
IEEE POWER & ENERGY SOCIETY SECTION

Received April 7, 2022, accepted April 24, 2022, date of publication May 2, 2022, date of current version May 9, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3171823

A Review of the Evolution and Main Roles of
Virtual Power Plants as Key Stakeholders
in Power Systems
JAIME FERNANDO VENEGAS-ZARAMA1, JOSE IGNACIO MUÑOZ-HERNANDEZ 2,
LUIS BARINGO 2, (Senior Member, IEEE), PABLO DIAZ-CACHINERO 2,
AND IGNACIO DE DOMINGO-MONDEJAR2
1Department of Engineering Design and Project Management, University of the Basque Country, 48940 Leioa, Spain
2Power and Energy Analysis and Research Laboratory (PEARL), Instituto de Investigaciones Energéticas y Aplicaciones Industriales (INEI), University of
Castilla-La Mancha, 13071 Ciudad Real, Spain

Corresponding author: Luis Baringo (luis.baringo@uclm.es)

This work was supported in part by the Ministerio de Ciencia, Innovación y Universidades/Agencia Estatal de Investigación/Fondo
Europeo de Desarrollo Regional, Unión Europea, under Project RTI2018-096108-A-I00; and in part by the University of Castilla-La
Mancha under Grant 2021-GRIN-30952.

ABSTRACT Virtual Power Plants (VPPs) allow the aggregated management of diverse power technologies
in systems of different size, complexity and connectivity. The main objectives of a VPP are to ensure the
correct integration of these technologies into power systems, to optimize the power production and load
demand, and to meet the technical and commercial requirements, considering the stakeholders’ needs. This
paper provides a literature review of the most influential factors as regards the management of VPPs. This
literature review includes aspects like the evolutionary frequency of the concepts/definitions most used,
the VPP operation, planning and interaction with the systems, programming methods, math techniques and
software tools used to solve the issues proposed and the international VPP projects as reference for the
systems development. Therefore, this work aims to provide the reader the information and concepts that
can support for a better understanding of the role of VPPs in power systems, the approach to sustainability
and the interaction with the power market as the good way to bring new economic opportunities to small
producers, consumers and prosumers of renewable energy.

INDEX TERMS Power market, power system, renewable energy, virtual power plant.

NOMENCLATURE
BESS Battery Energy Storage System.
CHP Combined Heat and Power.
CO2 Carbon dioxide.
CVPP Commercial VPP.
DER Distributed Energy Resource.
DG Distributed Generation.
DGC Digital Grid Controller.
DGR Digital Grid Router.
DNO Distribution Network Operator.
DoE Department of Energy.
DR Demand Response.
DSO Distribution System Operator.
EC European Commission.
ECN Netherlands Energy Research Center.
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EEA European Environment Agency.
EMS Energy Management System.
EU European Union.
EV Electric Vehicle.
G2V Grid-to-Vehicle.
ICT Information and Communication Technology.
IoT Internet of Things.
KKT Karush-Kuhn-Tucker.
LP Linear Programming.
LSVPP Large Scale Virtual Power Plants.
M2M Machine-to-Machine.
MILP Mixed-Integer Linear Programming.
MINLP Mixed-Integer Non-Linear Programming.
MPC Model Predictive Control.
NLP Non-Linear Programming.
P2P Peer-to-Peer.
PHEV Plug-in Hybrid Electric Vehicle.
PHSP Pumped Hydro Storage Plant.
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PV Photovoltaic.
REC Renewable Energy Certificate.
RES Renewable Energy Sources.
SDG Sustainable Development Goal.
SFR System Frequency Response.
TSO Transmission System Operator.
TVPP Technical VPP.
V2G Vehicle-to-Grid.
VPP Virtual Power Plant.

I. INTRODUCTION
The population growth, globalization and technological
developments imply a continuous increase in power con-
sumption and production. The environmental pollution on
the planet has consequently undergone a notable increase in
the last few decades. The European Environment Agency
(EEA) notes that 60% of the sulfur oxides emitted in the
last five years have originated from energy production and
distribution, in addition to which, more than 40% of nitrogen
oxide emissions have originated from road transport [1]. The
European Union (EU) has, therefore, defined objectives in
order to reduce the environmental pollution caused by the
so-called greenhouse gas emissions.

The EEA hopes to achieve climate neutrality in Europe by
2050, proposing to reduce greenhouse gas emissions by 55%
by 2030 [2]. The commitments acquired by the EU as regards
the reduction in greenhouse gas emissions are established
through its energy policies [3] and energy strategies [4],
which are in line with the United Nations’ objectives for
sustainable development [5].

The evolution of power production is developed according
to the balance between power consumers’ requirements and
power producers’ objectives. Various authors state that the
appropriate combination of technologies will allow Virtual
Power Plants (VPPs) to guarantee a reliable power supply in
power distribution networks [6]–[10].

VPPs must, therefore, be properly managed in order
to optimize the corresponding stakeholders’ power pro-
duction and consumption. Moreover, researchers indicate
that, by considering different Distributed Energy Resources
(DERs) and even combining them with other distribution
networks, VPPs can be considered as independent units that
interact with power markets. Knowing the technical and eco-
nomic constraints of the units within VPPs, the operation can
be optimized in order to maximize the profit from the sale of
power surplus, in addition to minimizing operating costs.

A. OVERVIEW OF RELATED SURVEYS/REVIEWS
Scientific literature currently presents a huge compendium of
definitions, models and projects, among other topics related
to VPPs and power systems. This paper, therefore, takes as
a reference 21 surveys/reviews related to concepts inherent
to VPPs and power systems in order to present an overview
of the scientific content that the reader can find in this study
field.

In [11], it is proposed a descriptive approach in which the
future development areas of smart grids and their interaction
with VPPs are indicated. The smart grid architecture model,
Demand Response (DR) programs and Battery Energy Stor-
age System (BESS) are mentioned in order to establish the
interaction of stakeholders and VPPs within power systems.
In [12], the authors analyzed the convergence areas between
the collaborative networks discipline and the VPP concept,
considering development trends in power systems. Moreover,
concepts such as virtual power players, virtual organiza-
tion, collaborative networked organizations, among others,
are described in order to propose a scientific base that will
support future research in power ecosystems.

In [13], a description of the concepts related to control-
lable load management according to the integration of smart
grids by VPPs is indicated. The load characteristics, the
control strategies and the control effectiveness are mentioned,
highlighting the concepts of Vehicle-to-Grid (V2G), BESS,
combined cooling, heating and power of hybrid systems with
renewable energy. Moreover, in [14], the strategic planning
for the interaction of smart grids through VPPs using Infor-
mation and Communication Technologies (ICTs), advanced
distributed automation, energy storage technologies, power
electronics and other concepts are mentioned. Power system
models such as smart grids and smart homes present key
information for the development of smart cities.

In [15], the authors mention concepts such as DR, Grid-
to-Vehicle (G2V), V2G, Machine-to-Machine (M2M) and
Internet of Things (IoT), indicating an overview of different
technologies applied in smart grids with VPPs. Connections
between smart grids, conventional power grids, Electric Vehi-
cles (EVs) and smart devices, through software and technolo-
gies, are described.

In [16], the planning, operation and mathematical formu-
lation of VPPs in order to operate in power systems and
power markets are described. The uncertainties related to
the production from renewable energies, smart energy hub
and the classification of VPPs as commercial and technical
entities are mentioned. Furthermore, in [17], the relationships
between micro grids and VPPs are indicated. The activities
and operations managed within micro grids are indicated,
together with the concepts of Energy Management System
(EMS), scheduling and solving multi-objective problems.
In addition, in [18], the uncertainties related to renewable
energies, market prices, load demands and the integration of
VPPs are considered. The objective functions andmathemati-
cal constraints with which to measure the influences of uncer-
tainties, in addition to the tools used to solve optimization
problems, are described.

In [19], the authors describe the evolution from smart grids
toward smart cities, indicating concepts such as micro/nano
grids, smart cities and smart water grids. The descriptive
evolution makes it possible to attain a more detailed dif-
ferentiation between the operations and structural processes
of each power system mentioned. Moreover, in [20], the
evolution of digital technologies for data communication in
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power distribution networks is indicated. Concepts such as
internet of energy, EMS and power line communication are
described, presenting comparative schemes between present
and future power grids, together with the bidirectional power
transfer of prosumers.

In [21], the authors describe the concepts that define
the blockchain technology, along with Peer-to-Peer (P2P)
protocols (e.g.,Bitcoin and Etherium), network architec-
tures (e.g., centralized and decentralized), consensus algo-
rithms (e.g.,PoW, PoS, PoC) and the potential impacts
on the power companies and power market. The integra-
tion of power systems with blockchain technology through
VPPs using IoT, smart devices and artificial intelligence are
mentioned.

Furthermore, in [22], the blockchain applications in power
trading, EVs, micro grid operations and cyber-physical secu-
rity are indicated. Base concepts for the interpretation of
blockchain technology are mentioned, as are projects and
case studies that have been successful with the implementa-
tion of this technology. In [23], the analysis of the interaction
of smart grids power trading operations in the power market
using blockchain technology is mentioned. The definition of
concepts such as transactive power, supervisory control and
distributed ledger technology is provided in order to indicate
the differences between several blockchain architectures that
are applicable to power systems.

The evolution ofmicro grids with converter-interfaced gen-
erations is provided in [24]. The micro grids characteristics,
their classifications, together with the advantages, disadvan-
tages and benefits of integrating with ICTs, renewables ener-
gies, smart meters and cyber-security protocols are described
in detail.

In [25], the interactions between power distribution net-
works, power electronics devices, ICTs, technologies for
small-scale generation, hybrid technologies and storage
power systems are described. The technical and economic
impacts of active management power systems are high-
lighted, as are the regulatory policies. In [26], the authors
indicate technical barriers to up-scaling smart local power
systems according to integration, uncertainty and diversity in
power systems. Some digital technologies, the EVs integra-
tion, the demand and supply of power and some non-technical
barriers are analyzed.

A descriptive information on smart grids is presented
in [27]. The definitions, characteristics, components, func-
tions, infrastructural, technical and technological evolutions
are mentioned in detail, showing graphic diagrams. The
different applications of smart grids technologies for home
and building automation, substation automation and feeder
automation are indicated. In [28], the opportunities and
challenges of smart grids are analyzed in a Japanese smart
grid in which blockchain technology is applied. Technologies
for the production, distribution and storage of power within
the smart grid, along with those of its interaction with other
systems and the interaction with VPPs, are mentioned. More-
over, smart grid relationships with other ICTs, together with

the economic, social, environmental and institutional impacts
are described.

