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Highlights
e Blockchain technology offers many improvements to carbon
markets
e We assess the technology readiness level for 39
organizations developing blockchain solutions
e The market is currently immature; most solutions are at or
before proof of concept
e Key technical, infrastructural, and regulatory barriers are
identified
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In brief

Blockchain has a reputation of being
over-hyped and under-delivering. In
theory, it has the potential to offer
significant improvements to carbon
markets that strengthen climate change
mitigation efforts. However, empirical
knowledge on whether blockchain
solutions can enable transparent and
effective carbon markets remains limited.
Here, we attempt to objectively assess
the blockchain solutions developed for
carbon markets in order to understand
what benefits they offer, and this reveals
that there are now commercially viable
solutions already creating an impact in
the market. Although blockchain is a tool
to improve carbon offset tracking and
trading, it is no panacea.
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SCIENCE FOR SOCIETY Carbon markets are rapidly spreading across the globe, and where compliance
schemes are missing, the voluntary carbon market can step in. These markets put a price on carbon and
enable a liquid market—a free market with low transaction costs and high flexibility—to avoid, reduce, or
remove carbon from the atmosphere. These markets are not without criticisms, however, and many are
advocating for higher quality carbon offsets, greater stringency, and greater supply chain transparency.
The underlying technology behind cryptocurrencies, the blockchain, is often touted as a way to overcome
those criticisms, but the extent to which they can exert a significant impact remains unclear. An overview
of blockchain-powered carbon-market projects from 39 organizations shows that there are now techno-
logically ready solutions, such as the Toucan Protocol or the work of the Energy Web Foundation, which
can indeed improve carbon offset tracking and trading along supply chains. Nevertheless, several bar-
riers prevent a widespread maturity of blockchain solutions for carbon markets, not least of which is a
lack of regulatory certainty that is stifling development in larger (and more conservative) companies.

SUMMARY

Carbon markets could hasten climate change mitigation by driving investment towards efficient decarbon-
ization activities, but they face problems around trust, transparency, and uptake. Blockchain offers a
foundational technology upon which new carbon markets can be built which address these shortcomings.
This sector is still nascent, fragmented, and clouded by technology hype, all of which obscures objective
judgement of its performance and suitability. Here, we survey the current blockchain ecosystem, identifying
39 organizations that are developing blockchain solutions for carbon markets across four use cases:
emissions-trading schemes, voluntary carbon markets, Article 6 of the Paris Agreement, and the Carbon
Offsetting and Reduction Scheme for International Aviation (CORSIA). We develop and apply a technology
readiness level (TRL) scale, and we find that most projects are still proofs of concept (TRL < 3); however,
one system has now reached maturity (TRL 9). Addressing the common barriers that face developers could
allow more blockchain solutions to mature and potentially facilitate globalized carbon markets with greater
efficiency, transparency, and accessibility.

INTRODUCTION

Climate change is the greatest example of market failure
ever seen.' Carbon markets are critical in helping the world
attain net-zero greenhouse-gas emissions.” They guide
financial capital towards activities that decarbonize most
efficiently, as they create flexibility over where and when
decarbonization happens.®* If one party wishes to reduce
emissions but another finds it easier to do so, carbon

4')

markets allow them to trade, so that mitigation occurs at lower
cost.

Carbon markets are now valued at over $100 billion,” placing a
price on one-fifth of global emissions.® However, this is achieved
through a patchwork of carbon taxes and trading schemes, with
inconsistent coverage and unlinked prices. The willingness to
pay of private investors to fund climate change mitigation out-
strips current investments due to a lack of trust and access to
current markets.®

opcnter One Earth 5, 779-791, July 15, 2022 © 2022 The Authors. Published by Elsevier Inc. 779
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

update


https://twitter.com/iain_staffell
mailto:i.staffell@imperial.ac.uk
https://doi.org/10.1016/j.oneear.2022.06.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oneear.2022.06.004&domain=pdf
http://creativecommons.org/licenses/by/4.0/

- ¢ CellPress

1 2 3.

Each node verifies
that the transaction
meets the criteria
submitted by both
parties

Each node
collects the
transaction

Broadcast
transaction to the
network of peers

Transactions T

One Earth

4 5 6.

All peers validate the
transactions proposed
by the temporary node
and confirms the
recording into ledger

Selected node
broadcasts the
finalised
transaction to
the network

Since there is no
central authority,
for a certain time
interval a node is
selected to propose
the finalised list of
transactions

Figure 1. The steps required for a transaction to be added to a blockchain

Adapted from Shell'* and Yaga et al."®

Blockchain technology has been suggested as means to in-
crease the efficiency, accessibility, and integrity of carbon mar-
kets.”® The United Nations supported research into the topic,’
resulting in a surge of media attention around the potential of
blockchains for carbon markets '~ "2 and the formation of dozens
of start-up companies.

A public blockchain is an immutable, tamper-proof, shared
ledger of state changes of a digital asset.'® This means it is a
permanent, publicly held record of information that nobody
owns or can edit, yet anybody can view or add to. It can (for
example) hold details of transactions and ownership of assets,
much like a bank ledger, except that everybody knows and
agrees upon who owns what at any point in time, and the entire
transaction history can be viewed publicly. Figure 1 illustrates a
simplified transaction between two entities in a blockchain sys-
tem. For a glossary of terms, the technical fundamentals of
blockchains, and two main blockchain platforms, please see
Notes S1-S8.

Carbon trading is a market-based instrument used to mitigate
climate change (see Note S4 for detail). First introduced as part
of the 1997 Kyoto Protocol, there are now 64 emissions-trading
systems and national carbon taxes in force or scheduled,
covering around one-fifth of global greenhouse-gas emissions.”
The European Union’s Emission Trading System (EU ETS) is the
largest carbon market in the world (see Note S5), covering 45%
of EU greenhouse-gas emissions and delivering a 20% reduction
by 2020 compared with 1990 levels.'®

These are compliance carbon markets (CCMs), in which re-
gions or nations regulate and trade allowances to emit carbon.
Voluntary carbon markets (VCMs) are an alternative that enable
companies and individuals to trade carbon credits as part of their
net-zero transition strategies (see Note S6).'” Voluntary carbon
markets are much smaller than compliance markets, but de-
mand for carbon offsets has increased 100-fold over the last
decade.’® Other notable implementations include Article 6 of
the Paris Agreement,'® an international cooperation between
countries to reach their nationally determined contributions
(see Note S7), and the Carbon Offsetting and Reduction Scheme
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for International Aviation (CORSIA), which seeks “carbon neutral
growth” of the aviation industry (see Note $8).%°

The core problems with carbon markets include trust, trans-
parency, and utilization. Trust in the legitimacy of the carbon
savings being sold is a concern® due to weak regulation and
evaluation of projects,?"?* along with markets’ vulnerability to
gaming and fraud®'*® and the potential for emissions leakage.””
Poor industry accounting means the amount of carbon that has
been offset is not accurately known. While offset generation data
are publicly available, there is currently no database that aggre-
gates this information.’® Complex trading processes and high
transaction costs lead to lack of participation in voluntary mar-
kets and thus low liquidity and irrational price formation.®

Blockchain is one potential solution to overcome these
problems,”>?° a foundational technology upon which trans-
parent, trustworthy, and liquid carbon markets can be built.
The similarities between digital currencies and carbon credits
(both are fungible and can be created) mean the features that
make blockchain successful as a currency can improve many
aspects of carbon markets. Its immutable nature and publicly
visible record enable robust accounting practices that avoid
ambiguity over ownership and double counting of emissions re-
ductions. Using a public blockchain ensures accessible record
checking and therefore additional accountability on the parties
involved, while also enabling faster and cheaper administration
with real-time settlement. It has the potential to automate and
apply credibility throughout the carbon-credit supply chain,
once rules are established. Blockchain’s interoperability with
other systems without a third-party intermediary®’ has led
to propositions that it be used in international carbon
markets.?®?%29 The fractionalization of carbon credits into units
of less than 1 tCO, enables new business-to-consumer market-
places, where retailers offer customers the opportunity to offset
the carbon emissions in products they purchase.’ Despite
these benefits, blockchain can only tackle a subset of the
problems facing carbon markets; technology alone cannot
resolve the intricacies of political relations or issues around
accountability.
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Figure 2. Schematic overview of carbon trading on a blockchain versus a centralized platform

The top panel shows the simplified steps required for a carbon trade to occur on a blockchain platform, whereby project owners create tokens for carbon-saving
projects, which are then traded via the decentralized market. The middle and bottom panels illustrate the differences between carbon offsetting via centralized
and blockchain platforms. The dashed border around brokers in the latter case indicates that they are not strictly necessary, but no current projects are observed

with projects selling directly to customers.

There is no firm consensus on how blockchain could be used
in practice for carbon markets, in the same way as it would
have been difficult to envisage in 1990 how the internet would
be used for financial markets. One plausible example would be
an Internet of Things (loT)-connected forest self-verifies the
carbon it sequesters using sensor data and remote imaging.
These savings could be issued on the ledger and automatically
verified after hitting the requirements of a company’s carbon-
offset-verification criteria. They are then issued on a market-
place and are purchased, retired, or resold. A recent example
is the Toucan Protocol, which takes credits from the Verified
Carbon Standard (VCS), retires them, and mints a replica token
on the blockchain known as a Base Carbon Tonne that can be
transferred or sold as required.>’ Two parties can trade in the
absence of trust without a third-party intermediary, as illus-
trated in Figure 2, giving reduced administration costs across
the system (see Note S6 for issues faced around removing
intermediaries).*?

While numerous media and gray-literature articles consider
the potential for blockchain and carbon trading and analyze
the prospects of individual companies, there has been compar-
atively little academic work on the topic, and much of it is purely
hypothetical.>**>*°, For example, recent work has either pro-
posed ways to incorporate blockchain into carbon markets®
and their verification systems®> " or assessed the suitability of
blockchain for individual markets, such as Article 6 of the Paris
Agreement®>*® or carbon trading scheme pilots in China.*”

Here, we complement existing work by providing an unbiased
assessment of the market as a whole, rather than focusing on in-
dividual markets or technologies. We explore 39 organizations

that are developing blockchain solutions to examine how block-
chain technology could be implemented in carbon markets,
covering four common use cases: emission-trading schemes,
voluntary carbon markets, Article 6 of the Paris Agreement,
and the aviation industry’s CORSIA scheme (see Notes S5-S8
for details on each). We assess the current blockchain
ecosystem by classifying all organizations working in the sector
with a bespoke technology readiness level (TRL) scale, which fol-
lows the EU Horizon 2020 methodology. Results show that most
projects are still at the proof-of-concept (TRL < 3) level, with one
project (KlimaDAQ) having now reached maturity (TRL 9). Our
work identifies the existing barriers to implementation and gives
policy recommendations on how to overcome these and in-
crease the speed of development of blockchain solutions with
a clear competitive advantage over current systems.

RESULTS

Method summary

A mixed-methods approach was taken, combining a systematic
literature reviewand semi-structured interviews with a quantita-
tive assessment of companies using the TRL scale.

A literature review was undertaken to synthesize the advan-
tages and disadvantages of the main proposed use cases and
to identify the organizations designing blockchain solutions for
carbon markets. The justification and selection criteria were as
broad as possible: simply any technology for which we could
find sufficient information. Interviews with market participants
and carbon market experts supplemented the literature review.
The market analysis used 118 sources and interviews with seven
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Table 1. The technology readiness level scale created for
evaluating blockchain solutions in carbon markets

TRL Description

Criteria

1. basic principles
observed

2. technology
concept formulated

3. experimental proof
of concept (PoC)

4. technology
validated in lab

clear use case explained
in the organization’s
documentation

technical details listed,
including blockchain platform
and consensus mechanism
evidence of the creation

of a (private) PoC*

data published on the
technology, either through

GitHub, transaction data, or
through published data

5. technology validated

in industry-relevant
environment

2+ partnerships with external
companies announced. This
assumes that collaboration would
only occur if the organization has
proven their use case privately.

6. technology demonstrated
in relevant environment

media reports or public data
released of partner PoC or pilot
successfully using the technology

7. system prototype
demonstration in
operational environment

proof of use in an operational

supply chain as opposed to

using a test environment

8. system complete
and qualified

If produced, the envisioned
roadmap to production is
completed. Security and quality
have been verified by third
parties. All code is publicly
available in open-source
projects and functional.

9. actual system proven blockchain technology is fully
in operational environment implemented into the system

(and competitive) and working competitively to
other projects at full capacity

2|f working pilot or transaction data existed on https://etherscan.io, then
TRL 3 was completed.

stakeholders (typically with the chief executive officers [CEOs] of
start-up companies) to identify 39 companies that are devel-
oping blockchain solutions for carbon markets. A full list of sour-
cesisgivenin Table S1, and overviews of the companies and use
cases can be found in Table S2.

We use the TRL scale to measure the maturity of a technol-
ogy. Initially developed by National Aeronautics and Space
Administration (NASA) for space applications, it has been
used extensively for military technology and public sector
research®® and more recently for blockchain projects.*'**?
Here, we use the EU Horizon 2020 methodology as a frame-
work to develop a blockchain-specific TRL scale, which plots
the progression of technologies from TRL 1 (nascent) through
to TRL 9 (mature).”®> Technical blockchain experts (those
detailed in the experimental procedures) were consulted to
adapt the scale and produce clearly defined criteria to achieve
each level, as listed in Table 1. For a project to be awarded a
certain TRL, the criteria of all previous levels must be reached.
For the TRL analysis, data were sourced from organization
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websites, whitepapers and media reports, and through inter-
views (see Table S1).

The technology readiness level of blockchain solutions
These solutions can be categorized into six specific use cases
(see Table S3). Half of the identified companies are developing
solutions for carbon trading, which includes both compliance
markets and voluntary markets. As a further 25% of companies
are developing solutions specifically for carbon-offset credits,
these are included as a separate category. The majority of solu-
tions are not tied to a specific market, giving products that could
be applied to any carbon market. Some companies are working
on multiple solutions, such as DAO IPCI, who are producing
blockchain platforms for non-specific carbon trading, carbon
offset trading, and Article 6. Other use cases identified include
using blockchain technology to crowd fund low-carbon and car-
bon-offsetting projects, and rewarding carbon-reducing con-
sumer behavior, but these can be considered niche cases due
to their small market share.

