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Abstract—The energy sector is embracing decentralized, 
sustainable models to enhance efficiency and address climate 
challenges. Blockchain, smart grids, and Virtual Power Plants 
(VPPs) are transforming energy management, enabling secure 
Peer-to-Peer (P2P) trading and optimizing Distributed Energy 
Resources (DERs). This synergy fosters grid stability, local 
storage, and new business models, bridging gaps between 
producers and consumers. This paper explores key trends, 
challenges (scalability, interoperability, regulation, privacy), and 
solutions, providing insights for policymakers, developers, and 
energy stakeholders. By integrating blockchain with smart grids 
and VPPs, it outlines a roadmap for a secure, resilient, and 
consumer-driven energy future. 

Index Terms--Blockchain, Consumer Empowerment, Energy 
Management, Smart Grids, Virtual Power Plants. 

I. INTRODUCTION 

The energy sector is witnessing an unprecedented transition 
toward decentralization and sustainability, driven by the global 
imperatives of climate change mitigation and energy 
democratization. This paradigm shift has catalyzed the adoption 
of innovative technologies such as Virtual Power Plants 
(VPPs), Peer-to-Peer (P2P) energy trading, and blockchain, 
which collectively promise to enhance grid resilience, empower 
prosumers, and optimize the use of renewable energy sources. 

VPP’s serve as a cornerstone of decentralized energy 
systems by aggregating and optimizing Distributed Energy 
Resources (DERs) such as solar panels, wind turbines, and 
energy storage units. Recent studies highlight the 
transformative potential of VPPs in decarbonizing the energy 
sector; however, challenges such as scalability, DER 
coordination, and economic feasibility persist [1-3]. 

P2P electricity trading redefines consumer roles by enabling 
prosumers to actively exchange electricity, including surplus 
generation, stored electricity, and flexibility services, within 
local communities. This decentralized model enhances energy 
autonomy and reduces reliance on centralized grid 
infrastructure. Studies emphasize its potential to increase 
energy efficiency and community resilience while reducing 
transmission losses. Nonetheless, significant barriers remain, 
including network inefficiencies, pricing mechanisms, and 
regulatory constraints [4-6]. 

Blockchain technology underpins these advancements by 
offering a secure and transparent framework for decentralized 
energy transactions. Its applications include enabling trustless 
P2P trading, safeguarding grid operations, and preventing 
electricity theft. Blockchain’s ability to facilitate tamper-proof 
records and smart contracts positions it as a critical enabler for 
decentralized energy systems. Despite these advantages, 
challenges such as energy consumption and interoperability 
continue to hinder its large-scale adoption [7-9]. 

This paper consolidates findings from recent literature to 
examine the interplay between VPPs, P2P energy trading, 
privacy/security, and blockchain. By systematically analyzing 
these domains, this paper identifies unresolved challenges and 
suggests directions for advancing decentralized energy 
systems. The main contributions include: 

• Integration of Blockchain with VPPs for Secure and 
Transparent Energy Management: The study explores how 
blockchain enhances trust, automation, and efficiency in VPPs 
through smart contracts and decentralized ledgers, enabling 
secure coordination of DERs and reducing reliance on 
intermediaries. 

• Decentralized P2P Energy Trading Mechanisms and 
Market Structures: The paper categorizes P2P market 
architectures (e.g., community-based, hybrid, transactive 
energy markets) and examines pricing strategies (e.g., game-
theoretic, auction-based models) to enhance scalability and 
economic viability in energy trading. 

• Addressing Privacy and Security in Decentralized Energy 
Systems: The study identifies cybersecurity threats such as 51% 
attacks and smart contract vulnerabilities, proposing privacy-
enhancing mechanisms, including cryptographic techniques 
and GDPR-aligned data protection strategies, to strengthen 
resilience and consumer trust in decentralized energy markets. 

The structure of this paper is as follows: Section II explores 
advancements and challenges in VPPs, followed by Section III 
on P2P energy trading. Section IV addresses privacy and 
security concerns in decentralized systems, and Section V 
investigates blockchain’s role as an enabler. Finally, the paper 
synthesizes these findings and outlines recommendations for 
future research. 
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II. VIRTUAL POWER PLANTS 

A. Overview 

VPPs are revolutionizing decentralized energy systems, 
acting as dynamic hubs that seamlessly connect and manage 
DERs like solar panels, wind turbines, and batteries. By 
bringing these scattered resources together, VPPs unlock their 
full potential—boosting energy production, minimizing 
dependence on traditional grids, and empowering active 
participation in energy markets. Depending on their primary 
focus, VPPs can be categorized into Technological VPPs 
(TVPPs) and Economic VPPs (EVPPs). TVPPs prioritize real-
time grid optimization, voltage regulation, and frequency 
control, ensuring network stability. EVPPs, on the other hand, 
focus on market-driven strategies, maximizing financial returns 
by optimizing energy trading and market participation. 