In [29], the authors mention concepts related to power
generation and bidding optimization through the integration
of power distribution networks by a VPP. The VPP concepts
are described, in addition to their forms of operation in the
systems and the technical structures for the definition of
mathematical models are presented. In [30], the active man-
agement of micro grids and VPPs is analyzed. The activities
description and control operations carried out in micro grids
in order to share and properly distribute the power produced
and stored are mentioned. The power trading carried out by
the micro grids through the interaction of VPP in the power
markets is schematically indicated. In [31], the analysis per-
formed to expose non-technical losses during transmission
and distribution of power in a smart grid with the operation of
a VPP is described in an Indian context. The actions required
for the measurement, control and contingencies applied to the
power network in power losses situations are indicated.

Table 1 compares this work with the surveys/reviews men-
tioned above.

B. MAIN CONTRIBUTIONS OF THIS REVIEW
Considering the above, this paper provides a review of the
main references for the systems integration byVPPs, address-
ing the interaction with the power market, the mathematical
optimization and the digital technologies applied to power
systems.

Within this context, the main contributions of this paper are
fourfold:

• A chronological scheme of the last 15 years that shows
the first appearance and evolutionary frequency of the
concepts/definitions related toVPPs that aremostly used
by researchers within the articles cited in this review.

• An overview of the way in which the VPPs operate, plan
and interact with the internal elements of their power
systems and with the external elements: other power
systems, power markets and stakeholders.

• An organized identification of programming methods,
math techniques and software tools used to solve the
issues proposed by researchers, towards power produc-
tion, distribution and profit in different power systems.

• A compilation ofmore than 20 international projects that
are taken as reference for the development of new power
systems integrated by VPPs.

In summary, this paper provides a composite review in the
field of smart power systems and VPPs. In order to achieve
this goal, the concepts required in order to enable the reader
to interpret the key strategies for VPPs and the strong factors
as regards decision-making are indicated.

C. ARTICLE STRUCTURE
The remainder of this paper is organized as follows.
Section 2 mentions a general context to initially under-
stand the key focus used by VPP in power systems.
Section 3 describes the interaction of VPPs with traditional
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TABLE 1. Proposed approach vs. Related surveys/reviews.

andmodern power systems. In Section 4, the concepts of pric-
ing according to power demand and supply in the power mar-
ket are shown. Section 5 classifies several models proposed
by researchers according to the strategies to solve uncer-
tainty problems through mathematical optimization methods.
Section 6 provides a description of trends and innovations in
power systems integrated byVPPs so as to encourage present-
day and future researchers in renewable energy research
through VPP interaction. Section 7 provides the conclusions.

II. VPP GENERAL CONTEXT
As a preamble to guide the reader, below is a general mention
of basic concepts and fundamentals that connect with the
roles of VPPs in power systems. This information allows the
reader to initially understand the key focus used by VPP in
power systems.

A. VPP CONCEPTS EVOLUTION TIMELINE
The in-depth reading of more than 180 scientific papers has
allowed the generation of a concept scheme to help the reader
to interpret the timeline of the concepts and definitions men-
tioned by different researchers. Most of the papers analyzed
are publications that have appeared in the last 15 years.

Among the analyzed papers, terms such as ‘‘Distributed
Generation (DG) Units’’ have beenmentioned less frequently
than terms such as ‘‘Micro Grids’’ and ‘‘Smart Grids’’ [32],
while individual terms such as producers and consumers
have been unified in the form of Prosumers [33]. Therefore,
Figure 1 is a timeline that shows the first appearance and
frequency relatives of the key concepts mentioned within the

papers analyzed in this review. The concepts and definitions
that are shown in blue (High Mention) are those that have
been mentioned with a high frequency since their appearance
within the papers analyzed in this review. The concepts and
definitions that are shown in black (Middle Mention) are
those that have been mentioned with a middle frequency
compared to the previous ones. And finally, the concepts and
definitions that are shown in gray (LowMention) correspond
to those whose frequency of mention has decreased since
their first appearance. Their mention is infrequently within
the papers analyzed in this review.

As research has progressed, several of the concepts have
been complemented with others, forming new strategies and
techniques with which to address the different challenges that
arise with the requirements of sustainability and efficiency
for power consumption and production. The operation and
planning of VPPs allow the continuous integration of new
technological elements and the development of new opera-
tional techniques with which to adequately satisfy stakehold-
ers’ requirements on a day-to-day basis.

B. VPP OPERATION
As the systems and technologies related to VPPs have been
developed, so have their operating strategies. Each power
distribution network has its own characteristics that allow
VPPs to operate them using various techniques to obtain the
best performance from each system.

VPPs can integrate their components in a distributed or
centralized manner, controlling DERs by means of various
agents that interact with the power market in the case of a
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FIGURE 1. Evolution timeline of VPP-related concepts.

decentralized strategy, or by considering that the VPP is the
only entity to interact with the power market in the case of a
centralized strategy [34]–[36].

As an extension, in [37], the authors mention a distributed
strategy in which DERs tend to have greater participation and
autonomy. Moreover, these authors comment that there are
approaches such as the direct approach, which allows VPPs
to exercise control over the power system and make decisions
centrally. There is also the distributed approach, which allows
VPPs to exercise control over and make decisions regarding
the system in a decentralized manner. Finally, in [38], the
authors mention that there is a hierarchical approach in which
the VPPs exercise control and make decisions according to
the level of importance and authority that the stakeholders
give them within the system.

During the operation of a VPP, it is important to control
energy loads. In [39], a model that relies on the analogy
between the direct control of differential loads and the flow
admission control in telecommunication networks is pre-
sented. The model indicates the balance between resource
usage, control overheads and privacy leaks. In the case of a
control system, in [32], the authors maintain that it is impor-
tant for VPPs to participate in the power market by carrying
out operations as a management unit. In terms of control type,
VPPs can be classified according to the way in which DERs
are integrated, in which a decentralized control system allows
each DER to be controlled locally by its own agent, while
in a centralized control system there is a single coordination
center for all the DERs in the system. With regard to the
operation of VPPs, it is important to understand the impact
of the different architectures of the integrated systems and
which elements or characteristics allow them to interact in

an appropriate manner. In [40], the interaction of renewable
energies andVPP in interconnected networks can reduce iner-
tia and spinning reserve in power systems. To maintain fre-
quency stability within the system, a new System Frequency
Response (SFR) model is proposed. This model allows, in the
VPP operation, the best frequency response in frequency
recovery for the system disturbances.

There are different levels of participation as regards the
interaction of VPPs with DERs, operating agents, the power
market and even with EVs. In this respect, VPPs are classified
into two categories, considering the technological architec-
ture of their systems, which are denominated as local VPPs
and regional VPPs [41].

With the implementation of the hybrid system between
DC/AC, VPPs are able to reduce the maintenance costs of
their systems, promote the use of domestic generators, and
have a better interaction in the power market [42] and [43].
The management of power systems to optimize the power
flow, in order to determine the optimal sell price, mini-
mize costs and maximize profits can be generated through
the power transaction between the VPPs and the Distribu-
tion Network Operator (DNO) [44]. Moreover, in order to
maintain a stable system, the application of game theory
allows distribution systems to improve the reliability of trans-
actions and reduce power losses in the power distribution
network [45].

According to [46], the DR is related to the voluntary
changes made by end-consumers to their consumption pat-
terns in response to market signals, and the authors define two
types of DR programs: explicit and implicit. Consumers can,
therefore, receive lower billing prices (implicit) and payments
for their participation in incentive programs (explicit). It is
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consequently important to establish incentives with which to
stimulate DR in the systems integrated by VPPs.

The model presented in [47] shows the division of three
modules, including data handling, data mining and decision-
making, whose objective is to provide a solid strategy with
which to allow VPPs to operate through the continuous pro-
cessing of the data provided by the system managed. VPPs
can compensate for variations in internal power production
within their systems owing to the ability of energy storage
systems. VPPs can also, through access to the different units
or power charging systems, disconnect and reconnect the
power flows according to the stakeholders’ needs [48].

C. VPP PLANNING
Identifying and measuring the technical limitations of VPPs
is essential for their good performance. The VPPs plan and
schedule their operations before engaging with internal and
external elements. However, the performance of the opera-
tions of VPPsmay be restricted by infrastructural, technologi-
cal and technical limitations, as they are not properly planned.

Analyzing the uncertainties derived from factors such as
the weather and achieving forecasts with high levels of
assertiveness, therefore, allows VPPs to maintain reliable
data in order to interact with the power market, obtaining
good benefits [49]. The model proposed in [50] indicates that
measuring and controlling the controllable load of heating,
ventilation and air-conditioning systems, together with the
interaction of Photovoltaic (PV) panels and BESS, are key
aspects as regards calculating the feasibility and flexibility
that a VPP requires for its systems. Preparing a program
for the measurement and control of the power available at
specific time intervals, therefore, allows VPPs to improve
their interactions with all the elements in their system and
with Distribution System Operators (DSOs). The integration
of power distribution networks led by VPPs can be divided
into twomain stages: one stage in which the planned program
is executed by the various power production resources and
energy storage devices that are available, and another in
which, the scheduled program is executed by VPPs, DERs
and other loads in the system at the DSO level [51]. More-
over, it is important to consider that good planning stipulates
corrective actions in contingency cases. A corrective strategic
programming model that focuses on the strategy of load
serving entities is presented in [52]. The grid-level energy
system and VPP models are formulated, which establish the
power storage times with and without the interaction of the
VPP.

Creating good planning strategies implies analyzing mul-
tiple time scales, since they are key aspects as regards deter-
mining the viability of the plans require by VPPs in order
to satisfy their stakeholders’ needs. This is indicated in [53],
in which an analysis of multiple time scales makes it possible
to guarantee the economic viability of the integration of
VPPs into their systems. The planning of VPPs in relation
to economic viability focuses on understanding long-term
investment and short-term operation.

Moreover, it is important to bear in mind that good opera-
tional planning is directly related to good economic planning.
The economic planning of VPPs is established by not only
calculating the purchase and sale prices in the power market,
but also considering Renewable Energy Certificates (RECs).
The planning of the VPPs, therefore, defines schedules for
each DER according to the production, consumption and
distribution of power, along with the relationship of their
power storage vs. REC values [54].

It is important to define all variables in order to establish
the appropriate metrics that will guarantee the good perfor-
mance of VPPs as regards maximizing benefits and mini-
mizing desired costs [55]. The planning of VPPs at the level
of integration and synchronization between different power
distribution networks could make it possible to share power
reserves, thus minimizing the possibility of system collapses
that would not be feasible with other models [56]. The inter-
connection of the power systems integrated by VPPs would,
therefore, make it possible to balance the excess power of one
system versus the power shortage of another adjacent sys-
tem, thus benefiting both systems economically. In addition,
the power storage and auxiliary functions that establish the
reliability of each system could also be shared, thus possibly
allowing VPPs to take advantage when interacting with the
power market owing to multi-grid planning.