Figure 3 shows the results of the TRL analysis. The market is
immature, with more than half of the solutions currently in the
lowest three levels: at initial proof-of-concept stage or below.
The median value is TRL 3, and there is no correlation between
use case and TRL, with the exception of carbon-investing solu-
tions being the most underdeveloped with a mean TRL of 1.67.
The results show the accumulation of projects at TRL 3, 5, and
7, suggesting that specific barriers cause progress to stall at these
levels (see the section "Funding sources and blockchain technol-
ogies used" for discussion). A single project has reached the
criteriafor TRL 9, KlimaDAO, which at the time of writing has retired
12.7 MtCO, through speculative buying of Base Carbon Tonnes
(BCTs) that each represent the retirement of 1 Voluntary Carbon
Unit (VCU).*® Contrary to the traditional actions of a carbon mar-
ket, this has motivated speculative crypto-investors into this realm
through desire to “stake” KLIMA tokens (locking these tokens up
for a fixed period in order to receive additional tokens in return).*®

The organizations developing blockchain solutions

We find little correlation between TRL and the age of a company,
or the time it has spent on blockchain development (see
Figures S1 and S2). Most organizations are young, with the me-
dian year of formation being 2017. The median year for
commencing blockchain development is the same as the foun-
dation year, suggesting that most companies formed specifically
for this use case.

Half of the blockchain solutions are being developed by pri-
vately held companies, as shown in Figure 4. This shows most
of the companies that are struggling to develop from TRL 3 to
TRL 4 are non-profit organizations, whereas the opposite can
be seen in the accumulation of privately held companies at
TRL 5. This could indicate financial barriers to reaching the
lab-validation stage, as discussed in the section "Funding sour-
ces and blockchain technologies used." Most organizations
developing solutions were founded in Europe, North America,
and Asia. Blockchain solutions are concentrated in the more
technologically developed countries, with five of the eight Asian
organizations originating in Japan, Singapore, or China. It should
be noted that only one project was founded in South America,
and no organizations originate from Africa.
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Figure 3. The technology readiness level of blockchain solutions in carbon markets
The color of each icon indicates the use case of each project. A full list of sources is given in Table S1.

Most of the organizations are small, with under 50 employees
(see Figure S3). The exceptions are the three oldest orga-
nizations who are not solely focused on carbon markets or
blockchain (Japan METI, The World Bank, and the Brazilian
Development Bank). There is a weak correlation between the
number of employees and the development level of each organi-
zation, with half of companies in TRL 1-3 having fewer than 10
employees compared with only a quarter of those in TRL 5-8.

Funding sources and blockchain technologies used
Figure 5 shows the funding method used for each organization. A
variety of funding sources are seen in the highest TRLs, but pri-
vate investment and initial coin offerings (ICOs) dominate, each
used by 45% of projects. ICOs are a crowd-funding method
used by blockchain companies whose solution contains a token
(cryptocurrency) to gain capital. Those interested in the project
can exchange conventional money (fiat currency) or Ether for a
pre-determined quantity of the new cryptocurrency token that
is being developed, in the hope that the token will increase in
price in the future. The volatility of cryptocurrencies has given
these a negative reputation (see Discussion).

Figure 5 also shows that most companies are developing their
blockchain solution using the Ethereum platform, reflecting its
relative maturity. Furthermore, Energy Web Origin is a fork of
Ethereum, Polygon is a "decentralized scaling platform" for
Ethereum, and Blockchain for Climate are planning on using
“Ethereum 2.0.” A fifth of solutions are using the IBM technology
stack that is built on Hyperledger Fabric; however, these solu-
tions are not present at the higher technology readiness levels.

A similar number of organizations have taken the approach of
building their own unique blockchain platform, with many of
these also utilizing another platform in some way. Five platforms
are present in the highest TRLs (Energy Web Origin, Ethereum,
Stellar, and two native platforms), suggesting there is no platform
monopoly at present.

DISCUSSION

There are clear benefits to implementing blockchain technology
in carbon markets; however, our TRL analysis suggests that
large-scale deployment of market solutions is not an imminent
prospect. Issues remain before the technology can flourish,
which is to be expected given the infancy of blockchain.

The state of carbon market applications for blockchain

It is clear that the market is immature and still developing. Four-
fifths of projects commenced since 2017, and half of all block-
chain solutions are yet to progress beyond proof-of-concept
stage. This is not surprising, considering that the first concept
of a blockchain was only released a decade ago®” and the oldest
blockchain platform with smart contracts (essential for carbon
markets) was released in 2015.%%

The funding source for blockchain solutions could have
impacted on their speed of development. Using the crowd-fund-
ing method of an ICO is the riskiest form of investment strategy,
due to the widely fluctuating exchange rate from Ether to fiat cur-
rency. For example, receiving investment via an ICO worth the
equivalent of £1,000,000 in Ether (the cryptocurrency used in
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Figure 4. Characteristics of the organizations developing blockchain solutions in carbon markets
The top panel shows the type of organization, and the bottom panel shows its location, both as a function of TRL. A full list of sources is given in Table S1. Note that

KlimaDAO was “built by a distributed pseudo-anonymous team
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and so has unknown origin.
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Figure 5. Characteristics of the funding source and technology used for blockchain solutions in carbon markets
The top panel shows the source of funding used in each project, and the bottom panel shows the blockchain platform used, both as a function of TRL. A full list of
sources is given in Table S1.
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Both metrics were normalized to a maximum value of 100 to allow for com-
parison. Data were sourced from Google®® and Coindesk.>®

the Ethereum network) on 14" January 2018 would have been
worth less than £100,000 on 14" January 2019.%° This funding
strategy was confirmed as a detrimental factor to the develop-
ment of the Nera solution by Carbon Grid Protocol.*°

The noticeable outliers to this conclusion are Power Ledger
and Poseidon, who both hosted ICOs and are still among the
most developed solutions, at TRL 7. This could be explained,
however, with Poseidon developing successful partnerships
with users who may have funded pilot projects.®° Power Ledger
completed their ICO between August and October 2017°" so
would have therefore benefitted from the 6-fold increase in Ether
price from August 2017 to January 2018 if they had transferred
Ether into fiat currency before the exchange rate crashed.

Rationale for developing blockchain applications
The rationale for creating these solutions could fall into two cate-
gories: (1) problems with carbon markets are identified, all options
are explored, and it is concluded that blockchain technology is
the most viable option; or (2) blockchain technology is explored
and carbon markets are identified as a good use case.

The second rationale is more likely to be stimulated by willing-
ness to profit from the extensive publicity surrounding block-
chain technology. It is also less likely to have exhausted other
possible solutions to the problems of carbon markets, suggest-
ing that blockchain technology may have been “shoehorned in,”
where there may be other market options not tested that better
solve the problem.

Figure 6 shows the normalized number of Google searches for
the term “blockchain” in comparison with the price of Bitcoin
(the largest cryptocurrency). The clear association between these
suggests that, at least in the run up to the 2018 boom, interest in
the technology peaks as the price of the asset increases. More
recently, the chart seems to suggest that the original use case of
bitcoin as a store of value (i.e., Bitcoin) may have progressed to
the slope of enlightenment, whereas the wider blockchain sector
is less advanced. The majority of projects identified were devel-
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oped during this period of rapid price increase, and after the price
crash, the issuance of new blockchain solutions reduced from 12
in 2017 to two in 2018. This casual inference suggests that most of
the blockchain solutions may fit in the second category.

The Gartner Hype Cycle model tracks the development of
technological innovations through successive stages.>* Gartner
plotted blockchain technology towards the end of the “peak of
inflated expectations” stage and 5-10 years away from the
“plateau of uncertainty” stage during their August 2018 review.>®
The dramatic reduction in Bitcoin price and company formation
during 2018 suggests that blockchain technology may have
transitioned into the “trough of disillusionment” phase. Further
evidence for this can be seen by the disparity of 2019 in Figure 6:
Bitcoin price begins to recover, but the instances of blockchain
searches continues to decrease. If many blockchain projects
were formed under the “supplier proliferation stage” of the
Hype Cycle model, this supports the conclusion that many pro-
jects were created under the second category.

Common barriers

TRL 4: Scalability and skills shortage

Many companies have yet to transition from TRL 3 to TRL 4. It is
unlikely that this is due to unwillingness to release information
about their solution, as three organizations at this level use
GitHub (a public software development platform), and The World
Bank presented their solution at COP25 in 2019.°° It is also un-
likely to be a legal issue as large organizations, who will have their
own legal representatives, such as the Brazilian Development
Bank and Energy Web Foundation, have successfully completed
this requirement.

The inability to provide evidence suggests that there are
technical issues inhibiting the proper functioning of the proof of
concepts. This could be due to the “Scalability Trilemma”: the
difficulty in developing a blockchain technology that is simulta-
neously decentralized, secure, and scalable, due to the conflict-
ing trade-offs involved in each objective.®’*®

It could also point to a skill gap for software engineers in the
blockchain sector. Blockchain has been the fastest growing
freelance skill demanded by companies,®® with the median
salary for blockchain developers rising by 62% per year,®® sug-
gesting demand for skills is outstripping supply.

TRL 6: System integration

As there is no accumulation of solutions at TRL 4, there appears
to be no issue with finding external partnerships once a working
proof of concept exists. However, enabling the blockchain solu-
tion to successfully operate with their systems is more difficult.>®
TRL 6 represents the first level where all aspects of the system
are required to work together, so other factors may stifle the
development of the blockchain solution. This issue was high-
lighted in our interviews for one of these companies, whose pilot
project was stalled by the immaturity of commons-based eco-
nomics in energy systems where individuals both produce and
consume energy (Anonymous G). As many blockchain technol-
ogy solutions are also linked with other emerging technologies,
such as loT-connected smart devices, this is likely a major bar-
rier to large-scale deployment.©’

This could be overcome by establishing research facilities to
allow “plug and play” testing of emerging technologies. Individual
emerging technologies could be isolated and tested with other
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proven technologies. For instance, a micro-grid could be set up to
create voluntary carbon credits and include various renewable
energy sources, storage, smart metering, and digital technologies
(IoT, artificial intelligence [Al], and blockchain). The micro-grid
would contain proven technologies, and each one could be re-
placed individually to test new innovations. Starting with a block-
chain solution and allowing more novel components to be intro-
duced and debugged incrementally could increase the
efficiency of development and reduce the costs of other equip-
ment procurement for pilot projects. It could also be used to allow
multiple start-ups to collaborate and test their equipment together
in the same test environment, increasing overall productivity.®?

This approach has been used previously to stimulate research
in wave-energy converters and tidal-energy turbines at the Euro-
pean Marine Energy Centre (EMEC) in Orkney, Scotland. “Test
berths” are provided with pre-leased and pre-consented areas
of seabed with pre-installed subsea cables and grid connection
equipment, reducing installation time, equity, and risk of
investment.®®
TRL 8: Regulatory concerns
Only two blockchain solutions have achieved TRL 8 (a complete
system) or above thus far. This marks the completion of the
testing phase and the beginning of real-world adoption. Similar
to TRL 6, this means blockchain development can be hampered
by the way the current system operates. In contrast to TRL 6, the
completed roadmap typically requires significant scaling up of
production and includes external factors, such as industry regu-
lation and modifying industry standard practices, to interact with
other companies. Power Ledger opines on this issue: “changing
the rules of the game when you weren’t invited to play is a tough
thing to do.”®* They had demonstrated the technical capability of
their energy-trading platform in Busselton Lifestyle Village in
New Zealand and later successfully trialled the platform with
Origin Energy in Australia.®® However, once it came to deploying
their peer-to-peer trading platform on a larger scale, the lack of
regulation proved too risky for partners in an industry that is usu-
ally so highly regulated.

Similarly, the success of DAO IPCI is dependent on the suc-
cess of Article 6 of the Paris Agreement, which is still not ready
to be implemented.

Recommendations

We identify several factors that hinder the development of cur-
rent industry solutions. These are focused on particular stages
of maturity, regarding scalability and skills (TRL 4), integrating
systems (TRL 6), and industry regulation (TRL 8). To alleviate
these, we recommend that:

® Robust, tailor-made blockchain developer education pro-
grams should be established to alleviate the industry skill
shortage.

® Research facilities should be established to allow “plug
and play” functionality for all emerging technologies, for
example, taking advantage of the Horizon 2020 research
and innovation program in Europe.

o Key industry coalitions should broadcast clear guidelines on
industry best practice, for example, avoiding ICOs as a fund-
ing method and promoting open-source use of Ethereum to
enable skill sharing to reduce the industry skill shortage.
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® The International Civil Aviation Organization (ICAO) should
explore the viability of using blockchain technology in
CORSIA, given the clear advantages it could bring and
the blockchain expertise within the organization.

o Working groups should be established in different jurisdic-
tions to provide policy advocacy, reducing the risk to in-
vestors. Inspiration could be taken from the EU Blockchain
Observatory and Forum who help to fulfill this role for the
European Commission.®®

e Market “pull” strategies should be considered, whereby
governments could create an enabling ecosystem to help
move “stalled” applications through the bottlenecks iden-
tified earlier. Such moves are being seen in blockchain for
peer-to-peer energy trading.®”

Legal research is required to determine the applicability of
blockchain technology in current regulation and legislation, for
example, ascertaining whether the immutability of a public
blockchain can be compliant with EU General Data Protection
Regulation (GDPR), as there is no precedent of its applicability”.

A prominent criticism of Bitcoin (which is often widely
conflated with blockchain in general) is high energy consump-
tion®®®° and thus greenhouse-gas emissions from maintaining
the network.® The choice of consensus mechanism impacts
the energy required for the blockchain to agree on one state,
with proof-of-stake and proof-of-authority systems (e.g., Car-
dano or Energy Web Chain) using much less energy than
proof-of-work that is used by Bitcoin and Ethereum (see Note
S3). Nonetheless, the resulting emissions should be subtracted
from the carbon credits before they are surrendered to avoid
over-estimating their overall environmental benefits.