A novel approach proposed by Meng et al. integrates P2P 
energy markets within centralized VPPs, enabling simultaneous 
trading of active and reactive energy. This synergy improves 
financial incentives for prosumers while optimizing network 
operations through transactive voltage control mechanisms 
[10]. Complementing this, Alam et al. introduce a decentralized 
blockchain-based P2P energy trading framework. This model 
employs smart contracts to synchronize DER management, 
ensuring transparency and trust while reducing dependency on 
intermediaries [11]. 

Zhou et al. expand the concept with a double-layer 
blockchain for urban multi-VPPs, enhancing scalability and 
privacy in energy trading. Their model allows prosumers to 
exchange surplus energy efficiently while addressing issues of 
trust and transparency through decentralized ledgers [12]. 
These advancements underscore VPPs’ potential to transform 
energy systems, driving sustainability through decentralized, 
transparent, and efficient energy management. 

B. Key Contributions 

Advancements in VPP Technologies 

1. VPPs have seen remarkable technological 
advancements, driven by the increasing adoption of DERs and 
decentralized energy systems. A major innovation is the 
integration of blockchain technology into VPPs, which 
enhances transparency, security, and efficiency in energy 
trading. Alam et al. (2024) propose a blockchain-based P2P 
energy trading framework, utilizing smart contracts to enable 
seamless energy transactions. This decentralized architecture 
optimizes DER coordination, ensuring efficient energy 
management while reducing reliance on intermediaries [11]. 

2. Another breakthrough is the development of 
transactive voltage/VAR control mechanisms within VPPs, as 
highlighted by Meng et al. (2024). This approach allows for 
simultaneous trading of active and reactive energy, addressing 
voltage regulation challenges in decentralized systems. By 
incentivizing participants to actively contribute to voltage 
control, this innovation enhances both grid stability and 
financial benefits for prosumers [10]. 

Successful Implementations 

Several studies highlight the potential of VPPs through 
model-based evaluations.  

Zhou et al. (2024) proposed a double-layer blockchain 
framework for urban multi-VPPs, assessing their scalability and 
privacy-preserving capabilities through simulations on 
Hyperledger Fabric. Their findings suggest that this model can 
enhance energy trading efficiency and reduce reliance on 
centralized grids, making it a promising approach for dense 
urban environments. However, further real-world testing is 
needed to validate its practical deployment [12]. 

To complement these theoretical advancements, several 
real-world VPP projects have been deployed across different 
regions, showcasing their practical feasibility and diverse 
implementations. These projects integrate various DERs such 
as solar panels, battery storage, electric vehicles, and 
controllable loads, demonstrating their role in enhancing grid 
stability and enabling decentralized energy trading.  

C. Challenges and Gaps 

VPPs are reshaping the energy landscape, but their full 
potential is still hindered by significant challenges. Scalability 
remains a major issue as VPPs grow to accommodate an ever-
increasing number of DERs. Zhou et al. (2024) point out that 
blockchain-based VPPs often experience transaction 
bottlenecks and delays during periods of high trading volume, 
underlining the need for more robust blockchain architectures 
to handle larger energy networks seamlessly [12]. 

Integration is another persistent challenge. VPPs must unite 
diverse energy assets like solar panels, wind turbines, and 
energy storage systems. However, Alam et al. (2024) highlight 
the lack of universal standards and regulatory consistency, 
which complicates this integration [11]. Meng et al. (2024) 
stress the importance of advancing voltage control 
mechanisms to stabilize grids while accommodating more 
DERs, calling for further empirical research to refine these 
technologies [10]. 

Looking ahead, VPPs are set to become even more 
transformative, driven by emerging trends in energy systems. 
According to Farhan et al. (2023), decentralization will take 
center stage as VPPs integrate renewable energy sources, 
enhancing resilience and reducing reliance on centralized 
power plants vulnerable to disruptions [13]. Advanced 
algorithms powered by artificial intelligence will optimize 
energy management, while VPPs will play a pivotal role in 
providing critical grid services such as frequency regulation 
and voltage control. 

The electrification of sectors like transportation and 
heating will be closely tied to VPPs, leveraging smart demand- 
response systems to adjust energy consumption in real time. 
Blockchain technology will enhance transparency and 
security, enabling seamless P2P energy trading. Community-
based VPPs will empower local collaborations, creating more 
equitable and sustainable energy systems. Finally, supportive 
policies and incentives from governments worldwide will 
further accelerate VPP adoption and innovation [13]. 