D. VPP SUSTAINABILITY FOCUS
The United Nations have done excellent work as regards
establishing and defining Sustainable Development Goals
(SDGs) [5], giving humanity a path on which to evolve while
protecting its habitat. At the European level, and considering
the SDGs, the European Commission (EC) has established
energy policies [3] and energy strategies [4] with which to
confront sustainability challenges and achieve competitive
growth in their countries.

The impact of Renewable Energy Sources (RES) must be
considered in order to allowVPPs to define the objectives and
sustainable compliance goals according to the requirements
of their stakeholders. It is important to consider that fore-
casting renewable power production is not an easy task since
it depends on many factors, such as weather, infrastructure
and technology, which make this production unpredictable.
However, the search for sustainable models and systems, such
as P2P or V2G applicable to power systems, allow VPPs
to align their operations with the environmental commit-
ments required by stakeholders [57]. Moreover, by applying
methodologies for the calculation of Carbon dioxide (CO2)
emission trading, it is possible to optimize the benefits in the
markets, correctly taking advantage of the trader attributes
that the VPPs have [58]. It is important to know the charac-
teristics of the ‘‘Green Certificates’’ (see also REC in [54]),
their relationships with the commercialization of CO2, the
power production from RES and their limitations in relation
to certain technical and regulatory situations inherent to our
times, with the aim of maximizing economic benefits [21]
and [59].
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The new energy business models and their cooperation
strategies allow the interacting agents of the systems inte-
grated by the VPPs to improve their organization. The organi-
zation of the agents encourages the use of renewable energies
for power production and allows them to develop new sus-
tainable business models as entrepreneurs in order to interact
directly or indirectly with the power market while maintain-
ing an environmental vision [60]. The increased penetration
of renewable energy in power systems has created enormous
challenges for grid operators to balance supply and demand
in real-time. The interaction increase of the producers, con-
sumers and prosumers of renewable energy managed by the
VPPs could cause an imbalance between generation and
demand. Considering the above, the authors in [61] describe a
VPP business model with which concepts can be interpreted
for the sustainable development of power systems led byVPP.

Achieving a competitive economy among the countries in
the EU requires an increase in its renewable energy portfolio
and a reduction in CO2 emissions, focusing on the guide-
lines established by the EC for the year 2050. Achieving the
guidelines proposed by the EC signifies that it is necessary
to seek ingenious and efficient alternatives in the medium
and long term, increasing the interaction of different power-
producing technologies (e.g., nuclear plus wind), generating
systems whose elements are more proactive to DR and even
optimizing risk rate measurement strategies to make the most
of the power produced. However, the regulatory frameworks
in some countries and the high initial investment costs make
it difficult to implement innovative systems integrated by
VPPs [62].

Moreover, it is important to define a reliable measurement
system that will make it possible to correct or adjust net-
work designs, agent roles, and production and consumption
policies. Considering infrastructural, technical and manage-
ment deficiencies (network cabling, urban and rural areas,
agents, stakeholders, etc.) will consequently make it possible
to ensure that a power system will guarantee the reduc-
tion in power losses and optimize the production operations
[63]. The difficulties encountered when implementing power
systems integrated by VPPs must, therefore, be continu-
ously analyzed. Difficulties can be mitigated by applying
incentive strategies for the acquisition and implementation
of BESS [64], or policies in which power producers, con-
sumers and prosumers can access subsidized rates in trading
operations [65].

III. POWER SYSTEM INTERACTION AND TECHNOLOGIES
LINKED TO VPP
Several definitions of what a VPP is can be found in technical
literature, some of which are more complex than others, but
each of which provides key information that can improve
the infrastructural and technological development of electric
energy systems. Key concepts for VPPs are, therefore, pre-
sented below for the purpose of general knowledge interpreta-
tion with the objective of stimulating the analysis, discussion

and interpretation of VPPs, and their linkwith different power
systems.

A. VPP AND GENERAL DEFINITIONS
This paper features the concepts related to micro grids and
smart grids, in which the aggregators are a type of agents.
By knowing the definitions and main characteristics of micro
grids, smart grids, aggregators and VPPs, the reader will have
sufficient support with which to interpret the key concepts
related to the integration of VPPs into power systems. The
definitions and concepts obtained from the papers reviewed
that are valuable and serve as an initial support in order to
enable the reader to begin elucidating the concepts are shown
below.

1) MICRO GRID
An interesting definition of micro grids is provided in [66]:
‘‘A Micro Grid is an integrated energy system consisting of
distributed energy resources and multiple electrical loads
operating as a single, autonomous grid either in parallel to
or ‘‘islanded’’ from the existing utility power grid’’.

Micro grids generally trade the power from their system
using a retail distribution model. When micro grids are carry-
ing out their operations on the island, they normally confront
legal and political obstacles as regards trading power with
other power grids. Moreover, depending on the approach that
stakeholders wish to provide to the performance of the sys-
tem, they will focus on reliability or economic benefits [17].

The use of ICTs inmicro gridsmakes it possible to improve
the monitoring and control of power by applying concepts
such as internet of energy andmanagement of energy. Support
for Industry 4.0, such as artificial intelligence, IoT, cloud
computing, big data, mobile devices and cyber-security, are
important as regards optimizing power trading [67]. Micro
grids can include the participation of multiple consumers,
producers and prosumers, and are able to connect power from
different power sources with DERs owned by different stake-
holders. Micro grids can be systems implanted in residen-
tial/commercial buildings, shops, schools, tourist complexes,
hospitals, etc. Amicro grid is, therefore, a small local network
that manages DR programs and critical and non-critical loads
in a specific community, which is interconnected with flexi-
ble DERs (e.g., BESSs, EVs, DRs, etc.) with a high renewable
energies penetration [68].

2) SMART GRID
Two concepts of Smart Grids are highlighted in [69]: One is
mentioned by the European Union (EU): ‘‘a smart grid is an
electricity network that can intelligently integrate the behav-
ior and actions of all users to ensure sustainable, economic
and secure electricity supply’’ and the other is mentioned by
the US Department of Energy (DoE): ‘‘a smart grid uses dig-
ital technology to improve reliability, security and efficiency
of the electricity system’’.

Smart grids can include monitoring and automation com-
ponents that improve control operations and increase access
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to system data. The infrastructural architecture of smart grids
allows the production, distribution, consumption and stor-
age of power according to DR programs. Components that
synchronize the interaction between the DERs and power
source production are defined in smart grids [70]. A smart
grid provides a bidirectional network in real-time and allows
the interacting agents in the system to participate in DR
programs with the objective of integrating DERs by using
ICTs to optimize power use [35]. By being implemented and
deployed in the smart grids’ advanced meter infrastructures,
the bidirectional interaction between different entities and/or
systems such as the power market, power storage systems and
the public power grid, among others, improves the interaction
and the connection in real-time [47] and [71].

3) AGGREGATOR
Whenmentioning the Aggregator concept, the authors of [13]
state: ‘‘An aggregator serves as a central control node which
collects information from both the power grid and connects
controllable loads. A load aggregator can also act as an inter-
face between the controllable loads and the grid operator to
provide the regulated management with joint consideration
for benefits of both users and the grid’’.

Aggregators are used in power charging models for EVs
and help optimize the charging of their batteries and improve
the modeling of driving patterns and price forecasts when
interacting with the power market [72]. In the power market,
DERs can be represented by an aggregator in order to maxi-
mize profits according to the power levels dispatch based on
remuneration prices [73]. Moreover, in [74], the aggregators
can choose between different power plants according to pre-
power-cost-based bids in a power market with bilateral con-
tracts.

4) VIRTUAL POWER PLANT
A VPP is a system that groups and integrates different power
production and consumption sources in order to generate
benefits as regards consumption, production, storage and
distribution according to its stakeholders’ requirements.

Different classes of power production sources can be
integrated on a small scale, allowing the interaction of
wind turbines, PV panels, small hydroelectric plants, recip-
rocating natural gas engines and micro Combined Heat
and Power (CHP) systems. A VPP that integrates its sys-
tem centrally can operate dispatchable and non-dispatchable
power sources in order to participate in the power market
and maintain a reliable power supply for stakeholders [52].
Methodologically speaking, VPPs connect multiple power
production facilities that are distributed territorially through
a virtual smart network, controlling a single main service
provider (power/capacity) and auxiliary services (regulations,
reserves, etc.), in order to integrate the power grids [75].

As a communication system infrastructure, a VPP is an
autonomous entity that provides flexibility and balancing
services to the DSO and Transmission System Operator
(TSO). It, therefore, needs to communicate (in a two-way,

near-real-time manner) in the upstream direction toward the
DSO or TSO control center equipment (e.g., SCADA) [76]
and [77].

One of the main characteristics of the VPP is that it has the
ability to market its services with the aim of being profitable.
It is mentioned that there is a more detailed differentiation for
a VPP in which a Commercial VPP (CVPP) and a Technical
VPP (TVPP) are described. The purpose of the CVPP is to
participate in the power markets, while the objective of a
TVPP is to provide services to the system. In both cases,
the idea is to give greater support to DERs and counteract
their individual limitations in relation to commercialization
and power distribution [32], [34] and [78].

B. VPP INTERACTION ON POWER ENVIRONMENTS
VPPs have the ability to coordinate different power produc-
tion units in order to provide reliable power as a conventional
power plant. Each power system has different elements, char-
acteristics and behavior according to its infrastructural and
technological architecture, its geographical distribution and
its ability to link with other power systems.

1) VPPs AND EMSs
The organization of the power systems integrated by VPPs
into EMSs makes it possible to measure, control, optimize
and satisfy the stakeholders’ requirements. Hybrid EMSs
(central and local) allow a VPP to manage cooperative power
exchange for networked microgrids interconnected with the
main grid [79], while an EMS based on levels in order to guar-
antee the safe and stable operation and enhance the reliability
of the networks allow VPPs to apply an optimal reliability-
oriented day-ahead self-healing scheduling [80].

Furthermore, owing to the attributes of VPPs as traders,
the indirect participation of DERs in the power market is
achieved through their interaction [81]. Achieving behavior
similar to that of a conventional power plant allows VPPs to
participate in the power market as an independent trader and
even interact with ancillary services. Moreover, a VPP may
interfere in flexible loads entering the pool, thus promoting
the integration of power production units from RES in its
stakeholders [48].

2) VPP AS MANAGER AND TRADER
The digitization and virtualization of power allow VPPs to
integrate the physical devices of their power systems in amea-
surable and controllable manner. However, the efficiency of
the monitoring and control that VPPs have over their systems
depends on the centralized or decentralized architecture that
stakeholders require and on the technical and technological
capabilities that are available to their operating agents [82].

