friried applied
e sciences

Article

Comparison between Blockchain P2P Energy Trading and
Conventional Incentive Mechanisms for Distributed Energy
Resources—A Rural Microgrid Use Case Study

Alain Aoun 1'*, Mehdi Addal

check for
updates

Citation: Aoun, A.; Adda, M.; Ilinca,
A.; Ghandour, M.; Ibrahim, H.
Comparison between Blockchain P2P
Energy Trading and Conventional
Incentive Mechanisms for Distributed
Energy Resources—A Rural Microgrid
Use Case Study. Appl. Sci. 2024, 14,
7618. https://doi.org/10.3390/
app14177618

Academic Editors: Ivo Pereira,
Christophe Soares, Rui Humberto
Pereira, Ana M. Madureira and

Filipe Sa

Received: 16 July 2024
Revised: 22 August 2024
Accepted: 25 August 2024
Published: 28 August 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2,%

, Adrian Ilinca , Mazen Ghandour 3 and Hussein Ibrahim *

Department of Mathematics, Computer Science and Engineering, Université du Québec a Rimouski (UQAR),
Rimouski, QC G5L 3A1, Canada; mehdi_adda@ugqar.ca

Mechanical Engineering Department, Ecole de Technologie Supérieure (ETS), Montréal, QC H3C 1K3, Canada
Faculty of Engineering, Lebanese University, Beirut 1003, Lebanon; ghandour@ul.edu.lb

4 Centre National Intégré du Manufacturier Intelligent (CNIMI), Université du Québec a Trois-Rivieres (UQTR),
Drummondville, QC J2C 0R5, Canada; hussein.ibrahim@ugqtr.ca

Correspondence: alain.aoun@ugqar.ca (A.A.); adrian.ilinca@etsmtl.ca (A.L)

Abstract: Peer-to-Peer (P2P) energy trading is a new financial mechanism that can be adopted to
incentivize the development of distributed energy resources (DERs), by promoting the selling of
excess energy to other peers on the network at a negotiated rate. Current incentive programs, such as
net metering (NEM) and Feed-in-Tariff (FiT), operate according to a centralized policy framework,
where energy is only traded with the utility, the state-owned grid authority, the service provider,
or the power generation/distribution company, who also have the upper hand in deciding on the
rates for buying the excess energy. This study presents a comparative analysis of three energy
trading mechanisms, P2P energy trading, NEM, and FiT, within a rural microgrid consisting of
two prosumers and four consumers. The microgrid serves as a practical testbed for evaluating the
economic impacts of these mechanisms, through simulations considering various factors such as
energy demand, production variability, and energy rates, and using key metrics such as economic
savings, annual energy bill, and wasted excess energy. Results indicate that while net metering
and FiT offer stable financial returns for prosumers, P2P trading demonstrates superior flexibility
and potentially higher economic benefits for both prosumers and consumers by aligning energy
trading with real-time market conditions. The findings offer valuable insights for policymakers and
stakeholders seeking to optimize rural energy systems through innovative trading mechanisms.

Keywords: energy; energy trading; blockchain; peer-to-peer; distributed energy resources; financing
mechanism; feed-in tariff; net metering

1. Introduction

Nearly 140 years ago, the world witnessed the emergence of the first electrical grids. In
the early stages, electrical grids were localized, decentralized, and unregulated. However,
within the next five decades, driven by the increased demand for electricity induced by the
second industrial revolution and a pressing need to regulate the energy markets, electrical
grids metamorphosed into large, centralized power grids. The early primitive decentralized
grids formed the first era of electrical grids, or what we define as Energy 1.0, followed by
the centralized architecture that formed the second era, or Energy 2.0 (Figure 1). However,
with both Energy 1.0 and Energy 2.0 grids, the consumer was completely dependent on
the utility, and the energy flow was unidirectional (Figure 2), from the grid to the end-
user. Concurrently, utility companies worldwide were under the continuous pressure of
balancing their power generation capacities with the increasing demand, over and above a
constantly fluctuating fuel supply market, environmental restraints, and growing end-user
expectations [1]. Nevertheless, centralized electrical grids remained a substantial solution
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for the electrical market until the end of the twentieth century, when the image started to

change again.
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Figure 2. Dependent, independent, and interdependent energy markets.

Bounded by new global considerations such as climate change and new market trends
such as energy security [2], renewable energy (RE), and energy efficiency (EE), the electrical
grid developed into a decentralized architecture based on distributed energy resource (DER)
microgrids. The technological advancement and commercialization of RE-based solutions
enabled the wide deployment of utility-scale strategies and small-scale DER projects. This
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change led to a new fundamental restructuring of the electrical grid’s architecture that no
longer relied on centralized power generation plants but was dependent on supply and
demand resources mainly located towards the edge of the grid, at the consumers’ side.
Hence, the new electrical grid became a decentralized grid that encouraged a bidirectional
flow of energy, from the grid to the end-user and vice versa, defined in this article as Energy
3.0 (Figure 1).

Moreover, at the core of this new Energy 3.0 framework, the consumer became a
fundamental stakeholder, a proactive, engaged member in managing the energy grid [3].
The active consumers became prosumers through their investments in clean energy and
participation in power generation and demand-side management [4]. In addition, the
progression of energy storage systems opened the door for off-grid microgrids [5], and
for the first time, end-users were no longer dependent on the utility grid but had the
option to be independent (Figure 2). Nonetheless, this energy transition would not have
been possible without the proper incentives to encourage consumers to invest in DER
solutions. For small-scale projects, billing arrangements such as net metering (NEM) and
Feed-in-Tariff (FiT) were adopted [6]. As for medium and large-scale projects, financial
agreements such as Power Purchase Agreements (PPAs) were implemented to encourage
investments in RE-based power generators [7].

Though microgrids provide a platform to implement more cost-effective DERs, their
development faces numerous technical, economic, and infrastructure challenges associated
with grid capacity and stability, hindering the wide integration of RE resources and dis-
tributed power generation. However, the variable and intermittent nature of RE resources
has added a new level of complexity to the current formula [8]. Peak load management and
power imbalance have developed into a fundamental dilemma that challenges the proper
performance of electrical grids by impacting the quality and reliability of the power supply.
Moreover, despite their wide acceptance by prosumers, billing arrangements like NEM
and FiT face several limitations and challenges that can be unfavorable for both the utility
and the end-user. Among those challenges is the problem of uncompensated excess energy
injected into the grid in the case of NEM [9] and the issue of decreasing energy rates in the
case of FiT [10]. Over and above, all existing compensation mechanisms share the same
disadvantage of not reflecting the cost of electricity at the time of injection into the grid,
as well as the lack of a competitive pricing mechanism, where a monopolist, the utility,
has the upper hand in fixing the energy rates [11]. On the other hand, through the past
decade, the energy market has witnessed a digital revolution driven by the need for a more
intelligent, more efficient, more resilient, and more flexible grid, as well as by new client
requirements. Under the influence of a global trend of digital transformation, the energy
sector was not exempt from the impact of disrupting emerging technologies, such as the
Internet of Things (IoT), Artificial Intelligence (AI), blockchain, and Big Data, that affected
the electrical grid’s complete value chain, from generation to transportation and finally
to distribution [12]. Furthermore, new energy apprehensions, such as energy democracy
and energy poverty [13,14], emerged in response to new socio-economic challenges. In
addition, prosumers were requesting higher involvement and transparency in managing
their energy consumption [15].

