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Abstract: The growing integration of intermittent renewable energy sources (RESs) and the increasing
trend of shutting down fossil-fuel-based power plants has brought about the need for additional
flexibility in energy systems. This flexibility can be provided in various forms, including controllable
generation and consumption, storage, conversions, and exchanges with interconnected systems. In
this context, an increasing focus is placed on the development of smart energy systems (SESs) that
combine different types of distributed energy resources (DERs), information and communication
technologies (ICTs), demand side management (DSM), and energy conversion technologies. The uti-
lization of SESs can lead to multiple benefits for the stakeholders involved; therefore, the assessment
of their performance is a primary concern. Due to their multidisciplinary nature, there are no known
or universally accepted standards for assessing the performance of SESs. Previous efforts only define
key performance indicators (KPIs) for individual homogeneous subsystems, focusing on a specific
SES type and application area. This paper focuses on the development of a novel comprehensive KPI
framework that can be applied to any type of SES, regardless of the application area. The proposed
framework consists of four layers that specify the application area, the main SES requirements, and
the involved stakeholders’ objectives. Next, the KPIs are identified for each of the stakeholders’
objectives. The proposed KPI framework is applied to the use case of a European research project
with different application areas, to demonstrate its features. Finally, a repository of KPIs is identified
for each use case with respect to the aforementioned SES requirements.

Keywords: application area; KPI framework; region; SES requirements; stakeholder objectives

1. Introduction
1.1. Smart Energy Systems and Future Trends

One of the main global imperatives in preventing climate change from causing irre-
versible damage to the planet is to reach net zero carbon emissions by 2050. This necessitates
the reduction in energy demand by at least 0.19% per year, and the increasing penetration
of renewable energy sources (RESs) to be pushed to above 85% of production by 2050 [1]. In
this direction, current energy networks are evolving due to the growing integration of dis-
tributed energy resources (DERs). In particular, in 2020, at the European Union 27 (EU-27)
level, RESs produced 38% of electrical energy, for the first time overtaking fossil-fired
generation, which fell to 37% [2].

Apart from hydropower plants, other RES units, e.g., solar photovoltaics (PVs) and
wind farms, require higher flexibility in both time and space to balance power and en-
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ergy due to their intermittent nature. In addition, the increasing trend of shutting down
fossil-fuel-based power plants, e.g., coal- or gas-fired plants, leads to additional decrease
in flexibility potential, which is required for the provision of control reserves. The neces-
sary flexibility in the energy system is provided through a combination of different forms,
including controllable generation plants and consumption (demand responses), storage,
conversions, and exchanges with interconnected systems [3]. Such flexibility forms can
defer the deployment of new conventional generation plants, leading to reduced consump-
tion of fossil fuels. As a consequence, an increasing focus is placed on the development
of “smart energy systems” (SESs) that combine different DER types, information and com-
munication technologies (ICTs), demand side management (DSM), and energy conversion
technologies [4]. SESs are principally referred to “cost-effective, sustainable and secure en-
ergy systems in which renewable energy generation, infrastructure and energy consumption are
integrated and coordinated through energy services, active users and enabling technologies” [5].
Moreover, an SES can exploit synergies between different energy vectors, such as power,
transport, heat, and gas, with the main goal to achieve an optimal solution, not only for
each sector, but also for the entire energy system [6]. Hence, by combining the electricity,
thermal, and transport sectors, the SES can compensate for the lack of flexibility from RES
units. The key expectations for the SESs are to be exergetically sound, energetically secure,
environmentally benign, economically feasible, commercially viable, socially acceptable,
integrable, and reliable [7].

According to different scenarios (distributed energy (DE) and global ambition (GA)),
which are based on the Paris Agreement objective of keeping temperature rise below 1.5 ◦C,
the overall energy mix in EU-28 is expected to become carbon-neutral by 2050. Particularly,
the RES share in the GA scenario reaches 69% by 2050, while the DE scenario can achieve a
RES share of 82% [8]. In [9], authors also estimate that 83% of EU households could become
prosumers by 2050. As shown in Figure 1, the majority of energy in 2050 is expected to
stem from renewables—such as wind, solar, and hydro—comprising roughly 52% and 34%
of primary energy demand in Europe within the scenarios of DE and GA, respectively.
Furthermore, biomass and energy from waste materials can cover 22–28% of the primary
energy mix.

Figure 1. Primary energy mix and RES share in DERs at EU-28 level for the: (a) distributed energy
scenario, and (b) global ambition scenario [8].

The electrification of heat and transport is necessary to decarbonize the energy system.
In line with the European targets, different scenarios aim to reduce emissions in both
sectors, focusing on the electric vehicles (EVs) and heat pumps (HPs), which have the
greatest impact on electricity demand. In [8], the national trends (NT) scenario, based on
the EU National Energy and Climate Plan, and external scenarios from third-parties, are
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also included to broaden the range of possible future trends for EVs and HPs. The DE
scenario predicts the highest electrification with 245 million EVs and about 50 million HPs
at the EU-28 level by 2040, while the GA scenario assumes a more conservative uptake,
reaching 200 million EVs and about 25 million HPs. The NT scenario shows a lower level
of ambition for electrification with about 100 million EVs and 30 million HPs by 2040.
Though there are differences between the future scenarios, there is a clearly increasing
trend for both EVs and HPs, rendering the utilization of SESs necessary for their reliable
and secure operation.

The main benefits from the utilization of SESs involve the deferral of investments in
network reinforcement and reduced need for additional reserve generation capacity, as well
as increased renewable energy use, better health and environmental conditions, climate
change alleviation, and optimal energy balancing on a short-term basis [1,7,10]. In a British
survey [10], the utilization of SESs is expected to achieve the following: (a) defer invest-
ments in grid upgrades by 2050 up to GBP 12 billion; (b) reduce the need for conventional
generation, achieving potential savings from GBP 0.5 to GBP 5 billion in 2050; (c) meet
binding targets with lower RES capacity, reaching savings from GBP 0.5 to GBP 5 billion;
(d) smarten the energy networks, reducing RES curtailment up to 100 TWh per year by
2050; (e) optimize minute-by-minute energy balancing, achieving annual savings of about
GBP 1 billion.

Despite the multiple benefits from the implementation of SESs, there are various
challenges to be overcome by the involved stakeholders. In case of DSM-based SESs,
modeling of customer behavior, forecasting of load demand, as well as attractive pricing
schemes and incentives for the end users, can cause barriers to the engaged energy service
provider [10]. The main concern for the system operators is that the high integration
of RES-based generators can decrease the inertial response of power systems due to the
lack of rotating mass endangering the network reliability and stability [11]. In addition,
system adequacy issues raised by load and RES generation uncertainties can arise more
frequently. Policy and regulatory barriers also prevent the integration of SESs, since the
energy policy and regulatory frameworks have been designed around the traditional power
generation system. Moreover, benefits by SESs are not always monetized due to the lack of
appropriate markets, undermining their investment business case. In terms of sociocultural
barriers, the lack of customer awareness about the benefits of SESs can also delay their
implementation [12]. Other obstacles are related to technology risk, in cases of missing
technical standards for innovative technologies, interoperability issues, and limitations in
data exchange due to data privacy and security policies.

1.2. The Role of KPIs and Background of KPI Frameworks for SESs

Due to the plethora of benefits and challenges to be considered when implementing
the SESs, the assessment of their performance is usually a complex procedure. Despite
the growing interest for SES projects and initiatives, the evaluation and measurement of
their outcomes can face various challenges due to prodigious data processing demands and
heterogeneity of connected smart components. The SESs cover a variety of heterogeneous
subsystems with largely varying applications within the system; however, most assessment
techniques exist only for subsystems of SESs [13]. Moreover, there are no known or
universally accepted standards defining and measuring the performance of SESs [14].
Assessment frameworks enabling a comprehensive evaluation of SESs are required to
quantify the value proposition of SES projects, as well as the initiatives and benefits
delivered to the different stakeholders involved in their deployment. In this regard, various
criteria, such as environmental impact, system efficiency, cost effectiveness, and resource
utilization, are considered for the evaluation of their energetic, exergetic, environmental,
and economic performance [7].

To support the monitoring of relevant projects and initiatives, key performance indi-
cators (KPIs) can be a universal instrument to evaluate the progress of SES deployments.
KPIs are performance metrics explicitly linked to a strategic objective translating strategy
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execution into quantifiable terms. Hence, they can provide visibility of the SES performance
and enable the involved stakeholders to take action to ensure or accelerate achievement of
the desired outcomes. The need for a uniform monitoring of SES performance has led to the
proposal of different approaches for the development of KPI frameworks [12,15–21]. Since
there is no standardized approach to evaluate SESs of different spatial scales, most existing
tools are developed for the specific use cases and scenarios of each project. Various method-
ologies follow a macroscopic approach, considering a specific application area (building,
community, city, or region) as an entire system, without examining the performance of each
SES [12,17–19]. In addition, frameworks reported in the literature may be developed for
specific spatial levels, for instance, building [16] and community–district [12,18,21]. Other
approaches do not consider the impact of the examined SES on energy networks [15,17,21].
In several cases, authors identify the KPIs based on general thematic domains, such as
technical, environmental, economic, and social aspects, and not on the involved stakehold-
ers’ objectives [12,17,20,21]. In terms of the stakeholders, various references do not include
system operators and energy service suppliers in the target groups [17,21]. Consequently,
there is a need to develop a generic assessment tool to measure the performance of SESs,
regardless of their application area, mapping the involved stakeholders’ objectives with the
defined KPIs.

