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Abstract

The 2015 Paris Agreement paved the way for the carbon trade economy, which has since
evolved but has not attained a substantial magnitude. While carbon credit exchange is
a critical mechanism for achieving global climate targets, it faces persistent challenges
related to transparency, double-counting, and verification. This paper examines how
Distributed Ledger Technology (DLT) can address these limitations by providing immutable
transaction records, automated verification through digitally encoded smart contracts, and
increased market efficiency. To assess DLT’s strategic potential for leveraging the carbon
markets and, more explicitly, whether its implementation can reduce transaction costs and
enhance market integrity, three alternative approaches that apply DLT for carbon trading
were taken as case studies. By comparing key elements in these DLT-based carbon credit
platforms, it is elucidated that these proposed frameworks may be developed for a scalable
global platform. The integration of existing compliance markets in the EU (case study 1),
Australia (case study 2), and China (case study 3) can act as a standard for a global carbon
trade establishment. The findings from these case studies suggest that while DLT offers
a promising path toward more sustainable carbon markets, regulatory harmonization,
standardization, and data transfer across platforms remain significant challenges.

Keywords: blockchain; distributed ledger technology; DLT; carbon credit; carbon credit
market; United Nations Sustainable Development; sustainable development; carbon credit
case study; clean development methodologies; global carbon market

1. Introduction

The carbon credit market has long been plagued by issues of transparency, accessibility,
and standardization [1]. However, the emergence of Distributed Ledger Technology (DLT),
commonly known as blockchain, offers a promising solution to these challenges. DLT, with
its inherent features of decentralization, immutability, and transparency, can modify the way
carbon credits are traded and verified. By securely digitizing carbon credits as tokenized
carbon credits and recording them on a blockchain network, the ecosystem can become
more transparent, accessible, and liquid, enabling seamless transactions between various
stakeholders, including energy companies, project verifiers, and concerned citizens [2].

Carbon credit transitions have exceeded 100 million events per month over multiple
platforms [3]. The implementation of DLT-based carbon credit systems can help ensure
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compliance with existing Clean Development Mechanism methodologies and reduce the
risks associated with traditional carbon credit trading [4]. Furthermore, the use of digitally
encoded and signed assets that are executed by laws through designated organizations [2],
can automate the distribution and management of carbon credits, reducing the burden on
regulatory authorities and enhancing the overall efficiency of the system [5,6]. Standard-
ization of alternate blockchain networks can enable digital carbon credit exchange within
New Market Mechanisms, on a local and multinational level. Global partnerships will be
nurtured by providing a platform with embedded fiduciary instruments to areas having
limited digital infrastructure [4]. This approach can also contribute to the United Nations
Sustainable Development Goals by promoting transparency and integrity in carbon credit
transactions [7].

Global carbon markets, both compliance and voluntary, have emerged as key instru-
ments in the fight against climate change, with the total market value exceeding USD
850 billion in 2023 [8]. These markets enable the trading of carbon credits, representing
verified greenhouse gas emission reductions or removals, which can be used to offset
emissions elsewhere. Despite their potential, carbon markets face persistent challenges that
undermine their effectiveness, including a lack of transparency, double-counting of credits,
high transaction costs, and difficulties in verification [9].

Distributed Ledger Technology (DLT), the foundation of blockchain systems, may
remove these challenges through its core properties of immutability, decentralization,
and cryptographic security [10]. Recording transactions on a distributed ledger that can-
not be altered retroactively can provide transparency and traceability for carbon credits
throughout their lifecycle, from issuance to retirement. Emerging regulatory frameworks
for greenhouse gas (GHG) emissions accounting can work synergistically with DLT to
enhance transparency and credibility, specifically in voluntary carbon markets, which have
historically suffered from fragmentation and inconsistent standards [11]. This integration
is becoming increasingly important because voluntary carbon markets are playing a larger
role in climate mitigation. However, environmentally sound technologies (ESTs) face a
recognition barrier, which prevents them from being fully incorporated into mandatory
global carbon credit markets [12]. Their recognition is a barrier because, without clear
standards or acceptance in compliance markets, they cannot generate certified carbon
credits, limiting investment and large-scale adoption.

The main aim of this paper is to evaluate the strategic potential of DLT adoption
for leveraging its benefits in carbon markets and beyond. It is estimated that mastering
sustainability requires a convergence of technology, finance, and human capabilities, high-
lighting the importance of a holistic approach that DLT can enable. The question is how
DLT can transform carbon credit markets by addressing existing limitations and enabling
new functionalities. A comparative analysis of three DLT-based carbon trading platforms
enables evaluating DLT applicability for Global Carbon Market integration. A comparative
analysis should evaluate these technical architectures in real-world application performance
and assess the potential for integration with global compliance markets. Following the
comparative assessment, the key limitations, including technical development challenges,
integration, and scalability of public and private blockchain networks, as well as user inter-
face design challenges, must be acknowledged and overcome to enable effective ownership
data control while ensuring transparency and inclusivity for all stakeholders. Current and
future trends in governance should also be discussed, as for the role of prosumers in the
carbon market.
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2. Background

Since the ultimate motivation behind a carbon credit economy is to eventually reduce
GHG emissions to mitigate global climate change, several trading architectures are applied
to some extent, with hindrances such as a lack of transparency and correlation between
platforms and trading networks motivating the need for more educated carbon credit
trading platforms.

2.1. DLT Architectures for Carbon Credit Trade and Registration

Three predominant DLT architectures are already employed for carbon credit markets
(Figure 1). The first, a public blockchain approach, utilizes existing networks like Bitcoin
(BTC), Litecoin (LTC), or Ethereum Classic (ETC) to tokenize carbon credits, enabling broad
market participation but facing scalability constraints and high energy consumption [12].
Many of these first-generation systems often employ a Proof-of-Work (PoW) consensus
mechanism, which, while secure, is energy-intensive. Proof-of-work blockchains can have
an infinite number of miners (verifiers) participating in the validation and creation of blocks.
Each one of these mining nodes is represented by a powerful processor that consumes high
volumes of energy [13]. For example, Kazakhstan has nearly 90,000 crypto mining nodes
that are consuming over eight percent of the country’s energy usage. Although this has
represented a windfall for the economy, it has also introduced significant financial risks. As
a result of the increase in energy consumption, there has been a spike in fuel prices, which
has resulted in political instability. This instability resulted in the temporary shutdown of
the Bitcoin mining system for more than six days, which reportedly cost Bitcoin miners and
the economy over USD 20 million [14]. Although due to its architecture, decentralization,
and massive number of verifiers (also known as miners), the PoW systems are highly
secure, but with risks and sustainability issues that should be carefully considered when
developing a blockchain solution.
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Figure 1. Architectural Comparison of DLT Systems for Carbon Credits [Diagram showing three
DLT architectures: public blockchain, permission-based DLT, and hybrid systems, with their key
components and data flows].