Accordingly, in response to a need for higher digitalization and a more user-centric
energy system, the energy market is once again propelled to change. This article is part of a
larger project that proposes a new blockchain-based decentralized electric grid model. This
new model, defined as Energy 4.0 (Figure 1), is based on P2P energy trading. P2P energy
trading offers a new multidirectional decentralized model for selling and buying energy.
Contrary to the previously existing model, the P2P energy trading model is considered an
interdependent model (Figure 2), where the energy trading is not monopolized by the grid
operator or the utility company but offers households, businesses, or even communities
to be both consumers and producers of energy while trading energy among each other.
However, this concept requires a digital platform capable of connecting peer nodes with-
out intermediaries and securing and managing transactions in real time while leveraging
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transparency, immutability, and anonymity. A need that is best served using blockchain
technology. Blockchain is a digital data management solution based on distributed ledger
technology (DLT). It allows transactions to be securely recorded and anonymously shared
via a network of computers [16]. Blockchain achieved its fame through the cryptocurrency
Bitcoin, though its uses go far beyond digital currencies. Blockchain-based P2P energy
trading is one of these applications. P2P energy trade on the blockchain is an innovative use
of blockchain technology in the energy industry. This concept leverages blockchain’s de-
centralized and transparent nature to enable direct transactions between energy producers
and consumers within a network.

This article sheds light on the advantages of blockchain-based P2P energy trading
models as an incentive mechanism for a higher implementation and integration of DERs.
The main contribution of this work is that it offers a direct comparison between the P2P
energy trading mechanism, NEM, and FiT in terms of rentability for prosumers using
different key performance indicators (KPIs) such as the total amount of unremunerated
excess energy and financial revenue from the traded energy. To validate the competitiveness
of the P2P energy trading model as a new billing model for DERs, a rural microgrid
composed of two prosumers and four consumers was considered. The microgrid was
tested under different scenarios and billing models, and the results were analyzed to
evaluate the most adequate model. Additionally, sensitivity and feasibility analyses were
performed to complete the image. In Section 2 of this article, a review and evaluation of the
existing billing models and related works is conducted. Afterward, the blockchain-based
P2P energy trading model is introduced. In Section 4, our choice of a rural microgrid is
justified, and our selected microgrid is presented in addition to the simulation algorithm
and flow chart. In Section 5, the simulation results are presented and analyzed, and in
Section 6, a financial study and sensitivity analysis are conducted.

2. Related Works

In a world grappling with the challenges of climate change, governments worldwide
have taken significant steps to promote distributed energy sources and reduce dependence
on fossil fuels. However, one of the main drivers is adopting the proper financing mecha-
nism [17]. These mechanisms encourage consumers to become prosumers and contribute
to power generation at the edge of the grid where energy is consumed. Moreover, they
enable countries to achieve individual and collective renewable energy targets. The main
idea behind these financing mechanisms, such as NEM, FiT, and PPA, is to incentivize con-
sumers to generate their own electricity and contribute to the grid. However, despite this
shared objective, each mechanism has significant differences in the operation and benefits
offered. This section thoroughly explores these compensation mechanisms, highlighting
their unique features, advantages, and considerations.

The NEM mechanism charges consumers for their net electricity consumption from
the grid after deducting the electricity they have injected into the grid. This bidirectional
flow of energy is measured with bidirectional meters, also known as net meters, which track
the net flow of electricity. Prosumers are typically compensated for their injected electricity
at the retail electricity tariff, as their electricity consumption is offset by the electricity they
have injected into the grid.

In contrast, FiT schemes use two separate meters to track electricity generation and
consumption from the grid and compensate for them differently. While energy consumed
from the grid is priced at the retail electricity tariff, the excess energy injected by the
prosumer into the grid is renumerated at a different predefined rate set by the regulator
or the utility company, known as the “feed-in tariff.” These FiTs are often set at a higher
tariff than the retail market rate to incentivize consumers to install renewable energy power
generators. However, they have led to some issues, such as in Germany and the United
Kingdom (UK), where rooftop solar photovoltaic (PV) adoption increased due to higher
FiTs but has since been reduced [18,19]. Under the FiT framework, consumers should
consider the long-term stability and potential changes in FiT rates.
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Although these systems are broadly adopted, they do not offer fair compensation
to the prosumer since the timing of the energy injection into the grid is not considered.
For instance, under a NEM scheme, 1 kWh injected into the grid during peak hours
should not have the same weight as 1 kWh injected during off-peak hours [20] since
excess renewable electricity is more valuable during peak load hours compared to off-
peak hours. Additionally, an oversupply of renewable electricity during low demand can
result in curtailment or negative electricity prices in wholesale markets [21]. Prosumers
can optimize their earnings from distributed renewable generation by utilizing battery
storage systems or adjusting their demand in response to time-varying compensation tariffs.
Because prosumers are incentivized to feed electricity into the grid when necessary and
draw from it when demand is low and renewable output is plentiful, this improves system
flexibility. Additionally, incorporating locational signals in tariff designs can help reduce
network congestion and potentially defer or minimize network investments [22]. These
signals are used to incentivize efficient use of the electricity grid and resources, as well as to
manage congestion and optimize system reliability. Moreover, electric tariffs may include
additional charges such as customer fees, service fees, correction charges, and rebates,
which are not accounted for in the compensation given to consumers under the NEM
mechanism. Therefore, the best way to look at the NEM mechanism is that it offers a free
virtual storage system for the prosumer, by injecting his excess energy into the grid when it
is not needed and getting it back at any time for the same price. Recently, a new concept
called virtual net metering (VNM) emerged as an alternative to NEM. VNM is a billing
arrangement that allows multiple electricity consumers to share the benefits of a renewable
energy system, such as solar panels, even if they are not physically connected to the same
generation source. In a VNM setup, the electricity generated via a renewable energy system
installed at one location can be credited against the electricity consumption of one or more
separate accounts elsewhere [23]. VNM allows for greater flexibility and access to the
benefits of renewable energy, particularly in scenarios where physical connections between
the generation source and the consumers are not feasible or practical.

On the other hand, net billing schemes offer several benefits to the grid. The primary
purpose behind most DER incentive mechanisms is to encourage end-users to maximize
their self-consumption thus reducing their demand from the grid. Additionally, since
energy is generated where it is needed, the grid’s technical losses are reciprocally lowered,
and in most cases, they contribute to a lower levelized cost of energy [24]. However,
under schemes like NEM and FiT, energy retailers are at risk of induced “death spiral”
phenomenon [25]. This happens when overcompensation for distributed renewable gener-
ation leads to oversupply, distorted price signals, and grid-integration challenges, resulting
in revenue losses for retailers. The “electricity death spiral” is a term used to describe a
potential scenario in which the traditional utility business model becomes economically
unsustainable due to disruptive changes in the energy landscape, particularly the increas-
ing adoption of DERs and renewable energy technologies. The concept of the electricity
death spiral typically involves declining revenues, rising costs, and customer defection.
As more customers install rooftop solar panels, battery storage systems, energy-efficient
appliances, and other DERs, they may reduce their reliance on grid-supplied electricity.
This can lead to decreased electricity sales for traditional utilities, resulting in declining
revenue. Moreover, utilities usually incur fixed costs on end-user bills associated with
maintaining the grid infrastructure, such as transmission lines, substations, and distribu-
tion networks. As electricity sales decline, these fixed costs per unit of electricity sold
increase, putting upward pressure on electricity rates for remaining customers. Thus, to
compensate for lost revenue and cover fixed costs, utilities may raise electricity rates for
customers who remain connected to the grid. However, higher rates can further incentivize
customers to invest in DERs or pursue energy efficiency measures, exacerbating the decline
in electricity sales and perpetuating the cycle. Additionally, faced with higher electricity
rates and the availability of cost-effective alternatives like rooftop solar and battery storage,
more customers may choose to disconnect from the grid entirely or significantly reduce



Appl. Sci. 2024, 14, 7618

6 of 26

their reliance on utility-provided electricity. This further accelerates the decline in utility
revenues and increases the financial strain on the remaining customers. The electricity
death spiral poses significant challenges for utilities and regulators tasked with ensuring
the electricity system’s reliability, affordability, and sustainability. Regulators may need to
reassess utility business models, rate structures, and regulatory frameworks to address the
evolving energy landscape and mitigate the risks associated with declining grid revenues.
However, it is important to note that the electricity death spiral is not an inevitable outcome
but rather a potential scenario driven by market dynamics, technological advancements,
policy decisions, and consumer behavior. To navigate these challenges, utilities may need to
embrace innovation, invest in grid modernization and flexibility, and adapt their business
models to accommodate distributed energy resources and emerging customer preferences
for clean and resilient energy solutions. Regulatory reforms and supportive policies are
also fundamental to the transition to a more sustainable and equitable energy system [26].