This paper considers the roles that blockchain technology
could play in emissions-trading schemes, but further research
is required on its potential to link schemes together to facilitate
a global carbon market, how these could be linked to the even-
tual implementation of Article 6 and CORSIA, and the potential
nesting of voluntary schemes within countries’ nationally deter-
mined contributions (NDCs). The creation of a global carbon
price would remove the fundamental problem of carbon leakage,
but the apathy and heterogeneity of major national governments
may prove an insurmountable barrier.”>~"? Perhaps through the
application of blockchain to carbon markets, there is a role for
other organizations to create an effective and materially signifi-
cant global carbon market.

Conclusions

This paper’s contribution is an objective, academic review of
blockchain solutions for carbon markets. In surveying the entire
market, we find the current ecosystem is diverse, fragmented,
and relatively immature. Most solutions are defined as early-
stage proofs of concept (TRL 1-3), and we identify bottlenecks
at TRLs 4, 6, and 8, which indicate critical issues around scalabil-
ity, systems integration, and regulation that must be overcome.
We identify a single project that has achieved widescale deploy-
ment (TRL 9), which notably takes an unorthodox approach of
linking a carbon credit to a token that speculatively rises in price
via staking rather than a traditional commodity market. Regard-
less, this sector has seen rapid development in recent years. The
biggest movement over the last 2 years is the entry of large
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consortia, such as Rabobank, Climate Impact X, and Project
Carbon, with established companies moving into the space
that was until recently only occupied by small start-ups. Block-
chain carbon market solutions could follow other application
areas by transitioning from excessive competition between
small-scale companies transitions towards the clustering of
larger companies and consortia, better able to overcome the
challenges of developing a solution to maturity.”®

We identify clusters of use cases for blockchain in carbon mar-
kets and explore through case studies areas in which this could
overcome the problems of existing markets. There are obvious
benefits to implementing blockchain technology in carbon mar-
kets, notably transparency, traceability, and enabling the trust of
technological solutions, such as satellite imagery. However,
blockchain should not be seen as a panacea, and in some cases,
it is arguably a solution looking for a problem. Other technolog-
ical solutions may be better equipped to overcome the down-
sides of centralized carbon markets (e.g., secure multi-platform
computing),”*”® and these could and should be explored further.

Blockchain should be seen as a foundational technology upon
which the framework for transparent, trustworthy, and liquid car-
bon markets can be built. It is not a technology that can remove
the intricacies of political relations, as highlighted with the
accountability difficulties with Article 6 of the Paris Agreement.
That said, it has the potential to automate and apply credibility
to many parts of the carbon-credit supply chain (especially
when used in conjunction with Al and loT) once the rules have
been finalized.

Blockchain is a very timely topic seeing remarkable growth,
but it is one clouded by a lack of understanding and much spec-
ulation. We try to overcome this by providing objective, peer-re-
viewed overview of the ecosystem. This paper aims to set the
groundwork for future studies, including a more comprehensive
review of each carbon market sub-type. It could aid future work
by laying the groundwork for more detailed assessments of spe-
cific use cases, protocols, or companies. Just as Andoni
concluded with energy sector applications,’® blockchain could
well be disruptive for carbon markets, but many challenges
must be overcome to advance the variety of solutions currently
under development. By setting a baseline, we hope to provide
clearer targets for companies to work towards, raise awareness
of the technologies and solutions, and help to overcome existing
barriers to implementation and increase the speed of develop-
ment of blockchain solutions that have a clear competitive
advantage over current systems.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to the lead
contact, lain Staffell (i.staffell@imperial.ac.uk).

Materials availability

This study did not generate new unique materials.

Data and code availability

This paper analyses existing, publicly available data. The complete list of re-
sources consulted are given in Table S1. This paper does not report original
code. Any additional information required to reanalyze the data reported in
this paper is available from the lead contact upon request.
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Systematic literature review
The literature was examined to determine the current issues facing carbon mar-
kets and the niches that blockchain technology could fill to improve them. Peer-
reviewed publications were used where possible, but these are sparse due to
the infancy of the technology. Therefore, government and industrial reports,
commercial whitepapers, and other gray literature were also consulted.
Journals, industry reports, and media outlets were then reviewed to identify
blockchain solutions that are being developed by governments, non-govern-
mental organizations (NGOs), established companies, and start-ups. The
“snowballing” technique was applied,”” particularly with the literature produced
by Andoni et al.,”® Montemayor and Boersma,’® and Edeland and Mork.”®
Imperial College London’s library search, Web of Science, and Google
Scholar were used to find academic sources, and EBSCO was used for busi-
ness and industry sources. Internet searches using the Google search engine
and Medium were used to identify gray literature sources since 2015.

Technology readiness level scale

There is a precedent of TRLs being used for blockchain projects in the litera-
ture.*"*> However, Alexopoulos®’ uses a bespoke system for categorizing
projects rather than a widely used methodology, such as those from NASA
or the European Commission, limiting the applicability of its results. Mazur*?
considered the TRL of blockchain technologies collectively, which allows
blockchain to be compared with other emerging technologies but does not
differentiate between existing blockchain projects and thus is less effective
in providing policy recommendations for specific applications of the technol-
ogy itself.

The EU Horizon 2020 methodology was chosen as the framework on which
to build a blockchain-specific TRL scale. This common scale was chosen as it
is applied to the 7 years, €80bn research and innovation programme, and
adapting blockchain technology to fit a common scale allows for more rational
decisions to be made regarding its implementation, reducing the impact of
preconceived thoughts about the technology.

Data sourced from organization websites, technical whitepapers, partners,
media reports, and direct contact were used to quantify each organizations’
blockchain solution on the TRL scale shown in Table 1. A pilot study was con-
ducted on a small subset of blockchain projects to test these criteria, and mod-
ifications were made where data collection proved infeasible.

Sources

We consulted 118 sources to assess the TRL of each blockchain solution and
to identify metadata relevant to each solution and company. These sources are
listed in full within Table S1 and were used to produce the table and figures in
the results.

Interviews

Semi-structured interviews with company representatives were performed to
collect and clarify additional data for the TRL. This method gave the flexibility
to ask only the relevant questions needed to fill information gaps after the liter-
ature review. Each interview was structured to gather general information
about the project and then questions were used to understand whether the
projects had hit the criteria required to reach different TRL level. Representa-
tives were contacted through a mixture of “cold calling” or through network
connections supplied by Shell. In total, seven interviews were completed, typi-
cally with the CEOs of the start-up companies.

Limitations

Due to the infancy of blockchain technology, gray literature was required to
supplement academic and industry publications, leading to uncertainty over
the validity of sources. When gray literature was required, care was taken to
choose reputable and established sources, such as national and international
media rather than advocacy websites.

The blockchain projects we assess have arange of different aims, and so some
nuances are missed in a broad study such as this, which spans across all pro-
jects. Further work should assess projects independently according to their
use case (e.g., voluntary versus compliance and for profit versus non-profit).

To the best of our knowledge, this is only the second time that the TRL scale
has been used for different implementations of blockchain technology and the
first in academic literature. Therefore, as with any novel implementation, it is
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likely that the scale can be refined in future iterations. Héder also acknowl-
edges that TRLs can be a source of confusion,*° so the boundaries between
levels were made as clear as possible to mitigate this shortcoming. Further-
more, TRL does not signify the quality of a technology and so cannot be
used in isolation for picking winners. TRL is one of many potential frameworks
for assessing maturity. As blockchain is a complex system rather than a
discrete technology, it may be appropriate to repeat this work using other
frameworks, such as the Systems Readiness Assessment (SRA) as used
within the defense industry.®°

Interviews with experts in carbon markets and blockchain and Shell em-
ployees could lead to an inherent bias. Efforts to reduce this were taken by
interviewing from different areas of the business and by presenting results
externally for feedback prior to publication.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
oneear.2022.06.004.
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Note S1: Acronyms and Glossary

Al - Artificial Intelligence

CDM - Clean Development Mechanism

CER - Certified Emission Reductions

COP - Conference of the Parties

CORSIA - Carbon Offsetting and Reduction Scheme for International Aviation
DLT - Distributed Ledger Technology

ETH - Ether

EU ETS - European Union Emissions Trading System
GHG - Greenhouse Gas

HFCs - Hydrofluorocarbons

ICAO - International Civil Aviation Organization

ICO - Initial Coin Offering

loT - Internet of Things

ITMO - Internationally Transferred Mitigation Outcome
NDCs - Nationally Determined Contributions

NETs - Negative Emission Technologies

NGO - Non-governmental organisation

P2P - Peer-to-peer

PoA - Proof-of-Authority

PoC - Proof-of-concept

PoS - Proof-of-Stake

PoW - Proof-of-Work

PV - Photovoltaic

REDD+ - Reduced Emissions from deforestation and forest degradation



ROI - Return On Investment

SHA-256 - Secure Hash Alrogithm-256 bit
tCO2. - Tonnes of carbon dioxide equivalent
TRL - Technology Readiness Level

UN - United Nations

UNFCCC - United Nations Framework Convention on Climate Change

Baseline and credit - An emissions Llimit placed on a sector, where additional emissions must be

offset by purchasing carbon offset credits.
Blockchain - an immutable, tamper-proof, shared ledger of state changes of a digital asset.!

Cap and trade - a mechanism used to control greenhouse gas emissions by setting an upper limit
(cap) on emissions for a group of companies, with emissions allowances allocated through auctions.
Additional emission allowances can be purchased from other companies who have surplus

allowances.
Carbon credit - a unit of Carbon dioxide equivalent that can be traded in a market.

Carbon markets - A group of economically efficient methods used to reduce predominantly private
sector emissions by allowing the free trade of emission allowances that represent one tonne of CO;
- equivalent greenhouse gas reductions. The two most common approaches include the cap-and-

trade method and baseline-and-credit method.

Cryptography - The science of taking information and transforming it in a manner in which it can

be deciphered only by the intended recipient.?

Greenwashing - The act of an organisation or individual misleading consumers about their

environmental performance of the environmental benefits of a product or service.?

Kyoto Protocol - An international treaty that sets greenhouse gas emission limits on industrialised

nations.
Node - a device connected to a network.

Paris Agreement - An agreement by almost all countries to accelerate investment into low carbon

technologies by limiting climate change to well below 2°C above pre-industrialised levels.*



Shared Ledger - A ledger or records that is owned by everyone within that community and cannot

be changed without community consensus.

Tamper-proof - A process that makes alterations to the data difficult (hard to perform), costly

(expensive to perform) or both.’

Technology Readiness Level - a method used to measure the maturity of a technology, from level

1 (basic principles observed) to level 9 (proven system in an operational environment).

Tokenisation - Creating a digital representation of a real-world asset/the concept of tying

information about an asset to a blockchain.?

Note S2: Blockchain Fundamentals

‘Blockchains have one trick that is more magical and revolutionary than anything else they do:
they can execute transactions and business logic across a network without requiring a central

authority to validate and complete that work. Same symphony, same music, no conductor.’
- Paul Brody, Ernst & Young.

A blockchain (a subset of Distributed Ledger Technology) combines three established technologies:
cryptography, algorithmic hash functions and distributed systems. Cryptography is used to link new
transactions to previous transactions in the absence of a trusted third-party intermediary.”®
Attempts to change an existing block (e.g. to fraudulently change the ownership of an asset) would
require all subsequent blocks to be rewritten (as these contain the ‘digital fingerprint’ of all previous
blocks), and for more than half of machines on the network to verify this change. Blockchains are
decentralised as no single actor has control over all computers in the network, and the failure of
one node does not cause failure of the entire system.? This makes a blockchain difficult to attack

due as there is no central point to focus efforts.
Some key terms:

Peer to peer - Blockchains are a form of peer-to-peer systems. All nodes in the network make

their computational resources directly available to each other as opposed to via a middleman,



increasing process efficiency and reducing costs.? Blockchains differ from historical peer-to-peer

systems as they use the distributed nature to ensure the integrity of the system.™

Blocks - Transactions are aggregated into blocks which, amongst other things, reference the
previous block through the hash cryptography that links the blocks chronologically to produce a
blockchain.®* When cryptography is combined with algorithms, cryptographic hash functions can be
produced. These are mathematical irreversible functions that transform an input into an output of
specific, pre-defined length, known as a ‘hash output’. It is computationally infeasible to reproduce
the original input using the hash function alone and the number of potential hash numbers is so
large that it is extremely unlikely that two identical hash outputs will be produced - termed
‘collision resistance’.®® Furthermore, any change to the input changes the corresponding hash

output, which is integral to ensuring the blockchain is tamper-proof.

Permissions - In a permissionless blockchain such as Bitcoin, any individual has access and can
write to the blockchain without authorisation. In contrast, in permissioned blockchain networks the
participation is limited to specific participants.® Each version has advantages and disadvantages,
with the former allowing transactions to occur between parties who do not trust each other and the
latter allowing for faster transactions as less security measures must be taken if all participants

trust each other.

