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Abstract: In this paper, a framework is presented for the evaluation of smart grid environment which
is called the three-layer model. This three-layer model comprises three specific categories, or ‘layers’,
namely, the stakeholder, market and technologies layers. Each layer is defined and explored herein,
using an extensive literature study regarding their key elements, their descriptions and an overview
of the findings from the literature. The assumption behind this study is that a solid understanding of
each of the three layers and their interrelations will help in more effective assessment of residential
smart grid pilots in order to better design products and services and deploy smart grid technologies
in networks. Based on our review, we conclude that, in many studies, social factors associated with
smart grid pilots, such as markets, social acceptance, and end-user and stakeholder demands, are
most commonly defined as uncertainties and are therefore considered separately from the technical
aspects of smart grids. As such, it is recommended that, in future assessments, the stakeholder
and market layers should be combined with the technologies layer so as to enhance interaction
between these three layers, and to be able to better evaluate residential smart energy systems in a
multidisciplinary context.

Keywords: smart grids; electricity market; flexibility; stakeholders; end-users; renewable energy;
energy products and services

1. Introduction

For the successful deployment of residential smart grids, it is evident that interdisciplinary
information about energy technologies, energy markets and the needs of various types of stakeholders
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must be identified, merged, and implemented in practice. Therefore, in this paper, the results of an
in-depth literature study are presented, aimed at elaborating a framework for gathering knowledge
and developing understanding about residential smart energy systems. This framework, called the
three-layer model, comprises three layers: stakeholders, the market, and technologies [1]. Each layer is
defined below. The framework originates from the European research program, ERA-Net Smart Grids
Plus, in which it is considered to provide a common context for interdisciplinary smart grid research
(see Figure 1) [2]. According to the International Energy Agency (IEA), a smart grid is defined as
“an electricity network that uses digital and other advanced technologies to monitor and manage the
transport of electricity from all generation sources in that (local) network to meet the varying electricity
demands of end-users” [3].

In this paper, we focused on the specific category of smart grid environment known as residential
smart grids and their pilot projects for experimenting with diverse features. Residential smart grids
are located in the low voltage grid, usually in the built environment, and involve tens to hundreds of
households that are equipped with smart energy products and services.

Our definition of smart energy products and services (SEPS) includes all the products and services
that have the ability to support the active participation of end users by efficiently and reliably managing
their energy systems and balancing the mismatch between electricity demand and supply [4].

1.1. Layers

Below each layer of the model is briefly described in order to provide a general understanding for
the reader.
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Figure 1. Three-layer research model for smart grids environments (adapted from ERA-Net Smart
Grids Plus [1,2]).

1.1.1. Stakeholders Layer

In this layer stakeholders cover a diverse group of entities, ranging from individual end-users,
communities, network operators, and aggregators to (local) governmental organizations. Stakeholders
interact with smart grids through an interest or concern. Some features of smart grids, such
as demand side management (DSM) and exchange of energy with other end users (peer-to-peer
trading) involve individual end-user type stakeholders of the type of individual end users, whereas
other features—such as a high penetration of renewable energy at a local level, as well as electric
mobility [2,4–6]—involve stakeholders of a more organizational character such as network operators
and governmental organizations.
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1.1.2. Markets Layer

This layer comprises all the financial and business-related aspects of smart grids. Energy market
structures, the micro-economics of energy technologies and energy billing belong to the markets
layer. Also factors such as investments, net present value (NPV), levelized costs of electricity (LCoE),
electricity tariffs and pricing mechanisms, fall into this category [7,8].

1.1.3. Technologies Layer

The technologies layer covers all the technological aspects of smart grids [9–12] related to energy
technologies and information and communications technology (ICT), among which, but not exclusively,
smart grid networks, distributed energy resources (DER) such as photovoltaic (PV) systems, wind
turbines, micro-combined heat and power (µCHP) [13,14], energy storage systems [15], home energy
management systems (HEMSs), DSM [16], demand shifting [17], demand and supply forecasting
algorithms, electric vehicles (EVs), EV charging stations, stationary fuel cells, and hydrogen fuel cell
electric vehicles (FCEVs) [18].