Table I provides a comparative overview of selected real-
world VPP projects, illustrating practical implementations, 
highlighting their components, and reflecting the diversity and 
effectiveness of current deployments. 



 

TABLE I.  OVERVIEW OF SELECTED VIRTUAL POWER PLANT 

Project Titles Time Scale Main Elements Country 

Shelter Valley 
VPP 

2022–2023 

Solar, Diesel Generator, 

Storage Battery, 

Thermostat 

USA 

Tesla VPP in 
SA 

2020–2023 Solar, Storage Battery Australia 

Northern 
Hebei VPP 

2019 

Diesel Generator, Battery 

Storage, Electric Vehicles, 
Industrial/Commercial 

Consumers 

China 

AGL VPP in 

SA 
2017–2022 Solar, Storage Battery Australia 

SPEEDIER 2018–2022 

Solar, Storage Battery, 

Electric Vehicle, Water 

Tanks (Controllable) 

Canada 

Shenzhen 

VPP 
2020 

Solar, Storage Battery, 

Electric 
China 

III. PEER-TO-PEER ENERGY TRADING 

A. Overview 

As the global energy landscape shifts towards a low-carbon 
future, the traditional hierarchical power system is transforming 
into a more decentralized framework. Innovative energy 
management techniques, such as P2P electricity sharing, are 
emerging as promising solutions to harness the potential of 
DERs. Recognizing the significant benefits that P2P sharing 
can offer to both consumers and the grid, research and 
development efforts in this area are rapidly accelerating.  
Figure 1 presents the schematics of the P2P electricity sharing 
in a community. 

To comprehensively explore this evolving energy 
paradigm, this paper delves into various facets of P2P 
electricity sharing. First, we examine the essential network and 
market structures required to enable P2P transactions within 
local communities. Second, we provide a detailed analysis of 
the technical challenges that hinder the implementation of P2P 
energy-sharing mechanisms at both the virtual and physical 
layers. Subsequently, we discuss the state-of-the-art techniques 
proposed in the literature to address these challenges. Third, we 
highlight emerging technological innovations that have the 
potential to revolutionize P2P electricity sharing in future 
markets. Fourth, we present an overview of existing P2P pilot 
projects and outline promising avenues for future research. 

By offering a holistic perspective on the challenges and 
opportunities associated with P2P energy systems, this paper 
aims to provide a solid foundation for the integration of P2P 
sharing into the existing energy market model. 

B. Key Findings 

One of the earliest contributions to research on P2P energy 
trading identified three primary strategies: bill sharing, mid-
market rate, and supply-demand ratio [14-16]. 

The bill-sharing method operates within a community 
microgrid framework, where the total electricity expenses are 
distributed among individual users. In contrast, the mid-market 
rate determines the energy exchange price as the midpoint 
between the buying and selling prices within the network. 

 

Figure 1. Architecture of Peer-to-Peer (P2P) energy trading system 

The supply-demand ratio strategy sets the energy exchange 
price based on the relationship between electricity supply and 
demand [17]. 

These strategies were analyzed in [16] a study using a multi-
agent simulation framework to model prosumer behavior for 
residential users in Great Britain. The findings indicated that the 
mid-market rate was effective at moderate levels of solar 
penetration, while the supply-demand ratio performed better as 
solar penetration increased. 

P2P energy trading strategies are further categorized as 
centralized (involving a central coordinator) and decentralized 
markets (characterized by decentralized bidding and 
coordination mechanisms) [18, 19]. 

Additionally, strategies leveraging game theory and 
optimization models are increasingly prominent. Game-
theoretic methods model the interactions of sellers and buyers 
as a game, seeking equilibrium points that maximize the 
utilities of both parties. A popular model is the Stackelberg 
game, where one prosumer acts as a leader setting prices, while 
others follow [20, 21]. Since P2P energy trading aims to 
maximize prosumer profits or cost savings, various 
optimization techniques have been applied, including mixed-
integer linear programming (MILP), convex programming, and 
non-convex programming [22-24]. 

Figure 2 illustrates different market architectures within 
P2P energy trading, categorizing strategies into community 
self-consumption, transactive energy, and diverse P2P 
structures such as full, community-based, and hybrid 
approaches. These architectures reflect the flexibility and 
scalability of modern P2P energy systems, tailored to varying 
market and community needs. 

Existing studies also underline the significance of auctions 
and bidding mechanisms. In these systems, prosumers place 
bids to optimize profits or savings, with auctioneers 
determining market participants and clearing prices. With the 
rise of big data, machine learning (ML) approaches, such as 
reinforcement learning, are being integrated into P2P energy 
trading for decision-making [25, 26]. 