1.3. Main Contributions and Paper Structure

The main purpose of this paper is to present a generic KPI framework for defining
the repository of KPIs for different SES types with respect to the SES requirements and the
main stakeholders’ goals. In cases where multiple SESs exist in the application area, the
framework will be able to evaluate the impact of each individual SES on the stakeholders’
objectives. In this manner, robustness is also assured, considering the multidisciplinary
nature of SES technologies. To the best of the authors’ knowledge, no similar assess-
ment framework exists in the relevant literature. In addition, the proposed approach is
differentiated from other reported frameworks for the following reasons:

• emphasis is given to integrating all relevant stakeholders involved in the deployment
and operation of SESs;

• the methodology is based not on general thematic domains, but on mapping between
the key SES requirements and the involved stakeholders’ objectives;

• the framework can be applied in application areas of different spatial scales.

The proposed methodology is adopted in the context of the EU-funded research project
SONDER [22]; however, the ultimate goal is to be applied to a wide variety of relevant SES
projects of the joint programming initiative ERA-Net Smart Energy Systems.

The structure of the paper is organized as follows: Section 2 provides the methodology
developed for the generation of KPIs, defining the groups of stakeholders, application areas,
SES requirements, and the stakeholders’ objectives. Section 3 presents the use cases whose
SESs are assessed, followed by the KPIs that are identified for each use case in Section 4.
Finally, Section 5 provides a brief summary and next steps of future work.

2. KPI Methodology

The proposed KPI methodology aims to evaluate and optimize the operation of
SESs, operating on a building, community, city, or regional level. The KPI framework is
intentionally generic, so as to satisfy various assessment requirements of different SES
technologies. The procedure for the determination of suitable KPIs is based on four
layers, which are required for the definition of application area, involved stakeholders,
SES requirements, and stakeholders’ objectives, as shown in Figure 2. Moreover, the KPI
framework is developed according to a top–down approach. The top–down approach can
relate a generic SES requirement with the stakeholders’ objectives, which can be quantified
with various indicators. The SES requirements are considered as main thematic areas that
are subdivided into functional stakeholders’ objectives, which are quantified through the
defined KPIs. This representation can offer depth, coherence, and clarity, and sums up
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complex generic criteria with different KPIs. The procedure of collecting KPIs comprises
operations of matching, grouping, and ranking information, considering the requirements
of the different stakeholders involved in each SES deployment. Though the KPIs can also
be defined by another frameworks, the proposed methodology can be adjusted with respect
to the application area, SES type, and stakeholders engaged.

Generic SES requirements are defined for six areas of interest, as follows: (a) network
operation optimization, (b) improved network development, (c) increased flexibility, (d) en-
hanced system feasibility, (e) improved interoperability, and (f) improved model accuracy.
The selection of the aforementioned areas was carried out with the main goal to establish
an assessment tool that covers the majority of the issues that need to be addressed for the
deployment of various SESs. The proposed categorization was developed with a view to
provide a holistic evaluation considering all necessary SES aspects.

Figure 2. KPI framework used for various application areas based on the SES requirements and the
stakeholders’ objectives.

For the stakeholders involved in the SES operation, their main objectives are deter-
mined with respect to the SES requirements. This activity leads to a definition of proper
criteria based on stakeholders’ priorities and can be different for each project. At the final
step, the KPIs for each of the stakeholders’ objectives are defined. Each final KPI is related
to a specific stakeholder’s objective in order to evade possible overlaps of the stakeholders’
objectives when calculating the KPIs. In addition, a conflict of interest may exist for objec-
tives that have opposite impact on a specific KPI. In such cases, the final value of the KPI is
determined considering both impacts; hence, the conflicting interests are taken into account
in a common KPI. In practice, a KPI may be affected by more than one objective; however,
we elect to connect the KPI with the most relevant objective, in order to limit the framework
complexity. Hence, the selection methodology leads from general SES requirements to final
KPIs, following the top–down approach. The utilization of quantitative indicators is valu-
able not only to describe and assess, as accurately as possible, the individual characteristics
of an SES, but also to compare the performance of available SES technologies designed
for the same scope. Due to the vast number of potential indicators that can be included
in the repository of a KPI framework, a filtering procedure is required based on a series
of fundamental criteria identified from the literature. In particular, the KPIs should be
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characterized by relevance, completeness, availability, measurability, reliability, familiarity,
complementarity, non-redundancy, and their benchmarkable capacity [20,23].

Apart from the definition of KPIs, their thresholds and targets should also be deter-
mined in order to quantify the main objectives of the SES application. The thresholds can
define an allowable range for the KPI values, and they can be determined by relevant
standards, extreme use cases, or the business as usual (BAU) scenario. Since most KPI
thresholds cannot be specified by standards, it is of the utmost importance to compute
the KPI in the BAU scenario without the SES application. The extreme use cases can also
determine the upper and lower thresholds of the KPI for the investigated BAU scenario
without the SES application. Next, the test implementation can evaluate the SES perfor-
mance comparing the calculated KPI with the two limits, when utilizing the SES. In case
that thresholds cannot be defined through the aforementioned procedures, either typical
values can be obtained by previous estimations of the literature, or commonly used as-
sessment methods, e.g., the Likert scale, are applied [23]. The targets can differ from the
thresholds, since the thresholds may represent the minimum and maximum values that do
not correspond to the optimal ones. Targets are often set using arbitrary methods, values
from the literature, or by simulating the optimal SES operation. In addition, targets can
be helpful when defining thresholds, as thresholds correspond to a margin determined
with respect to the target. Consequently, the derivation of different zones for the KPI, based
on both targets and thresholds, can increase the transparency of the SES performance. In
this direction, the utilization of traffic light indication systems can help the demonstrators
monitor the KPI status (normal, low, medium, high, and critical) and set trigger conditions
for alerts and warnings [24].

In the literature, various categorizations are reported for the KPIs, with respect to
technical, economic, environmental, legal, and social/policy aspects [18], or according
to different levels, such as the technology, system, and market levels [20]. The proposed
framework divides the KPIs into thematic pillars that originate from the stakeholders’
objectives and can include the aforementioned areas of interest. In the remainder of this
section, each layer of the KPI framework is presented.

2.1. Main SES Application Areas

The assessment of SESs with the utilization of KPIs entails different spatial levels that
vary from a single building to a community, city, or region, as shown in Figure 3.

Figure 3. Different application areas of SESs and main groups of stakeholders that can be engaged in
their development and operation.
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2.1.1. Building

Buildings account for about 40% of the total energy demand and 36% of the CO2
emissions in Europe; hence, they possess one of the highest untapped potentials for energy
management [25]. In this direction, the implementation of nearly zero-energy buildings
(nZEBs) is required for all new buildings by 2020 in Europe [6]. The energy used in nZEBs
is provided by on-site or nearby RES units. This transition to an nZEB level for all buildings
can also contribute on the mitigation of grid stress, reduction in greenhouse gases (GHGs)
and energy bills, and better living conditions.

2.1.2. Community

The term “community” represents a group of energy users that decide to act collec-
tively instead of individually because of their proximity to one another, so that the activities
can provide services or other benefits to the community members [26]. Focusing on the
spatial proximity, a community is placed in a small locality, where people spend a contin-
uous portion of their time, though the term can be scaled up to higher spatial levels [27].
In the energy sector, the term “energy communities” (ECs) has been debated extensively;
therefore, the Clean Energy Package has introduced two slightly different types of com-
munities: citizen energy community (CEC) and renewable energy community (REC) [28].
Both types of communities provide a framework for citizens, small- and medium-sized
enterprises (SMEs), and local authorities to develop a non-profit entity through which
they can collectively produce, purchase, sell, and store energy, providing various forms
of energy services to the community shareholders or members. ECs are involved in DG
and in performing activities of a DSO, energy service supplier, or aggregator at local level,
including cross-border activities [29]. Various SES technologies, e.g., generation assets,
energy management systems, and ICTs, can be integrated into EC systems and can be
owned by single or multiple parties, including the community and utility and other public
or private companies. ECs usually serve a small neighborhood of households; however,
they may cover a wider geographic area and a variety of load types [30]. ECs provide
various solutions to their members with respect to self-consumption combined with storage,
peer-to-peer energy trading, energy balancing, and electromobility [28,30]. ECs can also
cooperate with system operators to increase the grid resilience by benefiting from DR
aggregation—providing flexibility and deferring grid reinforcements [30,31].

2.1.3. City

Cities house 50% of the world’s population and are responsible for 75% of the
global energy consumption [30]. Hence, the cities need to encourage responsible en-
ergy consumption—the local production and consumption of renewable energy—so as
to increase energy efficiency and to reach energy autonomy. In this direction, the “smart
city” concept is used as a holistic approach to cities that use new technologies to ensure
sustainable economic growth and a high quality of life, with a wise management of natural
resources [32,33]. Cooperation between different stakeholders, e.g., public administration,
entrepreneurs, research and development, non-governmental organizations, and citizens,
is needed for the implementation of smart cities. In smart cities, SESs can include the areas
of generation, storage, infrastructure, facilities, and transport [34]. In this context, state
and power management authorities focus on smart control over public lighting, reduced
energy consumption in public buildings, deployment of RES-based EV charging stations,
and district heating/cooling networks, based on renewable and waste heat recovery sys-
tems [30,32]. Consequently, the implementation of SESs at city level can decrease the carbon
footprint, providing better living conditions.

2.1.4. Region

The collaboration of local authorities for the development of plans, which cover a
wider range of people, places, and issues, can contribute on the conceptual transition from
a city to a regional level. Hence, a focus on regions can seek solutions that benefit not only
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major cities, but also their surrounding towns, villages and rural areas, moving towards
broader economic, social, and environmental objectives of planning [35]. According to [33],
smart regions require the innovation of sustainable planning approach at the regional level
in the context of national development strategies. Moreover, they should be considered
in relation to their individual components, whose contents and methods could be applied
and declined in various spatial contexts with respect to their location and/or scale [32].
The stakeholders engaged in the development of smart regions include authorities and
system operators, as well as end customers and other third-party entities. SESs deployed
at buildings, communities, or cities can also be applied at regional level. On the global
scales, the implementations of SESs are yet in a small regional scale, since more projects are
deployed at the community level [36]. Depending on the regional type, relevant instances
of SESs are typically limited in remote areas (e.g., islands), small urban areas (e.g., smart
buildings, campuses), and industrial areas [36].

