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Abstract: In the ever-changing global energy landscape, the emergence of ‘prosumers’, individuals
who both produce and consume energy, has blurred traditional boundaries. Driven by the growing
demand for sustainability and renewable energy, prosumers play a critical role in bridging the
gap between energy production and consumption. They can generate their own energy through
decentralized sources like solar panels and wind turbines, and sell excess energy back to the grid.
However, tracking carbon emissions and pricing strategies for prosumers pose challenges. To address
this, we developed an innovative blockchain-driven peer-to-peer (P2P) trading platform for carbon
allowances. This platform empowers prosumers to influence pricing and promotes a more equitable
distribution of energy. The P2P platform leverages blockchain technology, a decentralized digital
ledger, to provide transparency and security in carbon emission tracking and energy transactions. By
eliminating intermediaries, blockchain ensures the accuracy of data and creates a tamper-proof record
of energy production and consumption. This study employed a modified IEEE 37-bus test system to
evaluate the efficacy of the proposed blockchain-based trading framework. The IEEE 37-bus system
is a well-established benchmark for power system analysis, comprising 37 nodes, 13 generators,
and 37 transmission lines. By leveraging this test system, this study demonstrated the framework’s
ability to optimize energy consumption patterns and mitigate carbon emissions, highlighting the
transformative potential of blockchain technology in the energy sector. The proposed P2P trading
platform offers several benefits for prosumers: (1) Transparency: The blockchain-based platform
provides a transparent record of all energy transactions, ensuring that prosumers are compensated
fairly for the energy they produce. (2) Security: Blockchain technology makes it impossible to tamper
with or counterfeit carbon allowances, ensuring the integrity of the trading system. (3) Efficiency:
The P2P trading platform eliminates the need for intermediaries, reducing the cost and complexity
of energy transactions. (4) Empowerment: The platform gives prosumers a greater say in how their
energy is priced and distributed, promoting a more equitable energy system.

Keywords: renewable energy community; carbon allowance decentralized marketplace; IEEE37-bus;
blockchain; sustainability

1. Introduction

Climate change poses a grave threat to our planet, demanding bold solutions for
greenhouse gas emission reduction. Carbon trading has emerged as a pivotal tool to
incentivize emission reductions, allowing polluters to offset their impact by acquiring
carbon credits from entities that have reduced their emissions. However, traditional carbon
trading systems have faced criticism due to inefficiencies, a lack of transparency, and
high transaction costs. Blockchain technology presents a promising solution to these
challenges, enabling the creation of a more transparent, efficient, and equitable carbon
market [1,2]. Carbon trading is a market-based approach to reducing greenhouse gas
emissions, which allows companies to buy and sell permits to emit carbon dioxide and
other greenhouse gases. The idea behind carbon trading is to create a financial incentive for
companies to reduce their emissions by allowing them to offset their impact by acquiring
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carbon credits from entities that have reduced their emissions. This approach has been
widely adopted by governments and organizations worldwide, with the European Union
Emissions Trading System (EU ETS) being the largest carbon market in the world [3].
Despite the potential benefits of carbon trading, traditional systems have faced several
challenges, including inefficiencies, a lack of transparency, and high transaction costs.
These issues have hindered the effectiveness of carbon trading as a tool for climate change
mitigation [4]: (1) Inefficiencies: Traditional carbon trading systems often suffer from
inefficiencies due to the complex nature of the market and the lack of standardization in
carbon credit verification. This can lead to delays in the trading process and increased costs
for participants. (2) Lack of transparency: The lack of transparency in traditional carbon
trading systems can lead to fraud and manipulation, undermining the credibility of the
market. This can discourage participation and reduce the effectiveness of carbon trading
as a tool for climate change mitigation. (3) High transaction costs: The high transaction
costs associated with traditional carbon trading systems can deter participation and limit
the effectiveness of the market. These costs can include fees for verification, registration,
and trading, as well as the costs of managing and maintaining the carbon credit registry.
Blockchain technology presents a promising solution to the challenges faced by traditional
carbon trading systems. By providing a decentralized, transparent, and secure platform
for carbon trading, blockchain can help to address the inefficiencies, lack of transparency;,
and high transaction costs that have hindered the effectiveness of carbon trading as a tool
for climate change mitigation [5,6]: (1) Transparency: Blockchain technology provides
a transparent and immutable record of all carbon credit transactions, ensuring that the
market is free from fraud and manipulation. This can help to build trust and confidence in
the carbon market, encouraging participation and increasing the effectiveness of carbon
trading as a tool for climate change mitigation. (2) Efficiency: Blockchain technology can
help to streamline the carbon trading process by automating many of the tasks associated
with carbon credit verification, registration, and trading. This can reduce delays and
increase the efficiency of the market, making it more attractive to participants. (3) Low
transaction costs: Blockchain technology can help to reduce the transaction costs associated
with carbon trading, by eliminating the need for intermediaries and centralized authorities.
This can make the market more accessible to a wider range of participants, increasing
the effectiveness of carbon trading as a tool for climate change mitigation. In addition
to the benefits of blockchain technology for carbon trading, the transition to renewable
energy sources like solar, hydroelectric, and wind energy can also play a crucial role in
climate change mitigation. By replacing fossil fuels with renewable energy sources, we
can reap significant environmental benefits, including reduced greenhouse gas emissions,
improved air quality, and conservation of natural resources [7]. Moreover, the transition to
renewable energy fosters job creation, economic growth, and resilience to climate change,
contributing to a more sustainable and environmentally friendly energy system. As such,
the combination of blockchain technology for carbon trading and the transition to renewable
energy sources represents a powerful approach to addressing the challenges of climate
change and building a more sustainable future for our planet.