Consensus mechanisms - Consensus means to achieve agreement among independent
individuals.'® Consensus mechanisms are used in blockchain platforms to agree on one state, which
leads to the prevention of double spending. There are many different types of consensus mechanism

and the three most commonly used are explained below.

e Proof-of-Work was the first used blockchain consensus mechanism. Proof-of-Work is
designed to demand large amounts of computational power to achieve consensus. This
reduces the chances of criminals achieving 51% of the network (and therefore control of the
network), as they will not possess the required computational power. Specialised nodes that
add blocks to the blockchain (known as miners) solve mathematical calculations (known as
hash puzzles) for financial rewards.! It is not possible to solve these hash puzzles using
logic as trial and error must be used to guess a ‘number only used once’ (nonce) value.!’ The
correct blockchain is the one that has used the most computational power to create.? A
block is only verified if over half of the nodes in the network agree with the answer produced

by the miner, and therefore 51% of the computing power of the network would need to be



dishonest in order for a fraudulent transaction to be added to the blockchain. The scalability
of this approach has been criticised as it requires a large amount of power consumption®®

and associated carbon emissions.**

o Proof-of-Stake has been suggested as a potential replacement for Proof-of-Work. The
miners are replaced with validators who stake their money on the block in which they believe
is valid.*? If there is a disagreement, then the miners vote with their stake on which block
they believe is valid, with the block with the most votes being added to the blockchain. Those
who placed their stake on the losing block will then lose this stake. This model is based on
the assumption that those who are more invested in the system (and therefore have more

funds to stake) will want the system to be successful more than those with a smaller stake.’

e Proof-of-Authority is a consensus mechanism that has a greatly reduced energy
consumption and offers faster transaction speeds than Proof-of-Work or Proof-of-Stake.
Publicly identifiable and trusted computers - commonly owned by large companies - are
responsible for the validation of transactions and creation of blocks in the system; known
as validator nodes.?® This method relies on the participants in the network to trust the
validator nodes. The incentivisation of this consensus mechanism is that the large companies
wish to uphold strong industry reputations and therefore ensure integrity by only validating

honest transactions.

Tokenisation - The process of converting ownership of an asset into digital form. It allows for
fractional ownership, so that indivisible assets can be tokenised and owned by many people. The
tokenisation of emissions units would produce a transparent tracking system showing the exchange
of credits from any individual, company, regulator or government. Wu and Tran®® note that
traceability and immutability can help to avoid information tampering and asymmetry between
ledgers in the EU ETS, and Braden'” suggests that tokenisation could lead to the linkage between

other carbon markets.

Trust and integrity - Ensuring trust and integrity in a decentralised system is essential. Users must
trust a system in order to be willing to join and contribute to its success. If the system lacks integrity
then over time the trust of the individuals in the system will decrease, causing them to leave and
the system to fail.!* Decentralised systems must overcome the ‘Byzantine Generals Problem’ where

not all individuals can be trusted to be honest.*® Public blockchains include byzantine fault tolerance



in their consensus mechanisms (including proof-of-work and proof-of-stake) to overcome this

issue.

Smart contracts - Smart contracts are simple lines of code that can be executed to carry out a
particular function.!® They are the equivalent of paper contracts but remove the need of an enforcing
body to ensure compliance, as once the contract is executed then it will be completed exactly as

programmed, irrespective of any additional human input.?’

Note S3: Blockchain platforms

The core technological concepts that underpin distributed ledger technologies originate from the
1990s. The Paxos Protocol describes a model in which an agreement can be made in a network. This
idea was combined with technology to prove that documents stored in an electronic ledger had not
been modified by using a signed digital chain of information® and presented in 2008 in the Bitcoin

whitepaper.’

Since its inception, there have been many different versions of blockchains created. Developers can
use some platforms to build their own solutions on top of them, using smart contracts. The two

most popular blockchains based on market cap are described below.

Bitcoin - ‘A peer-to-peer electronic cash system’ was the first proposed use case of blockchain
technology, which aimed to create system integrity for financial transactions.” An author, under the
pseudonym of Satoshi Nakamoto, outlined a system that allowed for the direct transfer of money
without the need of a financial institution using a combination of digital signatures and peer-to-
peer networks. As it is a public network, everybody can view how much money each member of the
system owns and track all transactions since the genesis of the platform. The decentralised aspect
of blockchain is what separated Bitcoin from other electronic cash systems, as it meant that no
single user controlled the electronic cash; removing a (malicious or otherwise) single point of
failure °. The main innovation of Bitcoin is that it included a financial incentive to participate in the
network via mining rewards. Each transaction requires a transaction fee that (along with a mining
reward) is the incentive for validators to use their computational power to be the first one to
propose a new block and therefore receive the block reward. The currency used in this system is

Bitcoin (BTC) and it uses the Proof-of-Work consensus protocol.’



Ethereum - Whereas the main aim of Bitcoin is to create a new digital currency, the Ethereum
blockchain is designed to store smart contracts. These smart contracts are written, stored and
executed in a decentralised virtual machine known as the ‘Ethereum Virtual Machine’ that includes
a Turing-complete programming language.?’ It is the smart contract functionality that allows
organisations to create decentralised applications (dApps), with 2,590 being created on the
Ethereum platform as of August 2019.% The currency used in this system is Ether (ETH), and this is
fractionalised into Gas which must be spent to execute smart contracts.?’ In May 2019, the Ethereum
development team announced plans to transition to ‘Ethereum 2.0° which uses a Proof-of-Stake

consensus mechanism as opposed to the current system which uses Proof-of-Work.?

Several blockchain protocols are now implementing the Proof-of-Stake consensus mechanism.
Due to the greatly reduced energy requirements these are quickly rising in popularity in the
blockchain and climate sector. One example is Algorand, who have partnered with ClimateTrade to
become a carbon negative network? with superior transaction speed and scalability.?* Another
example is Nori, who in 2022 raised $7 million in venture capital to migrate from Ethereum onto

Polygon and launch its new token.??

Note S4: Carbon market fundamentals

Carbon trading generally refers to the trading of six greenhouse gases: carbon dioxide (CO,),
methane (CH), nitrous oxide (N.0), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and
Sulphur hexafluoride (SFs).% The equivalent of 1 tonne of carbon dioxide equivalent removed (1

tCO2e) is the most commonly used unit.?’

Carbon trading was introduced as part of the Kyoto Protocol to the United Nations Framework
Convention on Climate Change (UNFCCC) of 1997. The protocol, enforced in 2005, limits greenhouse
gas emissions for 42 industrialised ‘Annex I’ countries # by setting binding targets.* This led to the
establishment of three carbon markets; the Clean Development Mechanism, International
Emissions Trading and Joint Implementation; which allowed for additional carbon reductions from

one Party to be traded and count towards another Party’s reduction targets.®

The main market used was the Clean Development Mechanism (CDM) which allowed Annex |
countries to purchase carbon reduction credits from developing countries called Certified Emission

Reductions (CERs), providing a source of revenue to help fund carbon offsetting projects. The
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additionality of carbon offsetting projects in the CDM has been highly criticised, with Cames et al.
concluding that 85% of carbon offsetting projects would have occurred without the additional

income achieved from selling CERs and the offsets themselves being over-estimated.®

As climate change mitigation gained momentum, local, national and regional emissions trading
programmes began to form. This market value grew by 56% in 2018 due to the introduction of the
Chinese national ETS and additional schemes in North, Central and South America.®*® Recent
international climate mitigation agreements such as the Paris Agreement and the Carbon Offsetting
and Reduction Scheme for International Aviation (CORSIA) create the potential for growing
participants in carbon markets worldwide, particularly with the completion of the Paris Agreement

Rulebook, making Article 6.4 transactions possible.

Voluntary carbon markets are much smaller than compliance markets, but these are rising in
popularity. The UN Emissions Gap Report highlights the importance of voluntary markets as
additional, unregulated approaches to reducing global emissions are required to limit warming to
less than 2°C.* That said, although the demand for carbon offsets has increased 100-fold over the
last decade to 43 MtCOze in 2018, this is paltry compared to the 11,000 MtCOz covered in ETSs
and carbon taxes,® but a 140x voluntary market increase from 2008 to 2018 suggests that they will
play a significant role in the future.®® Further detail on current carbon market dynamics is given in

Notes S5 to S8, and also in Refs 36-38,
Some key terms:

Price floors and price ceilings - Price floors are used in carbon markets to guarantee a minimum
price on carbon. This can lead to additional investment in low-carbon technologies as it increases
investor confidence by providing price certainty. In contrast, price ceilings are used to avoid

economic downturn if reducing emissions proves more costly than expected.*

Carbon Leakage - Carbon leakage refers to the act of production facilities relocating from areas
with more stringent to less stringent emissions reductions targets.’’ Free allocation of emission
allowances is used to avoid this outcome in many systems, including the EU ETS.*! Over time, the
amount of free allowances allocated should decrease, providing an incentive for the hard to reduce

sectors to implement low-carbon technologies.

Additionality - To ensure the integrity of a scheme, carbon credits should only be awarded to

emissions reductions that would not have occurred in the absence of an emissions reduction



scheme.*” This is done to make sure that any emissions reductions that take place would not have

occurred in a scenario where the financial policy or mechanism had not been enforced.

Cap-and-trade schemes place an emissions limit on a group of companies. This ‘cap’ on emissions
is reduced over time, making the total emissions of the group decrease. Emissions permits are
distributed via free allocation or purchased through auctions. If a company emits more than the
amount of emissions permits that they own, then they must purchase additional permits by trading
with another company. At the end of the trading period these permits must be surrendered to the
regulator.®® If a firm emits more than the value represented by its permits, then is liable to pay a
penalty. This creates a market dictated by supply and demand, whereby an incentive is created to
reduce emissions in the most cost-effective way.* In a cap-and-trade scheme such as the EU ETS,

governments have full control over the amount of COy that can be emitted.”

Baseline-and-credit mechanisms place an emissions limit on a sector, where any additional
emissions must be counterbalanced by purchasing carbon offset credits. This differs significantly
from cap-and-trade schemes as there is no hard cap to these systems as long as carbon offsets

are purchased.”®

Note S5: Blockchain case study: The EU Emissions Trading System

The European Union Emissions Trading System (EU ETS) is a market-based method for gradually
reducing greenhouse gas emissions and promoting investment in low-carbon technologies.”® It
operates as a cap-and-trade system, covering the 12,000 largest emitters from within the EU,
Iceland, Liechtenstein and Norway (45% of total EU emissions).®*” Power stations and
manufacturing industry are allocated allowances that represent one tonne of carbon dioxide or the
equivalent of N0 or perfluorocarbons (1 tCO) through auctioning to determine the market value
of carbon. Firms can then freely trade the allocations, and at the end of each financial year they
must report their emissions and surrender enough allowances to cover the emissions from the

previous year or pay a fine for over emitting.*’

In its third trading period (2013-2020), the total ‘cap’ on emissions is reduced by 1.74% per year,
giving 21% lower emissions in 2020 than in 2005.*” Phase 4 (2021-2030) aims to reduce emissions

to 55% below 2005 levels and to link the EU ETS with other ETS that are operating in other regions.



While centralised solutions such as the EU ETS have successfully reduced emissions, several issues
must still be addressed. Many relate to the complexity of trading; for example, Carousel Fraud is a
known issue, with high trading volumes being reported in spot markets in 2009 being evidence for
this.”® Carousel Fraud is the act of buying credits from a member state where they aren’t subject to
VAT and then reselling within a country with VAT added, without declaring this tax to the

government.

In 2011, 2 million carbon credits were stolen from Austrian, Czech, Estonian, Greek and Polish
registries via a ‘phishing’ attack. Criminals sent emails to registries with links to fake websites
which captured log-in details that were then used to illegally sell the carbon credits from these
countries’ registries. Spot trading on the ETS was frozen for several days.”” Two-thirds of credits
were recovered, but still around €10m was stolen, highlighting the risk posed by the security of the
EU ETS computer systems. To mitigate this, the EU moved to a single-registry system, although this
produces its own problems such as reduced transparency during auctioning.’’” A centralised, single
registry system is a barrier to implementing Phase 4 as it makes the administrative task of avoiding
double counting of allowances and offset units much more difficult, due to a reduction in monitoring

capacity.’’

Blockchain technology has the potential to mitigate some of these issues. Pan et al,,* state that
blockchain technology can be used for assessing, storing, trading and managing carbon emissions.
Carbon has many of the same characteristics as a currency, and hence the characteristics that make
blockchain successful as a currency are shared with carbon markets. Two parties can trade in the
absence of trust without a third-party intermediary, giving reduced administration costs across the

system.*

Although the concern of carousel fraud has technically been alleviated by the European
Commission making carbon credits exempt from VAT,* this sidesteps rather than fixes the problem.
The transparency of blockchain allows carbon credit transactions to be tracked by any individual,
company, regulator or government. EU member states could benefit from reintroducing VAT if they
were to switch to a blockchain based ETS. Wu and Tran? state that traceability and immutability
avoids information tampering and asymmetry between ledgers. Furthermore, the tokenisation of
emissions units enables the linkage to other trading schemes, and to other markets such as
CORSIA.Y” The combination of the factors above presents a possible methodology to implement
Phase 4 of the EU ETS.
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Blockchain technology is not a panacea for emissions trading schemes. As with all systems, the
blockchain is only as accurate as the data inputted. Therefore Khaqqi et al.,** suggest that to reach
its full potential, Internet of Things (loT) connected smart metering technology should be issued
and used to automatically update the blockchain ledger. This has the potential to replace the current
29-page document of legislative articles, clauses and annexes that are used for the verification of
GHG emission reports and accreditation of verifiers in the EU ETS.*? Connecting the smart devices
to the blockchain allows for costs savings where third-party verifiers are no longer required. This
approach could be applied for many standard industry processes. Furthermore, direct machine to
machine communication in this way eliminates the possibility of human error in this process.
However, it is unlikely that it will be economically viable to incorporate smart devices for niche

industry processes and therefore a reduced verifier workforce would still be required.