Public blockchains such as Ethereum’s second-generation blockchain (ETH) employ a
different type of consensus mechanism to verify transactions cryptographically—Proof-of-
Stake (PoS). In Proof-of-Stake consensus protocols, a more finite and smaller set of “miners”
called “validators” participate in forming and validating new blocks on the chain. Because
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a limited number of validators is employed, energy usage with PoS systems is lowered,
and they become a greener option than the original PoW systems [15].

The second DLT architecture employs purpose-built, permission-based, or private
DLT systems designed specifically for environmental assets, offering greater throughput
and regulatory compliance. These permissioned systems often use consensus mechanisms
like Proof-of-Stake (PoS) because of their energy efficiencies and the limited number of
participants that make up these permissioned blockchains. Ethereum (ETH) is the largest
PoS ecosystem when defined by its market capitalization and the number of decentralized
applications (dApps) running on the platform. A limitation of the Ethereum network is
the high transaction “Gas” cost. “Gas” is measured by the computational power needed to
perform actions on the Ethereum network. These actions include exchanging the cryptocur-
rency (ETH) itself, executing smart contracts, or running dApps. Any of these transactions
requires gas, and depending on the load of the transaction and the volume on the network,
a total cost is determined and assigned to the user [16]. Cardano, Polkadot, and Solana are
other well-known PoS blockchains that may offer participation on the network with lower
gas fees than ETH.

The third DLT architecture approach uses hybrid systems that combine on-chain
record-keeping with off-chain verification processes, balancing accessibility with opera-
tional efficiency [17]. Data in these systems can be stored directly on the blockchain or
off-chain, in a traditional database or system, for example, whereby a hash or “locator”
that represents the location of the data is then posted on the blockchain. The advantage
here is gas/transaction cost savings and speed, as large files that are slow to execute on the
blockchain can be accessed and executed more quickly when stored off-chain [18].

Among these architectures, permission-based systems demonstrated the highest trans-
action throughput (>1000 transactions per second) while maintaining the lowest energy
footprint [19]. However, public blockchain implementations show superior resistance
to centralized control, an important consideration for global markets spanning multiple
jurisdictions [17].

2.2. Key Parameters for Carbon Credit Trade and Registration Architectures Applicability
2.2.1. Market Efficiency Gains

A decade ago, carbon credit markets were small, but they now constitute 70% of
the governments’ revenues from GHG compensation in 2022 (Figure 2). Carbon credit
markets are evolving from carbon taxes as part of Emissions Trading Systems (ETSs). The
rapid growth of demand for carbon credits has encouraged stakeholders to explore and
leverage digital technologies, including blockchain, seeking to reduce transaction costs
and improve transparency. Carbon tokens are created via a “bridging” process, where
carbon credits are canceled or retired in a credit mechanism registry and reissued as
blockchain-based crypto assets, thereby creating new sources of demand and improving
market liquidity [20]. DLT suggests significant efficiency improvements across multiple
dimensions owing to direct and transparent data exchange across the registry systems
(Figure 3). Transaction costs are estimated to decrease by an average of 50% compared to
traditional registry systems, primarily due to the elimination of intermediaries and stream-
lined verification processes [21]. Settlement times decreased from an average of 5-7 days to
near-instantaneous finality, enhancing market liquidity [22]. To improve processing speed
and efficiency, trade-related applications use self-executing (smart) contracts with the terms
directly written into code—automated key processes for accrediting and identifying clients
and suppliers [22]. This approach enables real-time certification that allows credit issuance,
transfer of ownership, and retirement certification. This automation reduced administrative
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overhead by approximately 50% while decreasing error rates by 83% compared to manual
processes [23].
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Figure 2. Evolution of global revenues from carbon [20].
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Figure 3. Comparison Between Traditional and Distributed Ledgers [21].

2.2.2. Stakeholder Perspectives

In some industries or cases, such as track and trace, DLT adoption has reached maturity
and, in some cases, the scalability necessary to result in large-scale implementations. Carbon
market developers are beginning to understand these advantages, but the industry, as late
as 2024/25, is still further from full-scale adoption, and perceptions of DLT solutions could
be considered fragmented. DLT systems are nearing maturity and are more viable due to
improved scalability, with transaction speeds having improved to over 100,000 transactions
per second [24]. Additionally, the sustainability of second and third-generation blockchains
employing Proof-of-Stake consensus protocols makes these systems more attractive. DLTs
offer a level of sovereignty as no one person, entity, or state (unlike traditional database
systems) controls the blockchain. This allows us to create a fully transparent and secure
trading system for carbon credits, which helps attract institutional participants and ensures
environmental integrity [25]. Momentum seems to be growing in the industry due to
the potential cost savings that DLT systems can provide. Because the system is highly
automated and smart contracts eliminate the need for the exchange of traditional contracts
and the associated human-related administrative costs and errors, this makes DLT systems
an attractive option in the carbon credit industry [26].
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2.2.3. DLT Application in Carbon Trading Market

A review of blockchain technology in carbon trading markets shows that developers
view DLT as a tool for credit traceability and secondary market creation, whereas regulators
identify governance and compliance complexity as barriers [27]. However, DLT effec-
tiveness, despite its efficiency and trust benefits, may be undermined by the consortium
rules established to set up and operate the blockchain for a given carbon credit entity [28].
Additionally, governance can create friction and is perhaps the most critical aspect of a
successful consortium. Stakeholders of and within the system must work together, even
when there may be a competitive element among one or more members of the working
entity. Partners can differ in their respective priorities, market strategies, business processes,
etc. DLT can improve transparency and reduce transaction friction, but it also introduces
complexity that may confuse participants unfamiliar with the technology, thus hampering
trust in tokenized credits [27]. These potentially contentious discussions and decisions
should be worked out well in advance of the buildout of the system to ensure there are no
blockades that arise midway through development [28].