A third existing financing mechanism is PPA. A PPA is a contractual arrangement in
the energy sector where a power generator, often a renewable energy project developer,
sells electricity to a buyer, typically an off-taker such as a utility or corporation. One of
the main advantages of PPAs is their capacity to give renewable energy projects a steady
source of income, ensuring their long-term financial viability. [27]. The off-taker commits
to purchasing the generated electricity at agreed-upon prices for an extended period, often
15 to 25 years, providing the project with predictable cash flows. In addition, PPAs have
the potential to be a catalyst of private investments and help develop a sustainable energy
infrastructure. However, challenges include the potential for off-taker credit risks and
the dependence on policy and regulatory frameworks that may impact the stability of
the agreed-upon terms. Additionally, technological changes or market conditions could
pose risks to both parties. Despite these challenges, PPAs remain crucial for advancing
renewable energy projects and fostering a transition to more sustainable energy sources.
Overall, PPAs are well suited for large-scale renewable energy projects [28] because they can
mitigate risks, provide long-term revenue certainty, leverage economies of scale, enhance
creditworthiness, facilitate grid integration, and ensure regulatory compliance. These
factors contribute to the attractiveness of PPAs for developers, purchasers, and investors
involved in large-scale renewable energy ventures.

On the other hand, billing mechanisms are governed and influenced by the nature of
the energy market. Two models exist: the regulated and deregulated markets [29]. The
terms regulated and deregulated refer to the level of government intervention in setting
prices and managing competition. In a regulated market, government authorities set prices,
determine service standards, and may control the entry rights for generation, transmission,
and distribution, thus creating a market monopoly. However, regulatory bodies typically
set these prices to ensure affordability and fairness. This framework can be secure and
beneficial for consumers as long as the government has everything it takes to offer an
affordable energy supply to its end users. However, when the government or the utility
are in no position to supply low-cost energy, end users are left with the single option of
paying the high price due to the lack of alternatives caused by the government’s monopoly.
Hence, it is essential to note that regulated markets may limit innovation and efficiency. In
contrast, the deregulated market allows competition by removing entry, exit, and pricing
restrictions, enabling multiple entities to operate in the same market and promoting healthy
competition. Prices in a deregulated market are determined by supply and demand and
open market competition and are subject to negotiation between the supplier and the
end user [30]. Therefore, a deregulated market has the potential for cost savings due to
competition, innovation, and improved efficiency. However, while competition is expected
to keep prices in check, monopolistic behavior can occur if one company gains too much
control. The impact of regulated and deregulated markets on billing mechanisms such as
NEM, FiT, and PPA varies depending on the regulatory environment and market structure.
Regulated markets may offer more stability and control from the regulatory body, while
deregulated markets may provide more flexibility and room for market-driven negotiations.
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The choice of billing mechanism will be influenced by the goals of policymakers, the level
of market competition, and the desired balance between stability and flexibility in the
energy sector.

Nevertheless, today’s energy market is driven by more significant needs and higher
expectations [31]. Needs and expectations that can no longer be met with traditional
financing models. Thus, there is a need for a new billing model capable of providing a
higher customer contribution, not only to power generation but also to the management
of the grid in general and precise control of prices. This is where the P2P energy trading
model comes into play. Conversely, more than a decade ago, a new energy trading model
surfaced. The emergence of P2P energy trading can be traced back to the early 2010s. The
concept gained momentum as technological advancements, particularly blockchain and
smart contracts, offered new possibilities for decentralized energy transactions. However,
it was around the mid-to-late 2010s that P2P energy trading gained substantial recognition
and saw practical implementations [32,33]. P2P energy trading has emerged as a promising
paradigm in transitioning towards decentralized and sustainable energy systems. The
evolution of this concept is ongoing, and its trajectory is influenced by technological
advancements, regulatory developments, and the growing awareness of the need for
more sustainable energy practices. The P2P energy trading mechanism enables the direct
exchange of electrical energy between prosumers and consumers, at a price negotiated by
the two parties, without selling this energy to the grid operator first. Therefore, P2P energy
trading models eliminate the need for utility companies or grid operators to interfere
as intermediaries. P2P energy trading offers several distinct advantages over traditional
energy trading models. Primarily, P2P trading enhances the efficiency of energy distribution
by enabling direct transactions between prosumers and consumers, effectively reducing
intermediary costs and transmission losses. This direct exchange fosters a more dynamic
and responsive energy market where prices can more accurately reflect real-time supply
and demand conditions. The book in [34] systematically explores distributed economic
operation in smart grids, addressing both model-based and model-free approaches to
optimize coordination among generation units and loads, while also tackling the challenges
of randomness in renewable energy and electric vehicle charging. Additionally, P2P
trading promotes the utilization of locally generated renewable energy, thus supporting
sustainability and reducing the reliance on centralized, non-renewable energy sources [35].
The increased adoption of renewable energy through P2P networks also contributes to lower
greenhouse gas emissions and improves the overall environmental footprint. Moreover, P2P
trading can enhance grid resilience by decentralizing energy resources, thereby mitigating
the risk of widespread outages. It also empowers consumers by giving them more control
over their energy choices and potentially reducing their energy bills through cost-effective
transactions. Furthermore, the transparent and automated nature of blockchain-based P2P
platforms can streamline administrative processes, reduce fraud, and improve trust among
participants. Overall, P2P energy trading presents a promising approach for creating more
efficient, sustainable, and consumer-centric energy systems [36,37].

P2P energy trading designs frequently use game theory approaches [38], auction-
based procedures [39], optimization methods [40,41], and blockchain-based technology.
Numerous studies have explored the technical aspects of P2P energy trading, including
communication protocols [42], market mechanisms, and grid integration. Smart contracts
based on blockchain technology are commonly used to automate transactions and ensure
trust and transparency among participants. Other approaches utilize P2P networks or
centralized platforms for energy trading. Economic models play a crucial role in P2P
energy trading systems, determining pricing mechanisms, cost allocation, and incentives
for participants [43]. Dynamic pricing based on supply and demand, time-of-use tariffs,
and incentive-based schemes are commonly employed to optimize resource utilization
and encourage renewable energy generation. However, thanks to blockchain technology
and smart contracts, P2P energy trading systems were made possible and easy to imple-
ment [44]. This concept aims to create a more efficient and sustainable energy ecosystem
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by directly empowering individuals to participate in energy production, consumption,
and transactions, fostering local energy communities. Nevertheless, despite its potential
benefits, P2P energy trading faces several challenges, including regulatory hurdles, techni-
cal complexities, market design issues, and privacy concerns. Scalability, interoperability,
and grid stability are significant challenges that need to be addressed for the widespread
adoption of P2P trading models. The challenges and limitations of P2P energy trading are
detailed in [45].