1.1. Traditional Carbon Trading: Challenges and Limitations

Traditional carbon trading systems rely on centralized platforms and intermediaries
to facilitate the trading of carbon allowances [2]. These systems often suffer from the
following issues:

e Inefficiencies: The involvement of multiple intermediaries can add unnecessary delays
and costs to the trading process.

*  Opacity: The lack of transparency in traditional systems makes it difficult to track
the origin and ownership of carbon allowances, leading to concerns about fraud and
double-counting [3].
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e  High transaction costs: The involvement of intermediaries and the need for complex
verification processes can inflate transaction costs, reducing the accessibility of carbon
trading for smaller participants [4].

Blockchain is a distributed ledger technology that records transactions securely and
transparently. It has gained widespread recognition for its potential to revolutionize various
industries, including finance, supply chain management, and healthcare. In the context
of carbon trading, blockchain can facilitate the creation of decentralized, tamper-proof
platforms where prosumers (both producers and consumers of energy) can trade carbon
allowances directly with each other. This eliminates the need for intermediaries, reducing
transaction costs and increasing transparency [5]. Blockchain technology offers several key
benefits for carbon trading;:

¢ Transparency: Blockchain’s distributed ledger provides a secure and transparent
record of all transactions, making it easy to track the origin and ownership of carbon
allowances. This reduces the risk of fraud and double-counting.

»  Efficiency: By eliminating intermediaries and automating processes, blockchain can
significantly reduce the time and costs involved in carbon trading.

¢ Equitability: Blockchain-based platforms can create a more level playing field for
smaller participants, reducing barriers to entry and fostering wider participation in
carbon trading [6].

e Traceability: Blockchain can provide real-time tracking of carbon allowances, ensuring
that they are used for their intended purpose and not double-counted.

1.2. Empowering Prosumers in Local Energy Trading

The integration of renewable energy sources and the rise of prosumers are trans-
forming the energy landscape. Prosumers can generate and store their own electricity,
contributing to the local energy grid and reducing their reliance on traditional fossil fuels.
Local energy trading platforms, facilitated by blockchain technology, can enable prosumers
to trade excess electricity with each other, balancing supply and demand within communi-
ties. Blockchain technology has the potential to revolutionize carbon trading, creating a
more transparent, efficient, and equitable market. By eliminating intermediaries, reduc-
ing transaction costs, and providing real-time tracking of carbon allowances, blockchain
can help accelerate the transition to a low-carbon economy. As the integration of renew-
able energy sources and the rise of prosumers continue to reshape the energy landscape,
blockchain-based solutions will play a crucial role in empowering local energy trading and
fostering a more sustainable future.

2. State of the Art

Carbon trading has emerged as a critical mechanism for mitigating climate change,
by providing financial incentives to reduce greenhouse gas emissions [1]. Blockchain
technology, with its decentralized, immutable, and transparent nature, has the potential
to transform carbon trading by enhancing transparency, reducing transaction costs, and
improving the overall efficiency of the market. This section presents a literature review of
carbon trading platforms based on blockchain, examining their key features, benefits, and
challenges. The emergence of blockchain technology has indeed catalyzed the development
of innovative carbon trading marketplaces, promising to revolutionize the way carbon
credits are bought and sold. Below are some of these systems:

¢  (Climate Chain Coalition (CCC) (https://www.climatechaincoalition.io/, accessed
on 20 April 2024): The Climate Chain Coalition is a notable consortium comprised
of various organizations, including governments, NGOs, and businesses, working
towards the implementation of blockchain technology in carbon trading. The CCC
aims to develop a blockchain-based platform to enhance transparency and efficiency
in carbon markets. (Climate Chain Coalition).

*  Verra (https://verra.org/, accessed on 20 April 2024), a prominent non-profit organi-
zation, is actively involved in the development of a blockchain-based carbon registry.
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Through their efforts, Verra aims to create a transparent and immutable ledger for
carbon credits, ensuring credibility and traceability in carbon markets.

IBM Food Trust (https:/ /www.ibm.com/blockchain/solutions/food-trust, accessed
on 20 April 2024): While primarily focused on food supply chain transparency, the IBM
Food Trust has also ventured into carbon trading. Leveraging blockchain technology,
the IBM Food Trust has introduced a carbon trading marketplace, enabling participants
to buy and sell carbon credits securely and transparently. (IBM Food Trust).

The current state of the art in carbon and energy trading on blockchain demonstrates

the potential of this technology for addressing the challenges of the global energy market.
The research methods employed in these studies, including the use of systematic literature
reviews and the analysis of key findings and contributions, provide a solid foundation for
future research in this field. As the adoption of blockchain technology continues to grow, it
is likely that carbon and energy trading on blockchain will play an increasingly important
role in the transition to a low-carbon economy [8].