2.2.4. Transparency and Market Integrity

DLT implementation substantially enhances transparency in carbon credit markets,
addressing the critical issue of double-counting, which reduces the real impact to half of
what is accounted [11]. By recording all transactions on an immutable ledger, DLT systems
provide a verifiable chain of custody for each credit from issuance to retirement [29]. The
transparent nature of DLT also facilitated improved stakeholder confidence. The BNY
Mellon digital asset custody platform serves U.S. clients, initially supporting Bitcoin and
Ether. Its market participants (n = 217) survey results indicated a 47% increase in trust
levels following migration to DLT-based systems, with 79% citing improved transparency
as the primary factor. This demonstrates that DLT implementation can significantly im-
prove market credibility by creating an immutable audit trail that allows for independent
verification of claims and retirement status [11]. Traditional databases that may house this
information provide four functions so that database administrators can

Create a record;
Read a record;

Update a record;
Delete a record.

This is functionally known by its acronym, CRUD, which leaves an opening for
potential bad actors to erroneously change or delete records. DLT systems only allow the
first two functions—creating or reading a record, thereby making it almost impossible for
this type of fraud to exist. This is particularly valuable in addressing common criticisms of
voluntary carbon markets regarding the legitimacy of offsetting claims.

2.3. Potential Carbon Credit Platform Infrastructures

Several operational DLT-based carbon credit platforms aim to address issues like
transparency, market fragmentation, and inefficiencies in the carbon credit lifecycle. The
key initiatives to enhance carbon trading activities in the voluntary carbon market were
assessed against real-world performance:

1.  CarbonChain: A permission-based platform focusing on compliance markets in the
EU and Canada, which has processed over 8.2 million carbon credits representing
8.2 MtCO,e. The platform reduces verification times by 80% and decreases transaction
costs by 58% [30].
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2. CarbonBlocks: A public blockchain implementation on Ethereum focused on vol-
untary carbon markets with an emphasis on nature-based solutions. The platform
has tokenized 3.4 million carbon credits but faces scalability challenges during high-
demand periods.

3. Distributed Carbon Ledger (DCL): A hybrid system combining on-chain record-
keeping with off-chain Measurement, Reporting, and Verification (MRV). DCL demon-
strated superior scalability and regulatory compliance but requires greater centralization.

4.  TransparenTerra: A consortium-based DLT platform focused on land-use change
and forestry credits in tropical regions. The system’s smart contract-based verifica-
tion reduced fraudulent credits by an estimated 92% compared to previous registry
systems [31].

5. Carbonex: This enterprise uses blockchain to create a transparent and efficient global
market for trading carbon credits. The platform aims to simplify the carbon credit
lifecycle, ensure compliance, and integrate with existing Emissions Trading Systems
(ETSs). It plans to have nodes in all countries that ratified the Paris Agreement,
with limited write access for entities like the UNFCCC and local governments while
maintaining open read access for public accountability.

6. IBM Energy Blockchain Labs: IBM, in partnership with Energy Blockchain Labs,
has developed a carbon asset development platform using blockchain technology.
This platform automates carbon quota calculations through smart contracts, enhanc-
ing transparency, information sharing, and regulatory monitoring. It uses Hyper-
ledger Fabric to securely store environmental data and facilitate emissions tracking
for participants.

7. ClimateTrade: This online service provider uses DLT to track and sell carbon
credits, ensuring that all transactions are visible to platform users. ClimateTrade
links to projects verified by major standards like CDM, VCS, and the Gold Stan-
dard, allowing users to offset emissions, calculate carbon footprints, and prepare
sustainability reports.

8. Nori: Nori focuses on carbon removal through regenerative farming practices. It uses
blockchain to create a market for carbon removals, issuing Ethereum-based tokens
representing one ton of CO, removed from the atmosphere for at least ten years. The
process involves farmers, independent verifiers, and buyers, with all data stored on a
blockchain to prevent double-counting.

9.  Moss.Earth: Moss is an environmental fintech company that sells carbon credits
linked to projects in the Amazon rainforest, such as the Ituxi and Juma projects. Using
Ethereum, Moss provides a digital platform for individuals and companies to buy,
store, and use carbon credits, aiming to combat deforestation and climate change.

These initiatives demonstrate the potential of DLT to revolutionize the voluntary
carbon market by improving transparency, efficiency, and accountability in carbon trading
activities. Nonetheless, the data collected is limited to the DLT-based carbon platforms and
initiatives included in the case studies. While these platforms provide valuable insights,
they may not be fully representative of all DLT applications in carbon markets. Additionally,
the study focuses primarily on the technological aspects of DLT implementation. Further
research is needed to explore the social, economic, and policy dimensions of DLT adoption
in carbon markets [12].

2.4. Regulatory Frameworks and Standards

International regulatory standards and frameworks are necessary for establishing and
maintaining agreed-upon practices, processes, and procedures amongst industry players
and across international borders. Article 6 in the Paris Agreement is an example of work
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being performed in this field to ensure consistency and compliance when capturing and
reporting carbon credits on an international scale. Specifically, Articles 6.2 and 6.4 address
international market-based cooperation, guidance, and mitigation processes for the transfer
of carbon credits through the use of a protocol called Internationally Transferred Mitigation
Outcomes (ITMOs). Interlinkages of registries and implications for functions and structures
in the context of Paris Agreement Article 6 underscore the necessity of an international
framework, specifically for industry’s needs [32]. For global trades such as the airline
industry, it becomes imperative to have some mechanism (in this case, ITMOs) to ensure
fair capture, reporting, and transfer of carbon credit-related data from region to region.

Digitizing monitoring, reporting, and verification (MRV) processes can help to initiate
work and, moreover, create scale and confidence in carbon market development using
DLT. Digital MRV (dMRV) frameworks make it possible to standardize workflows, such as
origination processes, manufacturing systems, and product definitions. Standardization
builds credibility, attracts investors, and ensures the reliability of outcomes [33]. While DLT
systems reduce the probability of double-counting due to their secure architecture, if tokens
from different blockchains do not share cryptographically linked audit trails for MRY, it
is difficult to prove the authenticity of a set of tokenized transactions that span different
DLT ledgers. The InterWork Alliance (IWA) has coordinated with the Global Blockchain
Business Council’s (GBBC) Interwork Alliance group in 2023 and 2024 to develop a digitized
framework that addresses these issues from an industry and business perspective. It
has created technical specifications for developers to ensure consistency across various
development entities, which are open-source and available on GitHub. Additionally, IWA
and GBBC have produced a digital asset (Fact Card) that provides a snapshot of definitions
and types of carbon markets, key entities, quality standards, certification standards, MRV
Process flows, tokenization descriptions, and how organizations can engage in the dMRV
framework [33].

