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Abstract. The rapid evolution of digitalization, the accelerated penetration of renewable energy,
and the proliferation of distributed energy resources (DERs) are driving profound
transformations in traditional electricity markets. Virtual Power Networks (VPNs) are
aggregations of distributed generation, energy storage and controllable loads that can participate
in electricity markets as a single entity. This paper systematically analyzes the basic architecture
of VPNs, modes of market participation and the potential for improving market efficiency,
providing ancillary services and enhancing grid stability. The paper also discusses the key
challenges in technology implementation, regulatory frameworks, market design and
cybersecurity, providing insights into future theoretical research and practical deployment [1][2].

Introduction

Power systems are transforming from centralized generation to distributed and
diversified structures in the global energy transition. The large-scale integration of
photovoltaic and wind power has increased the volatility of the grid and challenged
the traditional regulation capacity. The importance of distributed energy resources,
energy storage systems and controllable loads is increasing in modern power
systems [3]. Virtual Power Networks (VPNs) assemble these distributed units into
schedulable entities to actively participate in the electricity markets, providing
operational flexibility, ancillary services and market competitiveness [2][4]. This
paper aims to give a complete review on the theoretical bases, market mechanisms
and technical challenges of VPNs to close the gap between academic research and
practical engineering considerations.

VPN Architecture

The main aim of a Virtual Power Plant (VPP) is to combine multiple distributed
energy units into a single controllable and tradable unit [1]. Its typical structure
consists of distributed generation (DG) such as PV, wind and small gas turbines;
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energy storage systems (ESS) such as batteries and thermal storage; controllable
loads that react to market signals; and a central control system for supervision,
forecasting, dispatch optimization and market communication [2][5]. This structure
enables the unified management and coordinated market participation of multiple
resources, which is a vital part of modern smart grids.

Market Participation of VPNs

VPNs have several functions in the electricity markets [5][6]. (1) In the day-
ahead market, VPNs submit combined output offers based on load flexibility and
DER forecasts to decrease energy prices. (ii) In the real-time market, VPNs
dynamically modify generation and loads to balance short-term supply-demand
fluctuations in order to enhance system stability. (iii) In the ancillary services
markets, VPNs provide reserve capacity, frequency regulation and voltage support.
Participating in the market requires advanced optimisation algorithms and precise
forecasting models in order to efficiently coordinate diverse resources, to optimise
the use of resources, to decrease transaction costs and to increase the overall system
stability. (1) In the day-ahead market, VPNs submit aggregated output bids based on
load flexibility and DER projections to reduce energy prices. (ii) In real-time market,
VPNs dynamically change generation and loads to balance short term supply-
demand variations to promote system stability. (iii) VPNs provide reserve capacity,
frequency regulation and voltage support to the markets for ancillary services.
Efficient coordination of varied resources, optimisation of resource consumption,
reduction of transaction costs and improvement of the overall system stability for
market participation need complex optimisation algorithms and reliable forecasting
models.In the real-time market, VPNs dynamically modulate generation and loads
to balance short-term swings of supply and demand, contributing to system stability.
[5][6] VPNs also help to stabilise the grid and enable the inclusion of renewable
energy sources in ancillary services markets by providing capacity reserve,
frequency management and voltage support.

Advantages of VPNs

VPN have significant advantages in theory and practice. Aggregation of many
small DERs can break the barriers of traditional market participation and improve
the overall efficiency of the market. They can dynamically adjust the controllable
load and storage to reduce the fluctuation of the grid and improve the flexibility and
stability of the system. VPNs can smooth the fluctuation of renewable generation,
reduce the curtailment and realize the efficient integration of renewable energy.
Global optimization and coordinated dispatch can further reduce the cost of energy
transaction and peak shaving and improve the economic efficiency and operational
performance of power systems [3][4][5].
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Challenges

Despite the advantages, there are several challenges in the deployment of VPN.
Existing regulatory frameworks are mainly focused on centralized generation and
provide limited guidance for aggregated distributed resources [1][2]. To ensure
fairness and operational feasibility, effective VPN deployment requires
development of aggregation strategies, metering methods and compensation
mechanisms. The real-time coordination of multiple resource types imposes high
requirements for market design and control algorithms. VPNs rely significantly on
communication networks and data sharing, which leads to cybersecurity
vulnerabilities and data privacy issues [6]. To fully utilise VPN flexibility, the
promising potential of VPNs may be constrained by operational factors such
network limitations, inverter capacity and forecasting errors. To overcome these
challenges, technological innovation, regulatory support, standardization and multi-
layered security are required to ensure stable and efficient operation in complex
power systems [3][5].

Conclusion

VPNs are considered as one of the fundamental elements in future power
systems to facilitate the effective integration of dispersed energy resources to
enhance the market efficiency and system stability [1][2][5]. The regulatory
frameworks need to be updated, market mechanisms optimised, control algorithms
upgraded and cybersecurity secured to unlock their full potential. The future
research should be focused on efficient dispatch algorithms, cross-market
coordination and safe control systems to support the large-scale deployment and
development of intelligent grids [4][5].
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