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A B S T R A C T

Smart technologies play a vital role in facilitating the response of buildings to the external conditions, including
climate, grid, and the internal building requirements such as user needs. A salient concern lingers in relation to
existing buildings due to their increasing energy consumption. Around 35 % of EU buildings are older than 50
years and 90 % are built before the nineties. In this sense, smart retrofitting represents a key step towards
achieving energy-responsive flexible buildings. Quantifying building energy performance with appropriate Key
Performance Indicators is a critical step towards achieving decarbonization goals in both existing and new
buildings. In this paper a group of five representative indicators has been selected to measure the energy per-
formance of smart features in retrofitted and new buildings, also identifying distinct performance thresholds.
Therefore, each threshold defines minimum acceptable and top performing values for the indicators. Accord-
ingly, thresholds are set first based on previous literature and performance data, then a Logical Evaluation
Methodology is used to identify suitable range of thresholds. Results of this paper propose a quantified definition
for smart retrofitting, which involves transforming an existing building into a Smart Building. A smart building is
a nearly Zero Energy Building that achieves primary energy savings of 30 % to 80 % and can adapt to changing
climate and grid conditions. It should communicate with users and predict operational failures using a Building
Energy Management System. Additionally, it should enable load shifting in response to renewable energy source
production and electricity prices by 30 % to 70 % annually, while minimizing grid interaction to 10 % to 30 % on
an hourly basis throughout the year. Furthermore, it should allow for RES self-consumption of 30 % to 70 % and
cover 20 % to 70 % of the load with RES annually. Finally, the indicators are tested on a case study in Italy within
a Horizon 2020 project to validate the thresholds.

1. Introduction

Buildings in the European Union (EU) accounts for 36 % of the Eu-
ropean global CO2 emissions and 40 % of the total energy consumption
[1]. These facts highlight an urgency to implement building energy ef-
ficiency in the EU. Different targets and standards have been set to
achieve the required CO2 reductions of around 42 % by 2030 and reach
net zero by 2050 [2]. Building energy efficiency policies can influence
all end uses ranging from lighting, cooling, heating, appliances, and
addition of Renewable Energy Systems (RES) to the interaction with the

grid systems. These policies may take the form of regulatory control
instruments, or, building standards, economic or financial incentives
and consumer information campaigns [3]. In 2011 the European Com-
mission (EC) proposed a Roadmap towards a competitive low carbon
economy in 2050 and proposed new targets to promote environmental
sustainability, energy equity, and energy security [4,5]. In parallel, the
concept of nearly Zero Energy Buildings (nZEBs) has been defined to set
a minimum energy performance level to be achieved by new buildings
[6,7].

In such a framework, it is important to note that by 2050, up to 90 %
of the present European building stock will still be standing and in
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operation. A major concern remains related to existing EU buildings, in
particular, the 2024 Energy Performance of Buildings Directive (EPBD)
has highlighted that 85 % of buildings in the EU were built before 2000,
and of those, 75 % have poor energy efficiency [2]. Thus, the renovation
of buildings is a key action to reach the carbon neutrality, namely
decarbonization, of the building stock by 2050. As of 2021, 1 % of
existing building stock are renovated annually [8], whereas, to accom-
plish the 2050 zero-carbon goal of 100 %, it is essential to ensure more
than 3 % renovation rate [9]. Deep renovations tend to reduce energy
consumption by more than 60 %, yet only 0.2 % of the existing building
stock in the EU is deeply renovated annually. Therefore, nZEB retrofit-
ting, which is defined as “Renovation that leads to a building that has
high energy performance and the nearly zero or very low amount of
energy required should be covered significantly by RES produced on-site
or nearby, reaching a primary energy saving of 75 % compared to the
pre-renovation status” [10], has gained wide attention lately
[11,12,13,14]. The growing renewable energy integration in buildings
increases the non-programmable energy at the building/district level.
Therefore, buildings should balance their on-site energy generation and
consumption in order to properly manage and dispatch the number of
renewables [15]. Therefore, to transform existing buildings into nZEBs
and smart buildings, to proper manage of RES and to interact with the
Smart Grid (SG) have become essential. SGs are electricity networks that
influence technologies, smart meters and sensors to enhance real-time
balancing of supply/demand and ensure grid stability and reliability.
This type of retrofit is identified as Smart Retrofitting (SR), which has
been previously introduced in [16]. To achieve this aim, quantifying the
building energy performance also in term of smart features and setting
minimum thresholds for the smart performance level represent a crucial
baseline for evaluating potential savings and reaching the desired GHG
emission reductions. In this sense, the revised 2018 and 2024 EPBD [14]
facilitated the development of a voluntary European scheme for rating
the smart readiness of buildings by means of the Smart Readiness Indi-
cator (SRI) [17]. The SRI was thus introduced as a tool for rating the
smart readiness of buildings in terms of technical aspects and the ability
to interact with energy networks, occupants, and function more effi-
ciently. It is done through assessing the available services and func-
tionality levels of the technologies in buildings. However, SRIs’
qualitative methodology merely assesses the existence of the technology
rather than evaluating its’ performance and contribution. Thus, specific
methods should be developed to precisely quantify the smartness of
buildings and set reference values for the minimum required
performance.

The results of a prior study conducted by the authors of this paper,
serves as the foundation of this work [16], where an extensive review

was done on existing indicators related to the Smart Buildings (SBs)
basic features, namely:

A. nZEB target and RES integration, which is related to the imple-
mentation of passive and active energy-efficient measures, and to the
application of RESs;

B. flexibility, which represents the building capability of managing its
generation and demand based on local climate conditions, grid re-
quirements, and user requirements;

C. real-time interaction with the grid and users, which is related to the
capability of interaction with users and external services such as
weather and grid conditions;

D. real-time monitoring, which is related to the possibility to collect and
analyse energy consumption and main operating parameters of the
building.

The review identified 36 indicators related to smart building features
(Appendix A). After evaluating the most cited, relevant, and represen-
tative Key Performance Indicators (KPIs) measuring specific perfor-
mances, a set of 10 reference KPIs was chosen to measure the smartness
of retrofit interventions. To address this, this paper introduces a method
to simplify the list of indicators, focusing on those that are both repre-
sentative and easy to calculate with readily available data. This
approach ensures that the KPIs can be widely applied in various
contexts.

Additionally, the previous paper did not establish specific thresholds
to distinguish between poor and good smart performance. Setting such
targets is crucial for determining whether smart and sustainability goals
are being met and for assessing the success of new and retrofitted
buildings. Currently, the recent EPBD version does not provide clear
numeric thresholds or ranges to define nearly Zero Energy Buildings
(nZEBs), leading to varied interpretations across EU countries.

In the second part of the present work, a method is developed to
propose reliable thresholds for the selected indicators. Lastly, the KPIs
are tested and applied on a case-study in Italy within the Horizon 2020
HEART (Holistic Energy and Architectural Retrofit Toolkit) project [18].
In fact, such a project focuses on improving residential buildings sector
energy efficiency and aims to develop, test, and validate a holistic sys-
tem for the deep renovation and the smart upgrade of residential
buildings, i.e., to transform them into smart buildings. Considering that
the obtained results are promising, the case study of the project can be
considered a robust benchmark.

In summary, the aim of this paper is to:

Nomenclature

BEMS Building Energy Management Systems
DHW Domestic Hot Water
DR Demand Response
DSM Demand Side Management
EC European Commission
EED Energy Efficiency Directive
EPBD Energy Performance of Buildings Directive
EU European Union
EV Electric Vehicle
GHG Greenhouse Gas
GII Grid Interaction Index
HVAC Heating, Ventilation, and Air Conditioning
ICT Information and Communications Technology
IEA International Energy Agency
KPI Key Performance Indicators

LCF Load Cover Factor
LEM Logical Evaluation Methodology
MA Minimum Achievable
MS Member State
nZEB nearly Zero Energy Building
PCM Phase Change Material
PE Primary Energy
PEnren Non-renewable Primary Energy
PV Photovoltaics
RES Renewable Energy Sources
SB Smart Buildings
SC Self-Consumption
SG Smart Grid
SR Smart Retrofitting
SRI Smart Readiness Indicator
TRNSYS TRaNsient SYstem Simulation
TP Top Performing
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1. Quantify the smartness level of retrofit interventions effectively
through refining the previously developed method for KPIs selection
by simplifying the list to focus on the most essential and easily
calculable indicators.

2. Identify and select representative KPIs for measuring the perfor-
mance of SB/SR and define SR in buildings.

3. Set reliable thresholds for the selected KPIs.
4. Test/validate the KPIs and the related thresholds on a real smart

retrofit project, in order to demonstrate their applicability.

The research methodology includes qualitative methods of thorough
literature review, and quantitative validation through testing the KPIs
on a real case study.

2. Methodology

With the goal of enhancing energy performance evaluation of smart
retrofitting in buildings, an innovative methodology was developed to
precisely quantify the smartness level. KPIs have been chosen as means
of this quantification and are claimed to establish a set of good practices
that should then be adhered during building operation [19].

The research methodology combines mixed research methods,
involving qualitative methods such as an extensive critical literature
review, and quantitative validation, including testing the KPIs on a real
case study. The study followed four stages related to data collection and
validation of the proposed framework, as illustrated in Fig. 1. Step 1
began with the critical review carried out based on the previous research
by the authors to identify the relevant smartness indicators [16]. In Step
2, a further analyses and classification process was carried out to group
the indicators into representative categories and to select the most im-
pactful KPIs and thus excluding some (details in section 3). In Step 3, a
threshold identification approach was developed. This began with a
critical literature review on building legislations, policies, articles, fol-
lowed by logical evaluation process to determine two boundary values
of thresholds for each KPI. In Step 4, the KPIs were tested on a real smart
retrofit project, the demo building of the HEART project. This project,
which serves as a benchmark for top-performing smart retrofits, aims to
upgrade existing buildings by integrating advanced technologies such as
envelope systems, renewable energy sources, high-efficiency heat
pumps, smart fan coils, energy storage units, and energy management
systems that work together to achieve high levels of energy efficiency

and flexibility [20].