1.1.4. Flexibility

In addition to the three layers, special attention is given to ‘flexibility’ in this paper, as it is a main
characteristic of future energy systems. It is defined as a “general concept of elasticity of resource
deployment providing ancillary services for the grid stability and/or market optimisation” according
to CENELEC [19]. In other words, electrical flexibility is the ability of a system to deploy its resources
to respond to changes in net load, where the net load is defined as the remaining system load not
served by variable generation [20]. Because the intermittent nature of renewable energy generation
may threaten the stability of the overall system, smart grids can provide the flexibility needed for the
correct operation of the energy system.

1.2. Aim

The main aim of this review was to emphasize the importance of each of the three layers and
the current knowledge of each layer, to show the number of research activities in the different
disciplines, and make an attempt to define the key elements of residential smart grids for sustainable
energy and flexibility. To this end, a thorough review of the literature was performed. Compared
to other established frameworks—such as the Transactive Energy [21], the Universal Smart Energy
Framework (USEF) [22], and the Energy Flexibility Platform & Interface [23] —our review approaches
energy transition at the residential level, using the theoretical three-layer model framework. We take
into consideration each layer and their interrelations, suggesting cooperation among disciplines and
parties, from their very beginnings and into the design phase. The main advantage of our approach
is that we distinguish among the various disciplines in order to allocate knowledge and barriers for
each layer in residential smart grid projects. This is a different approach than most of the stochastic or
techno-economical models [24,25]. In this way, we aimed to decrease the uncertainties and increase
active involvement at the residential level, making stakeholders and prosumers (consumers that also
generate energy) part of the energy transition, and to stimulate feedback from end-users to designers.
The research approach is presented in Section 2, with insights from the literature regarding the three
layers then being presented (Section 3) and discussed (Section 4). The paper is summarized in the
Conclusions (Section 5).
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2. Research Approach

Our research consisted of reviewing journal papers, conference papers, reports and websites
of interest to smart grids in the framework of technologies, markets, and stakeholders. The term
‘smart grid’ was used for the first time in 1966 [26]. Caution should be taken because at that time
the term ‘smart grid’ was related to radio wave transmissions instead of electricity grids. The first
official definition of a smart grid was approved by the US Congress in 2007, and signed into law in
the same year [27]. According to a search in Scopus, which took place in November 2018, since 2007,
there have been more than 100,000 papers published mentioning the term ‘smart grid’. We found it
most significant to consider articles that mentioned ‘smart grid’ in the abstract, title or keywords in
our literature study. We found around 40,000 works, 92% of them being conference papers (64%) and
articles (28%). The literature study is summarized in Figure 2, and pertains to the years and different
layers proposed above.

Up to 2012, the number of papers was exponentially increasing for all areas of research into smart
grids. Since 2012, the increasing annual number of publications on smart grid topics has led to a
massive volume of more than 4000 publications per year, represented by a linear increase between
2012 and 2015. Around 5600 publications were published in 2016, which is very similar to 2017. At the
beginning of November 2018, the number of publications in 2018 had already reached 5200. Although
the year has not ended yet, we did include 2018 in our results (Figure 2). Based on affiliation, most
of the publications originated from the EU (37.5%), the USA (22%), China (19%), and other countries
(21%). The trends are similarly exponential before 2012 for almost all regions, and for all disciplines.
After 2012, the number of publications stabilized around 1000 publications per year for the USA and
China, although trends in EU countries vary considerably. The Joint Research Centre of the European
Commission database and reports indicate that 953 smart grid projects have been funded in the EU
since 2007, by 2900 different organizations, involving 5900 participants, and with investments of
around €5 billion [28]. This diversity in projects and participants, gave the EU the lead in the number
of scientific publications. For the USA, the number of projects announced on government websites
was limited to only 119. As such, the related budget ($4.5 billion) indicates that projects funded in the
USA were mostly larger-scale projects than in the EU [29]. For China, pilot projects were expected to
be even more concentrated, as today there are 15 smart city pilots, with an expected $7.4 billion of
investments by 2020 [30].