Enhanced transparency and trust: Blockchain technology provides a transparent and
tamper-proof platform for carbon and energy trading, ensuring that all transactions
are recorded and verified by the network. This increases trust among participants and
reduces the risk of fraud and manipulation [8].

Improved efficiency and cost savings: The use of smart contracts in carbon and energy
trading on blockchain significantly reduces transaction costs and processing times, as
they automate the execution of agreements between buyers and sellers [9].
Increased liquidity and market access: Blockchain-based carbon and energy trad-
ing platforms enable smaller players, such as households and small businesses, to
participate in the market, increasing liquidity and market access [10].

Integration with renewable energy sources: Blockchain technology can facilitate the
integration of renewable energy sources into the grid, by enabling the trading of
energy assets, such as solar and wind power, on a peer-to-peer basis [8].
Environmental benefits: Carbon and energy trading on blockchain has the potential to
reduce greenhouse gas emissions and promote the transition to a low-carbon economy,
by incentivizing the adoption of clean energy technologies and practices [10].

2.1. Key Features of Blockchain-Based Carbon Trading Platforms

Decentralization: Blockchain eliminates the need for intermediaries, allowing direct
transactions between participants.

Immutability: Transactions recorded on the blockchain are permanent and tamper-
proof, ensuring data integrity.

Transparency: All transactions are visible to all participants, promoting accountability
and trust [2].

Automation: Smart contracts can automate processes, reducing manual labor and
increasing efficiency.

Tokenization: Carbon credits can be represented as tokens on the blockchain, facilitat-
ing easy trading and settlement.

2.2. Benefits of Blockchain-Based Carbon Trading Platforms

Enhanced transparency: Blockchain provides a transparent and auditable record of all
transactions, reducing the risk of fraud and double-counting [3].

Reduced transaction costs: By eliminating intermediaries, blockchain can significantly
reduce transaction costs compared to traditional carbon trading platforms.
Improved efficiency: Automation and tokenization streamline processes, making
carbon trading faster and more efficient.

Increased accessibility: Blockchain-based platforms can connect buyers and sellers
from around the world, broadening market participation.

Enhanced environmental integrity: The immutability and transparency of blockchain
help ensure that carbon credits represent genuine emission reductions.
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2.3. Challenges of Blockchain-Based Carbon Trading Platforms

Blockchain technology has the potential to revolutionize the carbon trading market by
enhancing transparency, reducing transaction costs, and improving efficiency. However,
challenges related to scalability, regulatory compliance, and interoperability need to be
addressed for widespread adoption. As these challenges are overcome, blockchain-based
carbon trading platforms are expected to play an increasingly significant role in mitigating
climate change, by facilitating cost-effective and environmentally sound carbon emission
reductions. Blockchain technology provides robust security features that render it highly
resistant to fraud and hacking attempts. The immutability of blockchain records ensures
the integrity of carbon credit transactions, preventing unauthorized alterations and pre-
serving the authenticity of data [6]. Transactions on blockchain are publicly recorded and
transparent, offering stakeholders a comprehensive view of carbon credit trading activities.
This transparency fosters trust and accountability in carbon markets, promoting ethical
and responsible trading practices. By automating various processes, such as verification
and settlement, blockchain enhances the efficiency of carbon trading marketplaces. Smart
contracts enable seamless execution of agreements, reducing administrative overheads
and streamlining the overall process. Despite their advantages, blockchain-based carbon
trading marketplaces face challenges in terms of scalability. As the volume of transac-
tions increases, existing blockchain networks may struggle to handle the load efficiently.
Achieving interoperability between different blockchain platforms is crucial for seamless
integration and widespread adoption of blockchain in carbon markets. Despite these
challenges, the potential benefits of blockchain for carbon trading marketplaces are undeni-
able [11]. As the technology matures and scalability solutions are developed, the adoption
of blockchain-based platforms is expected to accelerate, contributing significantly to the
fight against climate change [12,13]. To address these challenges, this study proposes a
decentralized carbon trading system based on blockchain, leveraging its inherent security,
transparency, and efficiency to facilitate ethical and effective carbon trading practices.

We developed an innovative blockchain-driven peer-to-peer (P2P) trading platform for
carbon allowances [14]. The proposed platform introduces several novel features that
address the limitations of existing carbon trading systems:

*  Empowering prosumers: The proposed platform enables prosumers to actively partic-
ipate in the carbon market, influencing pricing and contributing to a more equitable
distribution of energy [15,16].

e  Transparency and traceability: All transactions on the proposed platform are recorded
on the blockchain, providing a transparent and auditable record of carbon allowance
ownership and transfers.

*  Reduced transaction costs: By eliminating intermediaries and automating processes,
the platform significantly reduces transaction costs, making it more accessible for both
buyers and sellers of carbon allowances.

* Increased liquidity: The P2P marketplace provides a highly liquid market for carbon
allowances, ensuring that buyers and sellers can easily find counterparties for their
trades [17].

The proposed blockchain-powered carbon trading platform has the potential to trans-
form energy markets and contribute to the fight against climate change. By empowering
prosumers and increasing transparency, the platform achieves the following:

* Promotes emission reductions [18]: The platform incentivizes prosumers to
reduce their emissions to generate carbon allowances, contributing to overall
emission reductions.