2.2. Main Groups of Stakeholders

The assessment of SESs becomes more meaningful when the various perspectives
and requirements of the relevant key stakeholders are examined. The main categories
that are described below comprise all the types of traditional and additional stakeholders
that are engaged in the development and operation of SESs from customer level to region
level. According to their level of interest and impact on SESs, the following main groups
can be identified: (a) system operators, (b) energy service suppliers, (c) end customers,
(d) local/regional authorities, and (e) other third-party providers.

2.2.1. System Operators

System operators comprise both the network and market operators, while the network
operators include the distribution system operators (DSOs) and the transmission system
operators (TSOs); market operators (MOs) can also be referred to as TSOs or as other
independent system operators (ISOs) [37]. DSOs are responsible for the active management
and operation of distribution grids [38,39]. TSOs are responsible for the active management
and operation of transmission grids. As for the MOs, they mostly refer to an entity which
handles the process of accepting bids for energy production and consumption, and match-
ing supply and demand between the wholesale energy market and the market participants.
The MOs perform certain roles in the electricity market, such as balance management,
recording of closed contracts, and operational forecasting, as well as market balancing and
imbalance settlement.

2.2.2. Energy Service Suppliers

This category includes the following groups of stakeholders: (a) energy producers,
(b) energy suppliers, (c) aggregators, (d) balance responsible parties (BRPs), (e) microgrid
operators, (f) asset owners, and (g) local energy cooperatives. The main role of energy
producers is to feed energy into the grid [40]. Energy producers make profit by selling their
produced energy to the market. Energy suppliers sell the wholesale energy they purchase
from energy traders forward to end customers. Aggregators are market participants that
can pool small-scale independent producers, consumers, and/or prosumers, together with
the main goal to optimize the use of their installations [40]. BRPs are also referred to
as balancing groups or load serving entities and keep supply and demand in balance,
in commercial terms, for the portfolio of producers, suppliers, traders, aggregators, and
prosumers [41]. Microgrid operators are independent entities or utility customers that are
responsible for the safe operation of a microgrid, consistent with applicable interconnection
rules and any operating agreement [31]. EV charging infrastructure operators, e-mobility
service providers, EC operators, and other facility managers belong to this category. Asset
owners regard single or multiple parties, including utilities and public or private entities
that own energy and infrastructure components of an SES installation. Finally, the local
energy cooperatives are the most common forms of local energy communities that consist of
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various SESs with the main goals of producing, selling, consuming, or distributing energy
or other related services [42].

2.2.3. End Customers

End customers are natural or legal persons that purchase and consume any form of
energy, e.g., electricity, gas, and heat, for their own purposes. End customers are also known
as consumers or end users, and traditionally can be divided into three main categories:
(i) residential, (ii) commercial, and (iii) industrial. The residential sector includes single-
family and multi-family buildings, and the highest potential of their energy consumption is
required for space heating and cooling, lighting, water heating, appliances, and electronics.
The commercial sector is very diverse and includes buildings of SMEs, government facilities,
service-providing facilities and equipment, and other public and private organizations,
ranging in size from a few thousand to millions of square feet per building. The main
single uses of energy in the commercial sector are needs for space heating, space cooling,
and lighting purposes. The industrial sector is highly diverse, composed of a wide variety
of small, medium, and large facilities. Industrial customers use energy for processing,
producing, or assembling goods, including diverse industries, such as manufacturing,
mining, agriculture, and construction. At a customer level, the term “prosumers” has also
been established for active customers that both consume, produce, and/or sell energy,
self-generated within their premises.

2.2.4. Local/Regional authorities

Authorities involved in the deployment of SESs include policy makers, legislation
bodies, regulators, or other local, regional, and national governments. Policy makers or
policy-making bodies, which exist on local, national, and EU levels, enforce policies through
directives, regulations, and decisions, as well as provide recommendations and opinions
that can be considered by authorities as a voluntary basis. They encourage pilot programs
to work as a test bed and disseminate results from the operation of SESs. Policy-making
bodies should also ensure that the vast amount of data generated during the implementa-
tion and monitoring of SESs are organized, utilized, and secured according to the existing
regulatory frameworks. Regulators and legislation bodies provide the basis of the regula-
tory and legislative frameworks, which are responsible for the determination of the quality
standards and the basic rules, ensuring the normal and steady operation of the energy
markets and networks. Such bodies monitor the development of SESs to ensure that their
development is not hindered, providing adequate incentives for their investment. Local,
regional, and national governments take stock of the existing legal forms for the estab-
lishment of SESs and eliminate any unnecessary barriers for their rollout. Governmental
bodies also have potential to inform citizens about the benefits and necessity of SESs with
respect to consumer-oriented issues, e.g., affordability, privacy, cyber security, and safety.

2.2.5. Other Third-Party Providers

Other third-party providers include technology providers, non-governmental and
non-profit organizations, knowledge institutes, or other associations in energy sector. In
the category of technology providers, equipment manufacturers, e.g., vendors of storage
systems, EVs, or other DERs, as well as the ICT industry and software developers, are
involved. Equipment manufacturers are a key stakeholder for the provision of hardware
required for the deployment of SESs. The ICT companies are responsible for the develop-
ment of software products that enable all the SES components to communicate in a smart
way. Software developers are also needed for the development of efficient energy manage-
ment systems integrating innovative software algorithms into their products. The various
knowledge institutes, e.g., universities and research centers, support the development
of knowledge and various technologies required for the deployment of SESs. Scientists
have the opportunity to understand the state-of-the-art SESs and expand the research in
respective fields. Associations are a suitable structure for different types of groups with a
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common purpose, and are considered as non-profit entities, since their main goal is not
to have financial benefits, though all profits must return to the association [31]. Energy
associations stay up to date with market developments for SESs, as successful innovations
can be disseminated to their members.

2.3. SES Requirements—Stakeholders’ Objectives

Table 1 summarizes the main SES requirements and their mapping to each stakeholder
objective. The stakeholders interested in each objective are also highlighted. As there
are many different stakeholders that can be involved in an SES project, collaboration and
discussion among them is required for the deployment and operation an SES. The challenge
lies in the fact that the stakeholders may be responsible for different areas and have different
interests in the implementation of an SES. System operators focus on the security of supply,
ensuring high energy efficiency and network reliability, while the end customers are mainly
interested in their optimal energy management and, hence, high cost savings. IT-enabled
SESs may allow cyber attacks, or data exchange between the energy service supplier and
other third parties, with privacy concerns arising on the customers’ side. End customers
are usually engaged with service contracts with an energy retailer, restricting their options
in open markets and, thus, reducing competition. Dynamic tariffs may also transfer the
risk of the market volatility to the customers, especially when no appropriate resources
exist to take advantage of dynamic prices. In case of DSM-based SESs, there is always a
trade-off between customer convenience and the benefits offered by the aggregator due
to load shifting. Though numerous more conflicts of interest may arise in the context of
SES deployments, focus is given below on the definition of stakeholder objectives for each
SES requirement.

Table 1. SES requirements and stakeholders’ objectives.

SES Requirements Stakeholder Objectives Interested Stakeholders

Network
Operation

Optimization

R1.1 Peak Power Shaving A, B, C

R1.2 Voltage Support A, B

R1.3 Reduced Grid Losses A, B, D

R1 R1.4 Improved RES—Load Prediction A, B

R1.5 Forecasting Error Compensation A, B

R1.6 Reduced Grid Operational Costs A, B

R1.7 Improved Reliability—Resilience A, B, D

R2
Improved
Network

Development

R2.1 Improved Grid Assets’ Usage A, B, D

R2.2 Deferral of Grid Upgrades A, B, D

R3
Increased
Flexibility

R3.1 Increased Demand Flexibility A, B, C

R3.2 Increased RES Hosting Capacity A, B, D, E

R3.3 Increased RES Self-Consumption A, B, C

R3.4 Increased RES Self-Sufficiency A, B, C, D, E
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Table 1. Cont.

SES Requirements Stakeholder Objectives Interested Stakeholders

R4
Enhanced

System
Feasibility

R4.1 Technical Feasibility A, B, C, E

R4.2 Economic Sustainability A, B, C, D, E

R4.3 Environmental Sustainability A, B, C, D, E

R4.4 Social Sustainability D, E

R4.5 Legal Feasibility A, B, C, D, E

R5
Improved

Interoperability

R5.1 Systems interoperability A, B, E

R5.2 Structural Interoperability A, B, E

R5.3 Semantic Interoperability A, B, E

R6
Improved

Model Accuracy

R6.1 Electrical System modeling A, B, E

R6.2 Thermal System modeling A, B, E
A—system operators; B—energy service suppliers; C—end customers; D—authorities; E—other third-
party providers.

2.3.1. Network Operation Optimization

Network operation optimization is defined as the portfolio of benefits pertaining to
peak power shaving, voltage support, reduced grid losses, operational grid costs, and
grid reliability–resilience. In the frame of forecasting methods, applied for the prediction
of load demand and RES generation, the improved prediction of RES generation and
energy consumption can also be considered as a major benefit. The compensation of any
forecasting errors is also included in the network operation optimization.

Peak Power Shaving: Peak load is a sensitive factor for the grid operators, since it
represents one of the main design criteria and cost factors for the grid elements. Grid
operators are usually charged by their superior grid level through peak penalties. Besides
that, the most expensive power plants in the merit order have to be used to deliver the peak
power resulting in high energy cost. Each event is characterized by its duration and the
maximum power needed to reduce the demand to appropriate level. This objective is of
main concern for the industrial end customers and network operators, as the peak power
cost has a major impact on their operational costs.