A further analysis was needed in order to categorize papers in terms of the three layers proposed
of the framework, aimed at highlighting the trends in weight of research directed towards each
layer. The boundaries between the disciplines are difficult to clarify. A classification based on which
journal the publication appeared, and it led to relatively very small number of papers for the market
(Business, Management, and Accounting: 2.6%) and stakeholders (Social Sciences Journals: 4.2%)
layers. Therefore, we searched in Scopus using the keywords that we used to define the layers.
Multidisciplinary studies were taken into consideration so publications dealing with than one layer
were mentioned in both corresponding layers. Therefore, the sum of the publication for each layer is
greater than the total number of papers. It appears that markets and stakeholder layers’ tendencies are
very close to each other. A possible explanation could be that many social scientific studies on users
were critical of the market layer’s scientific contributions or insights, and those papers thus represent
critiques. Another explanation could be that user behavior, stakeholder investments and expectancies
played a major role in the market layer, considering the dependency of energy price on demand.
The technologies layer showed at least 50% more publications than the other layers regardless of the
year of publication.
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Figure 2. Yearly number of publications found in Scopus using the search term ’smart grid’ and the
three layers classification.

3. Findings for Each of the Three Layers

3.1. Stakeholders Layer

Looking at the stakeholders layer, the main focus is on residential customers and
prosumers [31–33]. It was found that users, as they are described in the more recent research, not only
have different labels—such as customers, consumers, prosumers and end users—but are also assumed
to behave differently from each other [4,34–36]. The most prevalent type reported on in the literature
is the consumer, who is supposed to adapt to new developments in the energy system, such as smart
grids. The prosumers are seen as users who consume and (co-)produce energy, who are sometimes also
seen as potential active players on energy markets through aggregators [37,38]. The prosumers’ most
important attribute is their ‘proactiveness’ inside the new energy system, which differs from passive
consumers, who merely have to accept or adopt smart grids, and end users. Furthermore, based on
the papers that focused on user experiences, with special attention paid to demand side management,
it appears that the issue of the acceptance of smart grids is widely discussed. Only a few studies built
on evaluations of real life experiences based on smart grid projects [39,40], whilst most studies focused
on future scenarios and (online) surveys [32,40–42] (see report [43] for further details).

In particular, end-users’ knowledge with regard to smart grids, is shown to both enhance
acceptance and to create confusion [33,44,45]. The literature review shows that from current smart
grid projects and the reference framework USEF, the following other main stakeholder groups
can be distinguished in smart grid environments: business customers, aggregators, balancing
responsible parties, balancing service providers (BSPs), suppliers, distribution system operators
(DSOs), transmission system operators (TSOs), governments, and other regulators (Table 1) [8].

The role descriptions shown in Table 1 indicate stakeholders’ roles and their interactions with
the markets or technologies layers. Our study also shows that the future roles of other stakeholders,
other than the residential customers, are foremost mentioned in policy reports with a special focus on
the role of the DSOs, which are generally public organizations. Mostly, their concerns are reliability
and equity among the residential energy consumers, and not the development of new markets. From
these reports, it seems that uncertainties still exist with regards to market structures (monopoly versus
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competition), task delegation, the necessity of new (independent data handling) institutions, etc.;
however, again, there is very little information about the exact roles of the stakeholders inside smart
grids pilot projects, nor as facilitators of the renewable energy transition.