¢  Supports sustainable energy development: By making carbon allowances more acces-
sible and affordable, the platform supports the development of sustainable energy
sources, such as renewable energy and energy efficiency measures [19].
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*  Fosters equitable energy distribution [20]: The platform empowers prosumers to
influence pricing and to benefit from their efforts to reduce emissions, promoting a
more equitable distribution of energy resources.

The proposed blockchain-driven carbon trading platform offers a transformative
solution to the challenges of traditional carbon markets [21,22]. By empowering prosumers,
increasing transparency, and reducing transaction costs, the platform contributes to the
creation of a more efficient, equitable, and sustainable energy system.

3. Proposed Carbon Trading Framework

The proposed trading model for carbon allocation in distribution networks, as outlined
in Figure 1, is a multi-level system that involves various players, including the “microgrid-
trader (MT)”. It operates on a daily basis, to plan energy usage and conduct transactions
for the following day. The system is divided into three levels: transactions focused on
the prosumer, trading centered around the MT, and a direct peer-to-peer trading platform.
Prosumers, who actively engage in carbon markets and energy systems using distributed
renewable energy sources (DRESs), participate in this system to gain personal benefits such
as cost reductions and environmental objectives. The increasing adoption of DRESs in
distribution networks has fueled interest in carbon trading as a mechanism to incentivize
the reduction of greenhouse gas emissions. However, existing carbon trading models
are not tailored to distribution networks, as they are typically designed for large-scale
generators. The proposed model addresses this gap by providing a framework for carbon
trading that is specifically designed for the unique characteristics of distribution networks.

Prosumer-Centric Trading (PCT) Peer-to-Peer Trading Platform
q (P2PT)
-
A —a \
i M -Co

Microgrid-Trader-Centric
Trading (MTCT)

\

|

Prosumer-Centric Trading

Figure 1. Proposed trading framework architecture.
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The market transaction acts as the main nodes in the transaction system, providing
the necessary energy for schemes and receiving rewards for successfully mining blocks.
Prosumers and microgrid traders (MTs) operate as lighter mechanisms, storing the head
chain and verifying operations. As these are lighter phases, prosumers and MTs do not need
high-powered systems, allowing transactions to be conducted using innovative meters or
even mobile phones. Figure 1 illustrates three trading modules.

3.1. Prosumer-Centric Transaction

The transaction level for prosumers is designed to incorporate data from meter read-
ings to help them make informed decisions about their energy usage and bidding prices.
These decisions are based on solving optimization challenges, to minimize costs for buyers
and maximize profits for sellers. Controllers are responsible for implementing the chosen
energy usage decisions, while the bidding price decisions are communicated through an
innovative auction contract [23]. Additionally, the blockchain automatically updates the
financial rewards for each prosumer by monitoring their carbon emission behavior. This
prosumer-focused trading system is limited to individuals within the same microgrid area,
ensuring a balanced energy distribution and reducing losses during transmission.
Prosumer-focused trading offers numerous advantages: (1) Empowering prosumers to
directly influence changes in energy consumption through their own bids and selling prices,
rather than being subject to the control of a central authority like an aggregator or energy
retailer; (2) Providing financial incentives for prosumers to decrease their carbon emissions,
with rewards tailored to each individual’s emission-reducing actions

3.2. Microgrid-Trader-Centric Trading

A microgrid trader (MT) is a virtual entity that oversees a group of physically con-
nected prosumers. At the MT-focused trading level, the MT collects any excess energy
transactions from its prosumer group and engages in transactions with other MTs. To
determine the most efficient bidding costs, optimization problems with similar objectives
to those in prosumer-focused trade are formulated [5]. The goal of MT-focused trading is to
facilitate an energy balance among a group of prosumers within a microsystem by trading
with other microgrids.

3.3. P2P Trading Platform

The P2P trading platform level offers a standardized process for self-managed set-
tlements, specifically for the trading of energy and fuel allowances. The execution of a
smart contract involves several steps, such as setting it up, pairing bids and offers, bidding,
choosing a winner, and changing possession [3]. This innovative system is initiated by the
vendor, who sets up the offer settings. Interested buyers who meet these conditions will be
matched and can place their bids on the auction contract.

4. Materials and Methods

This section delves into the evaluation of the hierarchical three-phase transaction
model as shown in Figure 1. It also explores the decentralized low-carbon incentive system.
In traditional power structures, monitoring the emissions from extended energy-powered
fuels is crucial. In order to adhere to carbon regulations, these expansive systems are
required to disclose their yearly fuel consumption and electricity generation, in order to
assess their efficiency. By simplifying the network characteristics, we can evaluate the
carbon emissions generated by the actions of prosumers at each bus point.