3. KPIs selection

Generally, KPIs assess how well a project is progressing towards
achieving specific objectives [21]. KPIs should express as accurately as
possible to what extent an objective, or a standard has been reached or
even surpassed. The selection of representative KPIs is very crucial for
measuring the performance of smart buildings/smart retrofits. For
instance, Janjua et al. [22] presented a methodology to select KPIs for
sustainability assessment of residential buildings based on literature
review and the expert panels assessment. While Khorram et al. [23] have
used categorization of indicators into groups related to the identified
targets for the selection process. In other studies, [24,25,26], literature
reviews, interviews with experts, and questionnaires were common
methods used for KPIs selection.

As mentioned earlier, a more detailed selection method is developed
in this paper to carefully identify the most representative and easy-to-
calculate indicators. Thus, the first step was to identify the questions
to be addressed by KPIs and the input parameters for each one of the 4
basic features mentioned before, as shown in Fig. 2. This step would help
in excluding the KPIs that do not address these questions and thus reduce
the list of KPIs.

The nZEB target and RES integration are achieved usually by
applying passive or active strategies and RES, while the flexibility
feature could be achieved through Demand Response (DR) control,
storage systems and RES. Demand response indicates balancing the
demand on grids by motivating users to shift electricity demand to lower
peak periods. Furthermore, real-time interaction can be attained with
user involvement in the demand-response and grid integration, and
through smart metering. While the control systems such as Building
Energy Management Systems (BEMS) which connects technologies into
a single platform could achieve the user interaction as well as the real-
time monitoring. This step would make it easier in eliminating the in-
dicators that does not cover these aspects and measure these strategies.
The second step was to raise some essential questions that could further
narrow down the selection of the indicators. Thus, for the nZEB target
and RES integration group, the questions would address the optimal
minimum amount of non-renewable primary energy and RES involve-
ment in SB. For the flexibility group, the questions include the definition
of the optimal load to be covered from RES and the quantification of

Fig. 1. Representation of the research working phases.
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shiftable flexible load. While for the real-time interaction group, the
questions aimed at defining the optimal grid and user interaction to
achieve a SB. Lastly, for the real-time monitoring group, since it
involved the building systems evaluation in the building through BEMS,
the question was on calculating the energy performance of the buildings
systems. Eventually, some important forcing factors or input parameters
are suggested. These parameters should help in addressing the raised
questions and facilitate the selection of the suitable KPIs. Thus, the in-
dicators presented in the authors’ previous paper [16] were subjected to
a more thorough examination to re-fine the list. The KPIs were further
filtered through a process comprised of three steps. The initial phase
involved inspecting the KPIs to eliminate those that were less efficient,
redundant, or reliant on inaccessible data. Additionally, KPIs that did
not directly address the questions posed in Fig. 2 were also excluded. As
a result of this filtration process, the original set of 36 KPIs (Appendix A)
was streamlined to a more concise collection of 25 KPIs in this article. In
the second phase, as illustrated in Table 1, the KPIs were grouped based
on their common objectives and functions, as evident in the “interpre-
tation” column. This step was assumed because several indicators served
similar purposes, with the primary goal of simplifying the KPI list and
eliminating redundancy. Additionally, the interpretation phase aimed to
identify the most representative KPI within each category.

The interpretation presented in Table 1 explains how various KPIs
are used to evaluate building energy performance from different per-
spectives. These KPIs are grouped into categories based on their objec-
tives, such as measuring non-renewable energy consumption, flexibility
in load shifting, renewable energy self-consumption, grid interaction,
and energy storage. It emphasizes that certain KPIs are well-established
and widely used in literature, while others require further testing or
refinement. The interpretation also highlights which KPI is the most
representative in each group. Selecting representative indicators was
based on the following factors:

• Citation frequency in literature: the KPI’s relevance in existing
literature.

• Ability to achieve objectives: the KPI’s effectiveness in achieving
the objectives of its respective group.

• Ability to measure smart building features: the extent to which
the KPI could accurately gauge the performance of smart buildings,
particularly assessing the four basic features of SBs mentioned
previously.

• Ease of data collection: the feasibility of collecting data for each
KPI.

Furthermore, the interpretation suggested eliminating certain
generalized KPIs related to storage due to their limitations in assessing
losses and thus, the storage indicator will be assessed through calcu-
lating the KPIs with and without storage to quantify the obtainable
benefit of the storage system in buildings. Eventually, this strategy had
reduced the number of indicators from 25 to 5 indicators, which can
answer the questions raised previously in Fig. 2 to identify the quanti-
tative way of achieving the SB basic features.

4. Setting thresholds for key performance indicators

Different methods have been discussed in the literature to set
thresholds for indicators. In [21], three different scenarios were used for
identifying thresholds, based both on experimental data and on litera-
ture surveys, while in another study [75] two different approaches were
introduced for identifying the threshold of control strategies for
reducing energy costs for end-users. In another study [76] that investi-
gated the energy prices, the approach was similar to the methodology
presented in [21], which was based on recorded past data in which the
thresholds were calculated using the historic price distribution of the
two weeks before the calculation time.

However, despite the importance of setting defined thresholds for
KPIs, a clear and unified methodology is still not properly defined. For
this reason, in the present paper thresholds will be set according to EU
building standards, articles, and case studies that have tested the KPIs.
This method is illustrated in Fig. 3. First, a review is done on literature,
showing the achievable/recommended values of each indicator based on
legislations, research articles, and reports that have identified metrics
and baselines or a range of acceptable values for these indicators. This
helps in identifying the range of possible values of the KPI. Second, an in-

Fig. 2. Questions and Input parameters of KPIs of Smart Buildings/Smart Retrofitting.
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Table 1
KPI Analysis and Interpretation.

KPIs Interpretation of KPIs The question addressed
by KPI

1. Non-renewable
Primary Energy (kWh/
m2. y) [27;28;29]

2. Global Energy
Performance Indicator
(EPgl) (kWh/m2y)
[30;31]

3. Energy Demand and
Consumption [27;32]
(kWh/(m2month or
year))

4. Energy Savings (%)
[33;34]

- KPIs can be grouped
since they all share the
objective of measuring
the building energy
performance. This group
does not assess the
smartness of the
building; however, it
shows if the building is a
nZEB; one of the basic
features of SBs as
identified previously.

These indicators are
broadly applied in
literature; yet the “Non-
renewable Primary
Energy” indicator is a
more complete indicator
since it accomplishes the
goal of this group and
gives data on savings
and loads in buildings.
Moreover, this indicator
has been widely tested
in literature.

What is the amount of
Non-renewable energy
consumption to achieve
nZEB?

5. Demand Response
[35;36]

6. Peak Load Reduction
[37;38]

7. Flexibility Index (FI)
[39]

8. Flexibility Factor (FF)
[40;41]

9. Flexible Shiftable Load
(Sflex) [42,43]

- These indicators assess
the flexibility of
shiftable loads within
buildings.

“Demand Response”
and “Peak Load
Reduction” aim to
measure the potential
for load reduction in
buildings.

While the “Flexibility
Factor” compares load
distribution relative to
peak load, it does not
provide insight into the
amount of load that can
be shifted.

The Flexibility Index
evaluates the potential
to shift energy demand
not met by renewable
energy sources.

Sflex quantifies the
shiftable energy based
on renewable energy
(RES) production and is
considered a key metric
in flexibility
applications, enabling
measurement of
“Demand Side
Management” (DSM) for
managing building
energy consumption.
Furthermore, Sflex is
widely referenced in
literature, as it measures
the amount of load
adjusted in response to
price changes or RES
availability.

- How much load can
be shifted/Reduced in
a building to achieve
flexibility?

What is the
minimum amount of
Load shifting required
to achieve flexibility?

What is the optimal
quantified flexibility
to achieve a SB?

10. Degree of Energetic
Self-Supply by RES
[27;44]

11. Increased RES and
DER hosting capacity
[45;46]

- The KPIs share
comparable targets for
assessing the
production,
consumption, and
installation of RES.
“Load cover factor (Self-

- How much does the
RES production cover
the building load?

What is the
minimum amount of
RES to achieve nZEB?

Table 1 (continued )

KPIs Interpretation of KPIs The question addressed
by KPI

12. Load Cover Factor
[47;48]

13. RES Self-
consumption (Supply
Cover Factor) [49;48]

14. Maximum Hourly
Surplus [50;51]

15. Maximum Hourly
Deficit [51;52]

16. Annual Mismatch
Ratio [50;53]

17. Load Matching Index
[54;49]

18. Mismatch
Compensation Factor
[53;55]

generation)” and the
“Supply Cover Factor
(RES Self-consumption)”
are the most used,
reflecting the
percentage of demand
covered by on-site gen-
eration and how much
of this energy is self-
consumed, respectively.

While similar to load
cover factor, the “Load
matching index” gives
the same information,
however, the load cover
factor gives a more ac-
curate result.

“Mismatch Compen-
sation Factor” and
“Annual Mismatch
Ratio” focus on aggre-
gated mismatch rather
than building specific
performance.

19. Grid Interaction
Index (GII) [49,56]

20. No Grid Interaction
Probability [54;47]

21. Absolute Grid
Support Coefficient
[40;57]

22. Relative Grid Support
Coefficient [40;57]

- The “Grid Interaction
Index” and “No Grid
Interaction Probability”
are important indicators
that has been tested in
several studies and
showing the amount of
purchased/delivered
energy and when the
building is acting
autonomously of the
grid, respectively.

However, the grid
interaction index shows
the seasonal effect of the
grid interaction and thus
is more reliable.

The other indicators
have been tested in a few
studies and require
further investigation.

- What is the optimal
grid interaction/
involvement required
for a SB?