This article investigates the application of blockchain-based P2P energy trading as
a financing mechanism for DERs. With the growing adoption of DERs such as solar PV
systems and battery storage, there is a need for innovative financing solutions to overcome
barriers to deployment and maximize their economic viability. Traditional financing models
often face challenges related to uncompensated excess energy, monopolized energy tariffs,
time of energy injection into the grid, and transaction costs. In this study, we explore
how blockchain technology can facilitate decentralized energy trading among prosumers,
enabling direct transactions and value exchange within a distributed energy network. We
examine the potential benefits of blockchain-based P2P energy trading, including open
market rate negotiation, fair energy compensation, higher asset revenue, and increased
autonomy for energy consumers. Overall, this article contributes to providing insights into
the potential of blockchain-based P2P energy trading as an alternative billing mechanism to
NEM and FiT, especially for rural and isolated microgrids, as well as a financing mechanism
for DER development, thus advancing the transition to a more sustainable and resilient
energy future.

3. Blockchain-Based P2P Energy Trading Model

P2P energy can potentially revolutionize the energy landscape by promoting decentral-
ization, flexibility, and consumer engagement. Free trade among peers offers more options
for sellers and buyers, promoting mutually beneficial transactions. A blockchain-based
P2P ecosystem would offer consumers access to a diversified portfolio of energy resources
that can answer to their specific requirements in terms of time, price, and sustainability
goals. The open aspect of the P2P energy trading model stimulates healthy competition
among providers, ensuring high-quality service at the lowest possible prices. In contrast,
a regulated market limits consumers’ options, often leaving them with a single supplier.
This lack of competition allows the supplier to dictate both the quality and price. An open
market with diverse DERs, such as solar, wind, and electric vehicles, presents exciting
opportunities and competitive market prices for the consumer as well as the prosumer.
Hence, prosumers with surplus energy can manage the quantity and timing of their sales
to maximize profit. The chance to sell energy among peers would encourage investors
to expand into DER projects, benefiting developing countries suffering from electricity
shortages. P2P energy trading would increase local energy exchange, reducing dependency
on the utility grid and enhancing power reliability. Additionally, P2P energy trading can
enhance grid resilience and flexibility by leveraging DERs, demand-side management, and
local energy trading to mitigate grid disturbances and optimize grid operations. By decen-
tralizing energy production and consumption, P2P trading can enhance grid reliability and
reduce dependency on centralized generation and transmission infrastructure.

Similarly, P2P energy trading can help improve voltage regulation in the distribution
grid by reducing voltage fluctuations and optimizing voltage profiles. When energy is
generated and consumed locally within the same distribution network segment, it can help
maintain voltage levels within acceptable limits, thereby reducing losses associated with
voltage deviations. Moreover, P2P energy trading can facilitate load balancing within the
distribution grid by enabling energy transactions between local producers and consumers.
When surplus energy generated via DERs is consumed locally rather than being transmitted
over long distances, it can help alleviate congestion on distribution feeders and reduce
losses associated with overloaded circuits. Also, P2P energy trading can potentially reduce
transmission losses by minimizing the need for long-distance energy transmission from
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centralized power plants to end-users. When energy is generated and consumed locally, it
avoids the losses incurred during transmission over high-voltage transmission lines, which
tend to have higher losses than distribution lines. At the distribution level, by promoting
the use of distributed generation and localized energy consumption, P2P energy trading
can improve the overall efficiency of the distribution system.

For a P2P energy trading model to properly operate, several prerequisites must be
met:

— A power grid connecting the two ends of an energy transaction must be present, along
with essential electrical components like cables, transformers, and meters;

-  Anadvanced metering infrastructure is needed to manage transactions and ensure
energy is transferred from the correct source to the correct user. A control system
is also necessary to check and control energy quality parameters like frequency and
voltage;

— A secure end-to-end device communication protocol is required for the flow of infor-
mation between peers;

—  An online platform is required to allow users to transparently and anonymously
communicate and exchange information about available energy, load demand, and
prices as well as other information.

The first two points are usually provided in most modern grids. However, the third
and fourth points require a data management platform capable of offering transparency,
auditability, anonymity, and immutability as well as security. These characteristics can be
found in blockchain platforms. Blockchain technology is pivotal in P2P energy trading by
providing a decentralized, autonomous, transparent, and secure platform for facilitating
energy transactions between producers and consumers. Blockchain technology has the
potential to further P2P energy trading mechanisms by offering the following features:

—  Decentralization and distributed ledger technology: blockchain eliminates the need
for centralized authorities, creating a distributed ledger across a network of computers.
This ensures transactions are recorded transparently and immutably, enhancing trust
among participants;

—  Transparency: blockchain’s distributed ledger technology maintains a transparent and
immutable record of all energy transactions. Every transaction is cryptographically
verified and recorded on the blockchain, providing transparency and auditability. This
transparency helps build trust among participants and ensures the integrity of the
energy trading process;

—  Smart contracts: these are self-executing contracts with the terms of the agreement
directly written into lines of code. They automate the energy trading process, exe-
cuting transactions when predefined conditions are met, thus reducing the need for
intermediaries, and streamlining processes;

—  Real-time settlements: blockchain enables real-time settlement of energy transac-
tions, allowing producers to receive payment immediately upon energy delivery to
consumers. This instantaneous settlement process eliminates delays and reduces
counterparty risk, enabling more efficient energy trading and cash flow management;

-  Integration with IoT Devices: blockchain can be integrated with Internet of Things
(IoT) devices to facilitate automated energy trading at a large scale. This allows real-
time consumption data to be used in transactions, making the process more efficient
and responsive to energy needs.

Furthermore, blockchain’s ability to ensure security through robust encryption tech-
niques and provide real-time prices to consumers makes it an ideal solution for P2P energy
trading. This not only empowers prosumers by enabling them to trade surplus energy
directly but also promotes the use of renewable energy sources by ensuring the traceability
and authenticity of the energy traded.

The blockchain-based P2P energy trading model offers prosumers, with excess gener-
ated energy, the opportunity to sell it to other interested consumers at a negotiated price.
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Ethereum and Hyperledger are common platforms used for such an application due to
their smart contract capabilities that allow the automatic execution of transactions when
predefined conditions are met. Prosumers list their excess energy for sale on the blockchain
platform along with their desired price. Consumers browse available energy offers on the
platform and select the ones that meet their price, quantity, and source requirements. Once
a consumer selects an offer, the smart contract automatically executes the transaction, trans-
ferring the agreed-upon amount of energy from the producer to the consumer. Payment
for the energy is transferred directly to the producer’s digital wallet upon completion of
the transaction.

Two layers are required to achieve a P2P energy exchange: a money exchange layer
and an energy exchange layer. The concepts of money exchange and energy exchange layers
refer to the distinct functionalities and processes involved in facilitating transactions be-
tween energy prosumers and consumers. The money exchange layer handles the financial
aspect of P2P energy trading, including pricing, payment, and settlement. It involves the
exchange of cryptocurrency or fiat currency in return for the energy consumed or produced.
Smart contracts within the blockchain platform automatically execute payment transactions
once energy transactions are completed. The money exchange layer ensures secure and
transparent financial transactions between parties involved in energy trading. On the other
hand, the energy exchange layer focuses on the actual energy exchange between producers
and consumers. It involves listing available energy for sale by producers and selecting
and purchasing energy by consumers. In this context, smart contracts govern the terms of
energy transactions, including quantity, price, and timing. This layer ensures efficient and
transparent energy transactions, allowing producers to monetize excess energy and con-
sumers to access clean energy sources. Additionally, renewable energy certificates (RECs)
or other verification mechanisms may be used to ensure the authenticity and sustainability
of traded energy. Hence, the money exchange layer manages the financial transactions
associated with P2P energy trading, while the energy exchange layer facilitates actual
energy exchange between participants. These layers enable decentralized, transparent, and
efficient energy trading while ensuring trust and security through blockchain technology

(Figure 3).
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Figure 3. Blockchain-based P2P energy trading model.