The GBBC has also performed work on mapping global standards over the past few
years. Their goal with these standards is to advance the work in the areas of sustainability
and sustainable blockchains, including those in the carbon market space. These mapping
reports include a taxonomy of sources of authority in the industry, such as various legis-
lation or legislative bodies, guidance, regulations, including documentation around the
Paris Agreement (Article 6), EU Green Deal, and EU Emissions Trading System, US SEC
Climate disclosures, the International Carbon Disclosure Project, and many other industry
stakeholders [34]. Regulatory and institutional analysis for carbon market development
has been in process for several years and seemingly continues to gain momentum. These
initiatives and future frameworks, regulations, and institutions can act as a catalyst and
drive scale within the industry through the adoption of DLT solutions. Future research in
this area could focus on how these developments have impacted or failed to impact the
development of carbon markets using blockchain solutions.

2.5. Conflicts Between Decentralized Systems and Decentralized Systems

There are traditional database systems in place in the carbon capture and reporting in-
dustry. Verra and Gold Standard are two that seem to have gained much of the momentum
in terms of development or use to date. DLT systems, for reasons discussed in this paper,
are challenging these traditional centralized approaches. As this dichotomy unfolds, it is
important to understand some of the potential conflicts that could arise.

Notable potential conflicts include the following:

1.  Control over issuance and authenticity in the MRV processes;
2. Governance;
3. Double-counting or fraud.
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Control over issuance and authenticity in the MRV Processes

e  Centralized systems require projects to make use of strict methodologies in order
to issue credits, and central registries and people within those entities control the
issuance and certification of credits. In these systems, third-party audits and manual
field inspections are often necessary, which can create credibility questions.

e  Decentralized systems make use of tokenization and smart contracts to auto-issue
credits in the system. Consortia members, rather than a central entity, create the rules
and establish the methodology for verifying transactions in the system.

The conflict here is trust, whereby centralized systems believe their way of issuing
and authenticating is more trustworthy than decentralized systems because some believe
DLT systems can allow “junk” credits to enter the system, since there is, in many cases,
no “human” intervention in assessing the validity of the issuance. As discussed in the
previous section, tokens from different blockchains should share cryptographically linked
audit trails for MRV to prevent erroneous addition of credits to prevent such occurrences.

Proponents of decentralized cite the lack of credible human verifiers that can lead to
inaccuracies or fraud. For example, because of untrustworthy issuance, “In January 2023,
the Guardian, together with Die Zeit, reported that 94% of the carbon credits from rainforest
protection projects certified by the largest registry in the VCM, Verra, were ‘worthless’” [35].

Governance

Governance and decision-making in centralized carbon credit systems are performed
by technical committees, supervisory boards, or based on scientific research. Often referred
to as “Credit Registries”, which can be international, national, or private, such as the
Gold Standard for Global Goals (GS4GG) [32]. The proliferation of registries can lead to
cross-communication issues and data inconsistency. Additionally, much of the work is per-
formed by individuals, where human error or poor intention can compromise the data and
undermine confidence in the system. Interoperability also becomes a concern as differing
technologies or input processes can cause inaccuracies or an inability to communicate in
the same terms.

In terms of validation and verification, common practice, in some carbon market
systems, relies on project management entities hiring third-party auditors, which may
have a vested interest in ensuring the project succeeds, which can lead to inaccuracies or
fraud. The current iteration of the ICVCM (Integrity Council for the Voluntary Carbon
Market) lacks provisions for future iterations to advance beyond this existing verification
model [36].

In blockchain or DLT, governance is much more automated, relying not on individuals
but on smart contracts or computer code to govern how the system reports and verifies
information. Governance rules are established by people or organizations who are a part of
the overall consortia of the system—stakeholders who play a direct role or have a vested
interest in a given carbon capture project. Stakeholders in DLT systems determine de-
cision rights and technically enact accountability through the creation of Decentralized
Autonomous Organizations (DAOs), where consensus mechanisms and smart contracts
drive dMRV processes rather than direct human interaction [37]. DAOs offer advantages
over centralized carbon capture systems by increasing transparency and traceability as
transactions are recorded openly and immutably. This architecture serves as an impor-
tant tool in monitoring dMRV progress when implementing the Nationally Determined
Contributions under the Paris Agreement [38].

Though there are clear advantages to governing under DLT systems, there are chal-
lenges that must be avoided or overcome. For example, governance of data and rules of the
system must be well defined before the system begins the process of collecting data. Con-
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sortia members bear the responsibility of determining how data will be defined, and which
type of data will be recorded and managed over its lifecycle [39]. Moreover, it must also
determine how data interacts with other DLT and potentially non-DLT systems. Perhaps
the most concerning challenge of DLT systems is the workings of the consortia themselves.
Despite the potential for the benefits of DLT systems, forming and operating consortia that
may involve many entities with differing goals may require members to agree to terms that
challenge long-held belief systems or foundational business models. Participants may find
they must incorporate changes to business models or even incorporate strategies to meet
the needs of the consortia as a whole [28].

3. Methodology

The initial stage of research included Scopus and Web of Science Databases surveys for
the terms “blockchain”, “Carbon Markets”, and “Case Studies”. Using “blockchain” alone
resulted in a very large number of papers (>42,000). Adding the term “carbon markets”
reduced this to just 44 papers (Web of Science) and 241 papers (Scopus), and then “case
studies” resulted in just 8 papers (Web of Science) and 32 papers (Scopus). Those latter
papers enabled us to gain enough information to develop a theoretical framework (Figure 4).
A comparative case study approach was used to develop architecture (Figure 4) following
Eisenhardt’s methodology [40], which enabled the use of cross-case synthesis to identify
patterns, similarities, and differences in DLT applications across three markets. The case
studies represented different levels of market maturity and DLT utilization for carbon

credits booking and trading.
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Figure 4. Proposed Three-tier Architecture for Global Carbon Market Integration [Diagram
illustrating base layer, protocol layer, and application layer components for integrating DLT with
compliance markets].

In accordance with Eisenhardt’s methodology [40], three independent case studies
were used to develop an architectural structure for a blockchain 3.0 application [41] in
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carbon markets. The case studies evaluated DLT application in carbon markets of Europe,
Australia, and China, providing, through the three scenarios, an example of the potential
application of DLT to carbon markets [34]. The first paper analyzed was an Emissions
Trading Case Study from the European Union [42], the second, a case study from the
Australian Carbon Market [30], and the third, a case study from the Shanghai Environment
and Energy Exchange [3].