DSOs in the Netherlands play a major role in improving the reliability and robustness of the
local grids in response to the supply of distributed renewable energy and expected peaks in demand
for charging EVs. To support this statement, Dutch DSOs participated in 28 out of 31 projects with
at least 15 households in each. In 12 of these pilots, they were part of the project consortium [43].
Regarding TSOs, their role is closely related to that of the DSOs, with the duties of developing and
maintaining the transmission of electricity, and balancing supply and demand across different districts.
They usually have a particular interest in new DER technologies as vehicle-to-grid (V2G) in order to
provide local balance and supply to decrease transmission and avoid congestion. In the Netherlands,
the TSO also pilots some of the smart grids with aggregators.

Table 1. Stakeholders in smart grids environments and descriptions of their roles (adapted from [8])

Stakeholder Group Description

Residential
customer/prosumer

A residential customer or utility business that produces electricity. Roof top PV
installations and energy storage battery systems are examples of homeowner
investments that allow people to do both consume and produce energy for use
locally or to export during certain parts of the day or year.

Aggregator

A person or company combining two or more customers into a single purchasing
unit in order to negotiate the purchase of electricity from retail electric providers, or
the sale of electricity to these entities. Aggregators also combine smaller participants
(as providers or customers or curtailment) to enable distributed resources to play in
the larger markets.

Balancing responsible
party (BRP)

A legal entity that manages a portfolio involving the demand and supply of
electricity, and has a commitment to the system operator in a European Network of
Transmission System Operators for Electricity (ENTSO-E) control zone to balance
supply and demand in the managed portfolio on a Program Time Unit (PTU) basis
according to energy programs.

Balancing service
provider (BSP)

In the EU Internal Electricity Market, this is a market participant providing balancing
services to its connecting transmission system operator (TSO), or in case of the
TSO-BSP model, to its contracting TSO.

Supplier A supplier provides energy to end customers, based on a contract. The energy can be
from the supplier’s own power plants or traded in relevant markets.

Distribution system
operator (DSO)

The DSO is responsible for the safe and secure operation and management of the
distribution system. DSOs are also responsible for the planning and development of
the distribution system.

Transmission system
operator (TSO)

A legal entity responsible for operating, developing, and maintaining the
transmission system for a specific zone and, where apposite, its interconnections with
other systems, and for guaranteeing the long-term ability of the system to meet
reasonable demands for the transmission of electricity.

Government/Regulator
The regulator must strengthen competition and ensure that this does not compromise
security of supply and sustainability. To act even-handedly in the interests of all
market participants, regulators must be politically and financially independent.

3.2. Market Layer

From the existing literature, it can be concluded that several incentives for smart grid
environments are present at the market level. Namely, aggregators can operate on the spot markets,
i.e., by energy arbitrage, and on the balancing markets [8], however, some market barriers are
present. For example, in many European countries, it is impossible for renewable electricity generation
to operate on balancing markets, while this generation is very suitable to use for downward
regulation [46]. Another current market inefficiency is the risk that current renewables generation
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incentive schemes (especially feed-in tariffs) decrease the value of newly installed renewables
generation over time. Smart grids can address this by more efficiently matching supply and demand.

From a market perspective, one could argue that, when the shares of renewables in the grid
increase to high levels, their inherent fluctuations would cause more volatile spot market prices and
higher imbalance prices, thus providing higher incentives, and possibly business models, for smart
solutions. On the other hand, one could also argue that, before that was the case, stakeholders would
need to (and will) gain experience in these smart solutions because of the pivotal role that the electricity
system plays in our society. Whether the current market model is already suitable for deploying smart
grids thus remains therefore a matter for discussion in forthcoming years.