23. Storage Capacity
[58;59]

24. Storage Efficiency
[60;61]

25. Depth of Discharge
[24;62]

- Based on literature,
these indicators measure
the storage performance
in buildings, however,
they tend to be
generalized, and further
refinement is needed to
account for storage
losses.

Therefore, this group
of KPIs calculating
storage will be
eliminated since the
storage effect can be
better assessed using the
previously selected
indicators including RES
Self-consumption, Load
Cover Factor and Grid
Interaction Index.

These KPIs will be
calculated with and
without storage to
quantify the obtainable
benefit of the storage
system in buildings.

- How to calculate
energy storage
performance?
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depth examination delves into the case studies outlined in the literature,
specifically those that have scrutinized the identified KPIs. During this
stage, a Logical Evaluation Methodology (LEM) is employed to establish

precise thresholds or suitable ranges for each indicator. The LEM, as
described in [30], determines indicator thresholds by analyzing the
outcomes of case studies reported in literature. The objective is to

Table 2
SR Representative KPIs.

Selected KPI Timestep Equation Definition

1. Non-Renewable Primary
Energy [27;29;63]

Annual PEnren = (
∑

i

(
Edel,i.fdel,nren,i

)
−
∑

i
(Eexp,i .fexp,nren,i)PEP =

EP,nren

Anet
(Eq.1) [27]

PE,nren non-renewable primary energy [kWh/y]
PEP Specific non-renewable primary energy [kWh/m2y]
Edel,i annual delivered energy on site or nearby for energy carrier i, [kWh/y]
Eexp,i annual exported energy on site or nearby for energy carrier i, annual
[kWh/y]
fdel,nren,i is the non-renewable primary energy factor (− ) for the delivered
energy carrier i
fexp,nren,i is the non-renewable primary energy factor (− ) of the delivered
energy compensated by the exported energy for energy carrier i, which is by
default equal to the factor of the delivered energy, if not nationally defined
in other way
Anet useful floor area (m2)

Primary energy is the energy that has not been
exposed to any conversion or alteration. The
indicator adds delivered and exported energy
(electricity, district heat/cooling, fuels) into one
indicator.

2. Flexible Shiftable Load (Load
Shifting) (Sflex) [%]
[66,67,68,42]

Hourly,
Annual Sflex =

∑n
i=1max(Lref ,i − Lflex,i,0)

∑n
i=1Lref ,i

(Eq.2) [66]

Sflex, Shifted flexible load [%]
Lref,i Reference load without technologies allowing flexibility [kW/m2]
Lflex,i Load with flexible operation [kW/m2]

The amount of load shifted for the measured
flexibility technology at the time step i

3. RES Self-consumption [-]
[69;70;49;48]
4. Load Cover Factor [-]
[71;49;72;54;73;47;48]

Daily/
Monthly
Hourly/
Season/
Year
Daily/
Monthly
Hourly/
Season/
Year

M(t) = min{L(t),P(t)}φSC =

∫ t2
t=t1 M(t)d(t)
∫ t2

t=t1 P(t)d(t)
(Eq.3) [69]

M(t) instantaneously overlapping of the generation and load profiles [kWh]
L(t) instantaneous building electricity consumption [kWh]
P(t) instantaneous on-site RES electricity generation [kWh]
φSC Self-consumption [-]

yload =

∫ τ2
τ1 min[g(t) − S(t) − ζ(t), l(t)]dt

∫ τ2
τ1 l(t)dt

(Eq.4) [71]

S(t) = Sc − Sdcyload load cover factor [-]
g(t) on-site generation [kWh]
S(t) storage energy balance [kWh]
Sc charging storage energy [kWh]
Sdc discharging storage energy [kWh]
ζ(t) storage energy losses [kWh]
l(t) building load [kWh]
t time
τ1 and τ2 are the start and the end of the evaluation period

The degree of immediate on-site RES
consumption.
Load cover factor characterises the percentage of
electricity demand that the on-site electricity
generation covers.

5. Grid Interaction Index (GII) [-]
[73;74;49,56]

Hourly/
Daily/
Monthly

fgrid,i = STD
[

netgrid(i)
max|netgrid(i)|

]

x100(Eq.5) [73]

fgrid,i grid interaction index [-]
netgrid net grid metering over a given duration (e.g., monthly) associated
with the maximum nominal contractual grid power provided under the
terms of energy company [kW]

Describes the average grid stress, using the
standard deviation of the grid interaction over a
period of a year.

Fig. 3. KPI Threshold Identification Methodology.
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identify suitable thresholds within the range of the observed outcomes.
In the context of this paper, the LEM was employed to identify thresh-
olds based on the calculation parameters of each KPI, on the values
specified in legislation and regulations, or on those obtained in case
studies. This process entailed the examination of various case studies
that assessed the indicators, encompassing both studies involving basic
technologies and those employing advanced smart technologies.

In general, Smart Buildings must include a basic set of “smart tech-
nologies”, which should mainly include RES, energy storage systems,
advanced BEMS and Heating, Ventilation, and Air Conditioning (HVAC)
systems and smart meters [77–79]. Potential energy savings, lower life
cycle costs, simpler decision-making for maintenance management and
increased thermal comfort are achieved through the suitable integration
of smart systems [78].

In this research, considering the impact of different technological
levels, two specific thresholds for each of the above-selected KPI are set,
based on different elaborations (Fig. 4):

• For buildings that integrate the basic set of “smart technologies”, i.e.,
only a few of the available smart technologies and with no optimi-
zation of the system in terms of sizing and performance, the achieved
value represents the Minimum Acceptable threshold (MA). For any
achieved value below the MA, the building cannot be considered a
smart building.

• For buildings that integrate the complete set of “smart technologies”,
which include RES, energy storage systems, advanced HVAC systems
and BEMS, sized by means of an optimization process (e.g., optimi-
zation of size of PV and storage based on the building demand), the
achievable value defines the Top Performing Threshold (TP). Thus,
any value above the TP means that a smart building reaches an
outstanding performance.

The values between the two proposed thresholds identify smart
buildings/retrofit interventions with a satisfactory smart performance.
This min-top performing KPI methodology has been adopted by several
authors [80–82] and proven as a robust method for analyzing KPIs using
scenario analysis through allowing variations across extreme scenarios.

Compared to the values found in the literature, the thresholds are
defined by taking the mean value of the analyzed standards/case
studies, and then each value is rounded down, as described in the
following section.

4.1. KPI threshold elaboration

This section describes the definition process for the thresholds of the
selected five indicators.

• Non-renewable Primary Energy Indicator

Non-renewable Primary Energy indicator (PE,nren) is one of the most
studied indicators in literature. For setting the threshold of this KPI, a
review was done on different studies, national standards and reports
[63,83–89], as summarized in Table 3. The table gives information on
the parameters considered in the calculation, on the climatic context,
and reports the achieved value of the KPI.

According to the previous table, the PEnren is based on general con-
ditions among Member States and non-homogeneous calculation
methods. It shows a wide variety of computational results for primary
energy. The EU Commission has claimed that the non-renewable pri-
mary energy consumption of nZEBs varies between 0 and 160 kWh/m2.y
for residential buildings [91]. This can be expected since all Member
States have their specific nZEB definitions in place and different climatic
features.

A more robust and common way of measuring Primary Energy per-
formance in building retrofits is assessing the primary energy savings
achieved. The EU commission states that between 3 % to 30 % of PE
savings can be for very light renovations, 30% to 60% PE savings are for
medium renovations, and more than 60 % PE savings are for major
renovations. In some countries, these energy savings are combined with
energy needs and minimum shares of RES [92].

It can be concluded that based on the literature reviewed (reports/
legislations and standards), the non-renewable primary energy is an
indicator that already has fixed thresholds according to each EU coun-
try’s defined targets and it can be expressed as follows.

1. A targeted number expressed in kWh/m2 y, which varies among each
country based on its climatic zone and on energy requirements. For
new buildings, the PEnren ranges between 0 and 180 kWh/m2 y and
for retrofitted buildings the PEnren ranges between 20 and 200 kWh/
m2 y, showing a wide range due to the different conditions and
targets of each country.

2. An easier threshold of Primary Energy (PE) can be expressed in terms
of savings, which compares the building to a reference building or
the building before the retrofit intervention. For deep retrofit which

Fig. 4. KPIs Threshold Boundary Logic.
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represents the target of SBs and SR the PE savings are typically > 60
%.

According to the proposed methodology, to define MA and TP
thresholds a review is done also on studies that have calculated the PE
indicator, as reported below (Table 4). This step is done in order to
identify the PE indicator in buildings using different simulation and
calculation methods. The table shows retrofit examples; thus, the PE
saving is compared with the pre-retrofit scenario. Consequently, a
threshold value can be advised based on the implemented technologies
and the results of previous case studies.

A range can be suggested for the thresholds of the primary energy
saving indicator. Top-performing smart retrofit should include envelope
and HVAC systems retrofitting, integration of RES and advanced control
systems for building energy management. Thus, based on the case
studies and literature review, minor renovations strategies achieved PE
savings of around 30 % while for the renovation that includes holistic
retrofit strategies and integration of RES and storage systems, the PE
saving can reach 80 %. Therefore, the MA was set equal to 30 % while
the TP has been defined equal to 80 %.

• Shiftable Flexible Load Indicator

Several studies have quantified flexibility [98–101]: they describe to
which extent a building can respond to the grid’s need for flexible
behaviour. IEA EBC Annex 67 [102] has indicated that flexibility is
defined as “the deviation of a flexible load profile from a baseline not
flexible profile”. The output is a percentage over time, which is the
deviation in energy consumption presented as “Sflex”. In this paper, the
flexibility is calculated using Eq.2 representing the load shifting as the
Shiftable Flexible Load indicator. Higher flexibility corresponds to a
greater load shifting potential. The above-mentioned studies claim that
flexibility can be achieved by recognizing penalty signals or influencing
factors such as temperature/humidity set point, Electric Vehicles (EVs)
charging profile, electricity price, RES production values, etc., to which
the flexibility will respond. The studies also show that storage system,
envelope insulation level, installed RES, and the control system play a
major role in energy shifting. However, no threshold defines the right
flexibility level for smart buildings. Moreover, there is a lack of current
legislation and standards on flexibility. Thus, to set thresholds for the
load shifting, a review is done in Table 5. The analysis shows the main
technologies investigated, methodologies and the achieved result to set
the MA and TP performing thresholds.

