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Abstract

At present, the structure of power systems is greatly changing due to the pe-
netration of decentralized generations. Although they encompass a high flex-
ibility potential, their large-scale penetration interferes with the power system
operation at all voltage levels. To get rid of this flaw and exploit their flexibili-
ty, different concepts like Virtual Power Plants, Microgrids and Cellular Ap-
proach have been introduced but still no solution is in sight. Under these con-
ditions, it seems quite intriguing to find out whether these concepts are likely
to offer a complete solution or not. This paper presents ten criteria to assess
the complete Smart Grid solution and introduces a comprehensive evaluation
system based on cloud-charts. The paper looks into the already existing solu-
tions, which are respectively based on Virtual Power Plants, Microgrids and
Cellular Approach concepts. The investigations have shown that none of these
solutions meets all criteria necessary for a complete Smart Grid solution. Even
a combination of different criteria fails to yield the desired results.
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1. Introduction

The power industry has been more than ever challenged in the past 20 years. Its
liberalization [1] and the establishment of the electricity market [2] gave the
power industry the first blow, followed by other difficulties caused by the intro-
duction of new renewable energy resources and the decentralized generation,
DG. At present, many countries are moving towards a renewable energy portfo-
lio [3] [4] [5] [6], which increases the fluctuations in power systems. The struc-
ture of electricity supply is also changing drastically due to many decentralized
generation units [7] [8] [9] [10], each having a possibility to interfere with the
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system operation at all voltage levels. This kind of development of the energy
industry is causing serious problems in the management and use of the existing
transmission [11] [12] [13] [14] and distribution [15] [16] [17] grids.

In order to solve those problems, various concepts such as Virtual Power
Plants, VPP, [18]-[23], Microgrids [24]-[29] have been developed for years.
Many scientists in different countries have started to use these concepts since
first introduced in 2003, each of them providing different solutions related to
their individual cases. Most of them succeeded in changing the fundamental de-
finition of these concepts to meet the specific requirements set in their own
projects. The detailed definitions of Virtual Power Plants [20] and Microgrids
[24] concepts are still being discussed in various technical-scientific forums
worldwide.

In 2008, a new concept called the Cellular Approach was introduced into the
Smart Grid research area [30] [31] [32]. A simple comparison shows that, similar
to Microgrids [29], the Cellular Approach [31] uses the same Matryoshka-doll
principle in setting of cells. As in [33], both concepts are intertwined with each
other and the mixed name of “Smart Micro Grid Cell” was since introduced.

The introduction and use of Smart Grid concepts have caused many other
problems [21] [29] [34] [35] in an effort to solve the challenge of DG integration.
The proposed solutions were mostly of a partial character, in many cases very
complicated and with extremely ramified control schemes, which makes their
practical implementation in a large scale almost impossible. Therefore, none of
the solutions has practically crossed the boundaries of a research project. These
problems, accumulated over time, sooner or later endanger the reliable and safe
operation of power systems.

Amidst such a research landscape with so many different concepts, it appears
intriguing to pursue the question whether the already existing concepts or their
combination are likely to support a complete solution for Smart Grids. It is to be
expected that any future extension of them or the development of the new con-
cepts should enable the development of a complete Smart Grid solution.

The main thrust of this paper is to identify the evaluation criteria for a com-
plete Smart Grid solution. This study first focuses on the definition of the com-
plete solution, followed by the identification of ten assessment criteria and estab-
lishment of a comprehensive evaluation system for a complete Smart Grid solu-
tion. Finally, the study verifies to what extent the popular concepts of Virtual

Power Plant, Microgrids, and Cellular Approach meet the defined criteria.

2. Complete Solution

There are several definitions of the term Smart Grid [36] [37] [38] [39]. For this
study I have used the definition given in [36] which refers to the term “Smart
Grid” as a modernization of the electricity delivery system to the extent that it
monitors, protects and automatically optimizes the operation of its intercon-
nected elements—from the central and distributed generator through the high-

voltage transmission network and the distribution system to industrial users and
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building automation systems, to energy storage installations and to end-use
consumers and their thermostats, electric vehicles, appliances and other house-
hold devices.

Based on the above Smart Grid definition, the study defines the complete
Smart Grid solution as an answer seeking to solve the Smart Grid problems as a
whole. A Smart Grid complete solution should guarantee a stable, reliable and
cost-effective operation of a more environmentally-friendly smart power system.
It should also have the ability to ride through the transition phase and further on
without causing any problems.