3.2.1. Pricing of Electricity and the EU Electricity Market

Concerning the pricing of electricity, in nodal pricing (or locational marginal pricing), which
is incorporated in the electricity system of the USA, prices are set at different nodes in the system
(places where supply and demand meet). In zonal pricing, as used in the EU electricity markets,
prices are the same across the entire zone, not taking transmission limits into account. Therefore, the
criticism of zonal pricing is that it does not stimulate the optimal placement of variable renewable
electricity production [47,48]. For example, in Germany, much wind electricity production is located
in the north, but the transmission line does not have the capacity to transfer this electricity to the
south, resulting in congestion losses [47,49]. In 2015, 566 TWh was traded on the European Power
Exchange (EPEX, including Germany, Austria, Luxembourg, France, the UK, the Netherlands, Belgium,
Switzerland), while 59 TWh was traded on the intraday market, although the intraday market grew
faster (26% versus 20%) [50].

There may be concerns about price and power fluctuations, regarding the market and technologies
layers; however, flexible market scenarios, which control unwanted fluctuations, have recently been
reported [51,52]. In addition, moderate fluctuations may potentially accelerate DER deployment,
the design of various smart energy products and services, widen the international electricity networks’
power transfer capacities and agreements as part of EPEX, meaning that one aspect viewed as
unbeneficial for one layer, may come to be potentially beneficial for the future of smart grids. For such
perspectives, the three-layer approach facilitates the identification of interactions between layers, and
therefore permits more global and multidisciplinary approaches on smart grids and energy transitions.

3.2.2. Flexibility of the Market

In terms of the dynamics in the electricity supply system, and due to system stability reasons,
demand and supply need to match at any instant in time; otherwise, the system is in imbalance.
In liberalized electricity systems, market mechanisms implemented to maintain the balance are
increasing. In short-term markets and balancing especially, flexibilities aggregated from end-users
(customers or prosumers) provide an increasing potential for smart grids. Such flexibility can be
used for several use cases, such as balancing, optimizing trading costs and minimizing costs from the
imbalance settlement (e.g., caused by forecast errors in renewable electricity generation) or for the
customer to increase their own consumption, whereby these use cases can be associated with different
roles/actors.

When using the flexibility for one use case, however, several other actors may be influenced by
this activation, either positively or negatively. Future markets in smart grid environments indicate
an increased coordination need between several actors in regard to the integration of flexibility, and
different flexibility use cases are depicted based on different roles, as shown in Figure 3.
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3.3. Technologies Layer

The technologies layer covers systems, technologies, and energy products and services that
physically create a smart grid environment. In this section, the physical systems of smart grid will be
analyzed from three perspectives; DER, demand side flexibility and resource side flexibility. These
perspectives were to highlight smart grid flexibility, which is considered to be the key component for
its integration into the electricity network [44].

3.3.1. Distributed Energy Resources

From the perspective of residential smart grids the following technologies can be distinguished:
DER systems in the form of micro-generators and energy storage, smart appliances, smart meters,
energy monitoring, and home automation (Table 2).

Table 2. Technologies layers in a smart energy system (adapted from [9,36]).

Category Example

Distributed energy resource
systems: micro-generators

Electricity:
- Photovoltaic solar systems
- Wind turbines
Electricity and heat:
- Micro cogeneration units
- Fuel cells
- Hybrid and fuel cell electric vehicles (FCEVs)
- Solar heating and cooling

Distributed energy resource
systems: energy storage

Electricity:
- Batteries (household or neighborhood size)
- Electrolyzers
Heat:
- In home hot water storage
- Storage heaters
- Shared storage in buildings or neighborhoods
- Ground, aquifers, phase-change materials, thermochemical
materials, etc.
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Table 2. Cont.

Category Example

Responsive appliances

- Electric vehicles (Battery)
- Heat pumps
- Air conditioners
- Dish washers
- Washing machines
- Clothes dryers
- Freezer/refrigerator
- Battery operated home appliances robots (vacuum cleaners,
kitchen appliances)
- 3D printers, robot arms
- Close-in boilers

Smart/digital meters

- Electricity meters (frequency ranges from seconds to
day intervals)
- Gas meters
- Meters that allow for breakdown to appliance level (usually part
of a monitoring and control system)

Energy monitoring and
control systems

- Sensors and energy monitoring systems, ranging from household
aggregate to breakdown to appliance level
- Gas measurement, often combined with a smart thermostat

Home automation for
smart energy use

- Energy services gateways
- Apps
- Steering of deferrable load (smart appliances)
- Home automation and control
- Internet of things
- Smart plugs and smart battery chargers (lighting, USB grids, etc.)