Based on the reviewed studies, it was observed that building flexi-
bility depends highly on the presence of RES, energy storage systems and
control systems. Thus, based on the reviewed studies it is possible to
conclude that with some smart technologies integration, a minimum of
30 % (mean of the analyzed case studies with minimum level of smart
technologies rounded to the lowest integer value) of load shifting can be
achieved, thus such a value was identified as the MA threshold; while for
the optimized scenario the TP value for load shifting is set equal to 70 %
(mean of case studies integrating a full set of smart technologies and
system optimization rounded to the lowest integer value).

• RES Self-Consumption Indicator

Table 3
Primary Energy Indicator − Review of requirements from standard and reports.

Reference
Study

Description Country/
Climatic
Context/
Building Type

Reference values

[90] The average non-
renewable primary
energy demand for
new single-family
houses

EU level EU values range between
15 kWh/ (m2.y) to 95
kWh/ (m2.y) with an
average at EU level of 52
kWh/ (m2.y).

[85] Review on
legislations and
national nZEB
approaches.HVAC,
domestic hot water,
and auxiliary
energy (monthly
balancing period)
.

Belgium
Bulgaria
Cyprus
Denmark
France
(Multiple

climatic zones)
Single-family

houses.

Belgium: PE ≤ 45 kWh/
m2. y

Bulgaria: PE ≤ 50–60
kWh/m2.y

Cyprus: PE < 180 kWh/
m2.y

Denmark: PE < 20
kWh/ m2.y

France: New
construction of residential
buildings should have a
threshold of 50 kWh/ m2.
y, while renovated less
than 80 kWh/ m2.y.

[88] Overview on the
Directive’s
requirements linked
to nZEBs and the
current MS
situation.
Main parameters
includes building
category, HVAC
energy demand,
typology, type and
period of balance,
physical boundary,
RES, metric,
normalization, and
conversion factors.

Eight MS (non-
renewable
primary
energy) −
Residential
Buildings

In kWh/ m2.yBelgium: 30
(Flemish region), 45
(Brussels region), 60
(Walloon region)
Cyprus: 180
Denmark: 20
Estonia: 50
France: 50
Ireland: 45
Latavia: 95Slovakia: 32
(apartment buildings) 54
(family houses)

[89] Overview on the
energy
requirements
defined by MS for
nZEB levels for both
new and existing
residential
buildings (kWh/
m2.y).Primary
Energy
consumption
defined by EU
Member States for
nZEB levels of
residential
buildings (for
HVAC and
Domestic Hot Water
(DHW)
).

23 EU Member
States (Several
climatic zones)
− New and
existing
Residential
buildings

New
kWh/ m2. y

Deep
Retrofit
kWh/
m2.y

Austria: 160 200
Belgium:
45–60

54

Bulgaria:
30–50

40–60

Cyprus: 100 180
Czech: 75–80 75–80
Germany: 40 50
Denmark: 20 20
Estonia:
50–100

NA

France:
40–65

80

Croatia:
33–41

NA

Hungary:
50–72

NA

Ireland: 45 75–150
Italy: Class
A1

Class A1

Latavia: 95 95
Malta: 40 NA
Netherlands:
0

NA

Poland:
60–75

NA

Romania:
100

NA

Spain: Class
A

NA

Sweden:
30–75

NA

Table 3 (continued )

Reference
Study

Description Country/
Climatic
Context/
Building Type

Reference values

Slovenia:
45–50

70–90

Slovakia:
32–54

NA

UK: 44 NA
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RES Self-Consumption (SC) measures the electricity produced from
RES, not transferred to the distribution/transmission grid and consumed
instantaneously by the building [108]. Maximizing SC leads to mini-
mizing the export of the electricity to achieve an independent building
that acts autonomously of the grid. The SC values range between 0 and 1
or can be represented as a percentage, in which the higher value is the
better, showing that the building is a high self-consumer of renewable
energy. Table 6 presents some quantified requirements of RES SC based
on official reports in the EU.

As seen from the previous table still there is a lack of quantified
values of the RES SC threshold, thus, to make a logical estimation of the
indicator, the thresholds are set according to several case studies. A
summary is reported in Table 7 based on different case studies that have
tested and quantified the RES SC and categorizes them according to the

Table 4
Primary Energy Saving Indicator − Case Studies Review.

Reference
Study

Integrated Systems/
Technologies

Methodology Achieved
Annual PE
savings values

[93] Heat Pump powered
100 % by PV
electricity, compared
to a reference building
without PV and with
gas boiler.

PE savings calculated
by percentage of
reduction with pre-
retrofit scenario.

PE savings
compared to the
reference
scenario was 80
%

[84] - High-efficiency
HVAC system.

- PV system.

Reduction percentage
of non-renewable
primary energy
demand calculated
through
measurements.

The percentage
of reduction of
the non-
renewable PE
demand was 75
%.

[94] - Milan: building
envelope retrofit,
high-performance
heating and DHW
generation systems
based on heat
pumps and LED
lamps with PV and
battery storage
systems.

- Lisbon: External
thermal insulation,
double glazing
windows, LED lamps
and PV system.

Primary energy of
heating, cooling,
DHW, lighting and
ventilation simulated
before and after
retrofit.

Milan PE saving
was 77 % after
retrofit and
Lisbon PE saving
was 35 %

[95] - Renovation of
opaque envelope.

- Double glazed
windows.

- Replacing oil-fired
boiler with a new
natural gas unit for
heating.

Assessments through
simulation of high-
resolution measured
data for heating,
cooling energy use
before and after
the refurbishment

PE savings
reaches 33.5 %.

[96] - Residential
buildings retrofitted
in five EU climatic
zones through:

- Thermal envelop
retrofit (insulation
and window
refurbishment).

- Heat pump and
distribution pipes
retrofit.

Installation of PV
systems.

Software simulations
used to calculate the
PE savings achieved
after retrofit.

The PE savings
ranges between
41 % and 79 %
based on
different
climatic zones
and typologies.

[97] Single family
renovation including
thermal insulation of
roof and façade,
replacing the existing
boiler, and PV plant
installation.

The primary energy
reduction is calculated
through TRNSYS
simulations.

PE saving of 72
% was achieved.

Table 5
Shifted Flexible Load Indicator − Case Studies Review.

Reference
Study

Integrated Systems/
Technologies

Methodology Achieved Annual
Shifted Flexible
Load Value

[98] - Heating systems
(radiators and
water-based
under-floor
heating).

- Thermal storage
system with
control strategy
based on
electricity price.

- Phase Change
Materials (PCM)
wallboards.

- MATLAB-Simulink to
model building.

- Two different classes
of insulation
modelled.

- Simulation
results showed
that integrating
thermal storage
systems, PCM
wallboards and
electricity-based
control strategy
results in an
annual load
shifting of 42 %.

[103] - Heat pump.
- PCM tank.
- Combined Heat
and Power (CHP)
system.

- Model predictive
control (Price-
based control
strategy).

- Flexibility through
Shifting of the
electrical
consumption.

- Models of the
building systems are
implemented in a
simulation
framework using
MATLAB.

- Flexibility calculated
based on low and
high price periods.

- By adding TES
tanks and cost-
optimal control,
the simulation
showed annual
load shifting is
67 % for PCM
tank.

[104] - Flexible loads
such as washing
machine,
dishwasher,
tumble dryer,
vacuum cleaner.

- PV system.
- Multi sensors.
- Heat pumps.
- Electricity meters.

- Price-Market-based
Strategy.

- Testing was
conducted on
different scenarios
with varying number
of occupants and
schedules.

- The simulations were
developed through
Excel environment.

- The monitored
results showed
that the
achieved annual
load shifting
varied between
53 % to 66 %
based on
different the
scenarios.

[66] - High thermal
insulation.

- High thermal
mass.

- Ground-source
heat pump.

- PV system.
- Heat pump and
domestic hot
water storage.

- Control system.
- System
optimization.

- Control system was
responding to
different penalty
signals including
electricity costs
(high/low tariff, spot
market prices), CO2

emissions and self-
consumption.

- Load management
shifts the electricity
demand for the heat
pump operation to
times when CO2

emission levels in the
grid are low.

- Monitored
results revealed
that annual load
shifting was
between 40 %
and 85 % for the
different penalty
signals.

[105] - PCM wallboards
- Heating system
(convective
radiators and
under-floor heat-
ing system).

- High thermal
mass.

- Control system.
- Thermal storage
system.

- PV system.

- Different scenarios
generated with two
categories of
building envelope
(houses from 1980
and passive house),
four indoor thermal
mass configurations
and two heating
system types.

- MATLAB-Simulink
software used to
create
thermodynamic
multi-zone models.

- Control system
respond to price and
RES availability.

- Simulation
results showed
that houses built
in 1980 heated
by radiator have
annual load shift
between 30 %
and 40 %.

- For passive
houses using
radiators,
annual load shift
between 60 %
and 90 %.

(continued on next page)
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main influencing technologies, methodology, and achieved results.
Based on the review done, it can be claimed that the self-

consumption rate strongly depends on the presence of storage systems
and on the optimization of the PV and storage size to meet the building
loads. Thus, the typical SC value using only a PV system and without the
integration of a storage system is 30 % (rounded to the lower integer
value) representing the MA threshold. While by integrating storage
systems, heat pumps, control systems, and optimizing the size of PV and
storage, the maximum reasonable achievable value is 70 % (mean value
rounded to the lower integer), thus representing the TP threshold.