3. Evaluation System

A comprehensive evaluation system make it possible to assess the similarities,
differences, strengths and weaknesses of competing complete Smart Grid solu-
tions. A well-integrated evaluation system ensures soundness and reasonable-
ness of the development process for a complete Smart Grid solution.

The evaluation system consists of the assessment criteria and evaluation

cloud-chart.

3.1. Assessment Criteria

The established assessment criteria consist of a set of benchmarks or yardsticks
against which the accomplishment, conformance, performance, and suitability
of a complete Smart Grid solution are measured. They are established by consi-
dering the following properties: each of them should be unambiguous, compre-
hensive, direct, operational and understandable [50].

The evaluation criteria of a complete Smart Grid solution have to consider the
following:
1) All voltage levels of power grids

Based on [36], both the transmission (very high and high voltage level) and
distribution (medium and low voltage level) grid are included to the Smart Grid
definition. And rightly so, although different parts of the grid are operated from
different utilities, the power grid is one unique giant physical system with very
complicated interdependencies [28] [36] between different parts of it. The iso-
lated consideration of different grid parts may challenge the reliable operation of
the neighboring ones. As reported in [11], the local control of the decentralized
generation connected in a medium voltage grid has created a remarkable uncon-
trolled reactive power flow in the high voltage grid. Therefore, it is indispensable
to consider all voltage levels of power grids for a suitable and complete Smart
Grid solution.
2) All electricity producers regardless of size and technology

Based on [36], all electricity producers from the central up to the distributed
generators are included into the Smart Grid definition. Apart from the big pow-
er plants, the distributed generators are gaining in popularity. They are small
sized, based on different technologies and can be connected across all distribu-

tion grids. Similar to the large power plants, they show a considerable flexibility,
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but they can adversely affect the network operation, when they operate in an
uncoordinated way. Therefore, taking into consideration all electricity producers
regardless of their size and technology is a cornerstone for a successful and com-
plete Smart Grid solution.
3) All electricity storages regardless of size and technology

Historically, large pumped hydro power plants have been widely used for
electricity storage. Nowadays, driven from the advanced technologies, smaller
storage units are used. These units are connected across all distribution grids up
to the customer plants and can contribute to their reliable operation. Thus con-
sidering all storage devices, regardless of their size and technology, opens up ex-
traordinary perspectives for an economical operation of the grid and an effective
use of the installed capacities of power supplies.
4) Consumers and prosumers

Nowadays, many consumers have changed their behavior, mainly because
they have installed PVs on their roofs. These consumers, now transformed into
prosumers, are able to consume and inject power into the power grid and deliver
flexibility for its operation.
5) All power system operation processes

It is important to guarantee a secure, reliable and economic operation of the
smart power system in the future as well. That means that all the processes
needed to operate a power system—i.e. power system monitoring, limit assess-
ment, static and dynamic security, congestion management, outage manage-
ment, load shedding management, generation load balance, reserve manage-
ment, restauration, demand response, etc. [40]—must be supported by the com-
plete Smart Grid solution.
6) Data privacy protection

Data privacy gets a great relevance only when the prosumers actively partici-
pate in the grid operation. The prosumer participation in the grid operation
leads to an increase in the use of the information dealing with their private con-
sumption and daily private activities.
7) Avoidance of big data transfer

Electricity is generally taken for granted and should be available on demand.
In many cases, the deployment of the existing Smart Grid solutions leads to a big
data transfer. The latter requires the integration of new ICT technologies, which
are largely exposed to cyber-attacks and thus reduce the reliability of supply. The
minimization of data transfer and the use of secure communication media are
crucial for a reliable and secure power supply.
8) Market aspect

Electricity market is already an integral part of the power industry. Its flou-
rishing is one of the essential aspects of smart power grids. There are even Smart
Grid definitions underlining that Smart Grids are mainly oriented to the elec-
tricity market [38].
9) Standardized structure

Standardized structures can be easily deployed into the power industry and
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contribute to an economical, qualitative, simple and straightforward develop-
ment and implementation of a given solution. They are fundamental to the
large-scale implementation of the complete Smart Grid solution.
10) Transition process

Electricity is one of the fundamentals of today's life because we depend on
electricity for such rudimentary needs as water, food, health care, communica-
tions, etc. The electricity industry is classified as one of the critical infrastruc-
tures [41] of our society. This means that smart power systems should operate
reliably during their transition time as well as afterwards. Therefore, the availa-
bility of a smooth transition process from the actual power systems and applica-
tions up to the smart power systems and the corresponding applications is an

indispensable criterion for the complete Smart Grid solution.

