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The rapid pace of technological innovation continues to
reshape industries worldwide, with blockchain standing
out as one of the most transformative developments of
the 21st century. Initially conceived as the foundational
technology  behind  cryptoassets like  Bitcoin,
blockchain’s decentralised, transparent, and secure
features can benefit applications far beyond the realm
of finance.

As the global community intensifies efforts to combat
climate change and transition to sustainable energy
sources, blockchain technology presents unique
opportunities to enhance efficiency, transparency, and
decentralisation in the energy sector. This paper delves
into the profound impact of blockchain on renewable
energy, exploring its potential advantages, current
applications, challenges, and prospects, with a
particular emphasis on the innovative Volcano Energy
project in El Salvador.
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Understanding Blockchain Technology

Blockchain is a distributed ledger technology that securely and
transparently stores data across a network of computers. Each
block in the blockchain contains a list of transactions, and these
blocks are linked chronologically to form an immutable chain. The
decentralised nature of permissionless blockchains means no
single entity has control over the entire network, enhancing both
security and transparency. Any attempt to alter the data would
require consensus from most of the network, making fraud and
data manipulation extremely difficult. This is because each
subsequent block builds upon the previous one, and changing a
single block would require changing all subsequent blocks. The
distributed nature of the blockchain means that there is no single
point of failure, and if one computer on the network goes down, the
others can continue to operate as normal.

How does a transaction get into the blockchain?
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SOURCE: SAZU AND JAHAN, 2022
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Key characteristics that make blockchains appealing for various
industries include:

e Transparency: All transactions dre visible to network
participants, reducing the potential for fraud and increasing
trust.

e Security: Blockchain uses cryptographic techniques to secure
data, making it difficult to alter the data without being detected.

o Immutability: Once recorded, transactions cannot be altered or
deleted, ensuring data integrity.

« Decentralisation: operating on a peer-to-peer (P2P) network
eliminates the need for a central authority, potentially reducing
costs and increasing efficiency by removing intermediaries.

Consensus Mechanisms and Renewable Energy
Integration

The integration of blockchain into the renewable energy sector
holds immense potential, especially in managing the diverse nature
of renewable energy sources like solar, wind, hydro, and biomass.
These sources, often distributed across wide geographic areas,
involve numerous stakeholders including energy producers,
consumers, grid operators, and regulatory bodies. Blockchain
technology can streamline interactions among these stakeholders,
enhance energy distribution efficiency, and support the
development of decentralised energy systems.

A core component of blockchain’'s utility in this context is the
consensus mechanism of a public permisionless blockchain,
designed to ensure agreement among distributed nodes in a
decentralised manner, removing the need for a central authority.
Consensus mechanisms play a crucial part in ensuring accurate
transaction record-keeping; however a key attribute to preventing
illicit activities is blockchain’s transparent and immutable ledger,
which provides a publicly available, precise and complete record of
all transactions. This tool facilitates the tracing of financial flows,
enhances accountability and reduces the risk of illicit activities.
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The most common consensus mechanisms are Proof-of-Work
(Pow) and Proof-of-Stake (PoS), each with distinct implications for
energy consumption and environmental impact. Various
alternative consensus mechanisms also exist, e.g, Proof-of-
Authority (PoA), Proof-of-Burn (PoB), and Proof-of-Capacity
(PoC), among others; however, these are not as commonly used
due to reasons such as limited utility, niche use-cases, or
vulnerabilities such as economic inefficiencies, implementation
complexity or governance issues. For the purposes of this paper, we
provide an overview of the POW and PoS consensus mechanisms,
considering their large-scale use:

e Proof-of-Work (PoW): Used notably by Bitcoin, POW requires
“miners” to solve complex mathematical problems to validate
transactions making it visible to the network. Miners thereby
receive a reward in the form of cryptoassets. The POW model’s
purpose is to prevent any alterations, manipulations, or attacks
to the blockchain by making the process very complex and
resource-intensive, thus enhancing system security. Despite its
prevalence, the mining process underpinning POW has been
subject to heavy scrutiny from regulators and climate activists
due to the high energy intensity of the computational power
used, electronic waste generated from constant equipment use
and subsequent “wear and tear”, and the respective negative
implications for the environment.

o Proof-of-Stake (PoS): In contrast, PoS allows “validators” to
propose and validate blocks by staking a portion of the
blockchain’s native assets as collateral, earning rewards in
return. PoS is much less energy-intensive than PoW, as it does
not require computational power, thereby reducing
environmental impact. The 2022 transition of the Ethereum
network exemplifies the industry’'s shift towards more
sustainable blockchain operations, reducing Ethereum’s energy
consumption by 99.5%.
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The environmental concerns associated with PoW have led to calls
for the use of renewable energy sources in blockchain operations.
Projects like the Volcano Energy initiative in El Salvador are
pioneering the use of green energy, such as geothermal power, to
support blockchain networks. By adopting renewable energy,
blockchain has the transformative potential to reduce its
environmental impact while retaining the security and
decentralisation benefits of POW.

