects (ReFi). On the voluntary side, “crypto carbon” startups have launched novel tokens. Toucan Protocol takes verified Verra
credits, tokenizes them into ERC-20 “Base Carbon Tonne” (BCT) tokens, and lists them on DeFi markets. KlimaDAO (now obsolete) and Moss leveraged
user voting and NFTs to support projects. A major theme in the literature is that these decentralized projects attempt to align blockchain incentives
(liquidity, staking rewards) with climate goals. However, as critiques warn, if the token’s value diverges from underlying project performance, the
environmental integrity could suffer. These projects typically integrate smart contracts to distribute rewards (e.g. climate tokens) to carbon token holders,
illustrating a financial innovation in climate markets.

Voluntary Market Platforms. Several new carbon registries and exchanges have launched on blockchain. For instance, the Australian Climate Exchange
(ACE) used DLT to allow retail purchase of carbon offset tokens. The digital startup CarbonX offered tokenized carbon offsets on the Polygon network.
In China, Shanghai’s emission registry has explored blockchain pilots for CCERs (local offsets). In each case, blockchain’s role is to make the registry
auditable and transactions instantaneous.

Measurement & Verification Solutions. Some applications focus on MRV itself. For example, the TRACE project (UNFCCC & Science Based Targets)
used blockchain to timestamp satellite photos and sensor readings from forestry projects, so that issuance decisions are backed by immutable evidence.
In general, projects that bring IoT sensors on-chain enable what industry calls “high-integrity carbon credits,” where every data point is logged. Firms
like Hyphen and Demia are developing “zero-trust data fabrics” combining atmospheric monitoring with blockchain, promising automated issuance once
thresholds are met (Press, 2024).

4.3 Advantages and Disadvantages

Advantages: The literature consistently highlights several benefits of blockchain in carbon markets:
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e  Immutability and Transparency: Each transaction is tamper-proof and public. This greatly enhances auditability.

e  Double-Counting Prevention: Consensus rules ensure a credit cannot be used twice.

e  Automation via Smart Contracts: Issuance, transfer, and retirement can follow encoded rules, reducing manual checks.

e  Lower Transaction Costs: By removing intermediaries, settlement can be faster and cheaper (especially in VCM).

e  Market Liquidity: Tokenization enables new trading mechanisms (exchanges, futures, DeFi integration) that can broaden participation.
®  Global Accessibility: Borderless blockchains allow credits to be bought/sold internationally with less friction.

®  Traceability: Buyers can verify a credit’s entire provenance on-chain (issuer, project type, co-benefits).

These advantages have the potential to make markets more credible and scalable. For example, the World Economic Forum notes that blockchain “can
bring speed and scale” to climate finance, by digitizing traditional processes. In the voluntary sector, token markets have indeed seen rapid growth; one
report finds that over 3.8 million tonnes were tokenized on a new blockchain exchange in 2021-22, indicating real demand.

Disadvantages and Challenges: However, the literature also cautions about drawbacks:

e  Security Risks: Despite strong cryptography, blockchains face hacking threats. Smart contract bugs or key theft could enable fraud. A token
mis-sent to the wrong address or an exploited contract could compromise millions.

e  Energy Use: Early blockchains (PoW) have huge energy footprints. Though carbon projects usually avoid PoW, any on-chain operations still
consume resources. Observers question whether carbon credits should sit on energy-intensive networks. The solution has been to use PoS or
private chains, but this requires careful design.

e  Regulatory Uncertainty: Many countries have no clear rules on crypto-assets or cross-border emissions trading. The literature warns that
absent common standards, different chains could create fragmented ecosystems. This “nexus of technology and law” means blockchain
projects must navigate both climate policy and financial regulation.

e  Data Quality: Blockchain fixes the ledger, but not the measurement. If flawed data are input, the chain simply records garbage. Thus “garbage
in, garbage on-chain” remains a risk. Establishing trustworthy oracles and validation is non-trivial.

e  Complexity and Adoption Barriers: For many project developers, blockchain is still unfamiliar. Integrating legacy systems (national
registries, audit trails) with new DLT platforms can be expensive and logistically difficult. Early adopters have had to build user interfaces
and educational materials to gain trust.

e  Over-Financialization: As one paper argues, converting carbon into crypto-assets risks treating them purely as financial instruments.
Speculative booms/busts in crypto markets could detach prices from real environmental value. Critics warn that without guardrails, token
volatility could hurt project funding or lead to perverse incentives.