Case Study Design

All three studies employed case study methodology focused on specific carbon trad-
ing systems:

e EU ETS Study: European Union Emissions Trading System: As the world’s largest
and most mature market, this case provides insight into DLT integration within an
established regulatory framework.

e  Australian Study: Australia’s Emissions Reduction Fund (ERF): This case represents
a developed economy with an evolving carbon market, offering perspectives on
transitioning to DLT-based systems.

e  China, Shanghai Study: Shanghai Environment and Energy Exchange (SHEE): As part
of China’s emerging national carbon market. This case illustrates the DLT application
in a rapidly developing economy with significant emission reduction targets.

These cases were selected to provide a comprehensive view of DLT implementation
across different regulatory environments, market structures, and stages of development.
Each case study employs comparable background strategies, whereas the comparison is
performed for application parameters that are most relevant for industrial emission credit
trade [41]. The EU case study examines EU ETS: Legal and regulatory documents, policy
literature, and historical EU ETS data [42]. The Australian case study applied a systematic
literature review, identifying four blockchain carbon market models that are suitable for
the Australian market [43]. The China, Shanghai case study also applies a peer-reviewed
literature and gray literature that are publicly available information to decipher potential
DLT strategies suitable for the Chinese market [3].

All studies compared current centralized systems against proposed block-
chain implementations:

e EU ETS: Centralized vs. decentralized system comparison;
e Australian: Traditional carbon market vs. blockchain-enabled market;
e  Shanghai: Pre-blockchain vs. post-blockchain market performance.

The comparison parameters selection criteria were choosing parameters that indicate
the applicative viability of each system and included: user authentication, system stability,
and economic design [41]. Once these parameters were deciphered from the literature, they
were sent into a comparative table (Table 1), which highlights the integrative difference
from one case study strategy to the others.

Table 1. Market benefits presented by each system.

STUDY EFFICIENCY GAINS COST REDUCTIONS PROCESSING SPEED
EU ETS Automated C(?mphance, >EUR 5 bllh(?n Smart contract automation
reduced admin burden fraud prevention
Reduced CSP reliance, . Instant vs. 6-week
AUSTRALIA automated MRV Lower transaction costs ACCU issuance
CHINA 15% transaction cost reduction Lower regulatory costs 40% transaction speed increase
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4. Comparative Analysis Results

Having outlined our comparative case study methodology in Section 3, we now turn in
Section 4 to a detailed examination of each case study—beginning with the EU’s Emissions
Trading Scheme—to explore how blockchain might inform or enhance their experience
with carbon market operations. Generalized Market Performance evaluation is presented
in Table 1.

4.1. EU Carbon Market Case Study

The EU Emissions Trading Scheme (ETS) was launched in 2005, the world’s largest and
most mature cap-and-trade program, covering approximately 40% of the EU’s greenhouse
gas emissions. The case study does not incorporate DLT; it describes the evolution of
the carbon market trading system, the challenges that it faces, and the lessons learnt.
It operates by setting a declining cap on total emissions and enabling the trading of
emission allowances (EUAs) among regulated entities [28]. The system has evolved over
multiple phases, introducing improvements such as centralized allocation, expanded
sectoral coverage, and increased auctioning. To address the persistent oversupply of
allowances that led to low carbon prices, the EU implemented a “backloading” measure in
2014, which temporarily withheld 900 million allowances from auction. This was followed
by the introduction of the Market Stability Reserve (MSR) to more systematically adjust
supply. Despite initial design flaws, the EU ETS has contributed significantly to achieving
the Union’s emission reduction targets and remains central to its strategy for climate
neutrality by 2050.

While the EU ETS does not currently use blockchain technology for trading or registry
operations, the potential for its application is being explored. Trading continues through
traditional platforms such as the European Energy Exchange (EEX) and the Intercontinental
Exchange (ICE), with allowances tracked via the centralized Union Registry. Although
blockchain offers theoretical advantages in transparency, traceability, and decentralization,
the EU has opted for the robustness and regulatory certainty of its existing infrastructure.
Nevertheless, blockchain is being piloted in voluntary carbon markets and may play a
future role in enhancing data integrity and auditability within compliance markets like the
EU ETS.

Benefits of Distributed Ledger for Carbon Trading

The integration of carbon markets globally presents significant opportunities for
creating a more efficient and consistent price on carbon. Connecting these markets can
promote greater confidence, stimulate investment, and foster new technology development
through enhanced financial flows. However, the challenge lies in the legal and regulatory
fragmentation of individual carbon markets [44].

Distributed Ledger (DL) or blockchain technology offers a promising “bottom-up”
solution to this challenge. Its key benefits include the following:

1.  Interoperability: DL can facilitate connections between different carbon markets
without requiring complete legal and regulatory standardization [45].

2. Transparency and Trust: The distributed database with public/private key encryption
provides a transparent and secure environment for transactions.

3. Decentralized Infrastructure: This aligns well with the prosumer model, allowing for
more direct participation in carbon trading.

4.  Innovative Data Sharing: DL enables novel approaches to managing and sharing data,
crucial for accurate carbon accounting across different markets.

5. Flexible Transaction Management: This feature is particularly beneficial for prosumers
who may engage in smaller, more frequent transactions.
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As for user authentication, the EU ETS registry utilizes a two-factor authentication
system, requiring both email/password and a QR code generated by a registered phone
number (Table 2). The central authentication service allows access to various commission
services with a single email and password, and can incorporate second-factor verification
methods [46]. System stability through the EU ETS is considered a mature and stable carbon
market, having been in operation since 2005. The Market Stability Reserve (MSR) is a key
mechanism for regulating allowance supply and demand, enhancing the market’s resilience
to shocks. It is suggested that the market functions in an orderly manner, comparable
to other financial markets, without widespread market manipulation [38]. The EU ETS
economic design is a mature cap-and-trade system covering a wide range of sectors and
gases. Emission allowances are classified as financial instruments, subject to financial
market rules and oversight. The EU ETS has proven effective in driving emission reductions,
particularly in the power sector, and generates substantial revenue for green transition
initiatives [47].

Table 2. Case study comparison by three key parameters.