Moreover, the blockchain’s decentralized nature ensures transparency and security by
recording all transactions across multiple nodes in the network. This eliminates the need
for intermediaries and reduces the risk of fraud. Additionally, mechanisms for consumers
and producers to leave feedback and ratings, based on their experiences, can be integrated
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to help build trust within the P2P energy trading community. This article, introducing a
new blockchain-based P2P financing mechanism for DERs, offers substantial added value
to renewable energy investment and deployment. By proposing an innovative billing
approach explicitly tailored to DERs, this article addresses critical shortfalls in current
billing mechanisms, thus providing an opportunity to overcome the traditional barriers
associated with funding DER projects, such as wasted excess energy, tariffs monopoly, and
fair compensation for the time of injection of energy back to the grid.

On the other hand, blockchain-based P2P energy trading can solve multidirectional
billing. Today’s energy billing systems are designed for unidirectional or at most bidirec-
tional energy transactions. Thus, there is a need to develop an automatic decentralized en-
ergy trading system that can automatically collect energy consumption, offer a user-centric
approach, and ensure a simple settlement for energy transactions in a multidirectional way.
Furthermore, current billing systems are based on the Point-of-Delivery (PoD) concept,
which means that the bill is issued per meter at a specific location where energy is deliv-
ered and not per end-user. Conversely, an aggregated bill per customer refers to a billing
arrangement where multiple premises owned by the same customer are grouped together,
and their energy consumption is aggregated for billing purposes. The aggregated bill per
customer simplifies billing administration and can be fairer than a PoD billing in conditions
where an increasing block rate billing structure is used, or demand side management (DSM)
programs are applied. Moreover, the current data collection, processing, and financial set-
tlement processes are highly inefficient and error-prone, resulting in significant time delays
in value settlement and the need for costly reconciliation processes. Billing constitutes 5%
to 15% of retailers’ total operating costs. Blockchain technology can be the answer for an
aggregated efficient, transparent, immune to tampering, and immutable billing system.

4. Modeling of the Microgrid

Urban and rural areas provide prospects for solar PV systems, but with different
considerations [46]. Rooftop solar in urban areas focuses on distributed energy generation,
while rural areas can cater to larger-scale utility installations. Optimizing solar PV potential
involves considering geographical factors, energy demands, infrastructure, and regulatory
frameworks specific to each setting. Urban areas have a substantial potential for rooftop
solar installations on buildings [47]. However, shading from other buildings, limited roof
space, and obstructions like vents or HVAC systems can reduce the effectiveness of solar
panels. Urban areas generally have higher energy demands, making rooftop solar PV a
viable option for meeting some of this demand. It also reduces transmission losses by
generating electricity closer to where it is consumed. Rural areas often have more open
land available, making them suitable for utility-scale solar farms. This allows for larger
installations without the constraints of urban space limitations. Rural areas tend to have
fewer obstructions like buildings and trees, which can maximize solar panels” exposure to
sunlight. However, the demand is limited, burdening DER projects’ return on investment,
especially under the NEM billing mechanism. For this purpose, we decided to consider the
case of a rural micro-gird that includes two prosumers and four consumers. This microgrid
is tested using three billing mechanisms: NEM, FiT, and P2P energy trading. The same
conditions are applied for the three scenarios and KPIs such as unused energy, financial
gain for prosumers, and annual bill reduction for consumers are used to compare the
three models.

In the simulated model, we considered two prosumers for every four consumers. This
reflects an optimistic perspective where 1/3 of the population would have a renewable
source of generation. Moreover, the simulated microgrid considers as sources of energy the
utility grid for all participants and rooftop PV solar systems for prosumers. At the same
time, the consumers are residential, small-commercial, and industrial loads (<100 kW). The
use case microgrid, presented in Figure 4, is detailed hereafter:

—  Prosumer A is a residential house occupied for the entire year and equipped with a
12.8 kWp solar PV system;
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—  Prosumer B is a residential summer house occupied only during the summer and
equipped with a 12.8 kWp solar PV system;

—  Consumer #1 is a residential house occupied for the entire year. Prosumer A and
Consumer #1 have been modeled with the same load profile. They are a household of
4 family members where one family member works during the day. The house covers
an area of around 180 m?;

—  Consumer #2 is an industrial load; it is a vehicle bodywork workshop that is opera-
tional during the entire year;

—  Consumer #3 is a commercial load; it is a supermarket that is operational during the
entire year;

—  Consumer #4 is a residential house that is occupied during the entire year.

SN
AL %

CONSUMER\
SUPERMARKET

CONSUMER A

Figure 4. Simulated microgrid model.

4

Since an hourly load profile for an entire year was unavailable for all the loads, we
decided to have an hourly load profile for over 4 weeks, each week corresponding to a
different season. Then, the results of each week were extrapolated to 13 weeks to cover an
entire season, and the overall result would be 52 weeks to represent an entire year.

The household used as a benchmark, Prosumer A, has a rooftop solar PV system.
However, the current trend in the market is to replace traditional equipment with more
efficient options. This includes switching from traditional lamps to light emitting diode
(LED) lamps, using converter type air conditioning units, and upgrading to higher efficiency
appliances. Given this trend, we have chosen to examine the scenario where Prosumer
A is substituted with Prosumer A’. This substitution allows us to evaluate the effects of
increased energy efficiency on our three billing models, resulting in lower energy demand.
Prosumer A’ is an improved version of Prosumer A, with a 30% increase in efficiency. As a
result, its residential load is 30% lower than Prosumer A’s, which serves as our benchmark.
Prosumer A’ could also represent a newly constructed house compared to an older one
being represented by Prosumer A. The new house would have better insulation, reduce the
need for heating and cooling, and be equipped with high efficiency appliances, decreasing
overall energy consumption. The purpose of introducing Prosumer A’ in the model is to
investigate the impact of a reduced load, with the same PV system capacity, on the use of
P2P. This allows us to determine if it is a cost-effective option or not.

Prosumer B is a type of residential load where the owners only utilize the house for
vacation during the summer season, specifically for 3 months from June 22nd to September
21st. The energy consumption for the remainder of the year is represented by a small
and constant load, including gardening and operating the security system. Prosumer B
is a unique type of load that may have different outcomes when subjected to incentive
programs compared to a full-time load. It would be intriguing to investigate the effects
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of installing a PV system on this particular load, potentially resulting in surplus energy
during the unoccupied period.

Both Prosumer A/A’ and Prosumer B have a rooftop solar PV system with a capacity
of 12.8 kWp. However, to evaluate the effect of the solar PV peak power on the three
models, we have decided to analyze a situation where the 12.8 kWp system is replaced with
a 10 kWp system. This particular scenario is referred to as scenario #2, while the original
scenario will be referred to as scenario #1. We initially assumed that neither prosumer has
a battery energy storage system (BESS). Therefore, we have simulated a scenario where a
BESS was added for both prosumers. In this case, the BESS consists of 220 Ah, 12 V solar
batteries, with 2 strings of 6 batteries connected in series, resulting in a total of 12 batteries.
At a depth of discharge of 80%, the total capacity of the batteries is equivalent to 4.22 kWh.
The purpose of including a BESS is to evaluate the impact of storing excess energy during
hours of solar availability and selling it back to consumers during periods of low demand.
This scenario is known as scenario #3.