Case study: Swytch is a blockchain solution built on the Ethereum platform that aims to incentivise
carbon-neutral energy production.®? Their application allows for the tracking and verification of CO;
emissions, with ‘Swytch Tokens’ awarded based on the impact of a given unit of energy in carbon
abatement. The algorithm for allocating Swytch tokens is open-source, allowing all participants to
fully understand the system and contribute to its continued development. These tokens can be
monetised through trade, and the blockchain solution can be used in parallel to the EU ETS to create
trading and arbitrage opportunities for the companies involved. Swytch claim that the solution
allows for compliance and verification to be ensured as well as enabling the accounting of cross-

border trades.>®

Note Sé: Blockchain case study: Voluntary Carbon Markets

Voluntary carbon markets harness the willingness to pay of governments, corporations and
individuals to offset their greenhouse gas emissions above what is required through regulation.®
They can work in parallel to compliance markets and provide revenue for projects that are not
eligible in these markets.*® As they are voluntary, the offset for each participant are not determined
by cap-and-trade or other methods, and so voluntary offset verifiers such as The Gold Standard
and Voluntary Carbon Standard produce standardised rules. Gaining certification under these

schemes allows the market to assess the credibility of the carbon offsets purchased.
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Voluntary markets have reduced administrative burden, allowing smaller project owners to enter
the market who cannot afford the high UN certification costs.®® This lack of official regulation also
enables additional flexibility in how offsets are produced, fostering to experimentation and
innovation. This has allowed small communities in developing countries to participate in carbon
markets where the quantity of offsets produced is too small for compliance markets to be
profitable. New technologies that can be tested in these small projects can then be scaled up and

implemented into regulated markets if they are successful.”®

The major issue with current voluntary carbon markets is the lack of participation. This has led to
an oversupply of carbon credits, resulting in low offset prices and no guaranteed return on
investment from offsetting projects as many credits are left unsold. However, participants are
willing to pay more than the current market clearing price for an offset.’ Private investors are
willing to reduce their financial return on investment to contribute to climate change mitigation,
but current markets cannot facilitate this®” and so understanding the causes of low market

participation is crucial.

Edwards® states that investors are not confident that their donations are managed by credible
institutions. The centralised approach of these markets gives little transparency as to the specific
source of the offset credits that are purchased. The data provided to customers is often no more

granular than the offset type, such as ‘energy efficiency’ and ‘afforestation and reforestation’.

The current amount of CO2 that is offset is not accurately known due to poor industry accounting.
Current estimates are based on offsets issued, transacted or retired, rather than offsets generated
(which is likely to be higher). This is because many offsets generated will not be listed unless a
buyer is found, and thus the current oversupply means many are left unlisted. Offset generation
data is publicly available in project design documents, validation and verification reports, but there

is currently no database that aggregates this information.®

Selling carbon offsets in minimum quantities of 1 tCO2 makes the offsetting of every-day purchases
(e.g. refilling your car, buying coffee) impossible without additional complicated accounting.

Therefore, there is a potential new market of microtransaction offsets that is currently untested.

Finally, there is concern regarding voluntary carbon offsets being counted towards host countries’
NDCs.** A decision must be made regarding whether these will be accepted; the result of which may
increase accounting costs. In current systems, ensuring that this is avoided increases the complexity

of monitoring NDCs by host countries.

12



The tokenisation of carbon offsets on a blockchain has the potential to solve all the issues raised
above. The transparency of a public blockchain allows for the potential tracking of carbon offset
credits across the entire supply chain, from the project verification through to retirement of the
credits.’® Coupled with the tamper-proof nature of DLT, this significantly increases the integrity of

voluntary carbon markets.

Tokenisation allows carbon offsets to be ‘fractionalised’, enabling microtransactions that could
serve the growing environmental consumer movement.* Blockchain solutions operating in carbon
markets have seen the formulation of new business-to-consumer marketplaces whereby any retail
business can give the customer the opportunity to offset the carbon emissions in their purchased

products.®®

Blockchain allows for carbon offset projects to link into several different regulatory systems, such
as the EU ETS and future international markets as well as into voluntary offset registries.®* This
ensures that double counting of offsets in two or more markets is not possible, as once the offset

credit is sold, then the ownership is then transferred away from the project owner.

A blockchain based voluntary carbon market has the potential to dramatically change the roles and
power structure of the current set-up. Currently, carbon asset development intermediaries and
standards bodies are well respected and well used in the market to provide assurances on quality.
For example, Verra's Voluntary Carbon Standard hosting 85% of all voluntary carbon offset volume
in January to August 2021.% Blockchain solutions such as Toucan Protocol appear to provide a
threat to these actors, as seen by Verra prohibiting tokens based on retired credits from their
registry.®® In the future, the entities creating the token and programmers of the public blockchain
network may play more important roles in the market and reduce the need for intermediaries by

setting clear market rules and enabling trusted devices to automatically record data to the ledger.

Case study: Poseidon Foundation is a non-profit company who have developed a carbon offsetting
platform for business-to-customer transactions called ‘reduce’. The Stellar blockchain platform
was chosen as it is less energy intensive than developing an application using Ethereum. Their
solution allows retailers to give the opportunity to customers to pay an additional charge to offset
the embodied carbon in their purchase through land-based carbon credits. Blockchain technology
was used to store transaction information publicly and allow for near real-time processing of
micro-transactions. This gives customers confidence in their offsets through adding transparency

and traceability to the system.®®
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Poseidon Foundation had a pilot project at a London Ben & Jerry's store, where customers were
given the opportunity to offset the carbon emissions in their purchases, which enabled the
conservation of 5500 trees during the 7-month trial.? The success of this pilot project has resulted
in Liverpool City Council partnering with Poseidon foundation to offset the city’s carbon emissions

by 110% by 2020 (i.e. becoming carbon-negative).®®

Note S7: Blockchain case study: Article 6 of the Paris Agreement

The previously mentioned use cases work on regional scales. However, there are international
agreements that have been proposed to create global carbon markets. Article 6 of the Paris
Agreement aims to allow international cooperation between countries in order for all parties to
reach their respective Nationally Determined Contributions (NDCs), and is governed by the UN.%
Compliance to this scheme is voluntary, and parties can choose to not participate in this scheme to

achieve their emissions reductions targets.

Article 6(2) states ‘cooperation approaches’ which allow direct trade between complying countries,
and although not explicitly mentioned in the legal wording, negotiations to date suggest that this is
likely to be carbon trading. It presents the fundamental process of balancing parties’ NDCs while
trading to ensure that there is no double counting.®® Article 6(4) proposes a ‘mechanism to promote
mitigation and sustainable development’.® This aims to create a functional unit for simplified
accounting of international cooperation by creating a standardised unit of measurement (yet to be

agreed).

This article is a direct way of incentivising private sector action by providing the opportunity to help
reach the Paris Agreement targets when the parties disseminate their NDCs. It allows countries
with high marginal abatement costs to use carbon markets to help achieve their NDCs by investing
in emissions reduction schemes in other countries.®’” For example, the cement production industry
in the United Kingdom could fund a reforestation programme in Indonesia to support reaching their
own emissions targets, as this may be less expensive than changing their own industrial processes.
Indonesia could not use the carbon offsets from this programme towards their own reduction

targets, but benefits financially from the agreement.

To date, almost 100 countries are involved in discussions to use Article 6 to attain their NDCs,®® but

there are still major issues to resolve before implementation. Many essential factors are yet to be
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agreed upon: the scope of greenhouse gas mitigation activities, the methodology to prevent double
counting of emissions reductions between parties,** and the settlement period for all parties to

ensure that the central balance sheet is updated and correct at pre-determined intervals.®®

In essence, Article 6 must operate as a cap-and-trade system to be effective. The collective
ambition of all parties must be quantified and presented publicly to allow for a cumulative carbon
budget to be produced. This can then be disaggregated back to each party’s NDC and used to impose
fines for emitting above this limit. This creates a market system where members can compete to
produce the cheapest emissions reductions / removals possible and to trade to members who must
purchase ITMOs to reach their reduction targets, incentivising innovation. However, Parties are
cautious to declare a quantifiable carbon budget as ultimately this induces accountability. The
ambiguity of NDCs that use wording such as ‘a reduction from a business as usual scenario’ can be
viewed as a failure of the Paris Agreement when comparing it to the Kyoto Protocol as it does not
allow for the ‘unitisation’ of reductions (i.e. for definitive values to be used as required in a ‘cap and

trade’ type market), whereas the latter did.*

It has been suggested that blockchain technology can be harnessed to solve some of the barriers
to implementing Article 6. Each Party would become a node and would be responsible for

validating each transaction using a Proof-of-Authority consensus mechanism.¢®

The immutability and cryptography of blockchain ensures that no asset can be owned by two parties
at once, rendering double counting impossible. A public blockchain can be fully transparent and
therefore allow anyone to check the records and ensure all targets are met, providing
accountability. The added transparency and accountability of blockchain could enable faster and
cheaper administration and real-time settlement. Blockchain and collaborative governance

systems could increase the efficiency of monitoring, reporting and verification.®’

Schneider does however identify several limitations of using blockchain technology.®® If the number
of nodes is limited to the number of Parties who wish to participate in Art. 6, the risk of collusion is
increased. If over 50% of the nodes act maliciously, they have the potential to falsify records.
Furthermore, the added complication of implementing blockchain technology is likely to make the
negotiation process of introducing Art. 6 as a mechanism for reaching climate targets more difficult.
The entire system would have to be set up with blockchain in mind from the offset as once the
algorithm is programmed it is increasingly difficult to modify and therefore all negotiations must

be completed at the start. Given the progress in negotiations since COP21, this seems improbable.
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The issues surrounding Article 6 of the Paris Agreement are much larger than can be solved by
blockchain alone. Applying blockchain architecture leads to a system that requires a binary yes or
no solution to every outcome, which is rarely the result of negotiations. Furthermore, there is no
evidence to suggest that the issues surrounding the general reluctance towards Party
accountability will be resolved expeditiously. On the basis of these arguments, it is unlikely that
blockchain technology will be used to implement Article 6 in the near future, despite the clear

benefits it could bring.

Case study: The Decentralized Autonomous Organization Integral Platform for Climate Initiatives
(DAO IPCI) is a non-profit organisation that produces decentralized carbon markets using smart
contracts. The platform allows any individual or organisation to create specific use-cases known as
modules. They have proposed a module to implement Article 6 of the Paris agreement on a
blockchain. In this system, each UN Party is issued Internationally Transferred Mitigation Outcome
(ITMO) tokens that represent a quantity of carbon credits which are deducted from the Party’s NDC.
Carbon offsetting projects can then apply to have their offsets verified by an independent entity and
if successful are issued ITMO tokens. A Party can then purchase these tokens, and once they are
retired, they will be counted towards the Party’s NDC. Private users can also purchase these ITMO
tokens for offsetting which does not count towards the NDC commitments of Parties. DAO IPCI

believe that this system removes the issue of double counting.”

Note S8: Blockchain case study: CORSIA

The Carbon Offsetting and Reduction Scheme for International Aviation (CORSIA) is a UN
environmental protection programme aiming for ‘carbon neutral growth’ of the aviation industry
post 2020.”2 A baseline will be calculated based on the average emission levels in 2019 and 2020
and emissions above this level in all subsequent years must counterbalanced via airlines purchasing
carbon offset credits that represent the equivalent amount of CO..“> The UN'’s International Civil
Aviation Organization (ICAO) was tasked in Article 2 of the Kyoto Protocol to provide policy
measures to reduce or limit the emissions from the aviation industry** and CORSIA is the

culmination of its efforts over the past 20 years.

The scheme will begin with a pilot phase in 2021-2023, where flights between 71 countries will be

regulated, and participation will remain voluntary until 2026. As the scheme is still in its infancy, it
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still has many issues to resolve. The ICAO state that double counting must be avoided;” however,

they have not provided a mechanism to ensure this.

Concern has been raised over the eligibility criteria of carbon credits that will be accepted in the
scheme. If credits issued under the Kyoto Protocol are used, CORSIA will have no positive impact
on the environment.”®* There is a surplus of 4 billion credits from the Clean Development Mechanism
(CDM) due to demand for carbon credits being much lower than supply. CORSIA is expected to
demand 2 billion credits, and so would yield no additional carbon sequestration if CDM credits are

accepted.

Blockchain technology has the potential to increase the credibility and success of CORSIA. It can
provide full supply chain history of the carbon offset, from the generation of the offset credit at the
source, to the surrendering of the credit by airline companies. Each eligible offset credit could be
identified as not generated via the CDM and therefore ‘additional’ via encoding a unique serial
number. A smart contract could then be executed to only accept offsets from certain eligible
verified sources or schemes, such as The Gold Standard. Blockchain technology also allows for the
immutable record of all surrendered carbon credits to be stored in an append-only ledger, which
ensures the compliance of all airlines covered in the scheme and that no carbon credit is counted
twice. This approach also benefits airline companies in the face of increased pressure around
corporate sustainability, as this provides a tamper-proof way to transparently show the reductions

made by each company - thus avoiding ‘greenwashing’.®

The ICAO are in an optimum position to design and implement this blockchain application as they
already have blockchain expertise and recognise its potential, stating ‘blockchain has the potential
to virtually exclude loss, distortion or forgery of vital log data in all aviation sectors where
certificates are issued and controlled’” As carbon credits have similar requirements to certificates
(identifying ownership, traceability, no tampering etc.) then the use cases discussed during the
ICAO-UAE Blockchain Summit and Exhibition can be adapted to CORSIA.”* However, as of August
2019 there are no current blockchain solutions which outline a clear use-case to use blockchain
technology for CORSIA.
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Supplemental Tables

Table S1: Sources used to assess blockchain solutions in this study. Anonymous sources refer to

the interviews conducted as part of this study.

Company

Source

AirCarbon

Blockchain for Climate

Brazilian Development Bank

Carbonex
CarbonX

Climatecoin

Climate Impact X

Climate Trade

Dajie

DAO IPCI

Ecocoin

EcoKraft GmbH

Emmi

Energy Blockchain Labs

Energy Web Foundation

Green Element Chain
Greeneum

Impact Choice

AirCarbon ®

Blockchain for Climate Foundation 7677

Pallant 78

Braden '’

ABES ”°

Marl &

The Brazilian Development Bank 8!

Carbonex 8283

Anonymous E
CarbonX &

Climatecoin 8
Etherscan 8

Climate Impact X 8%

Climate Trade °
Climate Blockchain Initiatives *

Montemayor and Boersma %
Dajie %

Anonymous F

DAQ IPC| 7194-%8

Nextnature Network *
Ecocoin 100101

EcoKraft GmbH 102-104

Emml 105,106
Anonymous A

IBM 107
Energy Blockchain Labs %

Energy Web Foundation 1%109-111
Anonymous B

Green Element Chain 12113
Greeneum 114-117

Impact Choice 8%
Saunders 20121
Harley 122
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Company

Source

Ixo Foundation

Japanese Ministry of the
Environment

Nera
Noble Profit

Nori

Poseidon Foundation

Power Ledger

Project Carbon

Rabobank

Reforestum

ReWatt Power

Swytch
Synergy Inc.