Industry standards, international cooperation, and regulatory
guidelines are essential for minimising the energy intensity of PoW
algorithms. By promoting the use of renewable energy sources in
blockchain operations, the industry can reduce its environmental
footprint while enabling secure and sustainable energy trading and
grid management. This is explored in more detail.

A DIGITAL CURRENCIES GOVERNANCE GROUP WHITEPAPER 6



Blockchain
Applications

Decentralised Energy Trading

One of the most transformative applications of blockchain in renewable
energy is the facilitation of decentralised energy trading.

Traditional energy generation systems have historically relied heavily on
large centralised plants producing power from sources such as coal and
natural gas, which have a crucial utility for large capital investments such
as nuclear power plants. With the shift toward renewable energy sources
like wind and solar, energy production has grown to become more
variable and more decentralised, allowing power to be generated at as
little scale as individual household installations. The inherent variability of
renewable energy requires a flexible grid capable of incorporating
multiple energy sources and responding to fluctuating supply and
demand. Consequently, diverging from the earlier heavily centralised
models, the emerging trend toward modular and variable power
generation appears to align more organically with decentralised energy
systems.

Blockchain technology disrupts this traditional model by enabling the
creation of decentralised energy markets, where consumers can directly
trade energy with each other. This P2P energy trading bypasses traditional
utility companies, empowering consumers, and prosumers (those who
both produce and consume energy) to engage in energy transactions
independently. For example, households equipped with solar panels can
sell excess energy directly to their neighbours, rather than selling it back
to the grid. This is facilitated through smart contracts on the blockchain,
which automatically execute transactions once pre-defined conditions
are met. These smart contracts ensure that all transactions are secure,
transparent, and efficient, reducing transaction costs and the need for
intermediaries.



Pilot projects around the world are exploring the potential . of
blockchain-enabled decentralised energy trading. The Brooklyn
Microgrid project in New York, for instance, allows participants to trade
solar energy with their neighbours using blockchain technology. This
demonstrates the feasibility and benefits of P2P energy trading,
including increased energy autonomy and the potential for more
resilient and localised energy systems. Research also suggests that
such decentralised markets can lead to more equitable energy
distribution, lower carbon footprints, and the integration of more
renewable energy sources into the market.

Ref Technology Objective Contribution
Hybrid Design a data storage system for energy internet
15 . Data St . .
[1=] Blockchain ata Storage based on a hybrid blockchain.
Accomplish the centralised design's control purpose
Blockchain Decentralised while ov0|<.JI|ng the problem; as the number f:‘f.
[16] . members increases, so does the cost and difficulty of
Smart contract Grid Control .
controlling.
Blockchain records all information in the energy
. The Smart Grid transaction procedure and powers smart meters as a
[17] Blockchain
Control control system.
Blockchain Smart Implement a Blockchain technology on a smart grid
Consumer Data .
[18] meters . system, which can protect consumer data.
Protection
Smart contracts
Blockchain Smart . Improve data securltY in thg energy sy{st.em and
[19] . Data Protection prevent data from being misused maliciously.
Electricity meters
Blockchain Smart The Demand Use blockchain and smart contracts to keep a
[20] meters Side balance of power supply and demand.
Smart contracts Grid Mgt

Table 1. Blockchain applied in peer-to-peer trading.
Source: Nazir Ullah et al,, 2024
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Enhancing Grid Management

Blockchain technology also offers significant advantages in improving
grid management, particularly in integrating renewable energy sources
into existing energy grids. The variability and intermittency of renewable
sources, such as solar and wind power, pose challenges for grid stability
and reliability. Traditional grid management strategies often require
expensive and polluting backup power plants to manage these
fluctuations.

By leveraging blockchain, real-time data on energy production and
consumption can be securely and transparently shared among all
stakeholders, including grid operators, producers, and consumers. This
data can be used to balance supply and demand, reducing the need
more effectively for backup power and improving grid efficiency.
Moreover, blockchain can support the development of microgrids -
small-scale, local energy grids that can operate independently or in
conjunction with the main grid. These can enhance grid resilience by
providing localised energy solutions and reducing the impact of grid
outages.