With reference to the technologies layer, mainly capabilities regarding the flexibility of specific
technologies or residential applications are of interest. In addition to the above, hydrogen as a storage
medium has received much attention in the last few years because of the flexibility it can provide [53,54].
Electrolyzers can provide wind/solar peak shaving by splitting water with renewable energy sources
electricity and producing hydrogen. This bulk energy storage process is known as power-to-gas.
At peak demand, fuel cells can use hydrogen to quickly respond to the load demand. Hydrogen
energy technologies are complementary to batteries, which can supply day-to-day electricity, whilst
hydrogen can be used for long-term energy storage, particularly seasonal storage (summer-to-winter).

3.3.2. Demand Side Flexibility

Technical flexibility stresses two main aspects: controllability (e.g., on/off modes, shiftability,
modulation, and so on) and characteristics (e.g., minimum and maximum power, reaction time, etc.).
Apart from these general characterizations of resources, metrics can be introduced to specify a certain
resource with respect to its capability, or ’characteristics’. In [55], different approaches for defining
flexibility in terms of characteristics are discussed, in which the three main aspects identified are
ramp magnitude, ramp frequency, and response time. Figure 4 shows a classification of the residual
load for the stakeholders group ’prosumer’, in terms of controllability. The base load represents the
consumption in the prosumer premises, without any degree of freedom for flexibility or controllability.
Loads providing controllability can be distinguished along with their ability to curtail, shift or store
energy. As a concrete example, we can mention smart washing machines or dishwashers, which can
provide a controllability, albeit within limits [56], to the smart grid for it to activate before the latest
run time defined by the user [17]. In the case where a user programs the schedule of the appliance
for economic reasons, the smart grid will optimize this according to the three layers: stakeholder
(objective), market layer (price), technology (demand shifting).
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3.3.3. Resource-Side Flexibility

While generators and large resources can be described in terms of three main technical aspects,
such as ramp magnitude, ramp frequency, and response time, smaller demand resources might need
to be characterized using more details.

Based on individual technical parameters, the eligibility of the system types can be evaluated
for smart energy product and service applications. The energy resources described in this section
can be assigned following the categories of controllability, shown in Figure 4 at the beginning of this
section. Regarding the characteristics of resources, Table 3 provides an overview of some these for
individual systems.

Table 3. Characteristics of resources in terms of flexibility

Resource Type Availability Reaction Time Duration

PV System Depends on weather and
time of day seconds Depends on weather and

time of the day

Heat pumps
Fully available until

temperature criterion of
household is met

seconds
Fully available until

temperature criterion of
household is met

White goods and
appliances Customer dependent seconds Process dependent

(non-interruptible)

Wet appliances Customer dependent seconds Appliance dependent

Thermal storages Fully available until
temperature criterion is met seconds Limited by maximum

battery capacity

Battery electric
vehicles (EV) Customer dependent seconds

Limited by maximum
battery capacity and

customer

Fuel cell electric
vehicles (FCEV) Customer dependent seconds

Limited by tank capacity,
contrary to EV, tank fills

as fast as 4 min

The availability and activation duration of all the investigated systems is somehow limited
either by technical parameters or by the needs or influence of customers. In terms of power supply
or demand, most systems range within typical power connection values of households in Europe
(~17 kW). Depending on system configurations, EVs or PV systems may exceed this value significantly,
which may lead to increasing needs for grid investments (e.g., transformers, power lines, etc.). It was
shown that the investigated systems at the residential level provide a different potential for flexibility
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applications. Whilst existing systems—such as PV systems, heat pumps, or appliances—provide
limited controllability (except for downward regulation), the introduction of stationary battery energy
storage systems in particular can enable full flexibility for local optimization or ancillary services.