Voltage Support: Network operators must fulfill technical requirements for the quality
of their services including continuity of electricity supply and power quality laid out
in national law, standards, and grid codes. Power quality includes the voltage quality
supplied by distribution grids. Most electrical equipment are designed to operate within a
narrow band of voltage and frequency; thus, any deviation from the rated band may lead
to deterioration of performance. One of the main ancillary services provided by SESs can
also be the voltage support in case voltages exceed their permissible limits, as defined by
EN 50160 [43].

Reduced Grid Losses: A number of potential operational strategies are applied by
network operators for the reduction in grid losses: (i) “traditional” measures of component
replacement (e.g., transformers and supply lines) and (ii) measures for an improved power
system management, either by controlling the network in-feeds or by grid management
actions, e.g., network topology reconfiguration, power factor compensation, phase unbal-
ance management, and voltage control [44]. When energy by SESs is consumed locally, the
energy transportation distance, as well as the marginal losses by load curve flattening, are
reduced [45].

Improved RES–Load Prediction: Crucial factor in optimizing the operation of SESs is
the accurate forecasting of load and generation. RES–load forecasts are required for power
supply planning, transmission and distribution (T&D) systems planning, DSM, as well
as power systems operations and maintenance, financial planning, rate design, and so
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forth. The integration of ICTs in SESs enables the use of novel approaches for RES–load
prediction, ranging from the distribution level to even residential scale.

Forecasting Error Compensation: Forecast errors in load profiles complicate the es-
tablishment of generation–load balance, and possible imbalances are compensated by the
operational power reserve mechanism, which is activated by the TSO. BRPs often must
pay high penalties to the TSO due to rescheduling actions, when they cannot meet their
projected production pattern due to inaccurate forecasts. Instead of compensating forecast
uncertainties with fast-acting backup generators, storage units can also be placed close to
locations, where possible uncertainties arise.

Reduced Grid Operational Costs: The grid operational costs of the utilities at T&D
network levels mainly comprise the following: (i) operating and maintenance (O&M)
costs, (ii) energy costs for the utilization of T&D networks, and (iii) other system service
costs incurred to ensure the reliable operation of energy systems, e.g., balancing and
redispatching. SESs are customized to reduce the grid operational costs by shifting the
energy withdraw needs to periods with low charges and low peak demands. Maintenance
costs can also be reduced, as there should be less wear on the equipment, and generating
plants can operate in their most efficient operating ranges. In addition, local generation
and storage technologies can reduce the costs from T&D network losses.

Improved Reliability–Resilience: Grid resilience refers to the ability of the grid to
withstand strong and unexpected disruptions without suffering operational compromise
or to adapt to the strain so as to minimize compromise via graceful degradation. On the
contrary, reliability is a measure of grid behavior, once resilience has broken. More resilient
and reliable system operation can be achieved by SESs when providing various services,
e.g., balancing energy, reserve capacity, frequency regulation, volt/var support, and black
start. The integration of ICTs can also enable predictive maintenance, reducing unplanned
outages and downtime and, hence, improving system resilience and reliability.

2.3.2. Improved Network Development

Improvements in network development are related to the usage of grid assets and
deferral of grid reinforcement measures.

Improved Grid Assets’ Usage: In practice, a large portion of grid assets is usually
underutilized for most of the new equipment life. SESs will enable network operators to
adjust power flows, reducing the loading of stressed assets, and making better use of the
installed capacity. Furthermore, improved load factors and lower system losses will result
in more stable operation of grid assets, allowing more energy to be delivered per unit of
installed capacity. As SESs can shift the load demand from on-peak to off-peak periods,
reliance upon the most efficient power plants increases, decoupling the dependency upon
the least efficient, more expensive-to-run peaking plants. Moreover, ICTs and advanced
algorithms that analyze and diagnose asset condition can monitor and control grid assets,
improving operational and asset management processes.

Deferral of Grid Upgrades: The network reinforcement can regard the replacement of
an aging or over-stressed existing distribution transformer at a substation or re-conducting
distribution cables with heavier wire, as well as the construction of new power plants.
The ability of SESs to effectively manage loading, improve load factors, and reduce fail-
ures means that utilities can increase the lifetime of grid assets, deferring grid upgrades.
Optimizing the utilization of power plants can also allow the utilities to postpone new
generation investments. By using ICTs and data analyses, maintenance programs can also
be switched from reactive to predictive—predicting failures on critical grid assets. In this
manner, the costs, dangers, and the inconveniences of failures and reactive maintenance
actions will be reduced.

2.3.3. Increased Flexibility

The flexibility term is used as an umbrella covering various requirements and aspects
(e.g., technical, economic, and environmental) in SESs [20]; however, it mostly refers to



Energies 2022, 15, 1289 13 of 30

the ability to modify generation and/or consumption patterns in reaction to an external
signal. In general, flexibility can be provided by flexible generation (e.g., gas-fired units),
flexible demand (e.g., DSM schemes), storage, coupling of sectors (e.g., power-to-gas), and
interconnection with other regions (e.g., cross-border) [46]. Particularly, the utilization of
the aforementioned resources can increase the demand flexibility, the hosting capacity of
DERs, and the self-consumption and self-sufficiency of RES.

Increased Demand Flexibility: Demand flexibility is the total amount of consumed
energy that can be moved along the time dimension. As a result, demand flexibility is not
related only to the shifted energy demand, but also to the peak load transfer, as shown
in Figure 4. In particular, system operators, energy service suppliers, and large-scale
end customers aim at shaving the power peaks through DSM schemes and energy storage
systems, since they lead to high operational costs. On such occasions, the demand flexibility
provided by SESs can also be used for various grid services, e.g., congestion management,
system balancing, and frequency response [40].

Figure 4. Increasing demand flexibility due to arbitrage from an energy storage system.

Increased RES Hosting Capacity: The RES hosting capacity (HC) is defined as the
maximum RES penetration level at which the power system operates satisfactorily, in
compliance with various technical constraints. Particularly, the impact of additional RES
generation on the grid operation shall be quantified by using power quality measurements,
e.g., voltage magnitude, and thermal loading in the grid. System operators, energy service
suppliers, authorities, and different non-governmental organizations focus on increasing
the RES hosting capacity for both environmental and financial reasons.

Increased RES Self-Consumption: Self-consumption (SC) of RES is defined as the
energy produced by RES, not injected to the energy network, and consumed locally by the
RES owner or by associates in the owner’s proximity zone in case of a community, city, or
region. In combination with storage systems and DSM, SESs can facilitate the integration of
variable RES units onto the grid, using ICTs and advanced control algorithms. SC increase
is of main interest for the end customers, system operators, and energy service suppliers.

Increased RES Self-Sufficiency: An additional flexibility provided by SESs is related
to the increase in RES self-sufficiency or autarky, which represents the SES’s ability to be
fully functional through its local RES production, storage, and distribution systems. The
main target of buildings, communities, cities, or regions is to fully rely on their endogenous
resources for the satisfaction of their energy needs; hence, the presence of SESs can be
crucial for the energy autarky of the entity. The overwhelming majority of stakeholders,
e.g., system operators, individuals, authorities, energy service providers, and third parties,
strive to increase their system’s self-sufficiency.

2.3.4. Enhanced System Feasibility

The enhancement of system feasibility is evaluated with regards to technical, economic,
environmental, social, and regulatory/legal aspects. Relevant feasibility studies are carried
out to evaluate the practicality of projects, ascertaining the likelihood of completing the
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project successfully and discerning the benefits, requirements, risks, and challenges for
each of the aforementioned factors. As a result, such studies can assess to which extent the
SESs can enhance the system feasibility and make a project viable.

Technical Feasibility: The technical assessment of an SES investigates the degree
to which the system operation is satisfactory at a specific application area, ensuring the
longest lifespan for each SES component. In this context, the improvement of system
performance through the SES integration is examined with respect to various technical
factors. Though increased flexibility can also be related to different technical parameters of
the grid, technical performance focuses on the installation and operation of SESs. The ease
of installation and maintenance, system efficiency, maturity of technologies, and scalability
potential are considered in the context of technical feasibility. This objective is of main
interest for the system designers, operators, and investors.

Economic Sustainability: Economic sustainability requires that an SES uses its re-
sources efficiently and responsibly so that it can operate in a sustainable manner to consis-
tently produce an operational profit. The economic sustainability is investigated through
economic assessment studies (e.g., cost benefit analysis) to measure the attractiveness
of any business case for the lead actor. The economic sustainability can be determined
by a portfolio of common indicators (e.g., net present value (NPV) and payback period);
however, their selection depends on each business case. The economic dimensions are
very crucial to decision making, not only for investors, but also for policy makers and
associations that can promote or block innovative technologies.

Environmental Sustainability: Environmental sustainability guarantees that the SESs
operate without leading to harmful environmental impacts of conventional resources,
which may trigger global warming and climate change. SESs must be clean at every
stage from source to their end use with lower emissions and efficient resource utilization,
while waste and loss recovery for both energy and materials can additionally enhance
environmental sustainability [7]. In practice, the main environmental impacts are grouped
based on air, land, and water pollution issues. Additional impacts are related to visual
impact (e.g., aesthetics), risk of flash floods or droughts, abiotic depletion potential, noise,
and biodiversity loss. Environmental sustainability is of primary concern, not only for the
relevant organizations, policy makers, and governments, but also for system operators,
energy service suppliers, and end customers.

Social Sustainability: Social sustainability represents the system’s ability to persis-
tently achieve good social well-being and life quality. The social dimension is crucial to
ensure equitable distribution of benefits from the SES operation. Social impacts are also
important to correctly identify and quantify the human risks, allowing better acceptance
and awareness of technologies that may be subject to public objection. The major social
aspects are related to employment creation, income development, public perception and
acceptance, level of education and awareness, human convenience and welfare, health
and safety, and easy usage of energy, as well as social bonds creation, social equity, and
social cost of carbon [12]. Social sustainability is of the utmost interest for authorities,
associations, and non-governmental organizations that can drive the social acceptance of
SESs, improving their social well-being.