TerraGreen
Toucan Protocol / KlimaDAO

Veritree

Veridium Foundation

Vlux

Ixo Foundation 123-125
London Letter 12
Foster 1?7

Japanese Ministry of the Environment 2

New Era Energy 8127-132
Noble Profit 133134

Nori 59,135-137
Kenyon 38
Jospe ¥*
Dell 0
Picchi 14

Poseidon Foundation 6062142145
Green ®

Power Ledger 146-150
Etherscan 1%

Ledger Insights 1%
Carbon Place **
Anonymous H

Rabobank 154155

Reforestum 196157
Anonymous C

Bentein 1%
ReWatt Power 1%9-161

SWthh 52,53,162,163

Vertrade ¢4
Synergy Inc. 5166
Lin 167
Anonymous D

TerraGreen 16816

KlimaDAQ 0171
Polygon 72
Toucan '

Anonymous G
Veritree

Veridium Foundation '7®
Veridium Labs 7

Veridium Labs and Veridium Foundation 77

Green Running Ltd 178-180
Jackson 8!
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Company Source

Volt Markets Volt Markets 182183

World Bank World Bank 18418
Michaelowa ¥
Mok et al. ¥

XELS XELS Project 87188

Xpansiv Data

Akihabara News %

Investable Universe *°
Xpansiv 171192
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Table S2: Descriptions of the technology solutions studied.

Organisation

Use case

Short description

AirCarbon

Carbon offset
trading

Aircarbon are creating a digital exchange that reduces
inefficiencies in carbon markets. They are a member of IETA.

Blockchain for Climate

Article 6

Aim to put the Paris Agreement on the blockchain, using
Proof-of-Authority consensus with all states and the UNFCCC
as nodes.

Brazilian Development

Carbon offset

Uses a blockchain based workflow management tool called

Bank (BNDES) trading Trubudget’ to increase trust when sharing data on REDD+
projects.

Carbonex Carbon trading A carbon trading platform that will be compatible with
existing markets.

CarbonX Carbon offset A private blockchain that uses REDD+ linked tokens to create

trading a peer-to-peer trading system that rewards carbon reducing
behaviour.
Climate blockchain Investing An investment programme that allows individuals to invest in

Initiatives (Climatecoin)

carbon-reducing projects.

Carbon Blockchian
Initiatives
(ClimateTrade)

Carbon offset
trading,
investing

Gives corporations and individuals the opportunity to offset
their emissions or invest in green finance.

Climate Impact X

Carbon trading

Climate Impact X (CIX) is a collaborative effort of DBS Bank,
Singapore Exchange, Standard Chartered and Temasek to use
satellite imagery, machine learning and blockchain to
improve transparency and integrity of carbon credits.

Dajie
(no longer operating)

Carbon trading

Allowed household renewable owners to trade energy with
their neighbours using an |oT device that functions as a node
of a blockchain. State that carbon credits could be claimed
from this trade. Company transformed into ‘Prosume’ and no
longer operating in carbon markets.

DAO IPCI Carbon trading, Aims to create a common marketplace to link current
carbon offset markets, using different blockchain solutions that they will
trading, Article  create and a ‘MITO’ token as the payment method.

6

Ecocoin Rewards Rewards carbon reducing behaviour, such as changing the
scheme method of commuting to work from a car to bicycle.

EcoKraft GmbH Investing An investment platform for community energy projects in

developing countries. Uses smart metering devices to collect
consumption data, including how much CO2. was reduced.

emmi

Carbon trading

Aim to create a carbon market that doesn’t require
government cooperation.
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Organisation

Use case

Short description

Energy Blockchain
Labs

Carbon trading

Creating a carbon asset development programme for the
Chinese carbon markets to aid companies to comply with
government mandated carbon reductions.

Energy Web
Foundation’s Origin
platform

Carbon trading

A public, Proof-of-Authority blockchain platform for
renewable energy certificate and carbon accounting markets.
Allows for developers to build dApps using their platform.

Green Element Chain

Carbon tracking

A subsidiary of Energy Blockchain Labs who have a carbon
tracking dApp called ‘M-Green'.

Greeneum

Carbon trading

Allow peer-to-peer trading of energy in their marketplace,
using ‘GREEN’ tokens. These tokens can be used to purchase
sustainable products or be exchanged for fiat currency.

Impact Choice (Earth
Token)

Carbon offset
trading

A proxy carbon market as tokens represent the value of
natural assets and can be used for carbon sequestration.

Ixo Foundation

Carbon trading,
Article 6

Impact tokens are produced for activities related to the
Sustainable Development Goals, including tokens which
represent carbon credits.

Japanese Ministry of
the Environment

Carbon tracking

Track COz emissions reductions using blockchain technology.

New Era Energy (Nera)

Carbon trading

Have a blockchain solution called Carbon Grid Protocol that
aims to put current carbon markets onto a blockchain.

Noble Profit (BFlow)

Carbon tracking

Aim to make the reporting of sustainability metrics easier.

Nori Carbon offset Creating a carbon removal marketplace that will launch in
trading 2020, with the first use place being carbon offsetting through
soil carbon sequestration.
Poseidon Carbon offset Aims to simplify the carbon market and enable

trading

microtransactions to increase the number of participants.

Power Ledger

Carbon trading

Created an application with the primary aim of peer-to-peer
energy trading. Has an additional use case of facilitating
carbon trading.

Project Carbon

Carbon trading

Project Carbon is an alliance between CIBC, Itad Unibanco,
National Australia Bank and NatWest Group aiming to use
blockchain to provide reliable issuance and tracking of
carbon credits.

Rabobank Carbon trading  The Rabo Carbon Bank aims to reduce and remove 1Gt of CO:
from the atmosphere by 2030, partially through developing
voluntary carbon credit projects with farmers. They will also
launched a Rabo Carbon Bank Marketplace.

Reforestum Carbon offset Validates carbon offset projects using smart contracts,

trading

satellite imagery and biomass calculations. Aims to link
carbon offset tokens to physical pieces of land.
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Organisation

Use case

Short description

ReWatt Power

Carbon tracking

Aims to monetise microgeneration by using blockchain
technology to more easily track carbon reductions.

Swytch

Carbon trading,
Carbon tracking

Using a Proof-of-Production protocol to create evidence of
energy production, creating additional revenue for carbon-
neutral energy production. Aims to use the carbon credits
produced in EU carbon markets.

Synergy Blockchain
Technology Co. Ltd.

Carbon trading

Aims to create a single carbon trading platform for all carbon
markets worldwide. The platform works like an auction,
where individuals or corporations can bid for specific carbon
credits.

TerraGreen

Carbon trading

Producing a blockchain platform that dApps can be deployed
on. Energy tokens can be produced and added to a tradable
exchange. If the energy produced was from a renewable
source then carbon credits can be claimed, which can then be
bought on the exchange by consumers who wish to offset
their emissions.

Toucan Protocol /
KlimaDAO

Carbon offset
trading

Toucan Protocol links off-chain registries to the blockchain,
creating tokenized carbon credits (tCO2) on the Polygon
Blockchain. KLimaDAOQO uses these to create KLIMA Tokens
(each representing 1 carbon credit) with the goal to raise the
price floor of carbon assets.

Veridium Labs

Carbon offset

Tokenises REDD+ projects that are backed by Infinite Earth

trading
Veritree Carbon tracking Veritree are utilising technology to collect and manage
ground-level data on-site of reforestation projects and
detailing this on a blockchain ledger.
V0ux Carbon tracking A home energy assistant that uses Al to reduce carbon

footprints and lower electricity costs. The Verv Trading
Platform (VTP) aims to track all electricity trades to make the
data public and aid carbon traders.

Volt Markets

Carbon trading

Creating a peer-to-peer energy trading platform to remove
intermediaries from the sector. Uses smart contracts to
automatically generate and issue certificates.

World Bank Article 6 Aims to enhance global ambition through carbon markets.
Creating a ‘Climate Warehouse' infrastructure to implement
Art. 6 of the Paris Agreement on the blockchain

XELS Carbon trading A blockchain based trading platform in development where

tokenized carbon credits will be available for purchase.

Xpansiv Data

Carbon Trading

Publicly supported the development of Distributed Ledger
Technology since 2018, and in 2021 announced a partnership
with Daml, a leading builder of blockchain applications, to
publish ESG data.
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Table S3: The number of market solutions being developed for each use cases currently being
designed in the sector.

Use Case Number of market solutions
Carbon trading 19
Carbon offset trading 10

Carbon tracking
Art. 6 Paris Agreement

Investing

N W &~ 3

Rewards scheme
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Figure S2: The Technology Readiness Level of blockchain solutions in carbon markets, showing the
year blockchain development began for each project. A full list of sources is given in Table S1.

[ L1 | TRz | TRL3 | TRL4 | TRLS | TRLe | TRL7 | TRLE | TRL9 |
Concept Formulation Proof of concept Lab validation Industry validation Pilot demo Deployment Complete system  Fully competitive
——
—
O Carbonex Blockchain [
for Climate O CarbonX
Brazilian
Climate . . .
Climatecoin AirCarbon | Develop-
Impact X O Ecocoin O O . ment Bank
Climate @ emmi Impact (O pao ipci
Trade O Greeneum EnerEyh Choice
lockchain
Nori
Gror v om0 o |omm,
m Blockchain h
O Nera Element @ TerraGreen Foundation Company 7 Origin KlimaDAO
Chain O Poseidon
Japan f
| Project
METI Noble Carbon ReWatt Power
Profit Power Ledger
O Reforestum
I. Fabobank Veridium O Viux
. S h
Labs OVernree O e
() xeLs |
I
Volt ‘é\;‘l’id | —
markets
| Xpansiv O O . . @
Data

<10 10-49 50-200 > 200 Not

/ disclosed

Figure S3: The Technology Readiness Level of blockchain solutions in carbon markets compared to
the number of employees of each organisation. A full list of sources is given in Table S1.

26



Supplemental References

1

10.
11.
12.

13.

14.
15.
16.

17.

18.

19.

20.

21
22.

23.

24.

Shell (2019). Blockchain Technology. Shell.com. https://www.shell.com/energy-and-
innovation/digitalisation/digital-technologies/blockchain.html.

World Economic Forum (2018). Fourth Industrial Revolution for the Earth Series Building Block(chain)s
for a Better Planet.

Delmas, M.A., and Burbano, V.C. (2011). The Drivers of Greenwashing: Calif. Manage. Rev. 54, 64-87.

UNFCCC (2019). The Paris Agreement | UNFCCC. UNFCCC. https://unfccc.int/process-and-meetings/the-
paris-agreement/the-paris-agreement.

Yaga, D., Mell, P., Roby, N., and Scarfone, K. (2018). Blockchain Technology Overview (NIST).

Brody, P. (2019). Say Hello To Nightfall. Ernst & Young. https://www.linkedin.com/pulse/say-hello-
nightfall-paul-brody-1f.

Nakamoto, S. (2008). Bitcoin: A Peer-to-Peer Electronic Cash System.

Andoni, M., Robu, V., Flynn, D., Abram, S., Geach, D., Jenkins, D., McCallum, P., and Peacock, A. (2019).
Blockchain technology in the energy sector: A systematic review of challenges and opportunities. Renew.
Sustain. Energy Rev. 700 143-174.

Buterin, V. (2017). The Meaning of Decentralization. Medium. https://medium.com/@VitalikButerin/the-
meaning-of-decentralization-a0c92b76a274.

Drescher, D. (2017). Blockchain Basics (Apress Media LLC).
Back, A. (2002). Hashcash-A Denial of Service Counter-Measure.

Buterin, V. (2016). A Proof of Stake Design Philosophy. Medium. https://medium.com/@VitalikButerin/a-
proof-of-stake-design-philosophy-506585978d51.

Vukoli¢, M. (2016). The quest for scalable blockchain fabric: Proof-of-work vs. BFT replication. Open Probl.
Netw. Secur. 9597, 112-125.

Stoll, C., Klaaflen, L., and Gallersdérfer, U. (2019). The Carbon Footprint of Bitcoin. Joule 3, 1647-1661.
Energy Web Foundation (2019). Energy Web. Energy Web Found. https://www energyweb org/.

Wu, J., and Tran, N.K. (2018). Application of Blockchain Technology in Sustainable Energy Systems: An
Overview. Sustain. 2018, Vol. 10, Page 3067 10 3067.

Braden, S. (2019). Blockchain Potentials and Limitations for Selected Climate Policy Instruments (GIZ, and
Climate Ledger Institute).

Lamport, L., Shostak, R., and Pease, M. (1982). The Byzantine Generals Problem. ACM Trans. Program.
Lang. Syst. 4, 382-401.

Gupta, V. (2017). Programmable blockchains in context: Ethereum’s future. Medium.com.
https://medium.com/humanizing-the-singularity/by-the-end-of-this-article-youre-going-to-
understand-blockchains-in-general-and-ethereum-a-next-elldféald7cf.

Buterin, V. (2014). Ethereum Whitepaper | White Paper. A Next-Generation Smart Contract and
Decentralized Application Platform. ethereum.org. https://ethereum.org/en/whitepaper/.

State of DApps (2019). State of the DApps — DApp Statistics. https://www.stateofthedapps.com/stats.

Consensys (2019). Ethereum 20 — Consensys Publishes Roadmap To Serenity. . Medium.
https://medium.com/altcoin-magazine/ethereum-2-0-consensys-publishes-roadmap-to-serenity-
elce76fa34f2.

Algorand (2021). Algorand Pledges to be the Greenest Blockchain with a Carbon-Negative Network Now
and in the Future | Algorand. https://www algorand.com/resources/algorand-
armouncements/carbon_negative_armouncement.

Gilad, Y., Hemo, R., Micali, S., Vlachos, G., and Zeldovich, N. (2017). Algorand: Scaling Byzantine

27



25.

26.
27.
28.

29.

30.
31

32.