PARAMETER

EUROPEAN UNION

CHINA (DLT-BASED)

AUSTRALIA (DLT-ENABLED)

(ESTABLISHED DLT)

USER AUTHEN-
TICATION

SYSTEM
STABILITY

ECONOMIC
DESIGN

Focused on legal entities,
potential for future offshore
access; emphasis on data quality
and security measures
Younger market, increasing
stability, but still more volatile
compared to the EU ETS; fewer
price stabilization mechanisms

Mandatory ETS and voluntary
CCER scheme; initially,
intensity-based allocation with
free allowances; aiming to
incentivize low-carbon practices

Advocates for secure API access
and robust security measures like
multi-factor authentication

Evolving market with reforms to
enhance transparency and
integrity; rising ACCU prices
indicate increasing stability
Combines ACCU projects with
the Safeguard Mechanism;
ACCU s treated as financial
products; emphasis on broad
economic coverage and
sectoral linkages

Robust two-factor authentication
system with a central
authentication service

Mature and stable market with a
proven track record; Market
Stability Reserve (MSR) effectively
manages supply and demand
Mature cap-and-trade system with
wide sectoral coverage; allowances
classified as financial instruments;
effective in driving emission
reductions and generating revenue
for green transition

4.2. Australian Carbon Market Case Study

Australian carbon market DLT application case study [43] specifically focuses on
retrofitting DLT into the existing Australian National Registry of Emissions Units (AN-
REU). Through detailed document analysis of legislation, registry protocols, Clean Energy
Regulator governance, and project workflows, they derive system requirements compatible
with Australia’s Emissions Reduction Fund and ANREU framework. They propose a
permissioned DLT model under regulator control, embedding smart contracts to automate
credit issuance, transfers, and compliance processes—thereby enhancing transparency,
preventing double-counting, and reducing administrative friction. Key anticipated benefits
include operational efficiency, improved equity through broader market participation, and
integrity upheld within a hybrid governance structure aligned to legal mandates.

In the context of emerging prosumer participation—households or small entities that
both generate and consume carbon-offsetting energy—DLT can facilitate peer-to-peer (P2P)
trading of carbon allowances and energy, allowing prosumers to influence pricing and
participate in decentralized markets directly [48]. In such P2P frameworks, prosumers
upload their surplus renewable energy generation or carbon reduction data, receive and
trade carbon credits within the DLT system, and thereby gain a more equitable share of
market opportunities. This aligns with the case design principles, offering a future pathway
for Australia’s carbon registry to support decentralized carbon energy exchanges while
preserving regulatory oversight [43].
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The integration of DLT in carbon trading, as evidenced by the Australian case study,
offers the following significant benefits:

1.  Market Access: DLT can lower barriers to entry, allowing smaller-scale prosumers to
participate more easily in carbon markets.

2. Accurate Accounting: The transparent and immutable nature of DLT addresses the chal-
lenge of accurately tracking emissions and credits for decentralized energy producers.

3. Cross-Market Participation: As prosumers may operate across different jurisdictions
or markets, the interoperability offered by DLT systems is particularly valuable.

4. Trust in Decentralized Systems: DLT’s ability to establish trust without centralized
authorities aligns well with the decentralized nature of prosumer energy production
and consumption.

5. Policy Adaptation: As demonstrated in the Australian case, DLT can help existing
markets adapt to the changing landscape brought about by prosumers.

The emergence of prosumers in the energy sector presents both challenges and op-
portunities for carbon markets. Blockchain and DLT offer promising solutions to these
challenges by providing a flexible, transparent, and efficient platform for carbon trading.
The potential benefits, as highlighted in the Australian case study and the broader analysis
of DL applications, suggest that blockchain could play a crucial role in adapting carbon
markets to the prosumer era. This adaptation is essential for creating more inclusive, effi-
cient, and effective carbon trading systems that can accommodate the complex dynamics of
modern energy production and consumption while effectively managing carbon emissions
on a global scale.

As for user authentication, carbon market participants, including brokers and digital
marketplaces, advocate for secure API access to the registry for efficient analysis and trading
(Table 2). There is support for multi-factor authentication, data protection, and encryption,
indicating a focus on robust security for user authentication and access. With over a decade
of national carbon markets experience, system stability action is focused on enhancing
transparency and integrity. The Safeguard Mechanism, a key policy, requires large emitters
to reduce their emissions or offset them with Australian Carbon Credit Units (ACCUs). The
market is evolving, and ACCU prices are expected to rise, suggesting increasing stability
and confidence [49]. Australian carbon market economic design combines ACCU Scheme
projects (generating credits) with the Safeguard Mechanism (requiring large emitters to
manage their emissions).

ACCUs are considered financial products, and organizations engaging in the market
must adhere to Australian Financial Services License obligations. The market design em-
phasizes broad economic coverage and aims to link sectoral transition plans for accelerated
decarbonization [43].

4.3. Shanghai Energy Exchange Case Study

China, the world’s largest emitter of greenhouse gases, has set ambitious targets for
achieving carbon neutrality by 2060. The nation is actively exploring innovative approaches
to manage its carbon footprint and drive sustainable economic growth. DLT, particularly
blockchain, is emerging as a critical tool in this endeavor, offering unique solutions for
enhancing transparency, efficiency, and trust within China’s developing carbon market. A
case study of a successful blockchain implementation for carbon trading in the Shanghai
Energy Exchange [3] provides a review of how blockchain affected carbon trading prices.

Monitoring the effect of six events on carbon prices since carbon trading began on
the Shanghai Energy Exchange in 2022 included the following: certification of asset trad-
ing, research on DLT applications, an international standard on blockchain and carbon
trading, a demonstration of carbon trading on carbon neutral management, integration
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with international carbon markets, and a regulatory framework to support long-term
blockchain applications in carbon trading. The Cathay Pacific trading data statistical analy-
sis concluded that the market reacted positively to these events, showing that blockchain
technology changes elevated carbon prices in the short term. It was also concluded that
blockchain technology was positive for the carbon trading market and had significant
potential for innovation and improvement. However, blockchain also created challenges
to the market, such as increased costs, elevated energy consumption, transaction delays,
and higher learning costs for participants. To address these challenges, selecting more
efficient and cost-effective blockchain platforms and considering environmentally friendly
consensus mechanisms, such as Proof-of-Stake, was recommended.

While impacts and benefits included enhanced transparency through immutable
records, allowing for easier auditing and verification, and automated compliance veri-
fication through smart contracts streamlines operations, reducing transaction time and
costs. The challenges and limitations involve high initial costs for DLT implementation,
both in infrastructure and for market participants’ learning investment, increased energy
consumption in reference to the current database system, and transaction delays. As DLT
improves efficiency in some areas, the processing speed of some networks may lead to
transaction delays. In the future, as suggested in the Shanghai case study, China is expected
to continue integrating DLT into its carbon market, aiming to further enhance its efficiency
and integrity, contributing to fraud risk reduction and increased market trust. The Shanghai
Market Structure impacts involve facilitated cross-regional and international cooperation,
standardized international trading processes, and sustained market confidence seeking to
leverage technology for climate action.