 

 

Figure 2. Different types of market architectures 

Another key factor is battery energy storage, which adds 
flexibility to the energy and load management process. For 
instance, centralized energy storage systems can minimize 
electricity costs for users, while non-cooperative game-
theoretic models have been used to determine market 
equilibrium in scenarios involving shared storage units [27]. 

Various pricing strategies for P2P energy trading have been 
explored [28], including synchronous, asynchronous, uniform, 
and negotiation-based approaches. 

C. Barriers and Opportunities 

Despite significant technological progress, the P2P energy 
trading model remains in its early stages, facing several critical 
challenges. These include the absence of suitable market 
models, limited implementation platforms, insufficient 
optimization and bidding mechanisms, and inadequate 
integration of network constraints. To overcome these hurdles, 
future research should focus on creating innovative 
technologies that enhance the scalability and adaptability of 
P2P energy markets while fostering greater participation from 
the retail utility sector. Additionally, policy reforms are 
essential to support and align with the emerging business 
models associated with P2P energy trading. 

IV. PRIVACY AND SECURITY IN DECENTRALIZED ENERGY 

SYSTEMS 

A. Overview 

In decentralized energy systems, privacy and security are 
crucial for ensuring the trust and resilience of distributed energy 
networks. These systems rely on technologies such as 
blockchain, smart meters, and IoT devices to facilitate real-time 
energy trading and management. The inherent decentralization 
promotes democratized energy markets but also introduces 
privacy risks, especially concerning personal energy 
consumption data [29]. Protecting this data is critical for 
compliance with regulations like the General Data Protection 
Regulation (GDPR) and for maintaining consumer trust, as 
highlighted in studies emphasizing blockchain’s dual role in 
enabling transparency and safeguarding privacy [30]. 

B. Threats and Vulnerabilities 

Decentralized energy systems face several threats, 
including cyberattacks, data breaches, and tampering. 
Blockchain, while touted as secure, is vulnerable to specific 
attacks like 51% attacks, where malicious entities gain control 
of the network, and exploits targeting smart contract 
vulnerabilities [31]. Schneiders and Shipworth [30] detail how 

the lack of clear legal frameworks for smart contracts 
exacerbates risks for participants in P2P energy trading. 
Additionally, Choobineh et al. underscore the susceptibility of 
energy IoT devices to phishing attacks and data interception 
during transmission [32]. 

C. Possible Solutions 

To mitigate these vulnerabilities, encryption and blockchain-
based solutions are widely advocated. Blockchain’s 
immutability and decentralized nature enhance data integrity 
and transparency, while smart contracts automate secure 
transactions. However, Schneiders and Shipworth highlight 
gaps in smart contract validation, stressing the need for legal 
and technical standardization. Intrusion detection systems 
(IDS) and trust management frameworks have also been 
proposed to detect and mitigate malicious activities [33]. 
Despite these advancements, practical implementation 
challenges persist, particularly regarding scalability and 
integration with existing systems [29]. 

V. BLOCKCHAIN TECHNOLOGY 

A. Role in Decentralized Energy 

Blockchain technology is playing a transformative role in 
decentralized energy systems by enabling VPPs, P2P energy 
trading, and enhancing grid security. By providing a 
transparent, immutable, and decentralized ledger, blockchain 
eliminates the need for intermediaries, allowing prosumers to 
trade energy directly with consumers securely and efficiently 
[34]. Furthermore, blockchain-based smart contracts automate 
energy transactions, ensuring real-time execution and 
compliance with pre-agreed terms [35]. 

A key application is in P2P energy trading, where 
blockchain enables transparent and tamper-proof transactions. 
Yap et al. (2023) highlight its effectiveness in reducing 
transaction costs and increasing consumer trust in decentralized 
energy markets. Moreover, blockchain strengthens grid 
security by providing an immutable record of transactions and 
energy flows, which reduces risks related to fraud and 
cyberattacks [36]. These advantages make blockchain an 
essential tool for the digital transformation of energy systems. 

Blockchain technology is uniquely positioned to address the 
"energy trilemma," depicted in Fig. 3, by balancing energy 
security, equity, and sustainability. Its decentralized and 
tamper-proof nature enhances energy security by reducing 
fraud and cyberattacks, while promoting equitable energy 
markets through transparent and automated Peer-to-Peer (P2P) 
trading systems. 

B. Key Contributions 

Numerous studies have demonstrated how blockchain 
enhances security, efficiency, and transparency in 
decentralized energy markets.  