• Load Cover Factor Indicator

The Load Cover Factor (LCF or γload) measures the percentage of the
electrical demand instantaneously covered by on-site electricity

Table 5 (continued )

Reference
Study

Integrated Systems/
Technologies

Methodology Achieved Annual
Shifted Flexible
Load Value

[106] - Control system.
- PV system.
- Electric heat
pumps.

- 751 typical Italian
dwellings database
(14 dwelling
archetypes defined).

- Hourly Italian
electricity price
profile calculated
over 2018 and 2019.

- Day-ahead market
hourly pricing
mechanism for load
shifting.

- Monitored
annual load
shifting was
found to be 34
%.

[107] - District heating
system.

- Optimized
thermal storage
system.

- Building
connected with
the grid.

- Control system.
- Electrical boilers.

- Different scenarios of
building with
varying setpoints,
and low and high-
cost thresholds.

- Shift load to low
price periods.

- For the different
control
scenarios, the
monitored
annual load shift
ranged between
52 % and 79 %.

Table 6
RES Self-consumption Indicator − Review of requirements from standard.

Reference
Study

Integrated
Systems/
Technologies

Methodology Achieved RES Self-
Consumption Result

[109] - PV system.
- Electric storage
system.

- Demand-side
response
strategies.

- EU Commission
report on the best
practices on RES SC
applying Demand-
side response
strategies

- Between 30 %-65
% of RES SC can be
achieved for a
household.

[110] - Self-
consumption of
PV electricity.

- Revenues from
excess
electricity.

- PV System Size
Limitations.

- Revenues from
self-consumed
PV.

- Maximum
timeframe for
compensation.

- Electricity
System
Limitations.

- Some countries
reported specific
targets while
others did not
identify minimum
targets for SC (in
this table only
countries with
quantified targets
are reported)

- Germany:
minimum
requirement of 10
% SC for residential
housing.

- UK: for small
systems with less
than 30 kW SC is
advised by a
export/generation
tariff applicable to
the electricity fed
to the grid.

Table 7
RES self-consumption indicator − case studies review.

Reference
Study

Integrated
Systems/
Technologies

Methodology Achieved Annual
RES Self-
Consumption Value

[73] - PV panels.
- Optimized
storage
system.

- Heat pump.
- Electric
chillers (in
some
buildings).

- Smart control
(in some
buildings).

- Monitored data
available for six
buildings representing
different building
typologies,
technologies, and PV
sizing.

- Annual values for the
supply cover factor are
presented for
monitored and
simulated case studies.

- The annual SC
ranges between
42 % and 59 % in
different
buildings due to
different sizing of
on-site
generation.

[111] - Battery
storage.

- PV system.
- Control
system.

- Predictive control
strategies based on
dynamic programming
for stationary PV
battery systems.

- Optimal charge control
strategies.

- Optimized battery
storage sizing.

- SC without
storage is 34 %.

- SC with
optimized
storage sizing is
64 %.

[112] - Battery
storage.

- PV system.
- Control
system.

- Meteorological and
load demand data sets.

- Sensitivity analysis was
conducted for different
scenarios.

- Equation to calculate
SC.

- SC is around 35
% with no
storage.

- SC is around 65
% in the presence
of storage.

[113] - Heat pump.
- PV system.
- Battery storage
system.

- Increase of RES self-
consumption by
combining PV system
with battery storage,
controller and an
inverter, and hot water
storage tank for resi-
dential building.

- Based on
different battery
sizes, SC with
storage ranges
between 55 % to
88 %.

[114] - Heat pump.
- PV system.
- Battery storage
system.

- Testing the effect of
different battery
capacities and heat
pump type on the SC
assessed for a
residential building.

- SC without heat
pump, for
appliances only is
30 %,

- SC with heat
pump but
without storage
is between 30 %
and 40 %
depending on
different heating
loads.

- SC with heat
pump and
storage ranges
between 45 %
and 50 %.

[115] - Control
system.

- PV system.
- Storage
system.

- System
optimization.

- Optimization for a
residential
photovoltaic system
with storage and
control strategy.

- Two control algorithms
applied: cost reduction
based on PV
production, and cost
reduction without
forecast.

- For different
storage
capacities, and
different control
algorithms the SC
ranged between
30 % and 60 %.

[116] - Electric
vehicle.

- PV system.
- Control
system.

- EV charge–discharge
control proposed, and
their effects analyzed.

- Combining electric
vehicle, electricity
meter and control
system with PV system
in a smart house can
result in increasing SC.

- SC was 41 %,
while combining
EV and control
strategies SC was
79 %.
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generation (i.e., without grid exchange) over a period of time. The factor
ranges between 0 and 1 and can be represented as a percentage, in which
the higher the indicator the greater is the amount of load covered by RES
production. To date, there is no agreed minimum value of LCF for smart
buildings or nZEBs. According to the proposed methodology, Table 8
presents several case studies that have calculated the load cover factor
indicator in buildings and discuss the main influencing technologies,
methods, and achieved values to set thresholds for the indicator.

Thus, based on the reviewed studies it is evident that the LCF mostly
depends on the RES production, the presence of a control system, and
the optimization of RES and storage sizing. The annual MA of the LCF
using a PV system and no system optimization is 20 % (mean value of
representing case studies rounded to the lowest integer value), while
when the RES sizing is optimized and several technologies are integrated
such as storage systems, control systems, heat pumps, etc., the annual
LCF can reach 70 %, which has been identified as the TP threshold in
smart buildings/retrofits.

• Grid interaction index Indicator

The grid interaction index (GII or fGrid) defines the variable energy
exchanged between the building and the grid annually, normalized to
the highest absolute value. It is a measure of the variation of energy
exchanged between the grid and the building. Thus, the optimal GII
value lies in minimizing the load on the grid while ensuring a proper
balance in energy and performance. This means that the lower the index
the less interaction with the network. No quantified threshold has been
set for this indicator, yet different studies have evaluated the GII and
quantified its’ achievable value. It should be noted that the GII can be
calculated according to different time resolutions such as hourly, daily,
and monthly. However, the grid interaction must be evaluated accord-
ing to an hourly time resolution or possibly lower; in fact, hourly values
provide quite a good picture of the grid match since hourly data shows
the variations in fluctuations of the load. To set a threshold for this in-
dicator, Table 9 reviews different case studies according to their influ-
encing technologies, methods, and achievable values. The GII is
calculated at different time resolutions including hourly (fGrid,h), daily
(fGrid,d), and monthly (fGrid,m).

The GII depends highly on the RES production, the energy storage
capacity and BEMS. Based on the review done in Table 9, a range of
thresholds can be suggested for each time step. The values used are the
mean values of the representing case studies rounded to the lowest
integer. Thus, for the monthly time step, when no optimization is
applied and with the use of just the PV system, the MA value (repre-
senting the minimum threshold) of fGrid,m is 50 %, while when opti-
mizing the PV capacity/configuration and with the integration of other
technologies the TP value of fGrid,m is 30 %. Similarly, for the daily GII,
the MA value of fGrid,d is 40 %, while the TP threshold of fGrid,d is 20 %.
For the hourly GII, the MA value of fGrid,h is 30 %, and the TP threshold
of fGrid,h is 10 %.

4.2. Summary of threshold evaluation

A summary of the outcomes reported in the previous section is shown
in the graphical representation of Fig. 5, which illustrates the range of
the proposed thresholds for residential buildings.

5. Testing KPIs on a smart retrofit case study

To validate the thresholds, KPIs are evaluated on a representative
case-study building within the H2020 HEART project. As already
introduced, the selected building was retrofitted with a holistic retrofit
toolkit that integrates several smart technologies and optimises the
building in a systemic way according to its dimensional, functional and
performance features. The case-study, located in the city of Bagnolo in
Piano (Reggio Emilia, Italy) is a four-storey building, having a total of 12

Table 8
Load cover factor indicator − case studies review.

Reference
Study

Integrated
Systems/
Technologies

Methodology Achieved Annual
Load Cover Factor
Values (γload)

[73] - PV system.
- Heat pump.
- Electric driven
chillers.

- Five case studies
selected in different
climatic zones.

- High resolution data
used from both
monitored and
simulated buildings.

- Load matching
indicators calculated
at different time
resolutions.

- Annual
monitored LCF
ranged between
21 % and 56 %
according to
different case
studies based on
the variation of
onsite
production,
electricity load
profiles as well as
the heat
load profiles.

[54] - PV system.
- Storage system.
- High-efficiency
HVAC system.

- Control system.

- A house is modeled in
Energy Plus based on
simulating different
PV-battery sizes and
high-level battery
controller.

- Four PV configuration
scenarios were tested
to improve load
match and grid
interaction
indicators.

- Annual simulated
LCF ranged
between 25 %
and 60 % based
on different PV
sizing.

[117] - BIPV system.
- Smart control
system.

- Storage system.
- Heat pump.

- Net-zero energy
building with BIPV, a
heat pump with
cooling functionality
simulated in dynamic
thermohydraulic
simulations.

- Load shifting strategy
of heat pump
implemented.

- Annual simulated
LCF achieved is
97 %.

[72] - PV system.
- Storage system.
- Fuel cell
systems.

- nZEB prototype
evaluated in terms of
energy performances,
load match and grid
interaction issues.

- PV systems and fuel
cell systems with
different nominal
power, electric
storage system with
varying the nominal
storage capacity and.

- Simulated LCF
was 30 % when
only PV system
was used.

- When the storage
system and the
fuel cell systems
are used and the
sizing of the three
systems was
optimized, the
LCF reached 70
%.

[47] - Heat pump.
- Thermal energy
storage (TES).

- Control
systems.

- PV system.

- Building modeling
with Modelica
software.

- Three different
control conditions
implemented for the
storage tank to shift
HP electricity
consumption to time
with higher PV
system output.

- Simulated LCF
without daytime
control is around
20 % and with
daytime control is
around 30 %.

[118] - PV system.
- High-efficiency
HVAC system.