33.

34.
35.

36.

37.

38.

39.
40.

41.

42.

43.

4.

45.

46.

47.

Agreements for Cryptocurrencies.

Perdan, S., and Azapagic, A. (2011). Carbon trading: Current schemes and future developments. Energy
Policy 3% 6040-6054.

Nori NORI — Crypto with a Cause | Nori Carbon Removal Marketplace. https://nori.com/token.
Carbon Market Watch (2020). Carbon markets 101 - The Ultimate Guide to Global Offsetting Mechanisms.

Kamps, H.J. Immune to irony, Nori puts a carbon market on the blockchain | TechCrunch.
https://techcrunch.com/2022/02/24/nori-series-a-carbon-blockchain/?guccounter=1.

UNFCCC (2022). Parties. https://unfccc.int/process/parties-non-party-stakeholders/parties-convention-
and-observer-states.

UNFCCC (2008). Kyoto Protocol Reference Manual.

United Nations (1998). Kyoto Protocol to The United Nations Framework Convention on Climate Change
(UNFCCC).

Cames, M., Harthan, R., Fussler, J. M., L., Lee, C.M., Erickson, P., and Spalding-Fecher, R. (2016). How
additional is the Clean Development Mechanism? Analysis of the application of current tools and proposed
alternatives (Oko-Institut).

World Bank, and Ecofys (2018). State and Trends of Carbon Pricing 2018 (World Bank).
UNEP (2017). Emissions Gap Report 2017.

Hamrick, K., and Gallant, M. (2018). Voluntary Carbon Market Insights: 2018 Outlook and First-Quarter
Trends (Forest Trends).

Newell, R.G., Pizer, WA. and Raimi, D. (2014). Carbon Markets: Past, Present, and Future.
http://dx.doi.org/10.1146/annurev-resource-100913-012655 4, 191-215.

Michaelowa, A., Shishlov, |., and Brescia, D. (2019). Evolution of international carbon markets: lessons for
the Paris Agreement. Wiley Interdiscip. Rev. Clim. Chang. 70 e613.

Donfrio, S., Maguire, P., Myers, K, Daley, C., and Lin, K. (2021). Markets in Motion: State of the Voluntary
Carbon Markets 2021 Installment 1 (Ecosystem Marketplace).

Wood, P.J., and Jotzo, F. (2011). Price floors for emissions trading. Energy Policy 39, 1746-1753.

European Commission (2008). Commission staff working document - Accompanying document to the
Proposal for a Directive of the European Parliament and of the Council amending Directive 2003/87/EC
so as to improve and extend the EU greenhouse gas emission allowance trading system - Impact
assessment {COM(2008) 16 final} {SEC(2008) 53}. Eur. Parliam. https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=CELEX%3A52008SC0053.

Kuik, 0., and Hofkes, M. (2010). Border adjustment for European emissions trading: Competitiveness and
carbon leakage. Energy Policy 38, 1741-1748.

Cames, M., Harthan, R.O., Fussler, J., Lazarus, M., Lee, C., Erickson, P., and Spalding-Fecher, R. (2016).
How additional is the Clean Development Mechanism? Analysis of the application of current tools and
proposed alternatives.

Carbon Market Watch (2019). Carbon Markets 101: The Ultimate Guide to Global Offsetting Mechanisms.

Environmental Defense Fund (2022). How <cap and trade works. Environ. Def. Fund.
https://www.edf.org/climate/how-cap-and-trade-works.

Khaqai, K.N., Sikorski, J.J., Hadinoto, K., and Kraft, M. (2018). Incorporating seller/buyer reputation-based
system in blockchain-enabled emission trading application. Appl. Energy 209 8-19.

de Perthuis, C., and Trotignon, R. (2014). Governance of CO2 markets: Lessons from the EU ETS. Energy
Policy 75 100-106.

European Commission (2022). EU Emissions Trading System (EU ETS). https://ec.europa.eu/clima/eu-
action/eu-emissions-trading-system-eu-ets_en.

28



48.

49.

0.

51
52.
53.

4.
55.

56.

7.

58.

59.

60.

61.

62.

63.

64.
65.

66.
67.
68.
69.

70.

71

Efstratios, P. (2012). Halting the Horses: EU Policy on the VAT Carousel Fraud in the EU Emissions Trading
System. EC Tax Rev. 21, 39-51.

Transparency International (2015). What kind of corruption risks does the carbon market pose? What
strategies can be used to mitigate these risks?. Carbon market corruption risks and mitigation strategies.

Pan, Y. Zhang, X., Wang. Y., Yan, J., Zhou, S., Li, G., and Bao, J. (2019). Application of Blockchain in Carbon
Trading. Energy Procedia 158, 4286-4291.

Chen, D. (2018). Utility of the Blockchain for Climate Mitigation. J. Br. Blockchain Assoc. 7, 3577.
Swytch (2017). Accelerating A Sustainable And Equitable Energy Future: White Paper.

Swytch (2018). South Korean City Chuncheon Partners with Swytch to Accelerate Renewable Energy
Consumption. Prnewswire.com. https://www.prnewswire.com/news-releases/south-korean-city-
chuncheon-partners-with-swytch-to-accelerate-renewable-energy-consumption-300698133.html.

Gold Standard (2018). Future Proofing the Voluntary Carbon Markets - Double Counting post 2020.

Kollmuss, A. Zink, H., and Polycarp, C. (2008). Making Sense of the Voluntary Carbon Market: A
Comparison of Carbon Offset Standards Making Sense of the Voluntary Carbon Market A Comparison of
Carbon Offset Standards.

Hamrick, K., and Gallant, M. (2017). State of the Voluntary Carbon Markets 2017 (Forest Trends).

Edwards, R. (2019). Harnessing Private Investor “Willingness-to-Pay” for Climate Change Mitigation
(Forest Trends).

New Era Energy (2018). The Digital Gateway To A Carbon Neutral World Decentralising and digitalising
the carbon market.

Nori (2019). A blockchain-based marketplace for removing carbon dioxide from the atmosphere.
Poseidon Foundation (2019). Climate Rescue: Empowering People to Save the Planet with Every Purchase.

Connolly, L., Drazen, E., Eickhoff, G., Graham, P., Thoumi, G., and Wardwell, D. (2017). The Missing Link:
How a Distributed Ledger System can Support Global Climate Action (Climate Advisers, Lestari Capital,
and Lykke Corp).

Poseidon Foundation (2019). Use Cases — Poseidon. Poseidon Found.
https://www.poseidon.eco/impact/use-cases.

Green, J. (2018). Solving The Carbon Problem One Blockchain At A Time. Forbes.
https://www forbes.com/sites/jemmagreen/2018/09/19/solving-the-carbon-problem-one-blockchain-
at-a-time/#7f2d64185f5e.

Asian Development Bank (2018). Decoding Article 6 of the Paris agreement.

Mulder, B., and Agnihotri, A. As Verra halts tokenization of carbon credits, Toucan vows to "keep Web3
ethos alive” | S&P Global Commodity Insights. S&P Glob.
https://www.spglobal.com/commodityinsights/en/market-insights/latest-news/energy-
transition/052522-as-verra-halts-tokenization-of-carbon-credits-toucan-vows-to-keep-web3-ethos-
alive.

UNFCCC (2015). ADOPTION OF THE PARIS AGREEMENT - Paris Agreement text English.
Climate Ledger Initiative (2018). Navigating Blockchain and Climate Action: An Overview.
Schneider, H. (2018). Blockchain, Double Counting, and the Paris Agreement (SGV-USAM).

Hone, D. (2019). Why is Article 6 so contentious? - Shell Climate Change. Shell Blog.
https://blogs.shell.com/2019/07/08/why-is-article-6-so-contentious/.

Franke, L., Schletz, M., and Salomo, S. (2020). Designing a Blockchain Model for the Paris Agreement's
Carbon Market Mechanism. Sustainability 72 1068.

DAO IPCI (2018). DAQ IPCI Deck - Leading Blokchain solution to climate change quick overview and use
cases update.

29



2.

73.

4.

78.

76.

1.

78.

79.

80.

81.
82.
83.
84.
85.
86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

Scheelhaase, J., Maertens, S., Grimme, W., and Jung, M. (2018). EU ETS versus CORSIA - A critical
assessment of two approaches to limit air transport's CO2 emissions by market-based measures. J. Air
Transp. Manag. 67, 55-62.

ICAO (2016). Resolution A39-3: Consolidated statement of continuing ICAQ policies and practices related
to environmental protection-Global Market-based Measure (MBM) scheme.

ICAO (2019). Blockchain's aviation potential explored at inaugural ICAO-UAE Summit. ICAO.
https://www.icao.int/Newsroom/Pages/Blockchains-aviation-potential-explored-at-inaugural-ICAO-
UAE-Summit.aspx.

AirCarbon (2022). About | AirCarbon Exchange. AirCarbon Exch. https://www.aircarbon.co/about-
aircarbon.

Blockchain for Climate Foundation (2019). Blockchain for Climate | Linkedin. LinkedIn.
https://www linkedin.com/company/blockchain-for-climate/.

Blockchain for Climate Foundation (2019). Vision — Blockchain for Climate Foundation. Blockchain Clim.
Found. https://www.blockchainforclimate.org/our-vision.

Pallant, J. (2019). Blockchain for Climate Collaboration workshop - this week in Singapore at
#tInnovate4Climate. LinkedIn. https://www linkedin.com/pulse/blockchain-climate-collaboration-
workshop-week-joseph-pallant/.

ABES (2018). BNDES lanca consulta publica em busca de componentes blockchain para o BNDES Token
| ABES. ABESSoftware.com. https://abessoftware.com.br/en/bndes-lanca-consulta-publica-em-busca-
de-componentes-blockchain-para-o-bndes-token/.

Marl, A. (2018). BRICs sign blockchain agreement | ZDNet. ZDNet.
https://www.zdnet.com/finance/blockchain/brics-sign-blockchain-agreement/.

BNDES (2022). BNDES: About. LinkedIn. https://www.linkedin.com/company/bndes/about/.
Carbonex - GitHub (2019). GitHub. https://github.com/Carbonex-ICO.

Carbonex (2018). Whitepaper The complete carbon credit network solution carbonex.co Version 1.1.
CarbonX (2018). CarbonX. Carbonx. https://www.carbonx.ca/.

Climatecoin (2017). Climatecoin Whitepaper.

Etherscan (2019). Climatecoin (C02) Token Tracker. Etherscan.io.
https://etherscan.io/token/0xB4b1D2C217ECO776584CEO8D3DDY8FI0EDedALLD.

Climate Impact X (2021). DBS, SGX, Standard Chartered and Temasek to take climate action through global
carbon exchange and marketplace.

Climate Impact X (2022). Climate Impact X: About. LinkedIn.
https://www. linkedin.com/company/climateimpactx/about/.

Climate Impact X (2022). Climate Impact X. Clim. Impact X. https://www.climateimpactx.com/.

Climate Trade (2019). Carbon Offsetting Platform and Green financing. Clim. Trade.
https://climatetrade.com/.

Climate Blockchain Initiatives (2019). Climate Blockchain Initiatives™. LinkedIn.
https://www. linkedin.com/company/climateblockchaininitiatives/.

Montemayor, L., and Boersma, T. (2019). Comprehensive Guide to Companies involved in Blockchain and
Energy (SolarPlaza).

Dajie (2019). Distributed Autonomous Joint Intermnet & Energy for Everyone. DAIJE eu.
https://www.dajie.eu/.

DAO IPCI (2016). DAO IPCI release 0.1.0 - YouTube. Youtube.
https://www.youtube.com/playlist?list=PLLepgB9oh7WvUVzbheaiwQojrip2tLPA6P.

DAO IPCI (2019). DAP IPCI Presentation: ‘The Integral Platform for Climate Initiatives”-blockchain
ecosystem for carbon markets, environmental assets and liabilities Chain'm! In Online Presentation,

30



96.

917.
98.
99.

100.

101.

102.

103.

104.

105.
106.
107.

108.

109.

110.

111

112.

113.
114.

115.
116.
117.
118.
119.
120.

Chain'M AG and DAO IPCI, eds. (DAQ IPCI).

DAO IPCI (2019). DAO-IPCI: The Integral Platform for Climate Initiatives. DApp, smart contracts and
blockchain technology-based ledger for carbon units and carbon units’ operations data. GitHub.
https://github.com/DAQO-IPCI/DAQC-IPCI.

DAO IPCI (2018). White Paper 5.0: DAO Integral Platform for Client Initiatives - Who Are We?
DAOQ IPCI (2018). Leading Blockchain Solution to Climate Change: Quick Overview and Use Cases Update.
Nextnature Network (2022). NNN / ECO coin. Nextnature.net. https://nextnature.net/projects/ecocoin.

Ecocoin (2019). The ECO coin: A Sustainable currency for Planet Earth. Ecocoin.com.
https://www.ecocoin.com/.

Ecocoin (2019). The ECO coin: About | LinkedIn. LinkedIn. https://www.linkedin.com/company/the-eco-
coin/about/.

Heather Fischer (2017). 3 Ways Blockchain Can Transform Development Finance makes shoes. Eco-
Kraft.com. http://www.eco-kraft.com/blog/ways-blockchain.

EcoKraft (2019). EcoKraft GmbH: About . LinkedIn. https://www.linkedin.com/company/ecokraft-
gmbh/about/.

EcoKraft (2019). EcoKraft: Capital Transformed into Social Impact Investing. Eco-Kraft.com.
http://www.eco-kraft.com/.

Emmi (2019). Emmi: About. LinkedIn. https://www.linkedin.com/company/emmiplatform/about/.
Emmi (2022). Emmi - Empowering markets to net zero. Emmi.io. https://www.emmi.io/.

IBM (2018). Energy Blockchain Labs Inc. IBM. https://www.ibm.com/case-studies/energy-blockchain-
labs-inc?mhsrc=ibmsearch_a&mhg=energy blockchain labs.

Energy Blockchain Labs (2019). BEHRRE-—EBMEADHRARTHFEFES.  http//www.energy-
blockchain.com/.