Legal Feasibility: The legal feasibility describes whether the SES can stand in conflict
with legal requirements and regulations. In this context, the existing legal and regulatory
frameworks are assessed, identifying any legal barriers and constraints for the application
of SESs. Since law-making bodies and regulators are usually not so flexible to follow
the progress of technologies, mature SESs may not be actually implemented and operate
in real-life conditions due to the lack of necessary legal background. Hence, an early
legislative support of a new technology is required as an additional incentive to its de-
velopers, investors, and users. In this context, the legal KPIs assess the governance in
terms of legislative flexibility, as well as the adaptability and adoptability of the legal and
regulatory frameworks.
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2.3.5. Improved Interoperability

According to [47], interoperability is defined as “the ability of two or more systems or
components to exchange and use the exchanged information in a heterogeneous network”. Inter-
operability is a central enabling technology that enables seamless vertical and horizontal
communication between various electrical entities within the SES. The smart grid architec-
ture model (SGAM) defines various interoperability layers in the reference architecture that
can also be applied on SESs [48]. The interoperability layers are expected to communicate
and exchange information with each other so as to carry out energy management services
of SESs. In reality, however, there is low interoperability between the SGAM layers, since
each layer is governed by standards, which are mature and are only designed to operate on
their respective layers. Hence, there is limited interoperability between the communicating
means due to differences in the use of communication protocols and data model represen-
tation. In the domain of healthcare, the Healthcare Information and Management Systems
Society (HIMSS) also defines four levels of interoperability (foundational, structural, seman-
tic, and organizational), which are also applicable in SESs [49]. Systems interoperability
and structural and semantic interoperability are of main concern in the context of SES
deployments. System operators, energy service suppliers, technology providers, software
developers, and equipment manufacturers are mainly interested in interoperability aspects.

Systems Interoperability: This objective involves multiple aspects, e.g., legal, semantic,
syntactic, technical, and operational. Interoperable components regardless of the vendor
should be able to correctly exchange information and thereby enable multi-vendor systems
of heterogeneous devices and services. Though communication standards should provide
interoperability, due to implementational flexibilities, it is not guaranteed that two imple-
mentations of the same standards are interoperable. Therefore, a normative application of
standards is necessary, which can be achieved, for instance, by applying the IES (integrating
the energy system) methodology.

Structural Interoperability: In the context of structural interoperability, a common
structure or format of data exchange is defined for data exchange with a basic level of
interpretation (e.g., the classification of the data that are received). This objective can be
measured by comparing how similar the information models are between two standards.
One method of measure of structural interoperability is by applying model transformation
rules to measure interoperability capacity [50], a model driven approach to measure struc-
tural interoperability by measuring the transformation rules that are required for model
transformation between two standards.

Semantic interoperability: Semantic interoperability encompasses structure interoper-
ability, but also allows interpretation and inferences of the data by the receiver by enhancing
the data exchange with shared vocabularies and increased metadata. Quantifying semantic
interoperability is not straightforward, since the system can be classified as either inter-
operable or not. However, degrees of interoperability can be measured based on how
semantically interoperable two standards are. To measure the level of semantic interoper-
ability, the five-point Likert Scale is used to measure the number of interoperable elements
between the two standards.

2.3.6. Improved Model Accuracy

Simulation models are typically a close approximation of the real system, with the
aim of replicating the selected scope of the system as accurately as possible. In the context
of SESs, simulation models can be effective in evaluating the interactions and control of
different energy resources operating within the SES confinement. Various stakeholders can
benefit from developing and running simulation models. System operators rely on daily
simulations required to monitor the stability and reliability of energy grids. Energy service
suppliers can use simulation models to plan and evaluate their energy production. Addi-
tional benefits of using simulation models of SESs include the following: (i) insights into
the complex interactions between various SES energy resources; (ii) evaluation of different
SES control strategies; (iii) evaluation of SES practicality, against the set of environmental
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conditions under which it will operate; (iv) optimizing system performance; (v) mitigation
of unforeseen factors which could affect the intended SES operation.

The three main methods for developing simulation models are black box, white box
and grey box. Black box methods approximate the exact internal physicals using empirical
formulas to relate the model outputs to its inputs. Black box models are computationally
light, but are not flexible for changes, since empirical formulas need to be formulated.
White box methods implement the internal physics (to its lowest possible level) and most
closely resemble the real system. White box models are computationally heavy, but provide
the highest flexibility. Grey box methods use a mixture of detailed modeling (white box)
and empirical approximation (black box), and are useful for multi-domain modeling (e.g.,
systems which involve electrical and thermal modeling).

Electrical System modeling: The simplest methods for electrical system modeling use
the black box models with empirical formulas that model the relationships between the
input and the output of the electrical system and can be adjusted with parametrization of
the empirical formulas. The advantage of black box models is the ability to create models
which are scalable due to their simplicity (mainly equations and rules), and parametrization
can be auto-adjusted to improve model accuracy [51].

Thermal System modeling: This objective is also an important aspect of large en-
ergy systems and cannot be overlooked when modeling SESs, since the thermal system
contributes heavily to the energy consumption of energy systems. Developing accurate
thermal models can be difficult due to the time sensitive nature of thermal dynamics.
Thermal simulators, such as computational fluid dynamics simulators, typically require
dedicated graphic processing units to carry out accurate simulation of thermal behavior.
A multi-domain model, which takes account of both the thermal and the electrical system
models, would be beneficial in modeling the energy consumption of SESs. Hybrid or grey
box methods are typically used to model multi-domain systems, where computationally
heavy models could be approximated with empirical formulas or data-driven methods to
run in conjunction with simplified electrical load models.

3. SESs under Evaluation

The SESs that are used for the definition of KPIs are evaluated within the scope of
the SONDER project of the joint programming initiative ERA-Net Smart Energy Systems’
focus initiative Integrated, Regional Energy Systems [22]. The main goal of this European
project is the optimal energy management at different levels of electricity distribution
networks. In this context, three use cases were investigated in Austria (AT), Sweden (SE),
and Switzerland (CH), as presented below.

3.1. Austrian Use Case

In the Austrian study case, the development and operation of an REC are of main
concern. Emphasis is laid on the integration of commercial members into the REC, in
particular, considering a commercial automotive park as exemplary test site. The oper-
ation optimization target for the Austrian scenario is a weighted maximization of the
self-consumption and self-sufficiency from local RES and minimization of peak grid loads
by balancing electricity consumption, production, and storage, locally. Therefore, the
control scheme utilizes the customer measurement data and forecasting methods to operate
the community battery and apply DSM methods mainly on the commercial end customers
with high demand. To facilitate interoperability, the IES methodology is utilized. Main
activities consist of defining integration profiles in a transparent, manufacturer-neutral,
and cooperative process, and testing software products for interoperability and conformity.

3.2. Swedish Use Case

DCs are rapidly becoming a sizable part of global energy consumption due to the
increasing expansion of ICT technologies. Over 3% (about 370 TW) of today’s generated
electrical energy is consumed by DCs [52]. The so-called “Green Datacenter” is a new DC
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type, with the aim of building a sustainable DC solution by utilizing RES to reduce its
carbon footprint [53]. With the advent of the green DC and the RES integration (e.g., PVs)
in the DC microgrid, DCs could perform the role of a prosumer and take a more active role
in the EC—in particular, in DSM applications of DC loads. In the Swedish test case, an edge
DC with PV and UPS installations is evaluated [54]. The research challenges include the
horizontal interoperability (DC and EC), vertical interoperability (EC and energy market),
and DC modeling, maximizing the PV self-consumption and optimizing the use of the UPS
battery, as another source of energy flexibility.

3.3. Swiss Use Case

In the Swiss pilot, the main focus is given on the reduction in power peaks at the
distribution network of Arbon city, where the end customers have already been equipped
with smart meters [55]. The local DSO, which has also the role of energy supplier, is
interested in flattering the total power demand profile. A centralized battery energy storage
system (BESS) can be used to store energy during off-peak periods and release it during
on-peak periods. In this frame, the DSO has installed at the 17 kV distribution level
a stationary BESS unit with energy and power capacities of 1.35 MWh and 1.25 MW,
respectively. Although the BESS provides primary and secondary frequency response
services, there also exists a discussion for additional services, focusing on peak power
shaving. In the context of the project, peak shaving control schemes for BESS operation are
evaluated with the main goal of identifying the most suitable algorithm for implementation.
Since the control schemes are expected to be applied in real-time operation, accurate
forecasting tools are also utilized for both the one-day-ahead and short-term prediction of
the total load curve of Arbon city.

4. Results—KPI Identification

Table 2 summarizes the main SES requirements, clarifies how they are divided into
each stakeholder objective, and presents the mapping to the use cases of the SONDER
project. It is evident that the predefined SES requirements and stakeholder objectives
are not evaluated or affected by all use cases. In particular, objectives related to the grid
are of main concern for the Austrian and Swiss pilots, while the Swedish case focuses
on the aspects of interoperability and model accuracy. Furthermore, all pilots assess the
enhancement of different flexibilities during SES operation.

4.1. Network Operation Optimization

In terms of peak power shaving, the operation of the stationary BESS unit in the Swiss
test case can contribute to the reduction in peak power demand, and hence, in the respective
cost. Moreover, BESS utilization may also reduce the variability of load consumption in the
investigated grid resulting in higher load factors and lower energy costs. In the Austrian
test case, peak power shaving will also be performed by utilizing the community BESS and
DSM methods that control deferrable loads, e.g., heat pumps. By contrast, in the Swedish
test case, peak power shaving is of secondary priority.