4.1. Materials

Figure 1 shows a detailed diagram explaining how to track the three types of carbon
emissions. Let us call the energy systems index I’ and the prosumer’s loads 'K’. ‘r;,’
represents the rate of fuel emissions produced by power generation from source i (which
is € I) at the scheduled time t. ‘r ;" represents the rate of emissions by the power usage
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behavior of load k (which is in the set K) at the scheduled time t. These rates are measured in
grams per hour (g/h). The part of the carbon release created by prosumer A and prosumer
B using their generated energy to meet their needs can be measured by

Y Kektand y " Kekp, (1)

respectively. Additionally, the part of emissions due to incorporating prosumers’ produc-
tion for supplying additional prosumer demand is determined as follows:

raet,t =Y r—it—Y RKT )
iEl KeK

where ‘1,01 ;" represents the quantity of discharge produced by prosumers incorporating
generated energy to meet the demands of other prosumers at the scheduled time t. More-
over, to primarily focus on prosumers with high carbon emissions, the monetary reward for
high emissions is greater than for low levels. This mechanism implies that the incremental
financial compensation grows as the level of carbon emissions increases.

. ) >
rallow,tl'e(a y(rallow,t/ rnet,t) /Urallow,t) > 0. 3)

In this equation, y(-) represents the prosumer’s financial reimbursement function, with a
unit of €. The low discharge can be derived by

2 2
y(rallow,t/ rm‘t,t) = “D(rallow,t'ét) - (rnet,t'ét) Tallows,t > Tnet,t¥allow,t < Tnet,t (4)

where « represents the financial reimbursement rate with a measure of €/g, and ot com-
prises the arrangement phase.

4.1.1. Prosumer-Based Algorithm

Prosumer-based transactions allow prosumers within a similar microgrid to swap
power with nearby prosumers to maintain regional balance. If a prosumer cannot generate
enough capacity to satisfy their needs, they have to purchase energy from others, acting as
an energy purchaser. The goal of a prosumer in the role of an energy purchaser is to reduce
costs by smartly focusing on energy bidding prices and adjusting their energy consumption
and production behavior,

Mll’l . Zz(dk, t - Zgl, t)'ét'bgnergy,t (5)

where g, i, d, k, b, energy tETy,yekekiE

st: L it < 3 di 0SS < B ©)
ITei kEK
Y dit =Y i t-6t-Denergy, t <, 1 7)

where “dy,t” signifies the power used by a prosumer’s coverage ‘k’ (part of set K) at the
scheduled time ‘t’, ‘g;,t’ represents the power generated by a source ‘i’ (part of set I) at
the scheduled time ‘t’, and ‘t’ signifies the cost of a prosumer at the scheduled time ‘t’ for
purchasing power, which is measured in pounds (¢).

4.1.2. Microgrid-Trader Algorithm

Once the prosumer-focused transaction has been completed, there may still be leftover
demand and supply within the microgrid that cannot be met. This process can occur due
to an excess or shortage of energy generation from all the prosumers within the same
microgrid. MT-based trading seeks to aid prosumers in a similar microgrid to integrate
the residual demand and supply. The standard power production of the defined source
I and load k power consumption are represented by g and d, respectively. Assuming N



Energies 2024, 17, 2473

9of 18

represents the prosumer index set in a similar microgrid, the overall power generation and
expenditure for each prosumer are determined as follows:

G=1) gi (8)
D=Y di 9)

In (8) and (9), G represents the overall power generation of the prosumer. In addition, D
represents the total power consumption within the scheduled time t.

4.1.3. Innovative Contract-Based Auction System

In the P2P trading system layer, the suggested auction mechanism for the smart con-
tracts suits both prosumers and microgrid traders (MTs) for transacting power parameters.
This takes place under standardized negotiation rules and the self-enforcement of smart
contracts. The process comprises initialization, averaging, bidding, withdrawal, and seller-
based payment. A function of smart contract undertakes the phase, determined as f,,;;(-),

fmutch(')/ fhid(‘)r fwithdmw(')r and fplly(')'

Level 1

Every seller uses the initialization system, ‘f;,;;(:),” from the innovative contract to
detail the locality, type of trade, seller type (MT), microgrid digit, the amount for sale,
lowest acceptable bid, current tag, and the end time of the auction, as follows:

O, = funit (idu/ E,B,my, sy, bmin’ bhigh63t7u> (10)

In this equation, O,, represents the offer initialized by the vendor u, E, and U and represents
a binary value portraying the trading features in carbon or energy allowance. B E represents
a binary value that signifies whether the vendor type is an MT. ‘mu’ stands for the micro
seller index ‘“u,” helping purchasers locate sellers within the same microsystem. ‘s,” refers
to the quantity of power allocation that the seller “u’ is offering.

Level 2

In the suggested auction process, each purchaser must place a bid surpassing the
current increased bid among all buyers. The proper function ‘f,,;;.;(-)” assists purchasers in
identifying the best combination of offers to place their bids. This is based on two criteria:
(1) fulfilling the demand for power allocation of buyer ‘v’ (part of set V), represented as
‘dy’; (2) the chosen optimal systems have the smallest total of the current high bid costs,
enabling purchasers to place bids at the lowest possible prices.

Level 3

The bidding framework ‘f;;;(-)” allows purchasers to bid after verifying the underlying
conditions: (1) the auction has not ended, meaning the current time 'Tnow” is less than
or equal to ‘1, the auction end phase; (2) the microsystem index of the purchaser ‘v,
represented as ‘mv’, fits with ‘m,,’; (3) the buyer has a sufficient balance between placing a
bid surpassing the current bid as B highest.