The blockchain-based P2P energy trading model allows prosumers to sell their excess
energy to two consumers. Prosumer A/A’ prioritizes using their own produced energy for
their own use before selling any remaining excess to Consumers 3 and 4 at a negotiated rate.
Similarly, Prosumer B uses the energy it produces for its own needs and then sells any extra
to Consumers 1 and 2. It is assumed that consumers would be interested in buying excess
energy from prosumers, whenever it is available, as it would typically be priced lower
than the utility’s tariff. However, any excess energy beyond the market demand would be
wasted. Algorithm 1 summarizes the blockchain-based P2P energy trading model.

Algorithm 1: P2P Energy Trading

1: Initiate algorithm at time ¢

2: if PV power available, then

if Load of Prosumer < PV Generation, then

4 if the first consumer has a consumption, then

5 Pi2k = min (Pk, PPV,i — Pi); k=1

6: else, if the second consumer has a consumption,
7

8

9

then Pi2k = min (Pk, PPV, i — Pi — Pi21); k=2
else, no transfer of energy
else, PV generation totally consumed by load of Prosumer and complemented, if needed, by
energy from the grid; no transfer of energy
10: else, no PV generation; no transfer of energy
1l:t=t+1
12: Goto 2/ /restart the algorithm

Under the NEM billing system, any excess solar PV generation is injected into the
grid at the same rate as the applicable utility tariff. Any excess energy that surpasses
the prosumer’s total yearly consumption will not be compensated at the end of the year.
Similarly, in the FiT billing model, the extra energy will be injected back into the grid at a
lower rate based on current market trends. However, under this model, the yearly quantity
of energy that exceeds the prosumer’s total annual consumption is compensated at the
applicable FiT rate. The power equations that govern the model are defined hereafter:

If solar PV AC power is greater than or equal to the prosumer load, the latter is met
solely by solar PV power. The power provided via the utility grid Py ; is zero.

P; = Ppy ; (1)

The excess energy injected back into the grid or sold via the P2P energy trading model is
calculated using Equation (2):
Psoig = Ppy,i — B )
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If solar PV AC power is less than the prosumer load, the latter is met by the solar PV power
complemented by the utility grid power.

Pi=Ppy;+ Py, 3)

where

P; is the power demand of the consumer;

Py ; is the power provided by the utility company;
Ppy; is the power provided by the solar PV system;
Pgo14 is the excess power that can be used for trading.

In P2P energy trading models, managing the energy balance between supply and
demand is crucial for ensuring stability and efficiency. When participants in a P2P network
sell excess energy, this surplus is allocated to other users who need additional power.
However, if the total amount of excess energy sold falls short of meeting the demand
of buyers, the deficit must be supplemented from the traditional grid. This mechanism
ensures that while P2P trading maximizes the use of locally generated renewable energy,
it also maintains a reliable power supply by drawing from the grid when necessary. This
integration helps to balance the fluctuating nature of renewable sources and ensures that
energy needs are met even when P2P transactions alone cannot satisfy the demand. By
effectively managing these scenarios, P2P systems can contribute to a more resilient and
flexible energy infrastructure, supporting both sustainable energy use and grid stability.

In a real-world scenario of P2P energy trading, prices are determined through negotia-
tions based on the balance of supply and demand, along with individual preferences and
limitations. Despite the dynamic nature of markets, the presence of competition and price
variations among markets or sources typically prevent drastic fluctuations, leading to price
stability at a certain average level. An average negotiated rate was utilized to exchange
energy in the blockchain-based P2P energy trading system to simplify the simulation
model. Furthermore, in cases where electricity is not produced by the utility itself, such
as in deregulated markets or P2P energy trading situations, the utility typically charges
for electricity transmission through its networks. This charge, known as the wheeling
charge, typically accounts for 15% of the applicable tariff. The tariffs and rates used in our
simulation scenarios are defined in Table 1.

Table 1. Applied tariffs and rates.

Description Tariff
Net metering 0.22 USD/kWh
Feed-in-Tariff 0.12 USD/kWh
P2P energy trading rate 0.18 USD/kWh
Wheeling charge 0.027 USD/kWh

Figure 5 depicts a flow chart demonstrating our simulation model’s sequential pro-
cesses and exchanges, providing a more organized and concise understanding of the
workflow.

To simplify the calculations and maintain this paper’s main objective, we have made
certain assumptions in the model. The impact of holidays, where consumer loads may vary,
has not been considered. This is because the proportion of holidays to the total number
of days in a year is minimal and does not significantly affect the calculation results. As
the PV system is connected to the main power source and operates in synchronization
with it, it is assumed that the quality of the main source is standard in terms of voltage
and frequency. The calculation does not consider energy transmission losses which occur
when energy is transported over long distances from the source of generation to the point
of consumption. These losses are usually significant at a transmission level. However, in
our microgrid model on a regional distribution level, the distances are short, and when the
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distribution cables are appropriately sized, the losses due to energy transportation become
negligible. A time slot of one hour is used to determine the energy consumed or produced,
assuming that the load remains constant during this period. Although this one-hour period
is valid for the loads and production capacity used, a smaller time slot can be chosen for
more accuracy if needed.

Initialization

attimet

No PV
generation

PV Power
available

h 4

PV energy
consumed Consumer #1
by Prasumer load available

h h

Piz1 = Py Piz1 = Ppyi — P

Consumer #2
load available

Mo energy
Transfer

Pioy = Py Piaz = Ppyi — P — Finy

¥

t=t+1 e e '

Figure 5. Simulation algorithm flow chart.

5. Simulation Results

The solar PV power generation was simulated using an hourly irradiance profile for
Lebanon at a latitude of 33.8° N and a longitude of 35.5° E. The solar constant is around
1460 W/m?, and the average annual solar radiation is 5.49 kWh/ m2/ day. The monthly
solar radiation profile is shown in Figure 6. The characteristics of the solar PV panels used
are provided in Table 2.
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Figure 6. Monthly solar radiation profile.

Table 2. Solar PV panel characteristics.

Panel Characteristics

Maximum Power Pmax (W) 330 Wp
Maximum Power Voltage Vmpp (V) 37.8
Maximum Power Current Impp (A) 8.74
Open-Circuit Voltage Voc (V) 46.9
Short-Circuit Current Isc (A) 9.14
Module Efficiency (%) 17.01

Module Dimensions (mm) 1956 x 992 x 40
Module Weight (kg) 22.5
Cell Type Polycrystalline 157 x 157 mm
Number of Cells 72 (6 x 12)

The primary limitation of the NEM billing scheme is the issue of unremunerated excess
energy, which refers to the amount of energy that is injected back into the grid and exceeds
the prosumer’s annual energy demand. In NEM programs, any excess energy exported
to the grid is credited at the same rate as retail electricity. These credits can accumulate
over time if the customer consistently exports more energy than they consume. They can
then be used to offset future electricity purchases, effectively rolling over the excess energy
to the next billing period. However, at the end of the year, an annual settlement process
takes place where all bills are reset, potentially resulting in a loss of any rolled over excess
energy. This process may also involve reconciling any remaining excess energy credits,
with the utility potentially compensating the customer at a predetermined rate for any
unused credits. In our case, it is considered that at the end of the year, any rolled-over
excess energy will be reset. Table 3 displays the amount of annual excess energy wasted by
the three prosumer profiles under scenarios 1 and 2 using a NEM billing scheme. Under
both scenarios, the annual energy bill will be null for all prosumers, because both solar PV
systems (12.8 kWp and 10 kWp) can generate enough energy to fully compensate for the
prosumer’s annual energy consumption.
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Table 3. Lost energy with net metering under scenario 1 and 2.