Furthermore, blockchain enables decentralised governance models that
allow multiple parties to collaboratively manage the grid. This
collaborative approach builds trust among stakeholders by ensuring
that sensitive data is protected through blockchain's cryptographic
techniques, safeguarding privacy, and compliance with regulatory and
technical standards. Additionally, blockchain provides a verifiable audit
trail, minimising fraudulent activities and enhancing the cybersecurity of
smart grids, thereby protecting against potential cyber threats.

Certifying Renewable Energy

Another critical application of blockchain in the renewable energy sector
is the certification and tracking of renewable energy production through
renewable energy certificates (RECs). RECs are tradable commodities that
certify that a certain amount of energy has been produced from
renewable sources. These certificates have been used successfully in
larger, well-defined markets such as the United States and Canada (Zuo,
2022; Yamaguchi et al, 2021), and are crucial for creating financial
incentives for renewable energy production and for allowing companies
and consumers to support clean energy.
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Notwithstanding, the current process of certifying and trading RECs can
be prone to inefficiencies such as double-counting which affects data
integrity, as well as high operational costs of issuance due to the
participation of intermediaries in the market which often incur large fees
in REC resales (Fowler, 2018). As the RECs market grows globally toward
developing countries, Blockchain technology can offer a more
trustworthy alternative and streamline the process by providing an
immutable, reliable and easily accessible record of generating, certifying
and trading RECs. By digitising RECs on the blockchain, stakeholders can
have real-time access to reliable data on the origin and quantity of
renewable energy, increasing trust in the REC market and encouraging
more investment in renewable energy in developing markets.

Companies like Energy Web Foundation are already developing
blockchain-based platforms that track renewable energy production
and facilitate the trading of RECs. These platforms aim to make it easier
for consumers and companies to verify the sources of their energy and
to support renewable energy initiatives by purchasing RECs. The
increased transparency and efficiency offered by blockchain can
potentially expand the REC market's geographical scope and accelerate
the global transition to renewable energy sources.
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Harnessing
Renewable Sources
for Bitcoin Mining:
The Volcano
Energy Project

The Volcano Energy project in El Salvador represents a ground-
breaking integration of blockchain technology with renewable
energy sources. El Salvador's adoption of Bitcoin as legal tender has
paved the way for innovative initiatives at the intersection of
blockchain and renewable energy. The Lava Pool project, a public-
private partnership between Volcano Energy and Luxor Technology
Corporation, aims to harness the country’'s geothermal potential for
Bitcoin mining. By creating a local mining ecosystem and
incentivising  infrastructure  development, El Salvador is
demonstrating how blockchain technology can drive economic
growth and energy sustainability.

The project's phased approach, starting with solar and wind power
before transitioning to geothermal, ensures a gradual build-up of
mining capacity and expertise. The total commitment for the
project is $1 billion, including investments from the leading
stablecoin issuer Tether, with a first investment of $250 million
already deployed to fund phase one. This involves the construction
of a 241-megawatt (MW) renewable energy park in Metapdn that
will comprise 169 MWs of photovoltaic solar energy and 72 MWs of
wind power to bring computing power of over 1.3 exahash/second.

A DIGITAL CURRENCIES GOVERNANCE GROUP WHITEPAPER 1



Volcano Energy aims to leverage Luxor's experience in providing
Bitcoin mining software and services and marketplace to mitigate
market volatility through automated risk management strategies.
As bitcoin farms do not need to be connected to power grids, this
dramatically reduces the cost involved in setting up a geothermal
power plant. The ElI Salvador governments role as a 23%
shareholder in the mining pool provides a steady revenue stream
for geothermal development, creating a virtuous cycle of
investment and growth. Other investors have committed to
reinvesting in growing the energy project.

By harnessing geothermal energy, the project seeks to minimise
environmental impact compared to carbon-intensive energy
sources. Moreover, it dims to stimulate local economic growth by
creating jobs, developing infrastructure, and nurturing the growth of
El Salvador's burgeoning renewable energy sector. A crucial
component of the project is enhancing national energy security
and independence by reducing reliance on imported fossil fuels,
thereby shielding the country from the volatility of global energy
markets. Other countries with an abundance of untapped
renewable energy sources, such as Iceland, can play a leading role
in mitigating the impact of resource-intensive PoW energy
demands.
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Prospects

The future of blockchain technology in the renewable energy sector is
poised for significant growth, driven by ongoing advancements and a
growing recognition of its potential to revolutionise energy systems. One of
the key areas of focus for future development is the improvement of
consensus mechanisms. Traditional consensus methods, like PoW, are
notoriously energy-intensive, contributing to concerns about blockchain’s
environmental impact. However, emerging alternatives, such as proof-of-
stake and other innovative consensus mechanisms, promise to be far
more energy-efficient. These advancements will be crucial in aligning
blockchain technology with the sustainability goals of the renewable
energy sector, making it a more viable solution for large-scale
implementation.