In essence, blockchain is not a silver bullet. It can enhance carbon market infrastructure, but it also imposes new technical requirements (e.g.
cybersecurity) and may introduce fresh risks (e.g. smart-contract failures). Many authors stress that blockchain should be part of a broader modernization
of MRV and registry systems, not a standalone fix.

5. Applications and Case Examples

e  Climate Action Data Trust (CAD Trust): This multi-stakeholder global platform uses a permissioned blockchain to link carbon credit data
from various registries. It exemplifies how public goods infrastructure can use DLT to undergird Article 6 accounting.

e  Verra/Hedera Integration (2025): Verra (a major VCM standard) partnered with Hedera to embed the Verra registry into a DLT system.
This allows automated access to methodology data and project reviews. The integration demonstrates a standards body using blockchain to
improve registry efficiency and transparency.

e  Ethiopia and Brazil REDD+ Pilots: Some national REDD+ programs have used blockchain tokens to track credits from conservation
projects, ensuring that when credits are sold, the on-chain record shows reductions had actually occurred (often tied to satellite MRV inputs).

e  Corporate Internal Platforms: Multinational companies (e.g. BP, Shell) are developing internal offset-trading platforms on blockchain to
more easily retire credits against their emissions, showing private-sector use of DLT for corporate climate accounting.

e CDM and CORSIA: Atrticle 6.4 (the Paris successor to CDM) is planning to use a digital registry. Blockchain is under consideration for the
new CDM-style mechanism. Additionally, the aviation offset scheme CORSIA has consulted on using DLT for its monitoring system.

These cases, though still emerging, suggest real-world movement from theory to practice. They also reveal design choices: some use public networks for
openness, others use private or consortium networks for control. Security audits, node governance, and standards harmonization are active areas of work
in these deployments.
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6. Advantages and Disadvantages of Blockchain in Emissions Trading

Advantages:

e  Enhanced Credibility: Immutable records boost confidence. Multiple observers note blockchain’s potential to “shed light on the quality,
quantity, and diversity of carbon credits” and to “improve transparency in the rapidly growing VCM”.

e  Efficiency: Process automation via smart contracts can shorten project life-cycles and reduce costs. For example, tokenized credits allow near-
instant settlement, removing bank wires and manual registry updates.

e  Traceability: Every stage of a credit’s life can be traced — from project submission to retirement — in one chain. This helps regulators verify
that no one party overstates emissions reductions.

e Inclusivity and Innovation: By opening markets to token exchanges, blockchain can engage retail investors, local communities, and new
financial instruments (e.g. DeFi protocols for climate). This may drive more funding into mitigation.

e Adaptability: Blockchains can operate across borders, currencies, and standards. A single credit token can be denominated in USD on-chain
but represent an Indonesian forestry project, for instance.

Disadvantages:

e  Security Vulnerabilities: While cryptography is strong, any system can be attacked. The literature warns that stolen private keys or flawed
smart contracts can undermine the ledger. Multi-factor authentication and frequent audits are recommended.

e  Scalability and Energy: High transaction volumes (if the market scales to billions of tons) could strain blockchains unless optimized. Public
PoW networks are energy-hungry; even PoS chains consume non-zero energy. Analyses show a single Bitcoin TX consumes as much energy
as 57 days of household use, underscoring the need for efficient designs.

®  Regulatory Gaps: Carbon markets are regulated by treaties and national laws that seldom contemplate decentralized ledgers. Until legal
frameworks catch up, blockchain credits may face questions about enforceability and standards compliance.

e  Cost and Complexity of Migration: Integrating legacy systems (national registries, project databases) with new DLT platforms involves one-
time costs and training. Small project developers might lack capacity to interact with blockchain (e.g. wallet management).