Prosumer A

Prosumer A’

Prosumer B

Spring Week USD —34.54 USD —48.66 USD —81.01

Summer Week USD —51.94 USD —68.89 USD —46.27

Autumn Week USD —29.78 USD —43.90 USD —76.25

Winter Week USD 3.47 UusD —12.77 USD —50.42

Energy Bill (USD) Spring Season USD —449.02 USD —632.62 USD —1053.19
With Net Metering Summer Season USD —675.20 USD —895.52 USD —601.57
(Scenario 1) Autumn Season USD —387.10 USD —570.71 USD —991.28
Winter Season USD 45.13 USD —166.01 USD —655.43

Bill at the end of year (USD) USD 0.00 USD 0.00 USD 0.00
Unremunerated wasted excess  1;qry 151735 ¢ USD —2264.86 USD —3301.47
energy at end of year ($)

Spring Week USD —20.54 USD —34.67 USD —67.02

Summer Week USD —33.40 USD —50.34 UusD —27.73

Autumn Week USD —16.58 USD —30.70 USD —63.05

Winter Week USD 12.37 USD —3.87 USD —41.52

Energy Bill (USD Spring Season USD —267.08 USD —450.68 USD —871.25

gy ( ) pring
With Net Metering Summer Season USD —434.14 USD —654.47 USD —360.51
(Scenario 2) Autumn Season USD —215.48 USD —399.09 USD —819.66
Winter Season USD 160.78 USD —50.37 USD —539.79
Bill at the end of year (USD) USD 0.00 USD 0.00 USD 0.00

Unremunerated wasted excess ;g g1 71 USD — 1554.60 USD —2591.21

energy at end of year (USD)

At another level, the issue with FiT billing schemes is the monopolized process of
setting a tariff for grid-injected energy. Often, existing utilities are responsible for buying
the energy and managing the grid. If there is only one utility company in an area (a
monopoly), they have some control over setting the FiT rate. Critics argue that a monopoly
utility might reduce the FiT rate to minimize costs, hindering renewable energy growth.
This issue is avoided with P2P energy trading models since direct negotiations between
the prosumer and the buyer set the rates. The annual gains of the three prosumers, under
scenarios 1 and 2, are presented, respectively, in Figures 7 and 8.
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D 960

Prosumer B

uUSD 2500
USD 2000
USD 1500
USD 1000

USD 500
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Figure 7. Total yearly gains—scenario 1.
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Figure 8. Total yearly gains—scenario 2.

The gains under the NEM billing mechanism are the lowest for all prosumers due to
the unremunerated lost excess energy, while FiT and P2P mechanisms present comparable
gains. P2P has higher total savings because its average negotiated rate, even after the
deduction of the wheeling charge, is higher than the FiT tariff. Additionally, simulation
results show that the gap between P2P energy trading and the other two billing mecha-
nisms is greater in the case of highly energy-efficient prosumers or occasionally occupied
households. Additionally, the simulation results, shown in Figures 7 and 8, reveal a clear
trend: the more energy-efficient a prosumer is, the larger the disparity in total yearly gains
between P2P energy trading and traditional mechanisms like NEM and FiT (by comparing
the yearly gains of prosumer A and A’). Specifically, as prosumers reduce their energy
consumption and maximize the use of their own generated energy, the financial benefits
of participating in P2P energy trading become significantly more pronounced. This is
because P2P trading allows energy-efficient prosumers to sell their surplus energy at more
competitive rates, directly to other consumers, rather than relying on the fixed rates offered
via NEM or FT. Consequently, the yearly monetary gains for these prosumers are substan-
tially higher in the P2P model, underscoring the economic advantage of this decentralized
trading mechanism for those who have optimized their energy usage. Furthermore, the
larger the size of the rooftop solar PV, the more significant this gap becomes, highlighting
the financial advantages of P2P energy trading for prosumers with greater energy efficiency
and larger renewable energy installations. In the case of scenario 1, the gap in yearly
gains between P2P and NEM for Prosumer A’ is USD 1,065 and between P2P and FiT
is USD 280. Additionally, by looking at the gains of Prosumer B, it shows that this gap
in yearly gains is maximum when the household is only occasionally occupied. In such
scenarios, the energy generated via the rooftop solar PV system is often surplus to the
household’s needs, allowing more energy to be sold through P2P energy trading. This
results in significantly higher returns compared to NEM or FiT, where excess energy may
not be as effectively monetized. The occasional occupancy, combined with the ability to
capitalize on surplus energy, underscores the financial benefits of P2P energy trading in
these particular circumstances.

The results of the simulations conducted under scenarios 1 and 2 are highly dependent
on the synchronization between the prosumer’s excess energy and the consumer’s demand.
If those two factors are not synchronized, the P2P energy trade would not be executed
which can yield higher economic losses for the prosumer. Thus, it is important to add a
BESS that allows storing excess energy in periods of low or no demand and trading it at a
later time when there is consumer demand for that energy. For scenario 3, a 4.22 kWh BESS
system was added to the 12.8 kWp rooftop mounted solar PV system. The simulations



Appl. Sci. 2024, 14, 7618

19 of 26

under scenario 3 aim to provide the economic feasibility of adding a BESS in the case
of a P2P energy trading mechanism. The BESS was only used to store the excess energy
whenever the power provided via the solar PV system was greater than the prosumer’s
demand and there were no requests to buy energy by other consumers. The additional
gains resulting from adding a BESS are illustrated in Figure 9. A comparison of the gains
generated in the case of a P2P energy trading mechanism, for the three scenarios, is shown
in Figure 10.
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Figure 9. Additional gains generated by the addition of BESS.
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Figure 10. Total P2P gains comparison between all scenarios.

The highest gains are achieved when using a BESS since all the energy produced is
being sold, while in scenarios 1 and 2, part of the energy that the solar PV could have
generated was wasted due to the desynchronization of the solar PV potential and the
consumers’ demand. Nevertheless, even though the results of scenario 3 prove that a BESS
can generate additional gains for the prosumers, its economic feasibility will be analyzed
in the next section and its worthiness will be assessed.

However, two parties are involved in this microgrid: the prosumers and the consumers.
Therefore, it is worth assessing the impact of the blockchain-based P2P energy trading
model on the consumers’ bills in terms of increase or savings. The NEM and FiT approaches
do not offer consumers the option to purchase their energy from a third party other than
the utility, so under any billing mechanism other than the P2P energy trading model,
consumers’ bills would remain the same. Therefore, the annual consumer bills resulting
from the P2P energy trading model were compared to the baseline annual bills. It was
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observed that the P2P energy trading model is not only capable of generating income for
prosumers, but also capable of generating savings for consumers. The consumers’ savings
generated under different scenarios are shown in Figures 11 and 12.
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Figure 11. Consumers savings from buying energy from Prosumers A and B.
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Figure 12. Consumers savings from buying energy from Prosumers A’ and B.