Another promising avenue is the integration of blockchain with the
Internet of Things (loT). The convergence of these technologies could lead
to highly automated and efficient energy systems. loT devices, which are
increasingly being used in energy management, can collect real-time
data on energy production and consumption. When this data is securely
recorded and managed on a blockchain, it enhances transparency,
accuracy, and reliability in energy transactions and grid management.
This synergy between |oT and blockchain can optimise energy use, reduce
waste, and enable more precise matching of energy supply and demand.
The maturation of blockchain technology is also expected to drive the
expansion of decentralised energy markets. As these markets grow, more
consumers and producers will have the opportunity to engage in peer-to-
peer energy trading. This development is particularly significant for
remote and underserved areas, where traditional energy infrastructure
may be lacking. By allowing these communities to generate and trade
their own energy, blockchain can increase access to affordable,
renewable energy, fostering greater energy equity and resilience.
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In addition to expanding markets, the future will likely see the rise of
comprehensive blockchain-based energy platforms. These platforms aim
to offer end-to-end solutions for various aspects of energy management,
including trading, grid management, and the certification of renewable
energy. By providing integrated tools and services, these platforms can
simplify the adoption of blockchain in the energy sector, making it easier
for stakeholders to implement and benefit from the technology. The
continued development of such platforms will be instrumental in
accelerating blockchain adoption and unlocking new opportunities in
renewable energy.

As the potential of blockchain becomes more apparent, there is also likely
to be increased policy and regulatory support. Governments and
regulatory bodies around the world are beginning to recognise the
transformative possibilities of blockchain in renewable energy. Supportive
policies and regulations could create a more conducive environment for
innovation and investment in blockchain-based energy solutions, further
accelerating their deployment and impact.

Challenges and Limitations

Despite the promising outlook, the integration of blockchain technology
into the renewable energy sector faces several challenges and limitations
that need to be addressed for widespread adoption. A major challenge is
scalability. As blockchain networks grow and the number of transactions
increases, there is a risk that these networks could become slower and
more costly to operate. This issue is particularly concerning for the energy
sector, where the volume of transactions can be substantial. Solving the
scalability problem is essential to ensure that blockchain can efficiently
handle the demands of a global energy system.

Regulatory and legal issues also pose significant hurdles. The regulatory
landscape for blockchain and renewable energy is still in its infancy, with
many uncertainties about how existing laws will apply to new,
decentralised systems. Furthermore, new regulations may be necessary to
address the specific challenges posed by decentralised energy markets.
Navigating this evolving regulatory environment will be crucial for the
successful integration of blockchain into the energy sector.
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Energy consumption is another critical concern. While blockchain has the
potential to promote renewable energy, its high energy consumption,
especially in proof-of-work systems like those used by Bitcoin, raises
questions about its environmental impact. This paradox highlights the
importance of developing more energy-efficient consensus mechanisms,
such as proof-of-stake, to ensure that blockchain can contribute to
sustainability goals rather than detract from them.

Interoperability is yet another challenge. For blockchain to be widely
adopted in the energy sector, it must be able to seamlessly integrate with
existing energy infrastructure, including traditional grids and market
platforms. Achieving this interoperability will require significant technical
development and collaboration among various stakeholders, including
technology providers, energy companies, and regulators.

Lastly, security remains a paramount concern. Although blockchain is
generally considered secure due to its decentralised and immutable
nature, it is not immune to attacks. Ensuring the security of blockchain
systems is particularly critical in the context of energy, where the
consequences of a breach could be severe. Robust security measures
and continuous monitoring will be necessary to protect blockchain-based
energy systems from potential threats.
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Considerations for
Policymakers

To fully harness the transformative potential of blockchain in the energy
sector, policymakers must carefully navigate several key areas to create
an enabling environment. These dareas include the development of robust
regulatory frameworks, the support of infrastructure development, and the
fostering of collaboration across sectors and borders.