3.2. Evaluation Cloud-Chart

Evaluation cloud-charts are used to present the assessment results in order to fa-
cilitate their interpretation and comparison of different cases. Figure 1 shows
the evaluation cloud-chart of an ideal, complete Smart Grid solution, when all
criteria are fulfilled as a whole. The study performs only a qualitative analysis

and draws results, which should be treated as a trend rather than a sharp rating.

4. Discussion

This chapter deals with the first attempt made to evaluate different solutions,
which are based on the most popular Smart Grid concepts like VVP, Microgrids
and Cellular Approach. The evaluation is based on the evaluation criteria de-
fined above. I have done an extensive research while preparing for this study.
However, given the large volume of publications in this area, I might have
missed some relevant information that I am not aware of. Nevertheless, this
study seeks to be the first ever evaluation attempt aiming at further developing

Smart Grid concepts.

All grid
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Figure 1. The evaluation cloud-chart of an ideal smart grid solution. All criteria are ful-
filled as a whole.
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4.1. Virtual Power Plant

Figure 2(a) shows the cloud-chart for the Smart Grid solution, which is based
on the VPP concept. The VPP is composed of a number of Distributed Energy
Resources (DER) of various technologies with various operating patterns and
availability, the characteristics of the VPP may vary significantly in time. This
concept was originally designed to enable the small decentralized electricity
producer to participate into the market. Later, it was found out that the complex
management processes of the grid could not be considered with this concept
[18]. Therefore, the VPP concept was split up into two, the Commercial VPP
(CVPP) and the Technical VPP (TVPP) [42]. The CVPP is a representation of a
portfolio of DER that can be used to participate in energy markets in the same
manner as transmission-connected generating plant, while the TVPP provides
visibility of DER to the system operator(s); it allows DER to contribute to system
management activities and facilitates use of DER capacity, providing system ba-
lancing at the lowest cost. The power grid does not appear to be treated explicit-
ly. Therefore the first criterion that requires that all voltage levels of power grids
are taken into consideration seems not to be met. All studies based on the VPP
consider the distributed generation and storage [18]-[23]. The big power and
storage plants, which are connected to the high voltage grid, are not taken into
account. Therefore, criteria 2 and 3, which take into consideration all producers
and storages regardless of size and technology are not fulfilled as a whole. Con-
sumers and prosumers are fully taken into account, thus criterion 4, requiring
that consumers and prosumers are taken into consideration, is met in its entire-
ty. Criterion 5 deals with the consideration of all power system operation
processes. The generation-balance process is being broadly treated. Other
grid-related operating processes [40] are not treated or are still part of the re-
search process in the context of the TVPP. Therefore, criterion 5 can hardly be
fulfilled in this case. Solutions based on the VPP require a big data exchange
between the DERs and the aggregators, as well as TSOs and DSOs [42], thus
creating not only an ICT challenge but also a data privacy issue [11] [13]. A lot
of research work has been carried out in this area, thus criterion 6 on data pri-
vacy protection results to be partially fulfilled. Criterion 7, which requires the
avoidance of the big data transfer [42], is not fulfilled. Criterion 8, which deals
with the market aspect, is met in its entirety. All solutions derived from the VPP
are very complex with extremely ramified schemes [11] [13] [43] [44] [45] [46]
[47]. No standardized structure could be identified and, as a result, criterion 9
on the standardized structure is not met. Criterion 10 on the transition process

is not dealt with in literature, so it is not fulfilled.

4.2. Microgrids

Figure 2(b) shows the cloud-chart of the Smart Grid solution, which is based on
the Microgrid concept. Although a detailed definition of Microgrids is still under
discussion in technical forums, a Microgrid can be described as a cluster of

loads, distributed generation units and Energy Storage Systems operated in
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Figure 2. The evaluation cloud-chart of smart grid solutions, which are based on different concepts: (a) Virtual

Power Plants; (b) Microgrids; (c) Cellular Approach.