4. Discussion and Perspectives

Although smart grids are still in an early stage of development, in recent years, societal
implementation has gained momentum through the deployment of smart meters and small and
medium scale smart grid pilots [44,58–60]. The transition to smart grids would create electricity systems
that would enable consumers to make informed and empowered energy-related choices, promoting
personal behavioral changes [39,61]. In this regard, evaluative studies and reports, such as [62–65] have
highlighted the relevance of end-users in smart grid deployment. Nowadays, statistically significant
data concerning social factors in stakeholder issues are few compared to the number of papers on
technologies and market layers analyses [1]. Social-acceptance, in regard to product adaptation,
appears to be a slow process, nevertheless, it is one of the key factors in the fast deployment of smart
grids into the actual grid [39]. The continuous interactions and co-evolution of the three layers will
define the smart grid environment, and the more interaction there is, the more rapid the transition will
be to a fully smart grid. Our study aimed to highlight this multi-layer interaction to enable a wider
point of view and practical solutions.

The first crucial point for social implementation is the selection bias in monitoring surveys caused
by the so-called Hawthorne effect (see [66]). For instance, one of the world’s largest datasets of
appliances, Pecan Street [67], is sharing the circuit-level residential electricity data in the USA intended
for research purposes. The data has shown that the monitored residences are consuming far less
electricity (33–60%) compared than the means of that specific region’s other network users, probably
due to being a volunteer or being conscious that they are participating in a pilot experiment. Active
participation of the individuals is crucial for efficient integration and energy resilience, therefore
the design of smart products and services is crucial to maintaining their motivation to be energy
efficient. In the stakeholders layer, detailed consumer profiles analyses are needed in order to point out
such important facts, which will guide the technologies and market layers on structural issues in the
electricity network. Treating raw data according to only the market and technologies layers, without
considering end-users and stakeholders, is already inducing unneglectable simulation uncertainties on
an hourly basis, and the high prediction errors may induce significant organizational and structural
errors. The data purged of bias will help us to focus on specific smart energy products and services,
their research and development [68].

Pecan Street’s recent data analyses from 12,083 monitored residences showed that 50% of
the electricity used was related to air conditioning units, water heaters, and refrigerators [69].
Such applications could be shiftable loads if thermal isolation was feasible and sufficient, which
again underlines the importance of load flexibility management. The main barrier would be the initial
costs of these zero energy households, additionally equipping them with devices such as heat pumps,
which in the EU are now supported by policy. Creating facilities and smart energy products, depending
on end-users’ surveys about these devices and comfort expectancies, would be a cost-effective solution.
Moreover, users’ knowledge with regard to smart grids (such as an abundance of feedback information)
has been shown to both enhance acceptance and to create confusion, and in contexts, people prefer
demand load control (the ability of energy suppliers to control user consumption) while they reject it
in others.