- Biomass based
co-generation
heat and power
technologies.

- Thermal
tracking
strategy.

- Single-family house
simultion assisted by
four conventional
heating systems and
biomass co-
generation heat/
power technologies.

- No storage system
used.

- Using the CHP-
polymer
electrolyte
membrane fuel
cell simulation
results could
reach the highest
LCF of 42 %.
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apartments, with cellars and parking areas located at the ground floor.
The total heated area of the building is around 680 [m2] [125].

In this research, a spreadsheet was developed to calculate the pro-
pose KPIs based on input parameters. Hourly data, which has been used
as the basis for calculations, was retrieved from the building energy
model. The latter has been calibrated and validated on the first available
experimental data, which makes it possible to reliably estimate the post-
retrofit energy performance of the building, both overall and broken
down into subsystems (more details can be found in Deliverable D3.10 of
the HEART project [20]). By using the developed spreadsheet, the KPIs
were thus calculated based on the implemented technologies in the
retrofitted building and the obtained values were compared with the
thresholds set in the previous section.

More in detail, the building was numerically modelled using Tran-
sient System Simulation Tool (TRNSYS) program which is used to model
building technologies together with TRNBuild to implement the build-
ing characteristics using Type 65 [126]. A specific yearly weather file
was generated from DEXT3R weather dataset of ROLO (Reggio Emilia
province) [20]. The building was not equipped with a centralized

Table 9
Grid interaction index − case studies review.

Reference
Study

Integrated
Systems/
Technologies

Methodology Achieved Grid
Interaction Index
Values

[119] - Compression
heat pumps.

- Heat supply
with a CHP
unit.

- PV system.
- Storage system.

- Three buildings
monitored: a nZEB
and two net plus
energy buildings.

- PV production
exceeds the annual
needs.

- Load matching and
grid interaction
tested on three
different time
intervals: hourly,
daily, and monthly.

- Monitored data for
building 1,
Portugal:

- fGrid,m is 37 %,
fGrid,d is 25 % and
fGrid,h is 31 %.

- Monitored data for
building 2, USA:

- fGrid,m is 55 %,
fGrid,d is 29 % and
fGrid,h is 29 %.

- Monitored data for
building 3,
Germany:

- fGrid,m is 43 %,
fGrid,d is 35 % and
fGrid,h is 25 %.

[73] - PV panels.
- Optimized
storage system.

- Heat pump.
- Electric chillers
(in some
buildings).

- Smart control
(in some
buildings).

- Battery storage
system.

- Monitored data
representing
different
technologies,
building typologies,
and PV sizing are
available for six
buildings.

- Calculation of
Monthly generation
of the net exported
electricity.

- Annual values for the
supply cover factor
are presented for
monitored and
simulated case
studies.

- fGrid,h varies
between 20 % and
30 % for simulated
case studies, and
between 15 % and
21 % for the
monitored case
studies.

[120] - PV system.
- Storage system.

- Stochastically
generated electricity
demand and PV
generation.

- Simulated model can
generate detailed
and realistic data
down to a 1-min
resolution.

- Storage system shifts
excess generation to
times with a net
demand.

- fGrid is higher with
the monthly
resolution.

- fGrid,m is 72 % and
fGrid,h is 27 %.

[121] - PV system.
- Battery Energy
storage.

- District
heating.

- Hot water
storage tank.

- Solar thermal
collectors.

- Simulated data of a
residential building
with load matching
and grid interaction
in hourly resolution.

- Test different options
including changing
the slope of solar
thermal collectors,
battery capacity, and
PV installed
capacity.

- Based on different
options the fGrid,h

resolution ranges
from 18% to 23%.

- According to
different options
the fGrid,

d decreases from
44 % to 29 %, and
fGrid,m decreases
from 70% to 41%.

[122] - Evacuated tube
solar collector.

- Absorption
chiller.

- Ground source
heat pump.

- Air source heat
pump.

- PV system.

- Investigated
buildings in different
cities representing
low-energy
buildings.

- Building energy
simulation using
TRNSYS.

- Multi-criteria
decision-making
optimal models’
analysis.

- fGrid,m variates
between 38 % and
77 % depending
on the different
cities.

- fGrid,m of 46 % is
achieved when
using a biodiesel
generator.

- fGrid,m of 40 %
which achieved
when adopting a

Table 9 (continued )

Reference
Study

Integrated
Systems/
Technologies

Methodology Achieved Grid
Interaction Index
Values

- Grid interaction
index indicator
evaluation using
equation.

vertical U-type
borehole heat
exchanger and
ground source
heat pump for
DHW, and
heating/cooling.

[123] - BIPV.
- Control system.

- Analysis of two
buildings in different
cities to compare
monitored electric
load data and PV
power generation.

- Decision-making
process for different
configuration of
BIPV.

- Most efficient
typology of BIPV
yielded fGrid,d 29
%, and fGrid,h 34
%.

[124] - PV systems.
- Thermal and
electrical
storage
systems.

- The GII was
monitored for seven
residential building
equipped with
different
technologies and
different sizing of PV
systems.

- The fGrid,h for the
case studies varied
between 15 % and
21 %.

Fig. 5. Summary of the proposed Key Performance Indicators Thresholds.
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cooling system before the retrofit, thus only heating demand and DHW
were considered. For the building simulation after the retrofit inter-
vention, a rule-based control logic was implemented. The control signals
are retrieved for each control rule and are modeled by Type 2d, which is
the differential controller. The heating setpoint is set at 20 ◦C and the
cooling setpoint at 26 ◦C.

The envelope is insulated using pre-formed modular insulation
panels that is attached to existing façades, and windows are renovated
using new high-performance double-glazed window. The heating system
is replaced based on a centralized configuration containing two direct-
current air-to-water heat pumps (DC-HPs) used for pre-heating and
pre-cooling of the water loop. A TES is also connected to the water loop,
in which it keeps sensible/latent heat through water added with Phase
Change Materials (PCM) which allows for phase transition to provide
useful heat/cooling. A DC smart fan coils connected are mounted in each
room and performs as water-to-air decentralized heat pumps used for
heating or cooling atmosphere air. The PCM are in the form of balls that
are added in 3 water tanks with a total capacity around 120 kWh
[127,125]. The PCM phase change occurs at 25 ◦C. During winter, the
temperatures inside the TES unit is around 32–34 ◦C, while in summer it
is around 16–18 ◦C in order to realize an inlet temperature in the heating
system around 25 ◦C [20]. The TES unit boundary conditions of the
heating system are met, by which the ideal water supply temperature
going to the fan coils is around 25 ◦C, while return temperature going to
the centralized heat pump is between 15 to 20 ◦C. For load-shifting, DC-
HPs provide heat to the heating system and/or to the TES. This allows
the DC-HP to operate at the best conditions (e.g., accessibility of solar
energy, higher ambient air temperature, etc.). The control systems’ logic
which has been further detailed in [127], enables the TES to appropri-
ately shift the load in the presence of PV production. Water-to-water
decentralized heat pumps boilers are linked to the DHW system.

The thickness of the thermal insulation and the size of the different
components (e.g., PV system and TES) were determined using a
decision-support process to identify the cost-optimal option. TRNSYS
custom Types for the TES and the air-to-water heat pump were devel-
oped by the HEART team, while Type 133 was used in TRNSYS to model
the PV system. Constant value of infiltration rate is estimated at 0.27 [1/
h], while the U-value after retrofit was 1.2 W/m2K for the glazing, 0.266
W/m2K for the external walls and 0.25 W/m2K for the roof [128].
Furthermore, a battery with a capacity of 14 kWh is also present in the
building, with the function to store electricity when the TES is full or the
thermal energy is not needed in the building (e.g., mid seasons). The
BEMS controls electricity/thermal energy fluxes, as well as coordinates
the main devices (e.g., heat pumps, fan coils, etc.) on the basis of
different variables (e.g., PV energy production, building load, etc.)
[129].

For the KPI calculations, first, the primary energy saving was calcu-
lated based on the dynamic simulation of the building. The non-
renewable primary energy conversion factor adopted is 1.95 [130].
Table 10 and 11 report the non-renewable primary energy calculation
before and after the retrofit, respectively. In detail, based on Eq.1 pre-
sented previously in Table 2, the non-renewable primary energy before
retrofit was estimated equal to 105′210 kWh/y, which corresponds to
around 154 kWh/m2y. While after retrofit the non-renewable primary
energy was found to be 14′549 kWh/y, which equals 21.4 [kWh/m2y].
Thus, the overall PEnren savings is about 86 %.

To calculate the Shiftable flexible load indicator, two scenarios were
considered, namely “reference” and “post-retrofit”, which correspond to

the building before retrofit and after the retrofit, respectively. The
flexibility is quantified through load shifting which is achieved with the
control system that charges/discharges the energy storage. The load
shifting is resembled by Eq.2 shown in Table 2, which considers the
overall building load before and after the retrofit intervention. The
result showed that the shiftable flexible load of the building is 67 %.
Hence, charging the energy storage when there is PV production reduces
the peak load demand and improves the energy efficiency of the system.

To calculate the RES Self-consumption, the PV production is first
analyzed. TRNSYS simulations were used to predict the hourly PV pro-
duction for the building. The power of the installed PV plant is 8.7 kW
[128]. The monthly values of the energy generated by the PV plant are
reported in Fig. 6.

Outcomes of hourly simulations are summarized in Table 12. The PV
SC is calculated considering charging/discharging of the storage system.
The annual SC with storage is assessed using Equation 3 and was found
to be 47.7 %. This result confirms that the integration of the storage
system is very crucial in calculating the RES SC indicator. It must be
noted that the summer cooling load is not considered, so this is achieved
with a low summer electrical load.