coordination to reliably supply electricity, connected to the host power system at
the distribution level at a single point of connection, the point of common
coupling [24]. As a result of the definition, the power grid does not seem to be
treated in its entirety. Microgrid applies only to distribution, which means in the
medium and low voltage grid. High voltage grid is included in the “host power
system” [24], “Macrogrid” [48], which per definition is not part of Microgrid.
Therefore the first criterion that requires that all voltage levels of power grids are
taken into consideration seems not to be met in its entirety. Distributed genera-
tion and storage are a fundamental part of Microgrids, but large power plants
and storages that are connected to the high voltage grid are not taken into ac-
count. Consequently, criteria 2 and 3, which take into consideration all produc-
ers and storages regardless of size and technology are not fulfilled as a whole.
Consumers and prosumers are fully taken into account, thus criterion 4, requir-
ing that consumers and prosumers are taken into consideration, is met in its en-
tirety. Criterion 5 deals with the consideration of all power system operation
processes. Although a Microgrid should be capable of operating in grid-con-

nected and stand-alone modes [24], no any contribution can be found that de-
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scribes the grid-connected regime. As a result also the power system operation
processes are not treated. In these conditions criterion 5 a hardly be fulfilled.
Data privacy is a very important issue in the Microgrids solutions when there are
needed cooperation’s among subsystems [35]. A lot of research work has been
carried out in this area [48], thus criterion 6 on data privacy protection results to
be partially fulfilled. Microgrids solutions requires big data transfer thus creating
an ICT challenge [48]. Additionally, the usage of the Game Theory for the Smart
Grid solution increases drastically the risk of cyber-attacks. Also here a lot of re-
search has been carried out, hence criterion 7, which requires the avoidance of
big data transfer results somewhat fulfilled. Criterion 8 deals with the considera-
tion of the market aspect. There are many attempts to implement a market en-
vironment using a Multi-agent System [25], or market model based on Game
Theory [49]. Therefore, criterion 8 can be considered fulfilled. No standardized
structure could be identified and, as a result, criterion 9 on the standardized
structure is not met. Criterion 10 on the transition process is not dealt with in

the literature, so it is not fulfilled.

4.3. Cellular Approach

Figure 2(c) shows the cloud-chart for the Smart Grid solution, which is based
on the Cellular Approach. It can be seen as a self-controlled small Microgrid,
which is integrated with a modular Smart Grid ICT infrastructure [3]. The dis-
tribution grid is considered through “connection corridors” while the transmis-
sion grid through “transmission corridors” [31]. Therefore the first criterion that
requires that all voltage levels of power grid are taken into consideration seems
to be fulfilled in its entirety. The Cellular Approach applies on the distributed
producers and storages [31], but the big power plants and storages which are
connected to the high voltage grid are not considered. Therefore, criteria 2 and
3, which take into consideration all producers and storages regardless of size and
technology are not fulfilled as a whole. Consumers and prosumers are fully taken
into account, thus criterion 4, requiring that consumers and prosumers are tak-
en into consideration, is met in its entirety. Criterion 5 deals with the considera-
tion of all power system operation processes [40]. Cellular Approach deals
mainly with the process of load-generation balance combined with those of De-
mand Side Management. Other essential operations [40] are in fact not ad-
dressed. Therefore, criterion 5 seems to be fulfilled to some extent. Data privacy,
criterion 6, and the avoidance of big data transfer, criterion 7, are the biggest
challenges in the realization of the Cellular Approach. Indeed, researchers have
come to the conclusion that further research projects and concepts are needed to
develop robust solutions against cyber-attacks [32]. Therefore, criteria 6 and 7
seem to be little fulfilled. The Cellular Approach supports and requires a new
market design and business models which are already in process [31]. Therefore
criterion 8, which deals with market aspect, is not fulfilled as a whole. No stan-
dardized structure could be identified and, as a result, criterion 9 on the stan-

dardized structure is not met. Criterion 10 on the transition process is not dealt
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with in the literature, so it is not fulfilled.

The evaluation cloud-chart of Smart Grid solutions presented in Figure 2
shows that none of the solutions fulfill all the evaluation criteria as a whole. They
all show almost the same shape, with an important difference that the grid con-
sideration is successively increased from the VPP solution, Microgrid and then
up to the Cellular Approach one. The evaluation cloud-charts are not comple-
mentary to each other, which means that the combination of solutions based on
various existing Smart Grid concepts, VPP, Microgrids and Cellular Approach,

cannot provide a complete Smart Grid solution.

5. Conclusion

Smart Grids are widely elaborated in the last 15 years, but still no complete solu-
tion has been found. This study provides the first ever definition of a complete
Smart Grid solution and introduces a comprehensive evaluation system consist-
ing of ten clear and unambiguous assessment criteria. None of the solutions
based on various existing Smart Grid concepts, VPP, Microgrids and Cellular
Approach, or their combination fulfills all the evaluation criteria as a whole.
However, this study concludes that other concepts and paradigms are needed to

provide the complete Smart Grid solution.
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