&) Regulatory Frameworks

A critical consideration for policymakers is the establishment of clear
and forward-looking regulatory frameworks. As blockchain technology
continues to evolve, there is a pressing need for regulatory clarity,
particularly concerning its applications in the energy sector. Currently,
blockchain-specific legislation is still in its infancy, with only a few
regions, such as the European Union (EU), beginning to explore the
intersection between sustainability and blockchain. For instance,
frameworks targeted at crypto-assets within the EU require disclosure of
the environmental impact of consensus mechanisms. However, a
significant gap remains in developing a standardised taxonomy for
blockchain technology. This lack of standardisation hinders efforts to
understand the potential applications of blockchain in climate change
mitigation and creates uncertainty around future regulations that may
govern these technologies.

To address these challenges, policymakers should focus on creating
clear regulations that define the legal status of blockchain-based
energy trading, smart contracts, and renewable energy certificates
(RECs). Such regulations will provide legal certainty, facilitating
innovation and adoption in the energy sector. Furthermore, it is essential
that regulations not only mitigate risks but also encourage innovation. By
establishing regulatory sandboxes, governments can allow new
blockchain applications to be tested in a controlled environment without
the immediate threat of regulatory penalties, thereby fostering the
development of new business models.
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Global coordination and research and development (R&D) initiatives are
also vital. Policymakers should proactively engage in international
cooperation, working with governments, international bodies, industry
leaders, and other stakeholders to harmonise regulations and
encourage the convergence of blockchain technology with sustainability
goals. Collaborative forums, working groups, and task forces can be
instrumental in advancing these discussions and in developing
appropriate metrics to measure the impact of blockchain on
sustainability.

Additionally, ensuring data privacy and security is paramount. As
blockchain systems handle sensitive data, regulations must ensure
compliance with data protection laws, such as the General Data
Protection Regulation (GDPR) in the EU. This includes implementing
measures to safeguard personal data and protect against cyber threats,
which are increasingly critical as blockchain is integrated into critical
infrastructure like energy grids.

6&) Supporting Infrastructure Development

Policymakers also have a role in supporting the technological
infrastructure necessary for the deployment of blockchain in the energy
sector. This involves strategic investments in blockchain technology,
particularly those that focus on the energy sector. Governments can
play a pivotal role by funding research and development projects,
supporting startups that are pioneering blockchain solutions, and
providing grants for pilot projects that demonstrate the viability and
benefits of blockchain in energy.

Interoperability is another crucial aspect of infrastructure development.
For blockchain technology to be effectively integrated into the existing
energy grid and market platforms, it must be able to seamlessly interact
with current systems. Policymakers should, therefore, promote the
development of standards and protocols that ensure interoperability
between blockchain systems and traditional energy infrastructure. This
will help overcome one of the significant technical barriers to the
widespread adoption of blockchain in the energy sector.
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6) Fostering Collaboration

Collaboration between the public and private sectors is essential to
accelerate the adoption of blockchain in the energy sector. Public-
private partnerships can pool resources, share risks, and leverage
expertise from both sectors, driving innovation and scaling blockchain
solutions. Governments should actively foster these partnerships,
creating platforms for collaboration and innovation.

Moreover, international cooperation is critical for the global scalability of
blockchain solutions in energy. Policymakers should engage with their
counterparts in other countries to share best practices, harmonise
regulations, and promote cross-border blockchain applications. This
international approach can significantly enhance the impact of
blockchain on the global energy sector, making it easier for innovations
developed in one country to be adopted in others.

Raising awareness about the potential and benefits of blockchain in the
energy sector is also vital. Policymakers and industry leaders should
work together to educate stakeholders, including energy producers,
consumers, regulators, and investors. This can foster greater
acceptance and adoption of blockchain technologies, helping to
overcome resistance and misinformation.
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Conclusion

Blockchain technology holds tremendous promise for transforming the
renewable energy sector by increasing transparency, reducing costs,
and enabling the development of decentralised energy systems. The
Volcano Energy project in El Salvador exemplifies how blockchain can be
successfully integrated into renewable energy initiatives, creating a
sustainable and transparent energy ecosystem. However, to realise the
full potential of blockchain in the energy sector, it is crucial to address
the challenges that lie ahead.

Policymakers play a key role in this transformation by establishing clear
regulatory frameworks, supporting the development of necessary
infrastructure, fostering collaboration across sectors and borders, and
raising awareness among stakeholders. As the world continues its
transition towards sustainable energy, blockchain technology could play
a pivotal role in creating a more efficient, transparent, and decentralised
energy future. Through thoughtful policy and strategic investments, the
integration of blockchain into the energy sector can be accelerated,
paving the way for innovative solutions that address the pressing
challenges of climate change and energy security.
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