Some authors, therefore, mention that VPPs are units that
manage systems composed of generating resources, storage
systems and flexible loads capable of interacting indepen-
dently in the power market. VPPs have the characteristic of
internally handling the forecast errors related to renewable
energy units that interact in their systems. The forecasts
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related to the renewable energy units allow VPPs to self-
balance the production and have the possibility of provid-
ing power to the TSOs [83]. Other authors mention that
the interaction of VPPs in power systems should stimulate
the dynamic integration of prosumers in the participation
of advanced DR programs. In addition, VPPs control the
aggregation of several DERs owned by different stakeholders
(e.g., end-users, utilities and independent power producers),
thus allowing individual users within the system greater par-
ticipation to act as agents or operators for production, dis-
tribution or power storage [84]. Flexible loads in different
kinds of systems, e.g., heating and cooling systems, lighting
systems and controllable appliances, plug-in EV charging
stations andmedium voltage to low voltage transformer units,
can, therefore, be measured by the proper virtualization of
DERs [82]. Other references similarly indicate that a VPP
is an intelligent and autonomous unit capable of controlling
power flows according to the needs of the operators, agents
and/or elements of its network. VPPs have an architecture
that is composed of power production units, power storage
systems, controllers and power converters, in which all of
them are connected and synchronized to the network of the
system. VPP integration must, therefore, guarantee power
system security by maintaining constant power flows and
preventing malicious attacks against its algorithms [85].

3) TECHNICAL AND COMMERCIAL VPP DUTIES
In [86], the authors mention that a TVPP establishes a
dynamic relationship for the integration of power distribution
with the DSOs and a relationship based on auxiliary services
with the TSOs, while a CVPP focuses on establishing its
operations based on power trading, either internally within
its own system, or as an independent participation with the
power market. In addition, in [87], the authors indicate that
a VPP integrates the capacities of several DERs in order to
form a flexible portfolio capable of carrying out contracts in
the power market and offering services to the operators of its
system.

The stakeholders of the power distribution networks focus
on requesting the VPP to adequately integrate the opera-
tions of production, consumption, distribution, storage and
the trading of power. A centralized EMS led by a VPP
must, therefore, seek to satisfy the demands of consumers
by acquiring power through its internal power production
system or by buying power from the power market. A VPP
consequently has the ability to integrate the operators or
interacting agents into its system in order to participate in
data mining-driven incentive-based DR programs [47]. VPPs
can participate in the power market (day-ahead and real-
time) by establishing power marketing strategies according
to their stakeholders’ requirements. The interaction strategies
employed in the power trading of VPPs are related to the def-
inition of incentives according to their DR, to the adjustment
of scenarios and conditions of the different types of existing
power markets and to the ability to interact with multiple
power markets [88] and [89].

VPPs can, therefore, integrate their power systems by
establishing billing systems based on a retail distribution. The
billing systems can be addressed by VPPs with the objective
of minimizing the power production costs and maximizing
the profit in the power market [90].

4) VPP SYSTEMATIC STRATEGIES
Determining optimal strategies implies that it is necessary
for VPPs to be able to solve uncertainty problems. VPPs
can solve these problems by integrating new power sources
into their systems, thus reducing losses from power produc-
tion and peak load [91]. Protocols for the definition of cost
reductionmust, therefore, be established, in which it is impor-
tant to define the penalty parameters necessary to benefit
each consumer according to the commitments that have been
established with the VPP and to ensure uninterrupted power
service [34].

Integrating ICTs into power systems with the interaction
of VPPs provides notable advantages, such as: i) the min-
imization of time as regards decision making owing to the
proximity to producers, consumers and prosumers; ii) the
association with local systems (e.g., micro grids), thus allow-
ing management problems to be addressed locally; iii) and
the reduction in latency by centralizing data collection and
analysis more efficiently [92]. In addition, dynamic synergies
are established between RES and EVs, either to be shared
or for autonomous driving. ICT support enables VPPs to
optimize EV battery charge and discharge so as to minimize
the operating costs of their systems [93].

VPPs can apply ICTs directly in order to control DERs
individually and indirectly send incentive signals with which
to influence consumers’ and prosumers’ decisions. More-
over, VPP operations carried out by relying on ICTs such
as blockchain technology improve information reliability
within the system, and its management may resemble that
carried out by TSOs and DSOs [33]. VPPs can take advan-
tage of blockchain technology in order to establish agree-
ments between the agents that interact within the system and
maintain the cyber-security that is transmitted through the
network [94].

Figure 2 shows conceptually the physical and cyber layers
managed by VPPs when interacting with power systems.

C. TECHNOLOGIES APPLIED IN VPPs
In general, authors mention that the combination of different
power production sources allows the systems integrated by
VPPs to optimize the performance of their DERs. Technical
literature mentions that unidirectional power flows are gener-
ated in the top-down direction (large generators towards con-
sumers), while bidirectional power flows are generated in the
top-down and button-up direction (large generators towards
consumers and small generators towards consumers). The
following highlights the information related to the different
power production technologies used in VPPs.

DER integration by a VPP should ensure the stakehold-
ers’ required continuous consumption, keeping the proper
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FIGURE 2. Physical and cyber layers managed by VPPs.

operations in the system [95]. Considering the technologies
highlighted by authors, the interactions of VPPswith them are
mentioned below, classifying them into three groups accord-
ing to the strategies of the systems.

1) INTEGRATION WITH CONVENTIONAL PLANTS
In [48], a system composed of a thermal plant, a pumped
storage plant, a wind farm and PV plant, is integrated by
a VPP. The authors propose that, in order to promote the
integration of renewables in the grid and enhance their partic-
ipation in grid services, it is necessary to group several RES of
different types, such aswind, solar, biomass, or hydro. In [58],
the authors propose a system in which EV owners are the
protagonists, supplying information on connection times, dis-
connection times and initial charge states. It is mentioned that
the system managed by VPPs is formed of gas turbines, wind
power units, PV units, EVs and other flexible loads. It is indi-
cated that price subsidies are provided in order to encourage
the scheduling of EV charging. In [62], the authors propose
a model that includes two sources of off-shore power: small
and medium-sized reactors and wind farms. The benefits and
costs of including small nuclear reactors within the system
and combining them with the system managed by VPP are
mentioned. The model proposed in [88] consists of a gas tur-
bine power plant, a PV power plant, a power storage system,
and a central air-conditioning system. It is mentioned that the
VPP participation in the day-ahead power market, real-time
power market and CO2 trading market could be simultane-
ous with an interruptible load. The study system mentioned
in [96] is composed of thermal, hydroelectric and PV energy
systems. The VPP integrates the system that interacts with

the following models: modeling of the hydropower system,
modeling of distributed PV system and modeling of thermal
power system. Another model is proposed in [97], in which
the VPP comprises a conventional gas turbine power, wind
power, PV power and Pumped Hydro Storage Plant (PHSP).
The objective function of the VPP is to maximize profit by
considering the power sold/purchased in the power market,
the cost of conventional gas turbine production and the cost
of conventional gas turbine start-up. The model analyzes the
mid-term VPP operation planning in order to maximize the
profit in a weekly time frame.

2) INTEGRATION WITH COMBINED UNITS
The model in [98] integrates CHP units, gas turbines and
fuel cells, along with PV panels and wind turbines. The
cogeneration units are connected to the heating networks and
to the main power network. Moreover, it is considered that
the power distribution networks are interconnected and that
the heating networks are isolated from each other, which
makes it possible to capture the differentiated data between
the power supply and demand. Controlling the power pro-
duction for power distribution networks that use renewable
energies such as PV and wind power is not easy owing
to climatic variations. However, the use of sources such as
biomass power and biogas power allows VPPs to adjust their
power units at certain times. In [99] a system integrated by
a VPP with CHP micro-units is presented. It is highlighted
that the system managed by the VPP should be adjustable,
while only the CHP and biomass units have this attribute.
Moreover, a model composed of different wind farms and
a biomass plant is proposed in [100] in order to optimize
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a multiple-scale renewable energy-based VPP. The authors
indicate a dispatchable generator operating with biomass of
low emissions, which is integrated with DERs in the same
VPP system. The objective is to trade across geographic
scales by aggregating multiple DERs so as to maximize
their profits. In [101], the researchers mention a model that
consists of CHPs, hydro units, wind turbines, photovoltaic
panels, storage devices, electric appliances and cooling/heat
facilities. The multi-energy interconnection addressed by a
VPP is considered, with the focus on formulating an opti-
mization problem that saves economic costs and enhances
power quality. In [102], the authors describe the innovative
concept of CHP-VPP that enables the coordinated dispatch-
ing of heat and power. CHP-VPP operation models with
uncertainties show the inherent behaviors of DERs operating
in two coupled energy networks.

In [103], the authors present a system integrated by a
VPP in which they seek to maximize expected profit, which
comprises the power sold/purchased in the day-ahead power
market, analyzing the behavior of combined cycle gas tur-
bine, wind power and PHSP. The expected hourly profits and
cumulative expected profit of the VPP in the day-ahead power
market are provided. The authors of the model described in
[104] state that a gas system and a heating supply system
improves their operational efficiency on the basis of the price
forecast value. The VPP system integrates CHP, wind, PV,
and BESS in order to efficiently convert gas, heat and cold
energy into power and obtain the minimum power operation
costs. In [105], the authors evaluate the power consumption
and the reduction in operating costs of the customers of a
system composed of CHP, wind and BESS. Loss and load
factors, along with emissions, are considered by the inter-
connection within the system, and the functions are analyzed
according to the DR programs proposed.

3) INTEGRATION WITH STORAGE UNITS
In [83], the authors consider a system composed of a wind
or PV power unit, a conventional thermal unit and a power
storage unit. They propose that the total amount of power
production (or consumption) addressed by the VPP must
coincide with the amount of power exchanged with the power
market. An interesting case study is that of Western Aus-
tralian in [106], in which a detailed financial analysis of
implementing a VPP is carried out. The system integrated by
VPP is formed of 67 residential homes, with a rooftop PV
farm, smart appliances and heat pump hot water. Moreover,
a centralized vanadium redox flow battery with which to
store power during high PV generation and low power market
prices is mentioned. In [107], the authors define a VPP that
includes BESS, wind, PV and conventional power plants. The
model establishes a prediction-correction with which to dis-
tribute power within the system using multi-agents or multi-
operators and to optimize the BESS. An interesting case
study that analyzes the commercial viability and technical
feasibility of BESS inMalaysia ismentioned in [64]. The case
study addresses peak demand reduction, demand response

and frequency regulations, as well as financial model analysis
applied in the region. Moreover, there are described some of
BESS technologies and their interaction with VPP system.