Voltage support by the respective SESs is evaluated by the Swiss pilot. Particularly,
the voltage variations at each node of the Swiss grid should comply with the allowable
limits [43]. The stationary BESS provides primary frequency response (PFR) services for
power system balancing; hence, transients can be mitigated, stabilizing the grid voltages.
In the same manner, the Austrian use case aims to balance the electricity consumption
and production in the EC by using the community battery, preventing any voltage limit
violations. In the Swedish pilot, the battery storage can store excess PV energy, mitigating
possible overvoltage issues, while providing short-term frequency and voltage support
services in cases of grid outages.
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Table 2. SES requirements and stakeholder objectives for the SONDER project and mapping to the
national project scenarios (X—evaluated; O—affected, but not evaluated; “-”—not evaluated).

SES Requirements Stakeholder Objectives AT CH SE

R1.1 Peak Power Shaving O X -

R1.2 Voltage Support O X X

Network R1.3 Reduced Grid Losses O X -

R1 Operation R1.4 Improved RES—Load Prediction X X -

Optimization R1.5 Forecasting Error Compensation - X -

R1.6 Reduced Grid Operational Costs - X -

R1.7 Improved Reliability—Resilience - O -

R2
Improved
Network

Development

R2.1 Improved Grid Assets’ Usage O X -

R2.2 Deferral of Grid Upgrades O X -

R3

R3.1 Increased Demand Flexibility X X X

Increased R3.2 Increased DER Hosting Capacity X X -

Flexibility R3.3 Increased DER Self-Consumption X - X

R3.4 Increased DER Self-Sufficiency X - X

R4.1 Technical Feasibility X X -

Enhanced R4.2 Economic Sustainability X X -

R4 System R4.3 Environmental Sustainability X - -

Feasibility R4.4 Social Sustainability O - -

R4.5 Legal Feasibility O O -

Improved
Interoperability

R5.1 Systems interoperability X - -

R5 R5.2 Structural Interoperability - - X

R5.3 Semantic Interoperability - - X

R6 Improved R6.1 Electrical System modeling - - X

Model Accuracy R6.2 Thermal System modeling - - X

The grid losses regard the losses on distribution cables and transformers of the ex-
amined distribution grids. In the Swiss use case, peak shaving may flatten the demand
curve of the distribution transformers, thereby reducing the grid losses. For the purposes
of the Swiss pilot, only the grid losses along the cables will be considered. Though the
optimal energy management in the Austrian EC can reduce the utilization of the grid and
the upper grid levels reducing network losses, this objective is of secondary concern for the
EC operators. The grid losses are not considered by the Swedish DC either.

In terms of RES–load prediction, improved forecasts will enhance the matching be-
tween predicted and real energy balance, enabling better utilization of flexible services.
Since optimal peak power shaving is the primary goal of the Swiss pilot, short-term load
forecasting methods are applied for the prediction of the daily peak power. Improved
load prediction enables the development of advanced control schemes for optimal BESS
operation. In the same manner, the Austrian EC also requires the development of a suitable
forecasting model for the prediction of net demand, PVs, and deferrable loads, which is
indispensable input for the optimal utilization of community BESS and DSM techniques.
Though PV production forecasts are also required for the maximum PV self-consumption
in the Swedish pilot, the DC does not focus on the forecast improvement.
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The compensation of forecasting errors can be carried out with the use of storage units;
therefore, in the Swiss use case, the BESS is expected to be an alternative for short-term
balancing, reducing the cost of possible prediction uncertainties. The compensation of
forecasting errors is also related to the PFR service that is provided by BESS for power
balancing and grid stability. This service is not considered by the other pilots.

The reduction in grid operational costs is of main concern only in the Swiss use case.
The local DSO, who also plays the role of energy supplier, is interested in decreasing the
peak demand costs, which constitute the highest part of total charges, without affecting the
end users’ energy consumption. Additional savings can be achieved for the DSO due to
the reduction in grid losses and maintenance costs. The reduction in the grid operational
costs should comply with the contractual services provided by the DSO without causing
any breach of the regulatory framework for the unbundling services among the other
stakeholders.

Finally, the objective of improved reliability–resilience is not examined in the use cases
of SONDER, though it can be affected in the Swiss pilot. Tables 3 and 4 summarizes the
KPIs defined for each stakeholders’ objective in terms of network operation optimization.

Table 3. KPIs for network operation optimization.

Objective KPI Description Formula Unit

R1.1.1. Peak Reduction of the maximum

∆P̂ = P̂′ − P̂

[MW]
load reduction peak load on daily basis

p̂ =
P̂′ − P̂

P̂ [%]
Peak power

P̂, P̂′ = Daily peak power
R1.1

shaving
without and with the SES

R1.1.2. Load factor Variability of load consumption
LF = 100 ·

Pavg

P̂ [%]
P̂, Pavg = Peak and average powers

Difference between the actual

on daily or monthly basis

R1.2.1. Voltage
and nominal voltage at node i

∆vi(t) = 100 · Vi(t)−Vnom

Vnom
[%]

Voltage
variations

when applying the SES
Vi(t), Vnom = Actual and nominal

R1.2
support

voltages at node i applying the SES

R1.2.2. Voltage Improvement of voltage at
∆Vimp = Vi(t)−V′i (t)

[V]improvement node i applying the SES
Vi(t), V′i (t) = Actual voltages at
node i without and with the SES

R1.3.1. Grid
Power losses on distribution Ploss(t) = ∑ rij · |Iij(t)|2

[kW]
Reduced losses

cables and transformers rij = Resistance of branch ij

R1.3
grid losses

when applying the SES Iij(t) = Complex current on branch ij

R1.3.2. Reduction Reduction of grid losses
∆Ploss = ∑(Ploss(t)− P′loss(t))

[kW]of grid losses when applying the SES
Ploss(t), P′loss(t) = Power losses at time t

without and with the SES

R1.4.1. Mean Average of the absolute
MAE = 100 ·∑

(z f (t)− zm(t))
Ns

[MW]

Improved RES–
absolute error residuals (prediction errors) z f (t), zm(t) = Forecast and measurement

R1.4
load prediction

Ns = Number of timesteps t per day

R1.4.2. Root Standard deviation of the RMSE = 100 ·

√
∑

(z f (t)− zm(t))2

Ns
[MW]mean square error residuals (prediction errors) z f (t), zm(t) = Forecast and measurement

Ns = Number of timesteps t per day
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Table 4. KPIs for network operation optimization (continued).

Objective KPI Description Formula Unit

Ecomp,i = ∑ Ecomp,i(t)

[MWh]Compensation
Total SES energy used

ecomp,i = 100 ·
Ecomp,i

Eses,i

[%]R1.5 of forecasting
R1.5.1. BESS for compensation of Ecomp,i(t) = SES energy used for

errors
energy utilization forecasting errors on daily, compensation of forecasting errors

monthly, or annual basis at time t of day, month, or year i
Eses,i = Total SES utilized

energy per day, month, or year i

R1.6.1. T&D
Total monthly charge for Cp = c p̂ · P̂

[CHF]power cost
the DSO due to the monthly c p̂ = Active power tariff due to

peak power demand monthly peak power demand P̂

R1.6.2. T&D
Total daily energy cost Cuse = ∑ cuse · Egrid(t)

[CHF]energy cost
due to the usage of the cuse = fixed fee due to T&D use

T&D infrastructure Egrid(t) = Energy purchased at time t

R1.6
Reduction of

R1.6.3. Energy
Energy purchase costs from Cgrid = ∑ cprice(t) · Egrid(t)

[CHF]grid operational
purchase cost

energy transactions with cprice(t) = Energy (EPEX) price at time t
costs a regional energy provider Egrid(t) = Energy purchased at time t

R1.6.4. Total grid Sum of T&D power and C′tot = Cgrid + Cp + Cuse

[CHF]operational energy costs and energy C′tot = Total cost with the SES
costs purchase cost

R1.6.5. Reduction of Reduction of grid ∆Ctot = C′tot − Ctot
[CHF]

grid operational operational costs when ∆ctot = 100 · C′tot − Ctot

Ctot [%]
costs operating the SES Ctot = Total cost without the SES

4.2. Improved Network Development

Improved network development is considered by the Swiss DSO and the Austrian
EC operators; however, it is evaluated only in the context of the Swiss pilot. Owing to the
reduced utilization of grid assets through the BESS operation in the Swiss city, any future
investments for distribution grid upgrades can be delayed or avoided. The deferral of grid
upgrades can be examined only for future scenarios with high integration of controllable
loads, e.g., heat pumps, and of small-scale DERs, e.g., PVs, storage, or EVs. Under such
extreme scenarios, the impact of BESS operation on the deferral of grid reinforcement
measures will be defined.

The level of improved utilization of grid assets can be evaluated by making use of
various capacity factors. These factors describe the ratio of the energy or power that
is delivered through a specific asset during an interval, compared with the amount of
maximum energy or power that could have been delivered. Table 5 provides the KPIs for
the improved utilization of grid assets and the deferral of grid upgrades.

4.3. Increased Flexibility

In the Swiss pilot, the demand flexibility of the grid is expected to be enhanced, as
a high amount of energy demand during the peak period can be supplied by the BESS,
which can be charged during the off-peak periods. Consequently, the energy demand at the
connection point of the distribution network with the transmission grid seems to be shifted
from on- to off-peak periods, though the end users’ energy consumption is not affected.
In the Austrian test case, peak grid loads shall be minimized, while the self-consumption
and the self-sufficiency from local RES should be maximized. In the Austrian test case, the
EC peak demand can be minimized, while the self-consumption and self-sufficiency from
local RES can increase. Therefore, balancing the electricity consumption and production
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in the EC is necessary. To achieve this, the community BESS and DSM methods will be
applied locally. DSM will be used to shift controllable processes of end customers with
high load without compromising their operation. Regarding the Swedish pilot, the peak
shaving demand, as well as the improvement of self-consumption and self-sufficiency,
are of main concern for the DC. Table 6 summarizes the KPIs for the SES requirement of
increased flexibility.

Table 5. KPIs for improved network development.