As for user authentication, the CCER registration system is limited to legal entities
registered within China. The government has expressed intentions to open up the mar-
ket to offshore investors in due course. There is also a strong emphasis on data quality
management, multi-level review, and intelligent early warning systems, potentially influ-
encing user authentication protocols. User authentication for individual carbon accounts at
the local level and within company systems involves methods like email and specialized
applications, sometimes using QR codes for login and transaction signing (Table 2).

The young Chinese national carbon market demonstrates increasing system stability
and vibrancy. While it is designed to unlock emission reduction potential and is projected to
become the world’s largest carbon market, compared to the EU, China’s ETS is considered
less mature and more volatile due to fewer price stabilization mechanisms and smaller
sectoral coverage [50]. The national carbon market economic design includes both a
mandatory ETS and a voluntary CCER scheme, which are interconnected. While the
ETS is initially intensity-based, with free allowance allocation, potentially impacting near-
term decarbonization incentives, it aims to raise awareness that “emissions come at a
cost and reductions yield benefits,” encouraging low-carbon practices and technological
adoption [48].

5. Discussion
5.1. Integration with Global Compliance Markets

The integration of DLT with existing compliance markets represents both a significant
opportunity and a challenge. Our analysis suggests that a phased approach is most feasible,
beginning with parallel operation of DLT systems alongside traditional registries, followed
by gradual integration through standardized APIs and common data models.

The Paris Agreement’s Article 6, which establishes mechanisms for international
cooperation on climate mitigation, provides a framework for this integration. Specifically,
Article 6.2’s cooperative approaches and the Article 6.4 mechanism could benefit from
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DLT’s ability to track Internationally Transferred Mitigation Outcomes (ITMOs) and prevent
double-counting across jurisdictions [51].

We propose the following three-tier architecture (Figure 4) for integrating DLT with
global compliance markets: (1) a base layer providing immutable record-keeping and
basic transaction functionality; (2) a protocol layer implementing standardized interfaces
for interoperability between different registries; and (3) an application layer enabling
market-specific functionality such as trading platforms and verification systems.

Our findings indicate that DLT can significantly enhance the integrity and efficiency
of carbon markets, though several challenges must be addressed to realize its full potential.

5.2. Challenges and Limitations

Despite its promise, DLT faces several challenges in carbon market applications. First,
the PoW energy consumption consensus mechanisms conflict with the carbon market
environmental goals. While newer consensus mechanisms like PoS (Proof-of-Stake) have
substantially reduced energy requirements, they introduce different trade-offs regarding
security and decentralization [52].

Second, the “oracle problem”—reliably connecting on-chain systems with off-chain
data—remains significant for carbon markets, which depend on accurate Measurement,
Reporting, and Verification of physical emissions. Hybrid systems using IoT devices,
satellite data, and Al for verification show promise but require further development [53].
For instance, combining DLT with artificial neural networks can enhance the ability to
monitor and mitigate adverse environmental effects within the digital economy, creating a
more holistic approach to sustainability.

The “oracle problem” in blockchain technology presents a significant challenge in
obtaining and providing reliable, real-time, real-world data in a trustworthy and secure
manner. This issue is crucial because blockchains operate in a decentralized environment
where data reliability and trust are paramount. While blockchain has demonstrated effec-
tiveness in supply chain traceability [54,55] and has the potential to address counterfeiting
issues [56], the integration of external data remains a complex hurdle.

The implementation of blockchain in business processes, as seen in cases like TraceThai,
shows promise in enhancing trust between new business partners. It can serve as a signaling
mechanism for suppliers to demonstrate trustworthiness through brand credibility, third-
party verified information, and transparent information sharing. However, its impact
may be limited in well-established relationships where trust has already been developed
through long-term interactions [57].

Governments can play a role in incentivizing the deployment of blockchain technology,
potentially addressing some aspects of the oracle problem [56]. However, the challenge
remains in ensuring that the data fed into the blockchain from external sources maintains
the same level of reliability and trustworthiness as the blockchain itself.

It is important to note that while blockchain can enhance traceability and trust in
certain contexts, it is not a universal solution to all data reliability issues. The oracle
problem highlights the ongoing need for developing robust mechanisms to bridge the
gap between blockchain’s internal environment and external data sources, especially in
applications that require real-time, real-world information.

Third, regulatory fragmentation across jurisdictions creates significant barriers to
the global adoption of DLT-based carbon markets. Harmonizing regulations, particularly
regarding the legal status of tokenized carbon credits, will be essential for realizing DLT’s
full potential [58]. In emerging carbon markets, regulatory frameworks must also be
designed with technological integration in mind to maximize transparency benefits while
ensuring market stability [59].
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Blockchain as a new global resource faces immense challenges in stewardship or
governance, which involves regulating behavior, including meting out punishments [60].
Governance is needed at different levels of implementation, i.e., at the platform level,
application level, and ecosystem level. From a supply chain perspective, blockchain is an
emerging technology and supply chain enabler with a lot of promise, but its adoption is
also fraught with difficulties in mismatched expectations of technology adopters, as well
as slow learning cycles [54]. Technology adopters normally come with a set of prioritized
goals that will include financial goals, operational costs, system and efficiency, return on
investments, trust, and end-to-end integration, i.e., flexibility of use with partners (both
nationally and internationally).

Businesses are expected to align with and support their governments” commitments to
the Paris Agreement. However, this alignment can be challenging due to differing priorities
between businesses and governments. Additionally, businesses often lack the capacity
or incentive to track emissions across their entire supply chain, leading to fragmentation
and potential gaps in carbon accounting. This situation creates obstacles in efficiently
managing carbon assets and meeting climate objectives. The implementation of standard-
ized methods for emissions tracking and the integration of carbon markets could help
address these challenges, but significant hurdles remain in achieving comprehensive and
consistent carbon management across business operations [61]. The use of blockchain and
its feasibility for use at scale is constrained by the fact that different industries as diverse as
agriculture, finance, mining, and manufacturing, have different types of assets, standards,
and regulations [62].

5.3. Prosumers in Blockchain-Based Carbon Trading

The concept of prosumers has become increasingly relevant in the context of blockchain
applications for carbon trading [48]. Prosumers, individuals or entities that both produce
and consume a product or service, are reshaping traditional market dynamics, particularly
in the energy sector and carbon markets.