The interaction of VPPs, EVs and DERs within the same
system requires the management of various strategies for the
power storage integration. Power consumption and produc-
tion plans, EV charging and discharging plans and power
exchange plans betweenDERs, therefore, require the advance
definition of parameters such as the DERs geographic distri-
bution, incentives to stimulate the use of EVs and the load
differences.

An interesting model is mentioned in [108], which
describes an active distribution network with multiple VPPs
composed of power storage units, together with a group of
PV, wind and EVs. A decentralized and collaborative inte-
gration is considered according to the stakeholders’ needs.
Another interestingmodel related to EVs is provided in [109],
in which the authors indicate that the optimized energy pro-
curements in VPP operations are developed in a system that
integrates industrial load units, powered for wind, PV and
CHP. The clearing sequence of joint operations in day-ahead
and intra-day markets in the model are classified according
to trading periods. In [110], the authors define a system
composed of BESS, wind and PV in which the power system
is divided by areas.

The power resources of each area are combined to gen-
erate time series of power consumption and power produc-
tion, averaging the data according to daily measurements.
The power system integrated by the VPP is not, therefore,
restricted by the geographical area, thus establishing a cen-
tralized or decentralized control mode. In [111], the authors
indicate that the VPP comprises a group of distributed PV
panels and thermostatically controlled loads. The VPP deter-
mines the planning of power consumption in advance in order
to carry out a continuous optimization based on intra-day
power market information according to the performance of
the PV.

As an integral operation, the power storage in power distri-
bution networks is generally mentioned by authors in relation
to the procedures carried out for domestic, industrial and EV
environments.

Scientific literature mentions, for example, the VPPs have
the ability to organize and synchronize the collective opera-
tion of domestic batteries in order to generate different bene-
fits within the integrated system and even economic income
by taking advantage of the excess of power. The interaction of
the VPPwith the powermarket allows the owners of domestic
batteries to operate them according to cost minimization
or profit maximization, considering the needs of the time
periods established [65].

Moreover, the integration of the VPP into an EV storage
system can achieve the stable generation of an intelligent
load in which a control mechanism allows the distribution
of the load to the system points in a regulated manner. The
VPPS adequately relate the measurement of the charge and
discharge times of each battery to other parameters, such as
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TABLE 2. Technologies applied in VPPs systems.

the distances traveled by the EVs, or the useful life of their
batteries [57].

A simple local plug-in system for EV charging coordinated
by a VPP can, therefore, reduce billing costs when com-
pared to other cases. While the system works and collects
information, the VPP can adjust the initially analyzed devi-
ations and improve the efficiency of the system over time.
Depending on the system structure integrated by the VPP, the
EV displacement trajectories, power consumption rates, load
measurements and consumption at the charging stations can
be predicted with greater precision [112].

The integration of power storage systems can involve pub-
lic and private systems. VPPs can improve the interaction
between their power distribution networks and the power
systems by properly classifying the power storage points
and EV charging points [38]. In the case of an EV system,
therefore, the classification of the charging points is defined
according to the EV real-time locations, identifying them-
selves as public, private and mixed charging points (private
with restricted access to public requirements).

As a summary, Table 2 shows the technologies applied in
VPP integration systems.

IV. POWER MARKET INTERACTION OF VPPs
In power distribution networks, power is produced, con-
sumed, stored and traded by the DERs and stakeholders
according to their respective roles. However, neither DERs

nor the stakeholders that interact within the power systems
have the attributes required to carry out power trading oper-
ations with the power market. A decentralized market agent
can, therefore, develop targets for a cost efficient operation
and expansion planning of all system elements, including
generation, storage systems and demand side management,
while maintaining grid stability [113]. VPPs address and
control the distribution and trading of power with the power
market. They set up power deals and settlements in a central-
ized manner on the basis of historical generation and demand
forecasts. VPPs can additionally make power purchase and
sale actions in real-time using smart metering data according
to the power digitization capacity [38].

The requirements of the stakeholders associated with the
economic values expected by the system must be properly
identified by VPPs before planning the trading operations.
Moreover, VPPs must consider the different sources of poten-
tial income and simultaneously carry out a vulnerability study
according to the behavior of similar systems [50]. It is impor-
tant for VPPs to clearly identify the strengths and weaknesses
of their units in order to properly calculate the deviation
between real consumption and the power supply curves in the
power market settled according to hourly prices [114].

VPPs must validate that the main DER sources have a suf-
ficient capacity to balance production at maximum demand
and must regulate production by distributing power to places
in the system at specific times. VPPs can, therefore, provide
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various services as traders in the power markets. They can
participate in portfolio management activities and can even
optimize contracts with other power providers by acting as
a consumer, producer, or prosumer at the time of negotia-
tion [32]. Moreover, the economic valuation of system invest-
ments in power markets makes it possible to analyze how
the investment costs of the different technologies applied to
power systems can be recovered in the short-term when a
locational marginal pricing scheme is employed [115].

The precision of price forecasting is determined according
to the characteristics of each power market and the different
decomposition alternatives in order to interpret each behavior
of the supply and demand curves analyzed by VPPs. A price
analysis in the power market can be managed by VPPs
according to the uncertainty related to the hourly variability
of the prices [96]. It is also important for VPPs to identify
the characteristics of the power market in which they operate.
The power market can be composed of two settlements (day-
ahead and balancing), in which different types of prices and
settlements are generated in the same period of time [83]. This
is even the case of the markets in which CO2 emission credits
can be bought and sold to obtain economic benefits [54].

VPPs can also participate simultaneously in transactions
with power markets and even in transmission rights and
auxiliary service operations jointly with TSOs. The emer-
gence of prosumers signifies that the viability and diversity of
demand in systemswith P2P schemes havemade it possible to
generate models that reduce power transmission costs. More-
over, by generating systems with P2P schemes, small power
providers can compete with large power providers through
VPPs [33] and [116]. Since most RES are far from load
centers, in [117], therefore, the power system architecture
mainly considers the end-user location, giving the VPP a
greater role in operations related to the power transmission
and its interaction with the power market. Likewise, a model
with a P2P trading structure can be found in [118]. In this
model, commercial prices are negotiated between several
buyers or sellers of the same level in a parallel scheme and
a continuous and interruptible load is used to promote DR,
with which VPPs can control internal demand.

A. DEMAND AND SUPPLY
In general, depending on purchasing and selling power quan-
tities, power markets are classified as being wholesale and
retail markets [119] and [120]. At a more specific level,
according to the type and characteristics of the trading oper-
ations to be carried out in the power markets, they are clas-
sified as day-ahead power markets, real-time power markets
(also known as balancing markets), intra-day power markets,
ancillary/reserve powermarkets and trade CO2 emissionmar-
kets [54], [58], [59] and [121]–[124]. The agreements that
are established for the generation and execution of the power
trading operations between VPPs and power markets must
contain minimum conditions, which can be established in
four items: i) the quantity and price of the electric power in
different time segments; ii) certain special requirements for

power reliability and power quality; iii) the fluctuating range
of the set value, and iv) penalty methods [6].

In large conventional power systems/networks, the TSOs
are currently responsible for adjusting the power supplies to
the demand in real-time in order to balance the system and
avoid power outages. In these systems, the producers are the
owners of power plants and are in charge of selling the power
produced to retail power providers through future bilateral
contracts or in the wholesale power market [100]. In addi-
tion, the growing bidirectional interaction between wholesale
and retail markets is growing as VPPs integrate their power
systems with greater operability based on DR, renewable
resources and the distributed generation and storage of power.

An impact, therefore, occurs at the distribution-retail level
in the operations of the transmission system and the whole-
sale powermarkets [125]. In [126], it is mentioned that, unlike
conventional producers, VPPs can add DERs to subsystems
that exchange power with the main grid. Adding DERs at
certain times allows VPPs to generate projected production
curves over certain periods of time (weeks, months, quarters,
etc.) and thus balance the power supply vs. power demand.

Furthermore, two power trading strategies can be devel-
oped when the VPP manages the integration of several DER
owners in order to form a coalition. One strategy focuses
on generating an internal system that is controlled by the
VPP, defining predetermined rates according to the system
characteristics, and another is that in which the VPP sells
the power production in the power market [121]. DR models
can also be generated in order for the VPP to have greater
control and to reduce the power imbalance caused by errors or
deviations in forecasts of power production and consumption.
It is important to keep in mind that the forecasts have errors or
deviations since, when derived from RES, power production
makes it difficult to obtain production curves prior to interac-
tion with the power market [111].

B. PRICING
The adoption of variable power rates refers to the applica-
tion of different power rates in different periods. The power
variability rates allow a strategy to be generated for prices in
real time according to the power market conditions. However,
one of the problems for end users when interacting with
the variation of rates is price fluctuations. The static tariff
scheme, which is related to the times of power use, minimizes
the risk for end users in relation to guaranteeing a flat price
in power consumption, but does not maximize their benefit
when taking advantage of power in off-peak hours [127].

Establishing confidence limits with which to define uncer-
tainties in the power production obtained from RES makes
it possible to generate price predictions in the power market
with greater precision. The objective of using scenarios to
model prices in the power market is to build predictive supply
and demand curves. It is, therefore, important to analyze
climatic behavior such as wind speed and solar radiation,
identifying difficulties and probabilities at the time of mod-
eling production prices [128].

VOLUME 10, 2022 47949



J. F. Venegas-Zarama et al.: Review of Evolution and Main Roles of VPPs as Key Stakeholders

Different types andmethodologies for pricing can be found
in the spot transactions of the power market. An interesting
proposal is presented in [129], which describes a model in
which day-ahead trading and real-time trading are indicated.

The market clearing price or system marginal pricing and
the pay as bid are taken as pricing methods with which to
generate a power purchase scheme with a minimum cost and
a power sale scheme with the maximum benefits. Another
interesting proposal is that described in [130], in which the
VPP integrates the DERs of its system in a centralized man-
ner, taking responsibility for the bidirectional communica-
tion, monitoring and control of each component. Accord-
ing to the system architecture, the VPP can obtain the data
required to manage its portfolio (e.g., prices and load data)
with which to generate their scheduling for each hour of the
coming day in joint day-ahead and real-time power markets.

In [131], it is stated that the price forecast must be analyzed
through the use of multiple scenarios, because VPPs do not
have control over the power production derived from renew-
able energies. Moreover, owing to the limitations of the con-
ditions of the system themselves, it is not possible to forecast
100% the load consumption, energy reserve services or DER
energy outputs. Defining the characteristics of multiple sce-
narios and considering stakeholders’ requirements, therefore,
allow VPPs to analyze, process and forecast price models
according to the behavior of the power markets. Furthermore,
in [132] and with regard to power derivatives, it is important
to note that power derivative exchange markets emerge as a
risk management tool to protect against financial risk.