Objective KPI Description Formula Unit

R2.1.1. Average
Fraction of the average CFavg = 100 ·

Ith,avg

Ith,nom
[%]

capacity factor
yearly thermal loading Ith,avg, Ith,nom = Average yearly

Improved
to the rated value for and nominal thermal loading

R2.1 utilization
cables and transformers of cables and transformers

of grid assets
R2.1.2. Peak

Fraction of the peak CFpeak = 100 ·
Ith,peak

Ith,nom
[%]

capacity factor
yearly thermal loading Ith,peak, Ith,nom = Peak yearly
to the rated value for and nominal thermal loading

cables and transformers of cables and transformers

Deferral of R2.2.1. Reduction Reduction of costs
∆Cupg = C′upg − Cupg

[CHF]
R2.2 grid upgrades of grid upgrade related to grid

cupg = 100 ·
C′upg − Cupg

Cupg
[%]costs reinforcement Cupg, C′upg = grid upgrade costs

without and with the SES

4.4. Enhanced System Feasibility

In the SONDER project, each demonstration area has a different focus. Accordingly,
different solutions and technologies, e.g., control schemes, are developed and applied.
Depending on the focus and used technologies in the demonstration areas, different KPIs
will be used to evaluate the system feasibility for the Austrian and the Swiss pilots.

The Austrian test case focuses on the feasibility of the EC and the community BESS,
especially the technical feasibility, as well as the economic and environmental sustainability.
To this end, several factors have to be considered, e.g., the composition of EC members
and the applied control scheme. Regarding future developments, e.g., increased number
of EVs, a sensitivity analysis will be carried out to assess their influence on the EC and its
feasibility.

One of the main goals for the Swiss test case is both the economic and technical
feasibility of the BESS installation. Here, the BESS control scheme on system feasibility and
the impact of DER penetration level are evaluated. A sensitivity analysis is carried out for
future scenarios, where the influence of high DER integration levels on technical feasibility
and economic sustainability of BESS can be examined.

The technical assessment of an EC is based on the local consumption and local RES
production. Here, two indicators are of importance, the self-consumption rate (SCR) and
the self-sufficiency rate (SSR); while the SCR indicates the share of locally produced energy
which is locally consumed, the SSR represents the share of locally consumed energy which
is locally produced. The increased utilization of locally installed RES by the EC members
should lead to an increase in both self-consumption and self-sufficiency.

Regarding the BESS technical feasibility, the characteristics of main interest are the
power profiles and the energy content throughout the year. These profiles can be used to
extract additional profiles for the state of charge (SoC), state of health (SoH), and depth
of discharge (DoD), as well as BESS energy content, charging–discharging powers and
power-to-energy ratio (C/E-rate). From the profiles of the aforementioned parameters,
considerable information about the annual number of BESS cycles and the annual energy



Energies 2022, 15, 1289 22 of 30

throughput can be extracted. Furthermore, the effects of several technical characteristics,
e.g., SoC, DoD, C/E-rate, and temperature, will be considered for the computation of BESS
degradation rate throughout the project lifetime. The BESS is replaced when the available
capacity is lower than the end-of-life criterion, as defined by the manufacturer.

Table 6. KPIs for increased flexibility.

Objective KPI Description Formula Unit

R3.1.1. Power Ability of SES to

∆Pd f (t) = P′d f (t)− Pd f (t)

[MW]∆pd f (t) = 100 ·
P′d f (t)− Pd f (t)

P̂

[%]
Increased

demand flexibility reduce demand Pd f (t), P′d f (t) = Load power without

R3.1 demand

and with the SES at time t

flexibility

P̂ = Daily peak demand

R3.1.2. Energy
Percentage of energy

∆Edem,i
Edem,i

= 100 ·
Edem,i − E′dem,i

Edem,i

[%]
demand served by SES Edem,i, E′dem,i = Energy demand

demand flexibility on daily basis on the MV side of the primary
distribution transformer at day i

Hosting capacity

without and with the SES

R3.2.1. RES
of RES units in the

HCres =
Nder

∑
i=1

Pnom,i

[MW]

hosting capacity investigated grid

hcres = 100 · HCder

P̂yr
[%]

Increased
Pnom,i, P̂yr = Nominal power of i

R3.2 RES hosting
RES, and peak power of year yr

capacity
Nres = Total number of RES units

R3.2.2. Hosting
Increase of hosting

∆HCres = HC′res − HCres

[MW]

capacity increase
capacity owing to

∆hcres = 100 · HC′res − HCres

HCres
[%]SES operation HCres, HC′res = RES hosting capacity

without and with the SES

Increased R3.3.2. Self- Increase of self- ∆SCR = SCR′ − SCR
[%]R3.3 RES self- consumption consumption rate when SCR, SCR′ = Self-consumption

consumption rate increase operating the SES rate without and with the SES

Increased R3.4.1. Self- Increase of self- ∆SSR = SSR′ − SSR
[%]R3.4 RES self- sufficiency sufficiency rate when SSR, SSR′ = Self-consumption

sufficiency rate increase operating the SES rate without and with the SES

The economic sustainability of an EC focuses on the economic benefit of the EC
members. The reduction in network charges due to the consumption of electricity from
local RES results in a “local tariff”, which should lead to lower energy costs for the EC
members. Furthermore, installation and maintenance costs, as well as aging effects, e.g., of
the installed BESS, have to be considered in the economic assessment.

Regarding the Swiss use case, the economic sustainability includes the calculation
of savings achieved with the proposed BESS operation for peak power shaving. As the
investment feasibility with the proposed BESS operation is out of the scope of this paper,
the cost benefit analysis includes only the computation of annual savings for each year of
the BESS lifetime. Hence, the aforementioned expenses (capital and O&M), as well as other
profitability metrics, e.g., NPV and payback period, are not evaluated.

The environmental benefits will be assessed on a high level only in the Austrian pilot,
by comparing the utilized electricity mix before and after implementing the SESs. Owing to
the increased use of energy from local RES, a decrease in CO2/GHG emissions is expected.
A life cycle analysis for the installed components is out of the scope of this paper.
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Social sustainability and legal feasibility are not investigated in the project. In particu-
lar, both objectives are affected in the Austrian use cases; however, they are not quantified.
Though the legal feasibility is also of main concern for the investors in the Swiss pilot, it
is not assessed in the frame of SONDER project. Table 7 summarizes the KPIs for the SES
requirement of enhanced system feasibility.

Table 7. KPIs for enhanced system feasibility.

Objective KPI Description Formula Unit

R4.1.1. Self- Part of local RES
SCR = 100 ·

(
1−

Eexp,i

Eres,i

)
[%]consumption production that is Eexp,i, Eres,i = Energy exported to the

rate locally consumed grid and energy produced by PV at
day, month, or year i

R4.1
Technical R4.1.2. Self- Part of total load

SSR = 100 ·
( Eres,i − Eexp,i

Eimp,i + Eres,i − Eexp,i

)
[%]feasibility sufficiency covered by local Eexp,i, Eres,i = Energy exported to the

rate RES production grid and energy produced by PV at

R4.1.3. BESS Capacity losses on

day, month, or year i

degradation BESS due to cycling
BDR = 100 · BCi − BCo

i · BCo
[%]

rate and calendar effects
BCo, BCi = Battery capacity
initially, and after i periods

R4.2.1. Energy Difference of energy Cs = 100 · Cec − C′ec
Cec

[%]

Economic

cost savings costs for EC members Cec, C′ec = energy costs for the EC

R4.2
sustainability

factor when operating the SES members without and with the SES

R4.2.2. Annual
Savings on annual ∆ctot = 100 · C′tot − Ctot

Ctot [%]
cost savings grid operational costs Ctot, C′tot = Total operational cost for

for the DSO with the SES the DSO without and with the SES

Environmental
R4.2.1. CO2/GHG Reduction of CO2/GHG CO2,R = 100 ·

CO′2,i − CO2,i

CO2,i [%]
R4.3 sustainability emission reduction emissions owing to CO2,i, CO′2,i = CO2/GHG emissions in

factor the RES use in the EC period i without and with the SES

4.5. Improved Interoperability

To enable interoperability, the Austrian project share utilizes the IES methodology [56],
which is based on the established “Integrating the Healthcare Enterprise” approach to
IT interoperability in the medical technology sector. Thereby, the use and application
of existing standards and practices are normalized. Therefore, as part of the SONDER
project, integration profiles shall be developed. These integration profiles state technical
constraints and recommendations on how to apply standards and good practice, wherever
interoperability is at risk. As indicators, the number of new created integration profiles and
the tested integration profiles of “Connectathon Energy” are used [57].

In the Swedish pilot, focus is given to semantic and structural interoperability. To
measure structural interoperability, a model transformation method of measure is adopted
from [50]. The main KPI is interoperability capacity, which measures relative information
exchange capacity based on transformation rules. The two standards subject to structural
interoperability analysis are IEC 61850 (substation automation standard) and IEC 61499
(distributed automation standard) for two reasons [58,59], as follows:

1. IEC 61850 is a domain-specific standard with well-defined semantic models to describe
the domain of energy networks. IEC 61499, on the other hand, is a domain-neutral
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standard, which can be used to model the specification and implementation of au-
tomation systems irrespective of domain.

2. There is no direct communication or message passing between IEC 61850 and IEC
61499 systems. The two standards complement each other, with IEC 61850 address-
ing the domain specific communication modeling, while IEC 61499 addresses the
implementation of IEC 61850 systems.

To measure semantic interoperability, the five-point Likert scale is used to measure
the number of interoperable elements between the two standards to measure the degree of
interoperability [23]. The two standards where semantic interoperability can be measured
are IEC 61850 and EDIEL (Nordic Energy Market standard). Semantic interoperability is
measured between these two standards for the following reasons:

1. IEC 61850 and EDIEL are both domain-specific standards with well-defined semantic
models that model the communication and the message passing of their respective
domains (i.e., the energy grid for IEC 61850 and the energy market for EDIEL). These
two standards operate independently from each other and only communicate when
message passing is required between the two standards. Therefore, the structural
aspect of the information model in these two standards is not important with respect
to interoperability.