6. Financial Feasibility Study and Sensitivity Analysis

Conducting a feasibility study is crucial for assessing the viability and potential success
of any solution and comparing different financing mechanisms for the same project. Thus,
under the three previously discussed scenarios, we conducted a Net Present Value (NPV)
analysis to compare the savings generated from each of the three considered billing systems
as a financing mechanism for the rooftop solar PV system. An NPV analysis is a financial
technique used to evaluate the profitability of an investment or project by comparing
the present value of its expected cash inflows with the present value of its expected cash
outflows. It is based on the principle that a dollar received in the future is worth less than
a dollar received today due to the time value of money. It is assumed that the initial cost
of the solar PV system (with or without BESS) is covered by a bank loan over 10 years at
an interest rate of 6%. The applied discount rate, which reflects the opportunity cost of
capital or the minimum acceptable rate of return for the investment, is 10%. The discount
rate is used to return future cash flows to their present value. It accounts for the riskiness
of the investment, inflation, and the time value of money. All the assumptions considered
to conduct the NPV analysis are shown in Table 4.
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Table 4. Feasibility study parameters.
Main Parameters
Initial cost of investment (USD) o
for 12.8 KWp solar PV 13,500 Loan Interest Rate/Year 6%
Initial cost of investment (USD) o
for 10.8 kWp solar PV 11,500 Interest Rate/Month 0.50%
Initial cost of investment (USD) 3000 Discounted Rate 10%
for BESS
Grace period (years) 0 Payment Period as Monthly 10

Inst. (years)

The NPV analysis results for the different billing mechanisms under scenarios 1 and 2
are shown in Figures 13 and 14. These results indicate that the P2P energy trading model
favors the prosumer’s investment in larger DER solutions since the NPV of the 12.8 kWp
solar PV system is higher than the one for the 10 kWp system, which is not the case for the
NEM billing system where a smaller size system would be more beneficial. Hence, a P2P
energy trading mechanism can be considered as an incentive mechanism that encourages
higher investments in DER solutions since it enables its users to exploit the full potential of
their systems in an open market.

USD 15,000 USD 12,917 USD 12,026

USD 10,850 HshiiL 983
9.431 USD 9,698
USD 10,000 ! usD 7,883
USD 5,000 3,153
usbo
Prosumer A Prosumer A' Prosumer B
-USD 5,000
-USD 5,483
-USD 10,000

EmP2P mNM mFIT

Figure 13. Scenario 1 NPV—all prosumers.

Additionally, the NPV analysis results under scenario 3 (Figure 15), as compared to
the P2P NPV results shown in Figure 13, proves that there is no profit from adding a BESS
since even though it generates additional savings for the prosumer, the generated savings
are not enough to increase the financial viability of the system.

On the other hand, the results of our simulation model are affected by various factors,
thus the necessity of conducting a sensitivity analysis. The first step in sensitivity analysis
is to identify the key variables or assumptions that have the most significant impact on the
analysis outcome. These variables are listed hereafter:

—  Negotiated price for the P2P energy trading as compared to the NEM and FiT utility
set rates;

-  Applicable utility tariff structure;

—  Peak power of the rooftop PV system;

—  Prosumers’ demand load profile;

- Consumers’ demand profiles;

—  Storage capacity of the BESS;
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—  Number of prosumers versus consumers connected to the grid.

USD 15,000 ysp 12,009
’ USD 11,238
USD 10,850 USD 10,826

USD 10,000 9,845 usD 8,793
! USD 7,084
5,61 ‘
USD 5,000 - I
usb o

Prosumer A Prosumer A' Prosumer B

-USD 5,000 -USD 3,020

mP2P mNM mFIT

Figure 14. Scenario 2 NPV—all prosumers.

USD 10000
USD 9492
USD 9500

USD 9000 USD 8644

USD 8500 USD 8154
USD 8000

USD 7500

USD 7000
Prosumer A Prosumer A' Prosumer B

Figure 15. Scenario 3 NPV—all prosumers (P2P).

Considering the P2P energy trading negotiated price, if this rate is lower than the
utility tariff, it would be considered a more appealing option for consumers. It increases the
demand for traded energy, increasing the prosumer’s revenue and the consumer’s savings.
However, any increase in the negotiated price, as long as it remains lower than the utility
tariff, would favor the prosumer, leading to higher gains from his side but lower savings
from the consumer’s side.

Figures 16 and 17 show the variation in the prosumers’ gains as a function of the solar
PV peak power. For Prosumer A, a small-scale rooftop solar PV system under a NEM
scheme can be more profitable than P2P or FiT. This is explained by the fact that a small-
scale PV system will only be able to serve the prosumer’s load and thus there will be little
or no rolled-over energy and no considerable excess energy to trade. However, this would
not be the case if the demand load of the prosumer is very low, such as that of Prosumer
B. Additionally, this sensitivity analysis shows that P2P energy trading mechanisms may
encourage prosumers to opt for larger DER systems to increase their profitability.
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Figure 16. PV size impact on total savings—Prosumer A.

4000
3000

2000

Total gains (S)

1000

3.2 6.4 8.53 9.85 12.8 16.64
PV Size (kWp)

NM FIT em@e=p2p

Figure 17. PV size impact on total savings—Prosumer B.

7. Conclusions

P2P energy trading is a new billing mechanism to incentivize prosumers to invest
in DER projects, thereby contributing to the decentralization and decarbonization of the
energy grid. This model allows private entities to generate and store energy and sell it
back to other interested consumers in an open market ecosystem and without restrictions
from the grid operator or the utility, thus turning the traditional electricity consumer into a
proactive member of the electricity value chain and transforming the energy market into a
consumer-driven model that can be beneficial to all stakeholders. Also, as shown in our
simulations, the P2P energy trading model benefits consumers, allowing them to reduce
their annual payments for electricity. In addition, P2P energy trading can also be beneficial
for utilities. A utility’s annual net profit would range from 10% to 30%. By applying a 15%
wheeling fee to the P2P transactions and automating the billing process and management
of these transactions through blockchain technology, the wheeling fee can be considered as
a net profit for utility companies.

P2P energy trading promotes deregulation of the energy market, thus breaking the
monopoly of utility companies faced with other billing systems such as NEM and FiT.
However, P2P energy trading is challenging in handling the technical and financial aspects
of the transactions without relying on a common third-party that has the trust of all peers
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to manage the energy exchanges in a secure and controlled manner. Hence, a P2P energy
trading model would not be feasible without relying on blockchain technology. Blockchain
is the perfect match for P2P energy trading because of its capability to automate energy and
financial transactions and establish trust between unknown peers while maintaining the
anonymity of the peers, immutability and traceability of transactions, and transparency in
the process as well as security and immunity against tampering. Hence, blockchain offers a
low-cost platform for managing and operating any P2P energy trading mechanism.

The current P2P energy trading simulation model can be further applied to assess
its impact on other DERs such as electric vehicles and demand response programs. For
electric vehicles, the P2P energy trading model can be used to incentivize vehicle-to-grid
(V2G) energy exchange as well as vehicle-to-vehicle (V2V) energy trading. Similarly,
combining P2P energy trading with demand response capabilities offers several benefits.
Consumers can adjust their energy consumption based on real-time pricing signals or
supply—demand imbalances within the local energy market. Consumers can save money by
buying electricity from nearby prosumers at lower prices or reducing consumption during
peak demand periods when prices are high. By actively managing energy consumption
and generation within the local network, P2P energy trading with demand response can
help enhance grid stability and reliability, particularly during peak demand periods or in
regions with high levels of renewable energy generation.

In conclusion, this study sheds light on a new billing mechanism that can benefit all
stakeholders. Through simulation and analysis, we have demonstrated that P2P energy
trading can be a better option than conventional billing mechanisms in many situations.
Moving forward, it is essential to investigate the P2P energy trading mechanism further
under other scenarios to build upon the foundation laid by this study and address any
remaining questions or uncertainties.
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