Sy < b%s, < mny (11)

Level 4

Once the auction has terminated, for instance, T now > r, the purchaser having an
increased bidding cost wins the auction:

v* = argmax : Bt (12)

where v represents the purchaser with increased bid costs. B represents the bidding price
sets issued by all purchasers for the power allocation at organizing time t.
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Level 5

Once the innovative contract verifies the energy delivery by checking with the in-
novative meter, the last highest bid for the offer is confirmed. The equation is shown
as follows: '

Ny = fpay(rnow; bhlgh%t/ My) (13)

In this equation, ‘
Ny =y + bhzghest_su (14)

This equation represents the seller’s updated account balance upon obtaining the de-
fined pay.

5. Proposed Use Case

To incorporate the ‘IEEE 37-bus adaptor’ reported in Figure 2, case scenarios were
conducted. The distribution was divided into linked microarrays, with randomly allocated
diesel propellants and DRESs, such as solar, wind, and bioenergy [8]. Permanent system
demand data were collected using the KAHRAMAA tracking hub. KAHRAMAA tracking
hubs were also used to gather demand data for residential loads. The Qatari solar provision
of clients provided data on solar power production. The Qatari power retail market and
carbon mechanisms were the sources for centralized energy and carbon allowance price
data [4]. These centralized prices served as the minimum acceptable bid for each vendor,
ensuring that buyers could offer higher prices by utilizing their objective operations to
determine the best prices.

— 799 ®
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705 702
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735 .P—'—Ij
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Figure 2. IEEE Bus 37.
5.1. Standards

In order to evaluate the effectiveness of the suggested trading system, the following
trading mechanisms were incorporated as anomalous data points.

5.1.1. Centralized Trading

The act of purchasing and selling energy or carbon allowances is limited to cen-
tralized markets. The prices for these trades are determined by the rates observed in
centralized markets.

5.1.2. Aggregator-Based Trading

In the [23] trading model, aggregators play a crucial role in regulating energy pro-
duction and consumption. These decentralized entities work to minimize costs for buyers
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and maximize profits for sellers. Additionally, they offer financial incentives to prosumers
who make adjustments to their energy usage. The buying and selling of energy and carbon
allowances is solely managed by aggregators.

5.1.3. Leverage of Power Allocation

In Figure 2, the power balance of the IEEE 37-bus trial system is depicted. A positive
net energy indicates an excess of power generation compared to the net demand. On the
other hand, a negative net power signifies a shortage in total power production to meet the
net requirements, resulting in the need for the transmission network to receive power from

the primary grid.

6. Experimental Results

In order to assess the effectiveness of the suggested decentralized trading system
(shown in Figure 3), we conducted experiments using the modified IEEE 37-bus trial as
a testing platform. This trial incorporated practical consumption patterns and genera-
tion capacities, making it an ideal environment for simulating energy trading scenarios.
By comparing the results of the decentralized approach with those of centralized and
aggregator-based methods, we were able to evaluate its performance. In Figure 4, we
present the daily energy transfer, while the other figure illustrates the daily reduction in
carbon emissions achieved using the three different trading methods.
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Figure 3. Trading System Components.

The proposed trading framework, displayed in green, has been gaining attention due
to its superiority in both aspects of energy transmission and carbon emission reduction.
This article aims to further explain the reasons behind this phenomenon, focusing on the
positive excess carbon allocation and the decentralized low-carbon incentive mechanism.
A positive excess carbon allocation signifies that the transmission network’s overall emis-
sions are lower than the designated carbon allocation. This is a result of the proposed
trading framework’s ability to optimize energy transmission routes, ensuring that the
most efficient and low-carbon routes are utilized. By doing so, the framework reduces
the overall carbon emissions associated with energy transmission, leading to a positive
excess carbon allocation. This positive excess carbon allocation is a clear indication of the
framework’s effectiveness in reducing carbon emissions. It demonstrates that the proposed
trading framework is not only capable of meeting the designated carbon allocation but
also surpassing it, resulting in a more environmentally friendly energy transmission sys-
tem. Conversely, a negative excess carbon allocation indicates that the emissions from
the transmission pattern exceed the carbon allocation. This can occur when the energy
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transmission system is not optimized, leading to inefficient routes and higher carbon emis-
sions. The proposed trading framework aims to minimize the occurrence of negative excess
carbon allocations by promoting the use of low-carbon energy sources and optimizing
transmission routes. The decentralized low-carbon incentive mechanism is a key compo-
nent of the proposed trading framework. This mechanism encourages energy producers
and consumers to adopt low-carbon practices by offering financial incentives for reducing
carbon emissions. By doing so, the framework promotes the use of renewable energy
sources and energy-efficient technologies, leading to a significant decrease in daily carbon
emissions. During the thirty-sixth to forty-eighth scheduling period, the decentralized
low-carbon incentive mechanism resulted in a substantial reduction in carbon allocations.
This was due to the increased adoption of low-carbon practices by energy producers and
consumers, who were motivated by the financial incentives provided by the framework.
The proposed trading framework’s superiority in both aspects of energy transmission and
carbon emission reduction can be attributed to its positive excess carbon allocation and
decentralized low-carbon incentive mechanism. By optimizing energy transmission routes
and promoting the use of low-carbon energy sources, the framework significantly reduces
daily carbon emissions, making it an environmentally friendly solution for energy trans-
mission. As more regions adopt this framework, we can expect to see a decrease in global
carbon emissions, contributing to a more sustainable future. Although trading through
aggregators also resulted in carbon savings during this period, this could lead to emissions
exceeding the allocation during the twenty-second to thirty-fifth period. These outcomes
surpassed those of current centralized and aggregator-based methods, highlighting the
potential of decentralized approaches in promoting low-carbon energy consumption. The
results depicted on Figure 5 clearly show that the proposed trading framework outper-
formed both the centralized and aggregator-based models. The approach not only reduced
the overall carbon emissions but also provided a more efficient and cost-effective solution.
By eliminating intermediaries, the framework reduced the transaction costs, making it
more attractive for organizations to participate in the carbon market. Furthermore, the
decentralized model promotes transparency and accountability, which are crucial in achiev-
ing the goals of carbon trading. With real-time tracking of emissions, organizations can
accurately measure their carbon footprint and take the necessary steps to reduce it. This ap-
proach also encourages innovation and allows for the inclusion of small and medium-sized
organizations, making it a more inclusive and comprehensive solution.
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Figure 4. Comparison of daily transmission of energy and reduction in daily carbon emissions in
three scenarios: (1) centralized trading, (2) trading based on aggregation, (3) proposed system.