It is, therefore, possible for VPPs to trade with underlying
power for the future (ranging from one week to several years)
at today’s prices and thus obtain different alternatives by
which tomaximize profits in their power systems. In addition,
in [133], the providers of system peaking resources (thermal
units and DR resources) and wind farms canmake better deci-
sions as regards maximizing their profits when knowing the
information exchanged between the providers and consumers
of peaking resources. Considering the profit goals, therefore,
allows a VPP to define a compensation mechanism.

When VPPs operate in the power market bedding large
volumes of power, they have the capacity to impact the power
price by acting as Price-Maker [134] and [135]. The TVPPs
behavior can be modeled in the wholesale energy market as
a Price-Maker agent with the aim of maximizing profits or
minimizing costs [136]–[138].

Furthermore, when VPPs interact with the power market,
strategies are defined according to the role or operational
position. When VPPs aim to interact with the power mar-
ket, selling the power generated by their power system or
buying the power to feed it, each strategy (e.g. strategy of
price bidding) is managed based on operational capabilities
and limitations [58] and [118]. Therefore, the VPPs analyze,
in addition to the incentive models and the power market
interactions, themarginal prices with which they can generate
more accurate and favorable forecasts. However, when the
VPPs have a participant or competitor role in the power

market, they analyze the historical behavior of the power
market and price market to generate their forecasts [100].

As a summary, Table 3 shows the interactions of VPPs with
power markets.

V. MATHEMATICAL OPTIMIZATION
Generally, the issues to be resolved by researchers focus on
optimizing power production and distribution, as well asmax-
imizing benefits and minimizing costs by developing good
forecasts to carry out correct trading operations in the power
market. According to the analysis of the papers cited for this
chapter, to model the issues in the different proposed power
systems researchers most frequently use the methods of Lin-
ear Programming (LP), Non-Linear Programming (NLP),
Mixed-Integer Linear Programming (MILP) and Mixed-
Integer Non-Linear Programming (MINLP). Therefore, the
works that use mathematical optimization are listed below,
grouped according to the programming methods used by
researchers.

A. LINEAR PROGRAMMING (LP)
The model defined in [139] is focused on providing maxi-
mum cost savings while trading operations in the day-ahead
market. The cost/worth is formulated in order to maximize
the power export capability of the VPP by minimizing the
total energy curtailments. The Monte-Carlo method is used
to obtain results. In [140], the VPP economic dispatch model
has the objective of minimizing the total DERs’ genera-
tion cost, maximizing profits of the system, and maximizing
energy-saving and emission-reduction. In [141], an algorithm
is proposed that can be used to control the operation of an
integrated electricity-hydrogen VPP in a real-time market,
with uncertain prices and renewable generation. Through the
receding-horizon stochastic optimization, a stochastic Model
Predictive Control (MPC) scheme that does not resort to
scenario forecasts is proposed.

B. NON-LINEAR PROGRAMMING (NLP)
The model defined in [44] has a formulation that is related
to the product of dual and primal variables. In the bi-level
math formulation, the upper level of the problem represents
the profit maximization of the VPPs and the lower level of the
model presents the total cost of DNO to be minimized subject
to constraints. In [142], the authors propose a model in which
a VPP integrates multiple operators according to a bidding
method adapted for that purpose. A quadratic programming
method is used to allocate the operator’s power generation.
A bi-level structure is, therefore, considered with the objec-
tive of maximizing the operator’s own profit under conditions
of price uncertainty.

C. MIXED-INTEGER LINEAR PROGRAMMING (MILP)
In [53], the authors indicate that the robust optimization
application allows the analysis of the solution in the worst-
case scenario, according to problem uncertainty. The pro-
posed model uses uncertainty intervals while minimizing the
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TABLE 3. VPP interactions with power markets.

investment cost, determining the optimal DER generation
mix for system installation. A study is presented in [88],
in which the objective function is defined in order to deter-
mine the profit obtained in the power market for the worst
case. The Karush-Kuhn-Tucker (KKT) method is used to
transform the bi-level of the sub-problem into a single-level.
The model maximizes the cumulative profit, including the
income obtained from participating in the day-ahead and
real-time markets. A model that seeks to optimize opera-
tions in the power market in order to supply system con-
sumers when power production conditions are deficient is
presented in [143]. The model establishes a robust optimiza-
tion approach, whose objective function is to maximize the
expected income from the power sale in the power market,

subtracting the operating costs incurred for a set period.
The model mentioned in [58] formulates an optimal dispatch
problem in order to maximize profit. The objective func-
tion includes income from the power market and operating
costs from power production, CO2 trades and EV charg-
ing/discharging. The model considers the CO2 emission costs
to optimal dispatch of the VPP.

In [83], the goal is to maximize the total expected profit by
applying stochastic programming. The optimal daily offers
take into account the uncertainty and endogenous models in
order to make future decisions in the balancing power market.
In addition, the objective of the model proposed in [144]
is to minimize the length and costs of power transport by
taking advantage of the power stored throughout the system
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in order to meet local consumption needs. A trading power
supported by blockchain technology is established owing to
the nature of the Boolean variables. Another case study is
proposed in [50]. The model is based on a problem that
includes data from power markets, auxiliary services markets
for frequency control, DR for capacity support and coverage
controls. The objective function is minimized to the overall
net cost, which is defined as the operational costs subtracted
from the revenues.

In [145], the authors propose a robust bi-level model with
which to address the uncertainty in the VPP system connected
to a wind-photovoltaic-power storage system. The objective
function considers the DR according to day-ahead power
market scheduling in several scenarios. The lower layer
model represents the day-ahead power market scheduling
plan, while the upper layer model represents the maximum
revenue of the VPP operation. In [146], a function is pro-
posed that employs Volt-Watt Control and Volt-Var Control
distribution system constraints when the VPP participates in
a wholesale power market. The problem considers a model
with which tomaximize profits according to the hourly power
supply.

A three-level model is proposed in [128], in which the
power market price and the power production generated
by a renewable source such as wind are analyzed. The
three-level optimization problem is solved using a column-
and-constraint generation algorithm. The problem mod-
els uncertainty in order to derive the bid decisions using
robust optimization approaches and seeks to maximize profit
through power market operations. In [138], a bi-level model
for the offering strategy problem of a price-maker VPP partic-
ipating in power and reserve power markets is presented. The
VPP aims to maximize its expected profit, considering power
market behavior. The model applies stochastic programming
and KKT in order to discover the optimized values in the
upper and lower levels defined. In [52], the function is defined
through a structure of a corrective strategic reprogramming
approach based on the bi-level bidding model. The function
maximizes the profit in the day-ahead market, considering
energy storage use as a priority condition.

In relation to EVs, the authors of [72] indicate that the
stochastic model considers the EV characteristics, battery
degradation and seasonal power price cycles to determine
uncertainties. The system consists of a wind power pro-
ducer and a DR aggregator with EV clients, allowing their
interaction with the power market. The model consists of
maximizing the revenues that it earns from power offering to
the day-ahead market less the market trade operation costs.
In [147], the authors mention a regulation market in presence
of EVs, analyzing the problem of optimal bidding strategy
according to the associated uncertainties regarding EVs and
DERs, where a stochastic optimization model is used.

The model proposed in [81] seeks to maximize profits in
the powermarket by taking advantage of natural gas networks
under the DR paradigm. The model is established by defining
a simulated level that compensates snapshots of steady-state

natural gas network operations with the day-ahead power
market. The bi-level model is linearized with the support of
the Monte-Carlo method. In [148], the stochastic function
is applied in order to solve the problem with the support
of the Monte-Carlo method. The objective function aims to
minimize the total system cost by considering the probability
of each scenario obtained within a system composed of a
wind farm, a BESS and a diesel plant. In [149], the authors
present a model that integrates a power to gas system and
a gas storage tank into a VPP. The power to gas based
VPP system is formed of a wind power plant, PV station,
conventional gas turbine, EV group and controllable load,
in which the objectives are the maximum operation profit
and the minimum operation risk, which are solved using a
schematic of robust optimization.

In [98], the power price and power operation cost are the
principal factors employed to define the stochastic model.
The consideration of power prices, power demand and power
production derived from renewable energy resources lead
to greater uncertainty at the time of data collection as the
system strengthens. The model proposed, therefore, attempts
to discover an operating schedule for the system with min-
imal costs. In [150], the model considers available wind
power production, requests for reserve deployment and mar-
ket prices. The function is defined for the day-ahead self-
scheduling problem of a VPP trading in both energy and
reserve power markets. The strategy considered in the case
study is the application of robust optimization.

In [151], it is presented a model in which the Benders
decomposition method is used, introducing a stochastic pro-
gramming model based on the owner market under uncer-
tainty. The function is focused on investment status in order
to maximize profits, along with maintaining the reliabil-
ity and operational cost of the power system at acceptable
levels.

In [152], the objective function focuses on cost minimiza-
tion and involves the constraint set of investment and oper-
ational considerations. The chance constrained models for
the investment and operating decisions of alternative DERs
are defined using a stochastic model. With regard to the
risks, the authors of [153] establish a stochastic model with a
conditional value-at-risk linear formulation, which is defined
through the use of a bi-level structure. The objective is to
maximize the day-ahead profit in conjunction with minimiz-
ing the anticipated real-time production and the consumption
of imbalance charges.

D. MIXED-INTEGER NON-LINEAR PROGRAMMING
(MINLP)
A model that establishes the power purchase in the power
market by considering the internal deficits that can compro-
mise the power demands required by consumers is provided
in [47]. The proposed deterministic problem is formulated as
an optimization model with which to minimize VPP oper-
ation costs and to guarantee consumers’ interests. In [54],
the proposed problem involves non-convex optimization
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programming. A deterministic scheme of power supply with
marginal price and CO2 trading is defined. The model is
developed in order to minimize the impact of forecasting
errors and maximize the incentives according to the schedule
of DERs and the interaction with the day-ahead and intraday
markets.

In [111], the bi-level scheduling model considers the
unbalance cost minimization, including the unbalance power
cost (accumulated value) and the unbalance capacity cost
(maximum value). The uncertainty generated when carry-
ing out operations with the power market is considered
owing to the gap between the actual net power exchanged
and that expected in order to discover cumulative values.
In [154], a stochastic conic model is divided into two
stages in order to consider the uncertainties from multiple
sources, dual-mode operations and representations of non-
linear power flows. The problem is formulated in order to
minimize the annualized investment cost in the architecture
of networked microgrids and minimize the operation cost
of DERs.