The Load Cover Factor (γload or LCF) for the HEART project was
calculated at four different time resolutions: hourly, daily, monthly, and
yearly to monitor the seasonal effect of the PV production on the KPI.
However, the most reported timestep for the γload is the annual and it
usually gives the best description of the indicator, thus, the threshold
was set for the annual timestep only. The values of the load cover factor
were calculated using Equation 4 to show the variations throughout the
year. The annual load cover factor shows that the PV electricity pro-
duction covers around 54 % of the electricity demand of the building
including heating, cooling, and DHW. As shown in Table 13, as the time
resolution increases the LCF decreases. This is because the PV produc-
tion pattern is more variable at higher time resolutions.

The last calculated indicator is the Grid Interaction Index (fgrid or GII)
which describes the variation of the energy exchange between the grid
and the building. It is calculated at three different time resolutions (i.e.,
hourly, daily, and monthly) using equation 5. It demonstrates that
because of the absence of PV output at night hours the hourly resolution
has lower values. These results match the GII values discussed in liter-
ature on different case studies with similar configuration.

The achieved values of the HEART case-study were compared with
the proposed thresholds for each KPI as visualized in Fig. 7. Then, some
interpretations and remarks of the results are reported in Table 14.

Results of this research offer a complementary approach to SRI’s
framework by providing a quantitative assessment of technological
performance. While the SRI [17] evaluates smart building capabilities
across critical domains such as heating, cooling, domestic hot water,

Table 10
Data for Non-renewable Primary Energy Calculations − Before Retrofit.

fdel,nren,i (Delivered energy non-renewable primary energy factor) 1.95
fexp,nren,i (Exported energy non-renewable primary energy factor) 1.95
Non-renewable Primary Energy Before Retrofit (kWh/y) 105′210
Non-renewable Primary Energy Before Retrofit (kWh/m2y) 154,7

Table 11
Data for Primary Energy Calculations − After Retrofit.

fdel,nren,i (Delivered energy non-renewable primary energy factor) 1.95
fexp,nren,i (Exported energy non-renewable primary energy factor) 1.95
Non-renewable Primary Energy After Retrofit (kWh/y) 14′549
Non-renewable Primary Energy After Retrofit (kWh/m2y) 21.4

Fig. 6. Monthly Renewable Energy Production of the Installed PV Plant.
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ventilation, lighting, dynamic building envelope, electricity manage-
ment, electric vehicle charging, and monitoring and control systems,
this study’s threshold values enhance the SRI approach. These indicators
and thresholds can serve as benchmarks within the SRI framework,
providing a more quantitative analysis of each system’s efficiency and
responsiveness, enabling a more precise evaluation of how technological
upgrades align with smart readiness goals.

Furthermore, the findings align with the EPBD and the BPIE, both of
which have established key indicators to enhance energy efficiency in
buildings across the EU [14]. Where it was stated that the targeted non-
renewable primary energy demand for residential buildings to achieve
nearly zero-energy status shall be less than 100 kWh/m2/year [65]. A
target of at least 30 % was set for renewable energy self-consumption as
well as ≥ 20 % for flexible shiftable load.

6. Conclusions, limitations and future recommendations

The pursuit of energy efficiency and smart building readiness pre-
sents a formidable challenge in the quest to reduce CO2 emissions and

energy consumption, particularly within the context of existing struc-
tures. To address this challenge, this paper has introduced a compre-
hensive framework designed to assess the performance of smart building
and retrofit projects, thereby quantifying their advantages. By estab-
lishing a group of reference Key Performance Indicators (KPIs) and
associated thresholds, minimum acceptable standards were defined.
These thresholds were selected through a methodology that in-
corporates a literature review and a Logical Evaluation approach. Sub-
sequently, these KPIs were rigorously applied to a case-study building,
which is a representative case in terms of energy efficiency and smart
capabilities, developed as part of a Horizon 2020 initiative. The appli-
cation of these KPIs to the actual building’s performance, leveraging
preliminary monitoring data, provided concrete evidence of the
thresholds’ viability in the context of a real retrofit intervention.
Consequently, as a result of the work done in this paper, we propose a
quantified definition for smart retrofitting, which is: the process of
transforming an existing building into a SB, which is a nZEB with Pri-
mary Energy savings between 30 % and 80 % and has the capability of
responding to the varying conditions of climate and of the grid, of
communicating with the user and of predicting failures in the building
operations through the utilization of a BEMS. It shall allow Load Shifting
in response to RES production/electricity prices of 30 % to 70 %
annually andminimize grid interaction to around 10% to 30% at hourly
level throughout a year. Moreover, it should allow RES Self-
Consumption of 30 % to 70 % and Load covered by RES of 20 % to
70 % annually.

While this study offers valuable insights into KPIs assessing smart
retrofitting and having tested them in a real case study, some potential
limitations should be acknowledged. One challenge was testing the KPIs
across various European smart retrofitting projects, where data collec-
tion was hindered by inconsistent time steps, missing pre-retrofit data,
or incomplete parameters necessary for KPI evaluation. Consequently,
the KPIs were tested only on the Italian case study from the HEART
project, rather than a broader range of buildings. This constraint of the
selected building types posed a limitation, as the conclusions may not
extend to other building categories, such as commercial or industrial
buildings, which differ in terms of structure, age, and usage. Addition-
ally, the study focused primarily on measuring energy and grid perfor-
mance, leaving social and cultural aspects unaddressed. However, the
technologies analyzed, such as real-time monitoring and control sys-
tems, could have indirect benefits on user satisfaction and social

Table 12
RES self-consumption indicator calculation variables based on hourly
simulations.

RES Self-Consumption Indicator Calculation Based on Equation 3

Annual PV Production [kWh] 8′900
Annual Building Electricity Consumption [kWh] 16′359
Annual instantaneous self-consumption (Energy used directly in building)

[kWh]
4′244

Table 13
Load Cover Factor and Grid Interaction Index calculation at different time steps.

Load Cover Factor and Grid Interaction Index Calculation at different time steps using
Equation 4 and 5

Time step Value

γload,y 54 %
γload,m 33 %
γload,d 18 %
fgrid,m 31 %
fgrid,d 23 %
fgrid,h 15 %

Fig. 7. HEART Project KPI Results in Reference to Elaborated Thresholds.
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sustainability by improving comfort, enabling self-consumption, facili-
tating load shifting, and reducing peak loads during renewable energy
production and lower electricity prices.

In order to improve the robustness of the KPIs, the authors are aware
of a number of possible avenues for further study. As noted in [80], one

important area is dealing with operational and environmental un-
certainties, such as user behaviour and climate conditions, which have a
big impact on building performance and, in turn, the KPIs. Furthermore,
it is necessary to take into consideration the stakeholder interests in
these performance evaluations, this has been well highlighted by the
results of a recent study on a multi-criteria decision-making framework
for building insulation [131]. By performing a balance between a variety
of criteria, including cost-effectiveness, energy economy, and thermal
comfort, this framework may help increase the KPIs’ adaptability,
particularly under changeable circumstances.

Additionally, [132] and [133] suggest engaging a metric that
quantifies the difference between simulated and actual performance
under uncertain scenarios. Such a metric would help clarify the per-
formance gap, and thus aligning predictions with real-world outcomes
across a building’s entire lifespan. Combining these approaches with the
decision-making framework in [131] offers a pathway to strengthen the
reliability of building performance assessments, addressing immediate
and long-term stakeholder needs effectively.

On the other hand, the broad topics discussed in the paper have
drawn attention to many gaps in the literature that can be further
emphasized and detailed for future work. One of the key gaps is the lack
of testing the indicators and demonstrating their performance in real-
world scenarios. For instance, this could be accomplished through
monitoring and assessing buildings before and after smart retrofit.
Furthermore, studies can be selected in various climate zones to analyze
the impact of the SRI thresholds under different energy regulations and
energy performances. The defined thresholds of the indicators can be
actively communicated and evaluated by architects, designers, and
policymakers for the future requirement for Smart Readiness Indicator
and smartness labeling. Finally, a detailed cost-benefit analyses and
technical–economic evaluations in these case studies would help iden-
tify more realistic and affordable thresholds, thereby enhancing the
practical applicability of the indicators.
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Table 14
Summary of results of KPIs’ tested on the HEART’s Italian case study.

Indicator Achieved
Result

Identified Values
Based on
Literature

Interpretation

1. Non renewable
Primary Energy
Indicator

Non
renewable
Primary
Energy Saving
is 86 %

Minimum
Acceptable
Limit:30 %
Top Performing
Limit: 80 %

Outstanding
performance since
the building has a
compact shape, the
envelope was fully
insulated with the
optimum thickness
and high efficiency
HVAC system was
implemented and
supported by RES.

Shiftable Flexible
Load

Annual Load
Shifting of 67
%

Minimum
Acceptable Limit:
30 %
Top Performing
Limit: 70 %

The KPI is almost
equal to the top
performing
threshold. It must be
noted that the
storage size is limited
considering the area
of the technical
room. Thus, the
achieved load
shifting is based on
the maximum
allowed storage size.

2. RES Self-
Consumption

φSC with
storage 47.7
%

Minimum
Acceptable
Limit:30 %
Top Performing
Limit:70 %

Good value
considering that it’s a
residential building
with the peak load
not in phase with
solar energy
availability and the
highest consumption
is concentrated in the
winter season.

Load Cover Factor
Indicator

γload,y 54 % Minimum
Acceptable
Limit:20 %
Top Performing
Limit:70 %

The LCF is within the
minimum and top
performing
threshold; it must be
noted that the PV size
was limited by the
maximum power of
the converter.

3. Grid Interaction
Index

fgrid,h 15 %
fgrid,d 23 %
fgrid,m 31 %

Minimum
Acceptable Limit:
Hourly 30 %,
Daily 40 %,
Monthly 50 %

Top Performing
Limit: Hourly 10
%, Daily 20 %,
Monthly 30 %

The GII values are
close to the top limits
thus the obtained
result is more than
satisfactory.
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Appendix A

Table A1
Original list of smart buildings KPIs definitions and references.