Additionally, Figure 6 displays the optimal power allocation and costs for each pro-
sumer, determined using the proposed approach, in comparison to a scenario without
the initial presumption. In the microgrid, during scheduling periods where prosumers
are unable to generate excess energy for trading, there are no energy sellers and there-
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fore, no bidding price. This highlights the interface between organizing and innovative
contracts. The proposed auction process is executed using a cutting-edge system on the
‘Ethereum blockchain’.

Surplus Carbon Allocation of IEEE 37 Bus for Different Trading Scenarios
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Figure 5. Surplus carbon allocation of IEEE Bus for different trading scenarios: (1) centralized trading.
(2) aggregator-based trading. (3) proposed trading framework.

The aim of this experiment was to evaluate the effectiveness and efficiency of the
carbon allocation auction system in microgrid 5, as depicted in Figure 7. The primary
focus of the analysis was to comprehend the functioning of the energy trading among
prosumers within the microgrid, with a specific emphasis on the distribution of carbon
credits. The experiment was carried out in microgrid 5, with prosumers at ‘bus 706" and
‘bus 724" acting as power vendors, offering 319 Wh and 109 Wh of energy, respectively. The
energy auction involved multiple buyers and sellers, with the prosumer at bus 724 offering
109Wh of energy and attracting participation from prosumers at bus 725 and bus 722 as
bidders. The auction utilized a bidding process, where prosumers submitted their bids
for the available energy, and the highest bidder was declared as the winner. Data were
collected on the energy offers from the power vendors (prosumers at bus 706 and bus 724),
including the amount of energy offered and the associated carbon emissions. Additionally,
bidding data were recorded, documenting the bids submitted by participating prosumers
(bus 725 and bus 722) in response to the energy offer at bus 724. The winning bid and the
price per kWh were also recorded, along with any other relevant information about the
outcome of the auction.
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Optimal Energy Bidding and Scheduling for 4 Prosumers
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- Each line represents the optimal energy bidding and scheduling profile for one prosumer.
- The x-axis represents the time periods.
- The y-axis represents the energy bidding and scheduling in MW,

Figure 6. Optimal power allocation and costs for four prosumers.
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Figure 7. Optimal Energy Auctions in Microgrid 5.

This analysis focused on the energy offers and carbon emissions of power vendors
within a microgrid, with the aim of evaluating the sustainability of the energy being traded.
The bidding behavior of prosumers was also examined, to understand their competitive-
ness in acquiring energy, taking into account factors such as bid prices, strategies, and
patterns. The auction mechanism’s efficiency in allocating energy resources was assessed
by analyzing the outcome of the auction, including the winning bid and the identity of the
successful prosumer. The results revealed any discrepancies or trends in the distribution
of energy offers and bids among participating prosumers. Additionally, the impact of
carbon allocation on bidding behavior was explored, as prosumers may prioritize bids
that align with their sustainability objectives. The effectiveness of the auction mechanism
was demonstrated by the winning bid reflecting the market value of the traded energy.
The discussion compares the experimental findings to the existing literature on energy
trading and carbon allocation mechanisms in microgrids. Furthermore, the implications
for policy-making and system optimization are considered, including the potential for
incentivizing sustainable energy practices through carbon credit allocation.

Developed Trading Web-Based Application

The web-based trading platform features a simulation of potential households engaged
in trading behavior (as shown in Figure 8). Utilizing the Hyperledger Fabric blockchain, the
platform converts energy into assets, allowing for the exchange of energy assets between
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producers and consumers. This not only reduces transaction costs through peer-to-peer
trading and automated contracts, but also ensures the participation of utilities as providers
of grid infrastructure, energy sellers, and buyers. With its advanced analysis, forecasting,
and optimization capabilities, the platform meets the current and future demands of the
energy market.
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Figure 8. Developed renewable energy and carbon trading web-based application.