In [155], the authors propose an optimization model in
which, according to the concept of Industrial VPP, a stochas-
tic mathematical formulation maximizes the profit of a VPP
and minimizes the load shedding. The study considers the
income of power production, the cost of interruptible loads
and the penalty cost for customers, among others. In [156],
the authors mention a model in which PV is connected to the
distribution network by an adjustable inverter. The model is
established using the results of the AC power flow to define
the parameters in the simulation. The function minimizes
the long-term social utility loss by considering the voltage
security, operational requirements of DERs and VPP service
requests. In [157], the deterministic problem constraints take
into account an AC power flow model with which to deter-
mine the active and reactive power that flows in each line
of the distribution network. The objective function is set in
order to minimize the cost of the degradation of EV batteries
used.

A proposal related to water-energy management is shown
in [158], whose authors state that the uncertainty regarding
the availability of water resources is modeled through the
use of a function, focusing on minimizing the operating cost
in each hourly period. In [159], the proposed problem is
focused on uniform distributed power during the distribution
time period, maintaining an allocation of optimal flows in
consumption. The model is established in order to minimize
the operational cost andmaximize the load curve equilibrium.
In [92], the objective is to identify the unused generation
capacity that can be activated in order to provide frequency
balancing by correcting power imbalances. The impact of
decentralization using a genetic algorithm to determine an
approximate solution is analyzed.

The model, therefore, proposes maximizing the pro-
sumers’ profit. In [96], the non-linear quadratic function
model with the production ratio of hydropower, PV and ther-
mal power in each period, whose objective is to optimize the

operating system costs, is shown. The operating cost model
considers the time as the coefficients change. The problem
modeled has the objective of seekingmaximum annual profits
and expected complementary indexes.

Considering the above, Table 4 summarizes the models,
methods, techniques and software tools that authors have
used to define and solve the proposedmathematical optimiza-
tion problems.

VI. FEATURED VPP PROJECTS AND INDUSTRY 4.0
The power industry has, over the last few years, developed
strategies with which to plan the growth and evolution of
its power systems/networks. Infrastructure designs, the inte-
gration of digital technologies and public-private economic
investments have been the key aspects as regards enabling
VPPs to perform as lucrative agents in power markets. VPPs
additionally focus on optimizing the characteristics of DR in
order improve the operation of the system according to the
analysis of the results obtained thanks to the operations per-
formed [143] and [160]. Some of the projects have focused on
business models and platforms for the development of power
markets, similarly to that which has occurred with big power
supplier roles in the power sector, while others have been
targeted toward the local control of technological systems in
the power distribution network through the use of ICTs [161]
and [162]. It is important to consider that, over time, the
DERs managed by VPPs may belong to structures that vary
in design (from centralized to decentralized, and vice versa).
The information networks and the high-level software archi-
tecture that are used within the systems that manage the VPPs
in order to connect and control the DERs must, therefore,
be adjusted according to technological possibilities. How-
ever, it is not necessary to change the structure connected to
the network and the distributed topology of DERs, but rather
to adapt operations to new technologies [163].

A. INTERNATIONAL VPP PROJECTS
Several authors take as a reference the infrastructural and
technological models of projects that involve connections
to the network of DERs integrated by VPPs, which have
been disruptive for the optimal dispatch modes. The projects
considered include power storage devices, DR programs
and multi-level optimal scheduling, among other interesting
aspects [29], [58], [86] and [164]. Some of the most relevant
projects are described below.

1) THE VIRTUAL FUEL CELL POWER PLANT (VFCPP)
This project, which was developed with the cooperation of
Germany, the Netherlands and Spain, integrated 31 decen-
tralized stand-alone residential fuel cell systems distributed in
each of these countries and operated through the use of a VPP.
The objectives achieved showed fuel efficiencies of up to
90% and electrical efficiencies greater than 30%, successfully
demonstrating the operation of decentralized micro-CHP fuel
cells [29], [58], [160] and [165].
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TABLE 4. Summary mathematical optimization strategies.

2) FLEXIBLE ELECTRICITY NETWORKS TO INTEGRATE THE
EXPECTED ‘ENERGY EVOLUTION’ (FENIX)
This project was developed with the participation of France,
Spain and the United Kingdom, and was focused on boosting
DERs by maximizing their contribution to the electric power
system, through aggregation into Large Scale Virtual Power
Plants (LSVPP) and decentralized management. The project
was organized in three phases and incorporated Research
Centers and Universities from the EU [16], [18], [29], [85],
[132], [143], [153], [157], [162] and [166]–[168].

3) SMART WATTS
This German project was a Smart Grid that integrated differ-
ent kinds of ICTs, proposing new approaches with which to
optimize power supply. It developed a concept that included

the intelligent kilowatt hour: an open system that would
enable new services, added value and increased efficiency
for utility companies, digital device manufacturers, service
providers and consumers or final users [161] and [169].

4) ELECTRIC VEHICLES IN A DISTRIBUTED AND INTEGRATED
MARKET USING A SUSTAINABLE ENERGY AND OPEN
NETWORKS (EDISON)
This project was managed thanks to collaboration between
Denmark and Germany, and its aim was to create a power
network using a digital platform to support the optimal inte-
gration of EVs. A VPP was employed to provide solutions
for EV development systems and achieve grid connection
with large-scale Renewable Energy principally with systems
PV and wind. The project analyzed the reduction in CO2
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emissions in a V2G system including EVs and Plug-in Hybrid
EVs (PHEVs) [18], [36], [85], [160], [163] and [170].

5) THE POWER-MATCHING CITY VPP
This project was developed by the Netherlands Energy
Research Center (ECN) in Hoogkerk, a suburb of the city
of Groningen in the Netherlands. The power network estab-
lished a power-matching device consisting of 10 micro-CHP
units equipping 25 homes. Power was not only used but also
generated in each of these dwellings. The power-matcher
enabled supply and demand matching in a Smart Grid [36],
[160], [171] and [172].

6) Web2Energy
This project, which was developed in Germany, had the
objective of implementing and approving all three pillars
of ‘‘Smart Distribution’’: i) Smart Metering, in which the
consumer participates in the energy market; ii) Smart Energy
Management, in which there is a clustering of small power
producers; and iii) Smart Distribution Automation, in which
the supply is more reliable [160] and [173].

7) FLEXIBLE APPROACHES TO LOW CARBON OPTIMISED
NETWORKS (FALCON)
This project was developed in the United Kingdom and inves-
tigated how new 11kV network techniques work in practice
so as to determine the best ways in which to manage power
system problems resulting from the implementation of low
carbon power production technologies [57], [164] and [174].

8) ZhangBei
This Chinese project consisted of developing an energy
comprehensive utilization platform integrating wind power,
PV power generation, energy storage and intelligent power
transmission. The total capacity of the project was 49.5 MW
and the estimated annual power supplied to the grid was about
96.53 MWh at full capacity [16], [160] and [175].

9) PEER ENERGY CLOUD
This German project developed cloud-based technologies
for a local electronic trading platform. The objective of the
platform was to deal with local excessive power production,
and it was used to develop or integrate the trading operations
of power renewable energies and minimize power waste.
Moreover, the local power market was able to use the P2P
strategy for power trading [161] and [176].

10) IPOWER - FLEXIBILITY CLEAR HOUSE (FLECH)
This Danish Smart Grid Project was designed to facilitate the
interactions between DSOs and VPPs across multiple stages,
from the auctioning of flexible contracts to final settlement.
The Smart Grid platform was able to trade ancillary services
between DSOs and VPPs that managed aggregated DERs.
The system employed a transaction-based method that incor-
porated the support of point-to-point tariffs [157] and [177].

11) PICLO
This project was developed thanks to the collaboration
between an innovative technology company called ‘‘Open
Utility’’ and a renewable energy supplier called ‘‘Good
Energy’’ in the United Kingdom. The local use of renewable
energy allowed consumers to buy power directly from pro-
ducers or prosumers. Producers and prosumers had control
and visibility over who bought power from them, while con-
sumers could select and prioritize from which generators to
buy power [33], [161] and [178].

12) UNIVERSAL SMART ENERGY FRAMEWORK (USEF)
This Dutch project had as objective of employing demand-
side flexibility to address problems at different levels, such as
the localized peak load issue in the distribution network and
the system-wide balancing problem. The DSO-Aggregator
interface could be used for flexibility trading between aggre-
gator andDSO for congestionmanagement and/or grid capac-
ity management [157] and [179].

13) VANDEBRON
This project was developed in the Netherlands by a P2P
network connecting consumers with renewable energy. The
platform enabled direct power transactions between energy
suppliers and consumers. The consumers choose their own
source of wind, biological or solar energy and the means
to plan consumption and save according to their needs [33],
[120], [161] and [180].

14) COMMUNITY FIRST! VILLAGE
This American project set up a small power network with
a 27-acre master-planned community that provided power
to the housing of the disabled and chronically homeless in
Austin, Texas. The small power network employed RES,
such as PV, to take advantage of regional weather, achieving
the consumption and storage of power by houses and some
community business [161] and [181].

15) ELECTRON
This British project developed a platform for gas and power
metering and billing systems. System architecture worked in
digitally optimized marketplaces in which the sum of small
operations was managed as common transaction packages.
Renewable energies were set out as requirements in order
to show the profit stakeholders in existing and emerging
markets [161] and [182].

16) MOSAIC
This American project was a P2P-PV systemwhose objective
was to encourage interested consumers, such as apartment
owners and others who did not own solar systems, to pay for a
portion of the solar power generated by the host solar system.
Decentralization in the system was adapted to consumers and
prosumers rather than dealing with a central corporate entity
[161] and [183].
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17) SonnenCommunity
This German project allowed owners to share self-produced
power with others. As a result, there was no longer any need
for a conventional power supplier. The batteries, which were
fed by a PV system, totally covered the owners’ power needs
on sunny days (often even generating a surplus) [33], [161]
and [184].

18) THE BROOKLYN MICROGRID
This American project was a community-driven initiative in
which two residents of Brooklyn President Street partici-
pated in the first-ever P2P power transactions by applying
blockchain. The power used was derived from renewable
energies such as PV. Prosumers sold their excess solar energy
to the marketplace, from which consumers purchased the
available solar energy using Brooklyn Microgrid app [33],
[120] and [185]–[187].

19) THE COMMERCIAL BUILDING VPP
The objective if this Chinese project was to develop a VPP
for commercial buildings in the Shanghai urban area in
order to respond to the intelligent, automated, large-scale and
diversified demand of commercial buildings. Power network
that was put into operation was assembled from numerous
distributed renewable energy storage sources in Huangpu
District of Shanghai [18] and [160].

20) THE FEASIBILITY VPP CHONGMING SYSTEM
The project proposes a model with PV, wind and biomass
renewable energy to assess the feasibility of VPPs located in
Chongming country, China. The main objective is to analyze
the application feasibility and performance of VPPs based
on the aggregation of renewable energy power units and the
advanced power-saving equipment implemented in some city
buildings [188].