Paiho et al. (2021) emphasize that for blockchain to achieve 
widespread adoption, it must enable seamless interaction 
between multiple blockchain networks and legacy energy 
infrastructures [37]. Without clear interoperability standards, 
energy markets will remain siloed, limiting the full potential of 
decentralized blockchain-based solutions. 



 

 

Figure 3. The three pillars of the energy trilemma. 

A study by Choobineh et al. (2022) reveals that smart 
contracts embedded in blockchain networks significantly 
reduce energy theft by automating transactions and eliminating 
intermediaries [38]. Similarly, Wu et al. (2022) explore how 
blockchain-enabled flexibility services optimize demand 
response and load balancing in decentralized grids, enhancing 
energy resilience [35]. 

Another key contribution is blockchain’s role in trustless 
transactions. The elimination of central authorities in energy 
trading ensures that prosumers and consumers can interact 
without relying on traditional utilities. Furthermore, 
blockchain enhances cross-commodity electricity sharing, 
integrating electricity, heating, and cooling systems into a 
unified, decentralized energy market. This innovation allows 
seamless interoperability between various energy carriers, 
making blockchain a cornerstone of future decentralized 
energy systems. 

C. Challenges 

Despite its advantages, blockchain faces several challenges 
that hinder its large-scale adoption in decentralized energy 
systems. One of the most significant issues is scalability, as 
current blockchain platforms struggle to process high 
transaction volumes efficiently. Traditional consensus 
mechanisms like Proof of Work (PoW) introduce delays and 
consume excessive energy, making them unsuitable for real-
time energy trading applications [38]. To address this, 
alternatives such as Proof of Stake (PoS) and Directed Acyclic 
Graph (DAG) structures are being explored to enhance 
transaction speed and network scalability [31]. 

Another critical challenge is energy consumption, as 
blockchain networks require substantial computational power 
to maintain their distributed ledgers. This demand for 
processing resources increases carbon footprints, contradicting 
the sustainability goals of decentralized energy systems. As 
Lezzi et al. (2024) point out, unless blockchain systems adopt 
energy-efficient consensus mechanisms, their integration into 
renewable energy markets becomes counterproductive [36]. 

In addition to technical challenges, regulatory barriers pose a 
major obstacle to blockchain adoption in energy markets. The 
legal frameworks surrounding blockchain-based P2P energy 
trading and VPPs remain fragmented and underdeveloped in 
many jurisdictions.  

This regulatory uncertainty discourages investment and 
slows the deployment of blockchain-enabled solutions for 
decentralized energy trading [34]. 

Furthermore, interoperability and standardization present 
additional challenges, as the absence of universal blockchain 
protocols for energy trading complicates integration with 
existing energy management systems.  

VI. CONCLUSIONS AND RECOMMENDATIONS 

This paper explores how VPPs, P2P electricity trading, 
robust privacy and security measures, and blockchain 
technology collectively drive the evolution of decentralized 
energy systems. VPPs enhance the effective integration and 
optimization of DERs, facilitating dynamic grid management 
and active market engagement. At the same time, P2P trading 
empowers consumers, increasing energy autonomy and 
decreasing dependency on traditional, centralized utilities. 
However, ensuring security and privacy in decentralized energy 
transactions remains a challenge, particularly with increased 
cyber threats and regulatory uncertainties. Blockchain emerges 
as a promising solution, offering immutability, transparency, 
and smart contract automation, fostering trust in decentralized 
energy exchanges. Future research should build on these 
insights by conducting empirical analyses of blockchain 
scalability under real-world conditions, as well as assessing the 
economic viability and consumer acceptance of blockchain-
based P2P electricity trading at a community scale. 
Additionally, further studies should investigate the integration 
of artificial intelligence (AI)-driven analytics into VPP 
operations, enhancing predictive capabilities for demand-side 
management and grid stability. Regulatory frameworks must 
evolve to accommodate blockchain-based P2P energy markets 
while ensuring compliance with data protection laws. An 
integrated approach leveraging blockchain technology, AI and 
IoT-based monitoring systems can significantly strengthen grid 
resilience and improve cybersecurity. Policymakers should 
promote interoperability standards for decentralized energy 
applications to encourage cross-platform collaboration. A key 
cross-cutting theme is the synergistic relationship between 
VPPs, P2P trading, security, and blockchain—where 
blockchain ensures trust and automation, P2P facilitates 
decentralized trade, and VPPs act as intelligent aggregators. 
Addressing scalability, regulatory clarity, and interoperability 
is crucial to unlocking the full potential of decentralized energy 
ecosystems, driving a more resilient, transparent, and efficient 
energy transition. 
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