Energy Web Foundation (2022). Energy Web: About. LinkedIn.
https://www. linkedin.com/company/energywebx/about/.

Energy Web Foundation (2019). The Energy Web Chain Accelerating the Energy Transition with an Open-
Source, Decentralized Blockchain Platform.

Energy Web Foundation (2019). Energy Web Foundation Launches World's First Public, Open-source,
Enterprise-grade Blockchain Tailored to the Energy Sector | by Energy Web | Energy Web Insights |
Medium. Medium.com. https://medium.com/energy-web-insights/energy-web-foundation-launches-
worlds-first-public-open-source-enterprise-grade-blockchain-3a67fc457341.

Green Element Chain (2019). Green Element Chain (@GELGreenElement). Twitter.
https://twitter.com/GELGreenElement.

Green Element Chain (2019). Green Element Chain. Green Elem. Chain. https://greenelement.io/.

Greeneum (2022). Greeneum Network: About. LinkedIn. https://www. linkedin.com/company/greeneum-
network/about/.

Greeneum (2018). Greeneum Network Green Paper.

Greeneum (2019). Greeneum. Greeneum. https://www.greeneum.net/.
Greeneum (2017). Greeneum Global energy Networks Whitepaper.
Impact Choice (2022). One Page - Earth Crypto. https://earth-token.com/.
ImpactChoice (2017). Earth Token Whitepaper.

Allan Saunders (2018). A Brief Introduction to the Natural Asset Exchange (NAE) Alpha 1.0. Medium.com.
https://medium.com/earthtokens/an-brief-introduction-to-the-natural-asset-exchange-nae-alpha-1-0-
285f697208bc.

31



121.

122.

123.

124.
125.
126.

127.

128.

129.

130.
131.

132.

133.

134.
135.
136.
137.

138.

139.

140.

141

142.

143.

Allan Saunders (2018). Darling Brew Partners with impactChoice to become Africa’s First Carbon Neutral
Brewery . Medium.com. https://medium.com/earthtokens/darling-brew-partners-with-impactchoice-to-
become-africas-first-carbon-neutral-brewery-71fea70041c5h.

Leonard Harley (2017). Partner Announcement — Black Rhino Reserve Wildlife Trust . Medium.com.
https://medium.com/earthtokens/partner-announcement-black-rhino-reserve-wildlife-trust-
23eb3fa48f73.

Ixo Foundation (2018). South Pole, ixo Foundation, and Gold Standard develop blockchain application for
carbon credit tokenization. Medium.com. https://medium.com/ixo-blog/south-pole-ixo-foundation-and-
gold-standard-develop-blockchain-application-for-carbon-credit-b80a484be3ca.

Ixo Foundation (2021). ixo: About. LinkedIn. https://www.linkedin.com/company/ixoworld/about/.
Ixo Foundation (2019). ixo The Internet of Impact. Ixo. https://www.ixo.world/.

London Letter (2018). Ixo Foundation Announces Partnership with Seneca Park Zoo Society | London
Letter. LondonLetter.org. https://londonletter.org/ixo-foundation-announces-partnership-with-seneca-
park-zoo-society/.

Timothy Foster (2018). Weekly Update — May 28th, 2018. News and updates from the ixo team and... | by
Timothy Foster¥r | ixo Journal | Medium. Medium.com. https://medium.com/ixo-blog/weekly-update-may-
28th-2018-d88dd8cded27.

Japanese Ministry of the Environment (2022). ]RIEE_TRv I Fx—UHMiZFRA LB I RCO2HH
B MERIHE £ TILEZE. Env.go.jp. http://www.env.go.jp/earth/blockchain.html.

New Era Energy (2019). Carbon Grid Protocol Update — May 2019. Medium.com.
https://medium.com/carbongrid/carbon-grid-protocol-update-may-2019-a04eldé7acal.

New Era Energy (2020). Carbon Grid Protocol - Medium. Medium. https://medium.com/carbongrid.

New Era Energy (2019). Carbon Grid Protocol (CGRID): About. LinkedIn.
https://www. linkedin.com/company/neweraenergy/about/.

New Era energy (2018). Carbon Grid Protocol Roadmap Highlights. Medium.com.
https://medium.com/carbongrid/carbon-grid-protocol-roadmap-highlights-de4b7974eb28.

Noble Profit (2018). BFlow | Decentralizing sustainable business and investment. Blow.io.
https://bflow.io/?_sm_au_=iVV|TPfS1pSMOJfF.

Noble Profit (2021). Noble Profit: About. LinkedIn. https://www linkedin.com/company/np-pbc/about/.
Nori (2019). Nori. GitHub. https://github.com/nori-dot-eco.
Nori (2019). Nori Carbon Removal Marketplace. Nori. https://nori.com/.

Nori (2019). Nori methodology & pilot update - YouTube. YouTube.
https://www.youtube.com/watch?v=tBzs2XeJhul.

Kenyon, R. (2018). Why we're building a carbon removal marketplace on Ethereum | by Ross Kenyon | Nori
|  Medium. Medium.com. https://medium.com/nori-carbon-removal/why-were-building-a-carbon-
removal-marketplace-on-ethereum-bba%3f4c49fc.

Jospe, C. (2018). 2018 reflections and 2019 resolutions from a Norinaut | by Christophe Jospe | Nori |
Medium. Medium.com. https://medium.com/nori-carbon-removal/2018-reflections-and-2019-
resolutions-from-a-norinaut-f78043686a19.

Louise Dell (2018). Nori: Carbon removal - not seaweed | LinkedIn. LinkedIn.
https://www.linkedin.com/pulse/nori-carbon-removal-seaweed-louise-dell/.

Picchi, A. (2019). Climate-smart farming: Save the Earth -- and make money? - CBS News. CBS News.
https://www.chsnews.com/news/climate-smart-farming-save-the-earth-and-make-money/.

Poseidon Foundation (2019). Poseidon — Empowering a Sustainable Future. Poseidon Found.
https://www.poseidon.eco/.

Poseidon (2022). Clients - Poseidon - Climate Balance. [Online]. https://poseidon.eco/clients.html.

32



144.

145.

146.
147.

148.

149.
150.
151.

152.

153.
154.
155,

156.
157.

158.

159.
160.
161

162.
163.
164.
165.
166.

167.
168.

169.
170.
171.

Poseidon Foundation (2019). Poseidon White Paper : Climate Rescue - Empowering People To Save The
Planet With Every Purchase. Poseidon Found. https://www.scribd.com/document/384877158/Poseidon-
White-Paper.

Poseidon Foundation (2021). Poseidon: About. LinkedIn. https://www.linkedin.com/company/poseidon-
impact/about/.

Power Ledger (2022). Our clients & partners. https://www.powerledger.io/clients.

Power Ledger (2019). Powerledger: About. LinkedIn. https://www. linkedin.com/company/power-
ledger/about/?_sm_au_=iVV6RtMW!rtJQsvN.

Power Ledger (2019). Powerledger - Posts . Facebook.
https://www.facebook.com/pg/powerledger/posts/.

Power Ledger (2019). Power Ledger White Paper.
Power Ledger (2019). Power Ledger Roadmap: 2018/2019.

Etherscan (2019). Powerledger (POWR) Token Tracker. Etherscan.io.
https://etherscan.io/token/0x595832f8fc6bf59c85c527fec3740alb7a361269.

Ledger Insights (2021). CIBC, NatWest, NAB to use blockchain for voluntary carbon marketplace - Ledger
Insights - enterprise blockchain. Ledger Insights. https://www.ledgerinsights.com/cibc-natwest-nab-
blockchain-for-voluntary-carbon-marketplace/.

Carbon Place (2022). Carbon Place: Carbon Made Clear. Carbon Place. https://carbonplace.com/.
Rabobank (2021). Technology Trend Report 2021 Focus on Data Privacy.

Rabobank (2022). Rabo Carbon Bank - Rabobank. Rabobank. https://www.rabobank.com/about-
us/carbon-bank.

Reforestum (2022). Reforestum: About. LinkedIn. https://www.linkedin.com/company/reforestum/about/.

Reforestum (2019). Blockchain for Collaborative Reforestation. Reforestum.
https://reforestum.com/blockchain-for-collaborative-reforestation/.

Bentein, J. (2018). Blockchain used to track, monetize rural renewable power generation - JWN Energy.
JWN  Energy. https://www jwnenergy.com/article/2018/4/2/blockchain-used-track-monetize-rural-
renewable-pow/.

ReWatt Power (2018). Home - Rewatt Power. Rewatt Power. https://rewattpower.com/.
ReWatt Power (2019). ReWatt Power. GitHub. https://github.com/rewattpower.

ReWatt Power (2022). Rewatt Power: About. LinkedIn.
https://www. linkedin.com/company/rewattpower/about/.

Swytch (2022). Cleartrace: About. LinkedIn. https://www. linkedin.com/company/cleartracetech/about/.
Swytch (2019). Swytch. GitHub. https://github.com/swytch-io.

Vertrade (2019). Home. Vertrade.org. https://www.vertrade.org/?_sm_au_=iVV6RIMWtrtJQsvN#/.
Synergy Inc. (2022). Worldwide Blockchain Applications accelerated from China. Synergy-bct.com.

Synergy Inc.  (2022). Synergy Blockchain  Technology Co., Ltd: About.  Linkedin.
https://www. linkedin.com/company/synergy-bct/about/.

Lin, N. (2019). Blockchain Innovation for Voluntary Carbon Markets.

TerraGreen TerraGreen Blockchain. LinkedIn. https://www.linkedin.com/in/terragreen-blockchain-
bb5166173/.

TerraGreen TERRAGREEN (TERRA GREEN). GitHub. https://github.com/TERRAGREEN.
KilmaDAO (2022). Welcome to KlimaDAO. KilmaDAO finance. https://www.klimadao finance/.
Kilma DAO (2021). KlimaDAO FAQ. https://docs klimadao.finance/master.

33



172.
173.

174.
175,

176.
1717.

178.
179.
180.

181.

182.

183.

184.
185.

186.
187.
188.
189.

190.

191.
192.

Polygon (2022). Bring the World to Ethereum | Polygon . Polygon. https://polygon.technology/.

Toucan (2022). The Toucan Protocol - Toucan. Toucan.earth.
https://docs.toucan.earth/protocol/introduction/overview.

Veritree (2022). Veritree | Verified Global Restoration Projects. https://www.veritree.com/.

Veridium Foundation (2022). Veridium Foundation: About. LinkedIn.
https://www. linkedin.com/company/veridium-foundation/about/.

Veridium Labs (2019). Veridium Labs: The Natural Capital Marketplace. https://www.veridium.io/.

Veridium Labs and Veridium Foundation (2019). WHITEPAPER Unlocking the World's Environmental Asset
Markets.

Green Running Ltd (2018). Verv VLUX Whitepaper - The Evolution of Energy Version 2.0.
Green Running Ltd. (2018). Verv-vlux/VLX: Vlux. GitHub. https://github.com/verv-vlux/VLX.

Green Running (2022). Verv: About. LinkedIn.
https://www. linkedin.com/company/vervvlux/posts/?feedView=all.

Jackson, F.  (2018). Is Energy Data The Real Winner For Blockchain? Forbes.
https://www forbes.com/sites/feliciajackson/2018/05/16/is-energy-data-the-real-winner-for-
blockchain/?sh=5452e18176db.

Volt Markets (2022). Volt Markets: About. LinkedIn. https://www.linkedin.com/company/volt-
markets/about/.

Volt Markets (2016). Bitcoin Code - Automated trading platform on the crypto market! Voltmarkets.com.
https://voltmarkets.com/.

World Bank Group (2019). Blockchain and Climate Markets. In Open Learning Campus (World Bank Group).

World Bank (2022). The World Bank: About. LinkedIn. https://www.linkedin.com/company/the-world-
bank/about/.

Mok, R., Rogers, S., Carevic, S.D., and Ozdag, M. (2019). Blockchain and Climate Markets.
Xels Project (2022). Home | Xels.io. Xels.io. https://www .xels.io/.
Xels Project (2022). XELS PROJECT (@xels_PR) . Twitter. https://twitter.com/xels_pr?lang=en.

Akihabara News (2021). XELS Marries Blockchain with Carbon Reduction - Akihabara News. Akihabara
News. https://akihabaranews.com/xels-marries-blockchain-with-carbon-reduction/.

Investable Universe (2021). Xpansiv in major partnership with Digital Asset to scale ESG commodities
Market. Investable Universe. https://investableuniverse.com/2021/04/28/xpansiv-esg-commodities-
daml-digital-asset/.

Xpansiv (2022). Homepage - Xpansiv. Xpansiv. https://xpansiv.com/.

Xpansiv  (2018). Xpansiv  Contributes to “Blockchain and Climate Action” . Xpansiv.
https://xpansiv.com/xpansiv-contributes-to-blockchain-and-climate-action/.

34



	ONEEAR629_proof_v5i7.pdf
	Blockchain solutions for carbon markets are nearing maturity
	Introduction
	Results
	Method summary
	The technology readiness level of blockchain solutions
	The organizations developing blockchain solutions
	Funding sources and blockchain technologies used

	Discussion
	The state of carbon market applications for blockchain
	Rationale for developing blockchain applications
	Common barriers
	TRL 4: Scalability and skills shortage
	TRL 6: System integration
	TRL 8: Regulatory concerns

	Recommendations
	Conclusions

	Experimental procedures
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Systematic literature review
	Technology readiness level scale
	Sources
	Interviews
	Limitations

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References


	ONEEAR629_illustmmc.pdf
	Supplemental Notes
	Note S1: Acronyms and Glossary
	Note S2: Blockchain Fundamentals
	Note S3: Blockchain platforms
	Note S4: Carbon market fundamentals
	Note S5: Blockchain case study: The EU Emissions Trading System
	Note S6: Blockchain case study: Voluntary Carbon Markets
	Note S7: Blockchain case study: Article 6 of the Paris Agreement
	Note S8: Blockchain case study: CORSIA

	Supplemental Tables
	Supplemental Figures
	Supplemental References