21) AGL VPP BATTERY STORAGE ARENA
The objective of this project was to simplify local network
constraints, stabilize power prices and support RES in Aus-
tralia. The VPP integrated a large number of small-scale
Batteries and PVs into the smart grid. The total capacity of
indicated units was 5 MW. The system took advantage of
weather, and more than 40% of the generated power orig-
inated from wind farms or rooftop PV systems [85], [106]
and [189].

22) DIGITAL GRID URAWA MISONO
This Japanese project connected prosumers to sub-power
lines for P2P trading with one shopping mall. Each prosumer
was equipped with a PV system, battery, smart meter, Dig-
ital Grid Controller (DGC) and Digital Grid Router (DGR).
The DGR recorded information, such as power supplies and
prices, and enabled AC-DC-AC conversion for grid intercon-
nectivity [28].

23) SOURCE-GRID-LOAD SMART GRID
This project was developed for the large-scale consumption
of clean energy using digital technologies in China. The

smart grid used artificial intelligence to efficiently coordi-
nate power production in power plants, along with balancing
household consumers’ power consumption. The first point
was Jiangsu, which achieved a dynamic equilibrium between
supply producers’ and consumers’ demands [160].

24) XIONG’AN
This project used the geothermal renewable energy located
in Baoding, Hebei, China to build a self-sufficient and sus-
tainable city. The strategy developed for sustainability was
a multi-energy source complementary scheme, which inte-
grated medium-deep geothermal power, shallow geothermal
power and the waste heat from regenerated water and waste
generation [160].

Table 5 shows the starting year of each project, along
with the countries that developed the implementation of the
respective power systems. In addition, Figure 3 shows aworld
map indicating the participation percentage for each country
according to the total number of international VPP projects.

B. VPPs AND INDUSTRY 4.0
Each project has taken a step forward toward the improve-
ment of infrastructural designs and technological applications
increasing their power performance into their systems. The
integration of digital technologies, such as computing (effec-
tive control of physical systems); cloud computing (software
platform for optimization); data networking; big data ana-
lytics; adaptable and computable control algorithms, allows
VPPs to integrate power systems by means of a software
service that predicts, analyzes, monitors and optimizes the
production, consumption and storage of power [166]. Fur-
thermore, the authors of [190] state the importance of effec-
tively scheduling the use of several household electronic and
electrical devices, owing to the importance that consumers
place on these devices. Such devices can acquire continuous
power during each time slot without interruption, generating
a large amount of data that can be processed by the VPP in
real time applying Smart Metering in order to analyze power
costs and essential constraints within their power systems.

The VPPs also use collaborative environment strategies
to improve the planning, monitoring and controlling of their
systems according to their limitations and their stakeholders’
requirements. The strategies mentioned basically highlight
three types of network structures or, from an interaction
point of view, three types of collaborative environments:
i) P2P refers to direct power trade between producers and
consumers without the intermediation of conventional power
providers [120]; ii) V2G refers to the use of EVs as mobile
generation devices, in addition to being mobile storage
devices, passing their stored power to the grid in a manner
that is convenient for both the grid operator and the vehicle
owner [191]; and iii) M2M refers to achieving connectivity
between virtual machines through a data processor that is
generally used to connect to multiple devices and transmit
the data to the cloud [192] and [193]. This therefore, gives
VPPs the possibility of dynamically integrating their systems
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FIGURE 3. World map of VPP projects.

TABLE 5. International VPP projects.

by organizing them operationally in a centralized, decen-
tralized, or hybrid manner [194], as mentioned in previous
sections.

The increased participation of small producers and pro-
sumers in local power markets integrated by VPPs, and the
variety of collaborative environments in which they interact,
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has led to the emergence of autonomous agents who operate
dynamically with other consumers, producers, or prosumers
in different environments. According to the characteristics
of the agents defined by their production or prosumption
objectives, small companies are established that make up
the called multi-agent systems [195]. Establishing reliable,
timely and secure information channels between VPPs and
all the stakeholders of their system, therefore, requires the
application of increasingly robust infrastructural and techno-
logical tools. In [196], the authors mention that the appli-
cation of blockchain technology allows various agreements
called smart contracts to be organized betweenVPPs and their
stakeholders for data analysis, real-time information process-
ing and timely decision making. Moreover, [197] indicates
that, in order to guarantee transparency in power transac-
tions by producers, prosumers and consumers, VPPs using
blockchain technology can generate commercial exchange
elements within the system, which are called tokens or cryp-
tocurrencies. Furthermore, according to [198], when integrat-
ing blockchain technology within the systems integrated by
VPPs for interaction with the power market, the following
benefits can be found: encryption of power savings, exchange
of power savings, proper value power savings, increased
transparency, lower transaction costs, increased reliability,
increased security and customer trust and increased market
sources. Moreover, in [199], the authors mention that by
defining a hierarchical agent structure, data management
complexity is reduced at each agent level of inter-operation
in order to improve the value information blocks within the
power system. In addition, in [200], it is indicated that in a
P2P environment, the trading operations in the power market
can be developed by end-users. The end-users could decrease
the negative impact on expected profit by defining a sys-
tem with the perspective based on a behavioral risk attitude,
according to the implementation of an adequate communica-
tion technology.

Furthermore, the authors of [201] present a functional
model, island, that is decentralized and defined by layers and
which focuses on radial distribution networks with a single
feeder connected to the renewable energy network and the
public network that provides support to the user, as it is
applied generally. Themodel proposes an interaction between
the power integrated by the VPP within the system and its
interaction with the power market. It is also important to
note that cybersecurity plays a very important role in the
systems that operate with VPPs in situ or through remote
control. The VPP can be supported for the automation of
its operations in blockchain technology accompanied by the
IoT, structuring cybersecurity mechanisms that evaluate the
proper functioning of scheduled tasks. One good scheme is
that shown in [202], whichwouldmake it possible to diagnose
smart contracts in terms of functionality and cybersecurity.
From a comprehensive perspective, in [203], the authors
propose a model in which the power management offered by
smart homes is generated using blockchain technology, where
the DERs available are evaluated for each discrete trading

period during one day. The power prices are those of a typical
time-of-use distribution system, which allows smart homes to
have any combination of DERs, defined by the mathematical
modeling of PV, BESS and EV units. The authors of [204]
consequently state that it is important to consider the power
limitations that balance the state of charge in order tomaintain
the profits of the system in comparison with the baseline
price and time-of-use pricing schemes. At the level of analysis
and information processing, in [205], a model is proposed in
which a trading strategy that involves an artificial intelligence
algorithm is developed in order to evaluate the economic
impact according to the forecast of the powermarket services.
The algorithm uses machine learning techniques to forecast
trends according to supervised and reinforced learning tests,
achieving results when working with data from multi-market
trade scenarios. In [206], it is proposed the application of
deep learning techniques in order to improve competition
between VPPs and achieve the best cost vs. benefit ratio
in each of the systems integrated by them. A comparison
between supply function approximations allows the reader to
understand the importance of using deep learning as a com-
plementary technique to machine learning and to improve the
evolution of artificial intelligence each time the VPP feeds
the algorithm with the day-to-day data obtained from power
systems. In addition, according to [207], it is important to
consider that, in order to achieve the optimal bidding strategy
of a VPP, the correct collection of data in every element of the
system and a robust deep learning-based approach is required.

It is suggested that interested reader analyze the case study
of ‘‘The Brooklyn Microgrid’’, because it integrates many
of the concepts mentioned above and provides a detailed
description of the design and implementation of the micro
grid using various elements of Industry 4.0. Its authors men-
tion how it is possible to take advantage of a structure of
a power system powered by renewable energy to commer-
cialize P2P power in a local independent power market by
using blockchain technology. The way in which the sys-
tem maintains power supply continuity by taking advantage
of PV use and the connection with the power network is
explained in [185]. In addition, the ‘‘components ofmicrogrid
energy markets’’ are mentioned in a diagram that describes
the ‘‘energy management trading system’’, providing useful
information with which to understand at what point and under
what conditions the VPP could integrate the power systems.
Furthermore, it is also recommended that the reader analyze
the case study of ‘‘Smart contract architecture for decen-
tralized energy trading’’, as it establishes and complements
concepts that relate a P2P strategy with the power distribution
network integrated by VPP and its interaction with EVs, solar
power, wind power, DSOs and the power market through the
application of blockchain technology [120]. The case study
of ‘‘Exploring blockchain for the energy transition in Japan’’
shows the structures and technologies applied to a system
implemented in Japan, in which the opportunities and chal-
lenges related to economic, environmental and institutional
aspects are described [28].
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VII. CONCLUSION
This paper provides a literature review of more than 180 sci-
entific papers related to VPPs. The mention of key strategies
of VPPs and their strong factors as regards making deci-
sions in power systems have been collected organizing the
information according to: i) the evolutionary frequency of the
concepts and definitions related to VPPs within the analyzed
papers; ii) the operation, planning and interaction of VPPs
with the internal and external system elements, agents and
power markets; iii) the programming methods, math tech-
niques and software tools used to solve the production, dis-
tribution and profit issues proposed; and iv) the international
VPP projects as reference for the development of new power
systems integrated by VPPs.

The power systems analyzed mention VPP interaction in
the operation and synchronization of DERs, power operators,
EVs, consumers, producers, prosumers or batteries, among
others, along with the integration with other power systems
and power markets. Moreover, they analyze the behavior
of the combination between sources of traditional power
production and sources of power production derived from
renewable energies.

In the analyzed papers, it is mentioned that VPPs carry
out trading operations in power and CO2 markets, acting as
intermediaries for the big and small producers, consumers
and prosumers, considering in some papers the bidirectional
power transactions carried out by models such as P2P, V2G
and M2M. In addition, it is also mentioned that the interna-
tional VPP projects involve Industry 4.0, such as IoT, AI,
blockchain and cloud computing, thus facilitating the inte-
gration of small consumers, producers and prosumers into
power systems, and even making their interaction easier with
the power market.

The papers cited suggest that the issues and challenges
analyzed in the power systems may be overcome interpreting
and modeling systematically each of the elements within the
system, as well as the featured geographic andmeteorological
characteristics of each environment in which they perform.
Therefore, the issues proposed by researchers consider fac-
tors such as uncertainty, reliability, DR, reactive power, or the
use of heat and waste gases, among others, to formulate
the models whose objectives are: i) to optimize power con-
sumption by establishing incentive and penalty parameters at
peak and off-peak hours; ii) to maximize profits from power
trading in power and CO2 markets, establishing predictions
according to DR, real-time and time-of-use programs; and
iii) to minimize operating costs for power production, dis-
tribution and storage, establishing control and storage nodes
according to the BESS, the state of charge and the character-
istics of power batteries.
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