SB Basic Features Supporting KPIs (Units) Definitions References

NZEB target
Climate Response, Grid
Response

Primary Energy (kWh/m2) Encompasses all the primary available energy that is consumed in the
supply chains of the used energy carriers.

[27;28;29;63;64;65]

Energy Demand And
Consumption (kWh/(m2.month
or year))

Assess the building energy demand and consumption. [73;27;32]

Energy Savings (%) Percent reduction of energy consumption compared to the baseline case. [52;27;33;34]
Global Energy Performance
Indicator (kWh/m2)

Indicator gives the numeric value, under reference conditions, of the
building’s energy consumption and refers to the consumption of non-
renewable energy sources, like the gas used for heating the building or
producing hot water.

[134;30;31]

Peak Load Reduction (%) Compare the baseline peak demand with the peak demand after
technology implementation.

[27;135;37;38]

Degree of Energetic Self-Supply
by RES (%)

The ratio of locally produced energy from RES and consumption over a
period of time.

[27;44];

Increased RES and Distributed
Energy Resources hosting
capacity (%)

The additional RES and energy resources that can be installed in the
network, when new interventions are applied, and compared to the BAU
scenario.

[136–138;45;46]

Flexibility
Climate Response, Grid
Response, User
Response

Storage Capacity (%) Available storage capacity of storage technologies integrated into the
smart grid.

[21;139;41;140;58;59]

Depth of Discharge (%) Describes how deeply a storage system can be discharged to provide
usable energy with respect to the reference conditions.

[139;24;62]

Storage Efficiency (%) The ratio between the discharged energy and the charged energy,
typically over a full cycle.

[60;61]

Load Cover Factor (%) The percentage of electrical demand covered by on-site electric
generation.

[71;49;72;54;73;47]

Maximum Hourly Surplus
(kWh)

Themaximum hourly ratio between on-site generation and load over the
load for each energy type.

[50;51]

Maximum Hourly Deficit (kWh) The maximum hourly ratio of the difference between load and on-site
renewable energy generation.

[50;51;52]

Demand Response (kWh) Load shed potential of a device with respect to its rated power
consumption during a DR event.

[136;141;35;36]

Load Shifting (%) Load shifting potential for the considered DSM technology at a certain
time step.

[35;142]

Flexibility Factor (− ) Instant demand at high/low electricity price periods. [40;41]
Annual Mismatch Ratio (− ) The annual difference between demand and local renewable energy

supply.
[50;53]

Load Matching Index (%) The on-site energy use: it helps to differentiate between the different
timescales.

[74;73;54;49];

Mismatch Compensation Factor
(− )
No Grid Interaction Probability
(− )
RES Self-consumption (Supply
Cover Factor) (%)

The capacity of the PV or similar RES installation over the capacity of
the installation for which the economic value of annual import and
export of electricity is the same.
The probability that the building is acting autonomously of the grid.
The degree of instantaneous on-site renewable energy consumption

[50;53;55,72;49;73;54;47,69;70;49;48]

Real-time monitoring
Monitoring and
Supervision

Increased Power Quality and
Quality of Supply (%)

Average time needed for awareness, localization, and isolation of grid
fault.

[27;143;45]

Absolute Grid Support
Coefficient (− )

Evaluate the grid impact of a building or its heating system [40,57];

Relative Grid Support
Coefficient (− )

Assesses the optimization potential for heating or cooling system
operation.

[40;57];

Building Operational
Performance KPI (%)

Illustrates the performance of the building by relating the energy
consumption, emissions, and geometrical information.

[144]

Reduction of energy price by
ICT related technologies (%)

Measures the price of the energy traded by an aggregator, both with
baseline and after ICT implementation.

[27;141]

Smart Ready Built Environment
Indicator (− )

Assesses how smart-ready the building is and measures the performance
of technologies.

[145]

Smart Readiness Indicator (− ) A score that indicates the readiness of a building to adapt operations to
the needs of occupants and to optimize energy efficiency and energy
flexibility.

[146;17;147]

EU Energy Label (− ) The energy efficiency of appliances is rated based on a set of energy
efficiency classes from A to G on the label, A being the most energy
efficient, G the least efficient.

[148–153]

Reduced Energy Curtailment of
RES and DER (%)

Reduction of energy curtailment due to technical and operational
problems.

[27;141;154]

Reduction of technical network
losses (%)

Compares the technical losses of the baseline scenario against the ones
from the smart grid scenario for a period of time.

[136;141]

Increased reliability (%)
Grid Interaction Index (%)

Avoiding failures reverts to higher reliability, meaning fewer stops on
the normal operation of the building and associated systems.
Describes the average grid stress, using the standard deviation of the
grid interaction over a period of a year.

[27;141,73;74;49,56]

(continued on next page)
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Table A1 (continued )

SB Basic Features Supporting KPIs (Units) Definitions References

Real-time interaction
User Response

Consumer Engagement (− ) Measures the involvement of users in control over the energy use in the
building.

[27;45]

System Average Interruption
Duration Index System (− )

Estimates the average interruption duration, which leads to disturbance
for network users and maintenance costs.

[136;155–157];

 System Average Interruption
Frequency Index (− )

Estimates the average number of service interruptions detected by a
typical end user in the network during a defined time.

[136;155–157]

Data availability

Data will be made available on request.
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[61] E.-L. Niederhäuser and M. Rouge, “Technical report on best practices for energy
storage including both efficiency and adaptability in solar cooling systems,” 2017,
doi: 10.18777/ieashc-task53-2019-0002.

[62] F. Haghigat, P. Tuohy, G. Fraisse, C. Del Pero, IEA ECES annex 31 final report -
energy storage with energy efficient buildings and districts: optimization and
automation, Internat. Energy Agency (2019).

[63] Green_Building_Council_Italia, “Energy Efficiency of Buildings in Italy Green
Building Council Italia,” 2019.

[64] A. Ferrante, G. Mochi, and N. Nieboer, “Energy and architectural renovation
towards nZEB The Dutch Scheveningen case in the ABRACADABRA Project,”
2016.

[65] W. Pasut, “Key Performance Indicators (KPIs) and needed data ,” 2019.
[66] M. Hall, A. Geissler, Comparison of flexibility factors and introduction of a

flexibility classification using advanced heat pump control, Energies 14 (24)
(2021) 8391, https://doi.org/10.3390/EN14248391.

[67] Z. Luo, et al., Demand flexibility of residential buildings: definitions, flexible
loads, and quantification methods, Engineering (2022), https://doi.org/10.1016/
J.ENG.2022.01.010.

[68] A. J. Marsza et al., “Characterization of Energy Flexibility in Buildings Energy in
Buildings and Communities Programme Annex 67 Energy flexible buildings,”
Dec. 2019.

[69] R. Luthander, J. Widén, D. Nilsson, and J. Palm, “Photovoltaic self-consumption
in buildings: A review,” Mar. 05, 2015, Elsevier Ltd. doi: 10.1016/j.
apenergy.2014.12.028.

[70] R. Fachrizal, J. Munkhammar, Improved photovoltaic self-consumption in
residential buildings with distributed and centralized smart charging of electric
vehicles, Energies (Basel) 13 (5) (2020), https://doi.org/10.3390/en13051153.

[71] F. Stern, “Peak Demand and Time-Differentiated Energy Savings Cross-Cutting
Protocols: The Uniform Methods Project: Methods for Determining Energy
Efficiency Savings for Specific Measures,” 2013.

[72] G. Tumminia, et al., Grid interaction and environmental impact of a net zero
energy building, Energy Convers Manag 203 (2020) 112228, https://doi.org/
10.1016/j.enconman.2019.112228.

[73] J. Salom, A.J. Marszal, J. Widén, J. Candanedo, K.B. Lindberg, Analysis of load
match and grid interaction indicators in net zero energy buildings with simulated
and monitored data, Appl Energy 136 (2014) 119–131, https://doi.org/10.1016/
j.apenergy.2014.09.018.

[74] K. Voss, et al., Load matching and grid interaction of net zero energy buildings,
Internat. Solar Energy Soc. (ISES) (2016) 1–8, https://doi.org/10.18086/
eurosun.2010.06.24.

[75] L. Schibuola, M. Scarpa, C. Tambani, Demand response management by means of
heat pumps controlled via real time pricing, Energy Build 90 (2015) 15–28,
https://doi.org/10.1016/j.enbuild.2014.12.047.
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[120] J. Widén, E. Wäckelgård, Net zero energy solar buildings at high latitudes: the
mismatch issue. Conference: EASST 2010 Conference: Practicing Science and
Technology, Performing the Social, Trento, 2010.

[121] B. Berggren, J. Widen, B. Karlsson, M. Wall, Evaluation and optimization of a
Swedish net Zeb-using load matching and grid interaction indicators, IBPSA-
England (2012).

[122] F. Harkouss, F. Fardoun, P.H. Biwole, Optimal design of renewable energy
solution sets for net zero energy buildings, Energy 179 (2019) 1155–1175,
https://doi.org/10.1016/J.ENERGY.2019.05.013.

[123] F. Frontinia, M. Manfren, L.C. Tagliabue, A case study of solar technologies
adoption: criteria for BIPV integration in sensitive built environment, Energy
Procedia 30 (2012) 1006–1015.

[124] B.-J. Kim, H.-W. Lim, D.-S. Kim, U.-C. Shin, A study of load matching on the net-
zero energy house, J. Korean Solar Energy Soc. 38 (4) (2018) 55–66, https://doi.
org/10.7836/KSES.2018.38.4.055.

[125] M. Manfren, et al., Parametric energy performance analysis and monitoring of
buildings—HEART project platform case study, Sustain. Cities Soc. 61 (2020)
102296, https://doi.org/10.1016/J.SCS.2020.102296.

[126] M. Buzzetti, F. Leonforte, A. Estrada, J. Balest, and R. Fedrizzi, “HEART
Deliverable 9.7 Assessment on monitored and simulated results – I,” Bolzano, May
2020.
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