7. Discussion

This research delved into the intricate dynamics of energy trading and carbon allo-
cation within microgrids, shedding light on the effectiveness of auction mechanisms and
their impact on prosumer behaviors. The study underscored the significance of efficient
market designs in fostering the adoption of renewable energy sources and mitigating
carbon emissions in decentralized power systems. To address the challenges of maintain-
ing a regional energy balance and reducing carbon emissions in distribution networks,
the authors proposed a peer-to-peer trading system for power allocation exchange. The
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system leverages a standardized, self-enforcing smart contract that incorporates prosumer
algorithms for determining optimal bid and sale prices, along with decision-making for
energy reshaping. This innovative contract provides a structured framework for prosumer
algorithms to optimize their energy management strategies. The world is witnessing a
rapid shift towards renewable energy sources, and microgrids are playing a pivotal role in
this transition. Microgrids are localized grids that can operate independently or in parallel
with the main grid, providing a more resilient and sustainable power supply. However,
managing energy trading and carbon allocation within microgrids remains a complex
challenge. This article discusses a novel approach to addressing these challenges through a
peer-to-peer trading system for power allocation exchange. This study highlighted the im-
portance of efficient market designs in fostering the adoption of renewable energy sources
and mitigating carbon emissions in decentralized power systems. By promoting compe-
tition and transparency, market designs can encourage prosumers to invest in renewable
energy technologies and adopt energy-efficient practices. To address the challenges of main-
taining a regional energy balance and reducing carbon emissions in distribution networks,
the authors proposed a peer-to-peer trading system for power allocation exchange. This
system leverages a standardized, self-enforcing smart contract that incorporates prosumer
algorithms for determining optimal bid and sale prices, along with decision-making for
energy reshaping. The innovative contract provides a structured framework for prosumer
algorithms to optimize their energy management strategies. By enabling prosumers to
trade energy directly with each other, the system reduces the need for intermediaries and
centralized control, thereby increasing the efficiency and resilience of the microgrid. The
proposed peer-to-peer trading system offers several benefits over traditional energy trading
mechanisms: 1. Enhanced efficiency: By eliminating intermediaries and centralized control,
the system reduces transaction costs and increases the speed of energy trading. 2. Increased
transparency: The standardized smart contract ensures that all prosumers have access
to the same information, promoting fairness and transparency in the trading process. 3.
Improved sustainability: The system encourages prosumers to invest in renewable energy
technologies and adopt energy-efficient practices, thereby reducing carbon emissions and
promoting a more sustainable energy future. 4. Greater resilience: The decentralized
nature of the system makes it more resilient to disruptions and failures, ensuring a more
reliable power supply for consumers. The peer-to-peer trading system proposed in this
study offers a novel approach to energy trading and carbon allocation in microgrids. By
leveraging a standardized, self-enforcing smart contract, the system enables prosumers to
optimize their energy management strategies and trade energy directly with each other.
This innovative approach has the potential to enhance efficiency, increase transparency,
improve sustainability, and promote greater resilience in decentralized power systems. As
the world continues to transition towards renewable energy sources, the adoption of such
systems will be crucial in ensuring a more sustainable and resilient energy future.

8. Conclusions

Future research should focus on further exploring the unique characteristics of in-
dividual prosumers, including their sensitivity to price variations for power and carbon
allocation, as well as their willingness to adjust consumption during peak times. Un-
derstanding these individual traits will enable more accurate planning and optimization
of bid and sale prices, leading to more efficient and sustainable energy management in
microgrids. The application of blockchain technology in the actual trading market holds
great promise for revolutionizing energy trading and carbon allocation within microgrids.
The proposed peer-to-peer trading system offers a promising solution for power alloca-
tion exchange, leveraging a standardized, self-enforcing smart contract that incorporates
prosumer algorithms for determining optimal bid and sale prices, along with decision-
making for energy reshaping. However, further research and development are needed to
address the challenges of understanding individual prosumer characteristics, enhancing
prosumer algorithms, ensuring scalability and security, and integrating the system with
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existing energy infrastructure. The proposed system aims to create a more transparent,
efficient, and decentralized energy market, where prosumers can actively participate in the
trading process and benefit from the adoption of renewable energy sources. By enabling
prosumers to trade energy and carbon credits directly with each other, the system can
reduce transaction costs, increase market liquidity, and promote the growth of renewable
energy generation. Moreover, the use of blockchain technology can enhance the security
and reliability of the trading system, as it provides a tamper-proof and transparent ledger
of all transactions. This can help to build trust among prosumers and encourage greater
participation in the energy market. In conclusion, this research on energy trading and
carbon allocation within microgrids highlights the importance of efficient market designs
and the potential of blockchain technology to revolutionize the energy sector. The proposed
peer-to-peer trading system offers a promising solution for power allocation exchange, but
further research and development are needed to address the challenges of understanding
individual prosumer characteristics, enhancing prosumer algorithms, ensuring scalability
and security, and integrating the system with the existing energy infrastructure. By ad-
dressing these challenges, we can create a more sustainable and efficient energy market
that benefits both prosumers and the environment.
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