For EU countries, the risk of residential peak demand is high and similar for countries such as
Italy, Norway, and Germany, for average households, while on the other hand, Bulgaria and the UK
differ completely [70]. Global warming also plays a role in the trend of peak demand. In 2014, France
had the lowest peak demand on record since 2004 [71]. Other EU countries’ consumption profiles
and peak demand characteristics remain to be validated for the smart grids from ongoing EU pilot
projects [1]. At the regional level, zone policies and network characteristics vary. For instance, for the
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Netherlands, the barriers to fast deployment of smart grids are mostly uncertainty of the benefits, with
only about 11.1% of the network contains renewable energy generation in 2015 [72], while a target of
14% renewables by 2020 in the Netherlands has been stated [73]. Meanwhile, Austria has a target of 34%
renewable energy by 2020, and 100% self-sufficiency in energy by 2050 [74]. The main reason for this is
the use of hydroelectricity as a huge energy reservoir to flatten the demand curve, which improves the
renewable energy cost effectiveness by erasing the need for residential batteries. Austria is actually
marketing itself as the ‘battery of Europe’. Transnational collaborations and knowledge sharing
initiatives between these types of countries are in progress, in order to learn from favorable conditions
and to consider weak points, so as provide more solid initiatives [1]. For instance, in the Netherlands,
there are some investment plans in operation until 2025, as the green hydrogen economy in north,
which might be a solution for the electricity grid capacity and flexibility problems in a cost effective
way, through combining with other renewable/sustainable energy sources [75]. The renewable energy
seasonal surplus could be converted and stored as hydrogen, transferred across the country by the
existing gas network (after minor conversion), and could be stored in salt caverns to provide seasonal
flexibility, and to balance regional pros and cons, salt caverns and the dramatic decrease in renewable
energy production during winter.

Regarding energy efficiency and sustainable energy usage by EU citizens, the three-layer model
usage will keep their motivations in pace, as feeling part of the energy transition. Smart products and
services would give them the possibility to become greener or accomplish their economic objectives
giving them a certain degree of freedom, meanwhile also providing the ability to the smart grid to
optimize the shiftable load whenever available. Techno-economical approaches, or fully automated
demand load control, or massive deployment of smart grids, would certainly bring resilience and
efficiency from a technical and organizational perspective, which is of course a necessity [24,25].
However, in the residential sector, if not combined with the stakeholders layer, these approaches might
fail to make citizens become more energy resilient or sustainable. Furthermore, because they might
not feel part of the energy transition, the usage performance of new technology devices might drop.
Or even worse, it paradoxically increase citizens’ consumption, as they may tend to consume more due
to disempowerment resulting from the automated processes. Automated demand load would certainly
reduce the peak demand, by risking this to be perceived as a real constraint for the residential sector.
Even used to a moderate extent, if end-user perspectives are not taken into account, they will greatly
reduce the acceptance of smart grids. Our three-layer model aims to highlight such interactions and
the possible consequences, where the solution should come from all layers, not only from a top-down
approach. The main barrier to smart grid deployments is the lack of multidisciplinary considerations
for the residential sector where uncertainties are vast and objectives, consumption and production
patterns, geographic attributes, local authority aims and policies are not identical.

5. Conclusions

Our study aimed to present a three-layer model (stakeholders, markets, technologies) for the
assessment of residential smart grids. In this way, knowledge about the actual performance of
residential smart grids can be collected and evaluated within its framework. The use of the three-layer
approach increases awareness of the multidisciplinary aspects of the problem, which most of the recent
and extensive technical literature reviews point out [11].

We defined and discussed each layer in terms of recent issues from different perspectives.
Uncertainties still exist with regard to market structures, task delegation, the necessity for new
(data-handling) institutions, etc. Issues resulting from human factors and the stakeholders layers,
comfort expectancies, the aims and requirements of smart grid users are still unknown parameters,
however they are deemed to be crucial in order to fit the market and demand energy management
systems in smart grids. If the goal of some consumers is to be more sustainable, and for others to
relinquish any comforts, but only to sell some of their local energy production, then the conflict of
interest has to be analyzed well considering the entire grid. Consuming only renewable energies and
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storing them may not be the greenest way, as batteries also have notable ecological impacts. Bottom-up
end user and stakeholder capacities and demands must be analyzed in conjunction with statistical
consumption graphs. Also, a portfolio of users identified for minimizing bias, should be considered
in order to discern structural and pricing issues in smart grids. Modellers admit the necessity of
including many parameters, especially stakeholder behavioral or characterization parameters [54].
Social acceptance and practices also have to be considered closely and more data is needed to be more
statistically significant, in order to define to what extent flexibility may play a role [28].
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