2. Since message passing exists between the two standards, it’s more important to focus
on the semantic interoperability of the two standards rather than the structure. Since
both EDIEL and IEC 61850 were developed independently by two different task forces,
there can be situations where two signals with identical terminologies (i.e., names)
can refer to different things, or vice versa, where signals with the same meaning have
different naming terminologies. In addition, only a very small subset of messages on
the boundaries of the two standards are expected to interoperate.

Table 8 summarizes the KPIs considered for the evaluation of interoperability in the
context of the Austrian and Swedish pilots.

Table 8. KPIs for improved interoperability.

Objective KPI Description Formula Unit

R5.1.1. Number Newly created integration

R5.1
Systems

of new integration profiles based on the Not applicable [-]

interoperability

profiles IES methodology

R5.1.2. Number Integration profiles
of tested integration tested in the context of Not applicable [-]

profiles “Connectathon Energy”

R5.2
Structural R5.2.1. Interoperability Structural interoperability Ca = 100 · T

S
[%]

interoperability capacity between two standards S, C = number of source

Semantic
R5.3.1. Interoperability

Measured with the five-
R5.3

interoperability
level between

point likert scale
Not applicable [-]

standards

4.6. Improved Model Accuracy

The improved model accuracy is solely examined in the Swedish use case. The total
consumption of a DC is mainly attributed to two subsystems, the IT system and the cooling
system. According to [60], the IT system accounts for about 60% of the total DC consump-
tion, while the cooling system accounts for approximately 40% of total consumption. These
are two dependent systems with different model dynamics and, as such, they are developed
independently, with common interconnecting interfaces.

The power consumption of the IT subsystem is modeled from the server level, where
the main energy consumers are CPUs and server fans. The IT model of the Swedish
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demonstration is constructed utilizing a modular Simulink toolbox, which consists of
building blocks representing individual components of a typical DC, e.g., CPUs and servers,
and is capable of modeling various configurations of DCs.

The cooling system is the second major subsystem that is responsible for the total
consumption of the DC, accounting for approximately 40% of the system. The cooling
system is typically a linear system made up of hot and cold aisle coolers, a heat exchanger,
a storage tank, a chiller, and a cooling tower. The cooling system is driven by the IT power
consumption, where the power consumption from the IT load is fed to the hot aisles of the
cooling system, and a simplified thermodynamic model of heat transfer is used to model
the cooling process of the various cooling subsystems. Since the main emphasis is put
on the power consumption of the cooling system, the power consumption at individual
cooling subsystems is calculated and validated with real data from the DC.

Various KPIs can be used to measure the accuracy of the DC simulation model. The
three key indicators to measure the accuracy of the DC IT power prediction are the mean
absolute error (MAE), the root mean square error (RMSE), and the mean absolute percentage
error (MAPE). For the improvement of the parametrization of the DC IT power prediction,
as an indicator, the mean square error (MSE) is utilized. For the DC temperature prediction,
the same indicators as for the DC IT power prediction are used. Hence, the accuracy of the
DC temperature prediction is measured through the MAE, RMSE, and MAPE metrics. The
MSE is used for the improvement of the parametrization of the DC temperature prediction.
Table 9 summarizes the KPIs for the improvement of the parametrization of the DC IT
power prediction and DC temperature prediction.

Table 9. KPIs for improved model accuracy.

Objective KPI Description Formula Unit

R6.1.1. Mean
Average magnitude of MAE =

1
N

N

∑
i=1
|Pm,i − Pr,i|

[kW]
absolute error

the absolute variations Pm,i, Pr,i = Measured and predicted value
between measured and of DC power consumption (W) at time i

predicted values N = number of timesteps

R6.1.2. Root
Average magnitude of RMSE =

1
N

√√√√ N

∑
i=1

(Pm,i − Pr,i)2

[kW]

Electrical

mean absolute the squared variations Pm,i, Pr,i = Measured and predicted value

system

error between measured and of DC power consumption (W) at time i

R6.1
modeling

predicted values N = number of timesteps

R6.1.3. Mean
Relative error between

MAE =
1
N

N

∑
i=1

|Pm,i − Pr,i|
Pr,i

[kW]
absolute error

the measured and Pm,i, Pr,i = Measured and predicted value
predicted values of DC power consumption (W) at time i

N = number of timesteps

R6.1.4. Mean
Average squared difference

MSE =
1
N

N

∑
i=1

(Pm,i − Pr,i)
2

[kW]
square error

between the measured Pm,i, Pr,i = Measured and predicted value
and predicted values of DC power consumption (W) at time i

N = number of timesteps
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Table 9. Cont.

Objective KPI Description Formula Unit

R6.2.1. Mean
Average magnitude of MAE =

1
N

N

∑
i=1
|Tm,i − Tr,i|

[kW]
absolute error

the absolute variations Tm,i, Tr,i = Measured and predicted
between measured and value of DC temperature (◦C) at time i

predicted values N = number of timesteps

R6.2.2. Root
Average magnitude of RMSE =

1
N

√√√√ N

∑
i=1

(Tm,i − Tr,i)2

[kW]

Thermal

mean absolute the squared variations Tm,i, Tr,i = Measured and predicted

system

error between measured and value of DC temperature (◦C) at time i

R6.2
modeling

predicted values N = number of timesteps

R6.2.3. Mean
Relative error between

MAE =
1
N

N

∑
i=1

|Tm,i − Tr,i|
Tr,i

[kW]
absolute error

the measured and Tm,i, Tr,i = Measured and predicted
predicted values value of DC temperature (◦C) at time i

N = number of timesteps

R6.2.4. Mean
Average squared difference

MSE =
1
N

N

∑
i=1

(Tm,i − Tr,i)
2

[kW]
square error

between the measured Tm,i, Tr,i = Measured and predicted
and predicted values value of DC temperature (◦C) at time i

N = number of timesteps

5. Conclusions and Future Work

This study presents a robust KPI framework for the evaluation of SESs installed
in application areas of different scales. The KPI framework is intentionally generic, so
as to satisfy the various requirements of SES technologies. The procedure for the de-
termination of suitable KPIs is based on four main layers, which are required for the
definition of the application area, the involved stakeholders, the SES requirements, and the
stakeholders’ objectives.

The application area of each SES deployment is determined based on four levels
of spatial aggregation varying from single buildings to communities, cities, or regions.
According to the level of interest and impact on SESs, the KPI framework clusters the key
stakeholders in the following categories: (a) system operators, (b) energy service suppliers,
(c) end customers, (d) local/regional authorities, and (e) other third-party providers. In
the context of a generic KPI framework, the SES requirements are defined for various
areas related to the energy networks, system feasibility and sustainability, interoperability
aspects, and model accuracy. The lesson learned from the analysis of each SES requirement
was that the majority of issues related to the deployment of various SESs can be covered by
the proposed methodology. Compared with previous efforts, this framework is not based
on specific thematic areas (e.g, technical, economic, and environmental), but on objectives
that are generated according to the involved stakeholders’ priorities. Furthermore, the
top–down approach is one additional advantage of this framework, since from the generic
SES requirements, we can define the final KPIs of each stakeholder objective.

The proposed KPI framework can play an important role in driving the behaviors
and actions undertaken by system operators, energy service suppliers, end customers,
authorities, organizations, and technology developers. The evaluation using the devel-
oped approach is of main concern for policy and business investment making, process
management, and continuous commissioning, as the degree of project success can be indi-
cated. Besides that, the framework can lead to a more transparent assessment of the SESs
demonstrated at different spatial scales. Various stakeholders can use the presented KPI
framework, not only to accurately describe a specific characteristic of an SES, but also to
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facilitate its comparison to other systems designed to meet the same scopes. As a result, the
proposed scheme can help the stakeholders promote or hinder the utilization of specific
SES with respect to its performance, as determined by the selected KPIs. The involved
stakeholders can also identify the margins of further developments towards optimizing
the smart and efficient of energy networks in an efficient, cost-effective, user-friendly, and
environmentally friendly manner, respecting the social needs of the SES application area to
the highest degree.

The developed framework is applied on the use cases of the SONDER project, where
the SES application areas vary from a building in Sweden, to a community in Austria, to a
city in Switzerland. The Austrian demo targets the optimal operation of an REC utilizing
DSM methods for residential and commercial end customers and a community battery
energy storage system. Technical, economic, and environmental benefits are assessed, while
another focus lies on the improvement of interoperability by applying the IES methodology.
The Swiss pilot regards the installation of a stationary BESS at the distribution network of
Arbon city and the main target is the optimal BESS operation. In particular, different BESS
control strategies are developed with the main goal to achieve the optimal peak power
shaving, utilizing suitable forecasting methods. The Swedish use case targets the operation
of green DCs in the scope of ECs as prosumers with incentives from the energy market.
Firstly, the accuracy of the edge DC model is evaluated with specific emphasis on the DC
consumption (IT and cooling system) and its integration with the microgrid (consisting
of PV and UPS battery). Furthermore, the horizontal interoperability (DC with EC) and
vertical interoperability (EC with energy market) are assessed in terms of structural and
semantic interoperability between three standards (IEC 61850, IEC 61499, and EDIEL),
using the defined KPIs.

In terms of future work, the KPIs for each pilot of SONDER project will be calculated
for the baseline scenario, as well as for extreme cases, with the main goal being to evaluate
the performance of the examined SESs. In addition, the SONDER use cases are expected to
be integrated into a common benchmark network, where the impacts of each individual
SES on the predefined KPIs are evaluated. Finally, as this generalized evaluation cannot
be carried out only in the close barriers of a single project, other projects of the joint
programming initiative ERA-Net Smart Energy Systems can use the proposed framework
for their assessments.
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