®  Data “GIGO” Risk: A blockchain cannot certify that a claimed reduction was real; it can only log the claim. Inadequate MRV (bad sensor
calibration, false data) would still pollute the ledger. Thus, blockchain amplifies the need for robust MRV at the front end.

In sum, blockchain’s main strength is transparency and trust, at the possible expense of complexity and resource use. As one review notes, the field
is still “clouded by technology hype”, so careful pilot testing and standards development are essential before full reliance on DLT.

7. Summary and Outlook

Over the past five decades, carbon markets have evolved from a conceptual policy tool debated in the 1970s into sophisticated regulatory and voluntary
frameworks (Tietenberg, 2006; Kossoy et al., 2015). The Kyoto Protocol initiated the first major push for global emissions trading, while the Paris
Agreement’s Article 6 now aims to enable cooperative mitigation through internationally transferred mitigation outcomes (ITMOs) (UNFCCC, 2015).
However, systemic challenges persist—especially regarding transparency, verification, and risk of double-counting—undermining trust and efficiency
(Schneider et al., 2019).

Blockchain has emerged as a transformative digital technology capable of addressing these inefficiencies. By offering immutable ledgers, decentralized
consensus, and programmable smart contracts, blockchain can bring unprecedented transparency, traceability, and automation to carbon markets (World
Bank, 2021; Sipthorpe et al., 2022). Recent pilot initiatives like the Climate Action Data Trust and Toucan Protocol illustrate growing momentum in
integrating blockchain with carbon credit infrastructure (RMI, 2022).

Nonetheless, this technological optimism must be tempered with caution. Challenges such as protocol vulnerabilities, energy consumption, governance
risks, and interoperability with legal and institutional frameworks remain substantial (WEF, 2020; IETA, 2023). The success of blockchain in this domain
will depend on how well its deployment aligns with MRV (monitoring, reporting, and verification) frameworks, national accounting systems, and
international policy guidelines.

Looking ahead, the establishment of Article 6 registries and proliferation of tokenized credits in voluntary markets present a critical opportunity. If
blockchain-based systems can demonstrate secure, scalable, and interoperable infrastructure, they could form the digital backbone of a unified global
carbon market. This transition would demand interdisciplinary collaboration—uniting experts in cryptography, climate science, law, and economics—to
ensure that on-chain systems reflect off-chain realities and commitments.
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8. Conclusion and Future Scope

This paper has explored the convergence of blockchain technology with carbon market mechanisms, highlighting how distributed ledger technology can
address core issues of trust, transparency, and accountability in emissions trading systems. From simplifying the issuance and retirement of credits via
smart contracts to reducing fraud and administrative burdens, blockchain holds the potential to revolutionize the carbon finance ecosystem (Lamb et al.,
2020; Tollefson, 2021).

Yet the road to full implementation is complex. Legal uncertainty, technical scalability, and integration with existing regulatory frameworks remain as
major roadblocks (Gupta & Kumari, 2022). Moreover, the environmental impact of blockchain—especially energy-intensive consensus algorithms like
Proof-of-Work—must be critically evaluated in the climate context, though newer protocols like Proof-of-Stake and Layer 2 scaling offer more sustainable
alternatives (Mast et al., 2021).

In the future, the integration of decentralized identity (DID) systems and interoperable smart registries could further enhance the functionality of carbon
markets. Public-private partnerships, open-source platforms, and robust auditing standards will play essential roles in ensuring blockchain-based solutions
meet environmental, social, and economic goals. Academic research must keep pace with these developments, providing empirical evaluations of pilot
programs and proposing frameworks that blend technological innovation with policy coherence.

In conclusion, blockchain technology is not a silver bullet, but when applied thoughtfully, it can significantly strengthen carbon markets. The next phase
of innovation must focus on building secure, inclusive, and verifiable digital systems that support the Paris Agreement and accelerate global climate
action.
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