In the realm of carbon trading and energy management, prosumers play a crucial role.
The global energy sector is undergoing a significant transformation driven by the emergence
of prosumers who generate and consume energy. These individuals utilize decentralized
energy sources like solar panels and wind turbines, enhancing energy independence by
producing their own energy and selling surplus back to the grid [63].

The importance of the prosumer perspective in blockchain-based carbon trading can
be understood through the following seven key points:

1.  Decentralization and Market Dynamics: Prosumers contribute to the decentraliza-
tion of energy production and carbon management. This shift aligns well with
blockchain’s decentralized nature, potentially creating more dynamic and responsive
carbon markets.

2. Accurate Emissions Tracking: As both producers and consumers of energy, prosumers
present unique challenges in accurately tracking carbon emissions. Blockchain tech-
nology can offer a solution by providing a transparent and reliable Measurement,
Reporting, and Verification (MRV) system [64].

3. Equitable Pricing Mechanisms: The dual role of prosumers necessitates the develop-
ment of fair and equitable pricing mechanisms in carbon trading. Blockchain-based
platforms can facilitate peer-to-peer (P2P) trading of carbon allowances [63].

4. Enhanced Participation in Carbon Markets: By enabling more accurate tracking and
trading of carbon credits, blockchain technology can help the building sector and
individual prosumers participate more effectively in carbon credit markets [64].
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5. Regulatory Challenges: The prosumer model introduces new regulatory challenges in
carbon trading. Blockchain’s transparency and immutability can aid in creating more
effective regulatory frameworks.

6. Data Management and Privacy: Prosumers generate significant amounts of data
related to energy production and consumption. Blockchain can provide secure and
transparent management of this data while addressing privacy concerns.

7. Market Access and Democratization: Blockchain-based systems can potentially de-
mocratize access to carbon markets, allowing smaller-scale prosumers to participate
alongside larger entities.

In practical applications, the prosumer perspective is crucial for several reasons:

It drives innovation in energy management and carbon trading systems.
It encourages more widespread adoption of renewable energy sources.
It necessitates the development of more sophisticated and flexible carbon trading platforms.

RN =

It challenges traditional market structures, potentially leading to more efficient and
responsive carbon markets.

6. Implications and Future Directions

The findings of this study have several important implications. DLT has the potential
to significantly enhance the efficiency, transparency, and integrity of carbon credit mar-
kets. By reducing transaction costs, automating processes through smart contracts, and
providing immutable records, DLT can increase market participation and improve trust
among stakeholders. The strategic potential of DLT adoption is crucial for leveraging
its benefits in carbon markets and beyond. Furthermore, DLT can facilitate innovative
financial mechanisms such as pay-for-outcome models in sustainable agriculture, further
driving environmental benefits. The intersection of Web3 and climate is fostering the
growth of regenerative finance, which seeks to align financial incentives with positive
environmental outcomes.

Our findings point to several promising directions for future development. First, the
integration of DLT with emerging technologies such as Internet of Things (IoT) sensors
and artificial intelligence could further automate verification processes, reduce costs, and
enhance accuracy. Hybrid systems using IoT devices, satellite data, and Al for verification
show promise but require further development. Furthermore, combining DLT with artificial
neural networks can enhance the ability to monitor and mitigate adverse environmental
effects within the digital economy, creating a more holistic approach to sustainability.
Second, the development of interoperability protocols could enable seamless exchange
between different carbon credit platforms and traditional registries, increasing market
liquidity and efficiency. Third, programmable DLT carbon credits could enable new market
mechanisms that automatically adjust prices based on environmental outcomes or time-
based parameters.

Future developments in carbon markets should consider the potential of regenerative
finance models enabled by Web3 technologies to drive more sustainable and equitable
outcomes. Further research should investigate the long-term strategic implications of DLT
adoption for carbon markets, considering factors such as competitive advantage and market
disruption. Ultimately, realizing sustainability goals necessitates not only technological
advancements but also financial innovation and a deep consideration of human agency
in driving change. Further research should explore the integration of DLT with pay-for-
outcome financing models to enhance the effectiveness of sustainable agriculture projects.
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Future Research

Academic research on the use of DLT in capturing and tracking carbon credits is not
new;, as several researchers have successfully published in this area, including as recently
as 2025. However, because of large-scale implementations or long-running use cases,
longitudinal research options are limited at the time of publication of this research. As the
industry becomes less fragmented and more successful implementations can be studied,
many opportunities for research will begin to emerge.

e  Social Impact: As more data begins to emerge regarding cost savings, accuracy, and
transparency of recording and tracing tokenized carbon credits, automated features
through the use of smart contracts, etc., researchers could begin to assess how these
advantages and others affect local and regional communities and parts of the world.
If positive results are revealed, this could add momentum to the carbon capture and
credit industry as a whole and have a positive impact on global sustainability.

o Governance Strategies: Traditional governance in the carbon credit industry typically
makes use of centralized entities like Verra, Gold Standard, UN Clean Development,
etc., for decision-making and regulation. This approach can result in picking win-
ners and losers (unfair assessments), clouded or confused or slow decision-making
processes, a lack of public trust, and high administrative and transaction costs [65].
Blockchain systems allow for the creation of Decentralized Autonomous Organizations
(DAOs), which are digital governance models whereby the DAO operates via the use
of smart contracts (computer programs and logic) that drive governance decisions
and actions. These automated systems can offset or mitigate many of the aforemen-
tioned concerns or limitations of traditional models of governance. If designed and
implemented successfully, these governance systems can improve speed, reduce cost,
increase transparency, reduce unfair decision-making, and thereby increase public
confidence. Researchers should be able to conduct longer-range studies that assess
improvements or risks, potentially enhancing these systems in the future.

o Impact Assessments: As industries begin the digitization of processes, decision-making
procedures, and administrative functions, researchers have an opportunity to verify
the effectiveness of the change in quantitative terms. Industry studies from reputable
sources such as the World Economic Forum or The Organization for Economic Co-
operation and Development (OECD) make broad statements regarding improved
efficiencies, reduced administrative costs, faster decision-making but the reports by in
large, avoid citing concreate or specific quantitative results perhaps due to the lack
of time production systems have been in place or a simple lack of successful cases to
study. Future research should be able to uncover accurate statistics, which can lead
to more confidence in those in the process of using a DLT approach to improve their
carbon reporting systems.
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