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Achieving the European Union’s ambitious goal of transforming buildings into carbon-neutral
assets is crucial for combating climate change and improving energy efficiency. The harmoni-
zation of Energy Performance Certificates (EPCs) plays a vital role in this effort. It can provide a
standardized measure of building energy performance, which is crucial for benchmarking and
improving energy efficiency across Member States. In the context of the recast Energy Perfor-
mance of Buildings Directive (EPBD) of 2024, this study examines the progress made by EU
Member States in standardizing EPCs. The research aims to evaluate the implementation of EPC
indicators, focusing on data quality, calculation methods, and costs. The methodological pro-
cedure followed for the study led to the development of a dedicated Cross Comparative Matrix
(CCM) to assess the implementation of EPC indicators across 27 EU Member States and their
reading feature allowed the declination into three scenarios for different EPC data analysis:
qualitative, quantitative and burden costs. The findings reveal significant disparities, particularly
in areas such as thermal comfort and smart readiness, due to the lack of a common methodology
and local regulatory differences. While key indicators like energy performance class and primary
energy use are widely implemented, compliance with EU standards varies. The study concludes
by recommending standardized methodologies and enhanced assessor training to improve EPC
quality, harmonization, and effectiveness. This research contributes to policy discussions by of-
fering a comprehensive framework for EPC evaluation and insights into improving data quality,
reliability, and accessibility. The originality of this study lies in its cross-national analysis,
highlighting the need for a unified EPC scheme to promote building sustainability across the EU.
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Abbreviations

CCM Cross Comparative Matrix

BC Burden Costs

BT Building Technology

CS Compliance Score

E Energy

EC European Commission

EPBD Energy Performance of Buildings Directive
EPC Energy Performance Certificate

EU European Union

GHG Greenhouse Gas

GWP Global Warming Potential

IAQ Indoor Air Quality

MEPS Minimum Energy Performance Standard

MS Member State

RES Renewable Energy Sources
SRI Smart Readiness Indicator
STC Summer Thermal Comfort
TDS Tool and Data Source

1. Introduction

Buildings account for 40 % of final energy consumption in the European Union (EU) and 36 % of its energy-related greenhouse gas
emissions while 75 % of buildings in Europe are still energy-inefficient [1]. These emissions result partly from the direct use of fossil
fuels in buildings (e.g., oil and gas used in boilers for heating) and partly from the production of electricity and heat for use in buildings
(e.g., electricity consumed by water heaters, lighting, electrical devices, cooling systems, etc.) [2].

According to the European Climate Neutrality Observatory report [3], between 2005 and 2021, the direct GreenHouse Gas (GHG)
emissions from buildings in the EU decreased by 20 %. The reduction in GHG emissions has primarily taken place within the past two
decades alongside a gradual strengthening of policies to reduce them. Concerning the whole life cycle, the European Environment
Agency attributed the overall decrease to the shifts in energy production methods, notably a significant decline in coal usage and
growth in the adoption of renewable energy sources coupled with a modest reduction in total energy consumption, and substantial
decreases in GHG emissions linked to specific industrial production processes. This trend reflects the EU’s decarbonisation strategies
which include the improvement of energy efficiency and the electrification of end-uses and it is remarked also by the recently pub-
lished Directive 2024,/1275 of the European Parliament and Council of April 24, 2024 on the Energy Performance of Buildings (EPBD
recast) [1], proposed in 2021 in the context of “Fit for 55” legislative package to deliver on the EU’s 2030 climate targets [4]. This
revision of the EPBD [5] has also represented a key component of the Renovation Wave initiative [6], aiming specifically to boost the
renovation rate of buildings in Europe, to achieve a zero-emission building stock by 2050 [7,8].

So far, Member States have faced challenges implementing the provisions of EPBD, resulting in significant gaps in key instruments
like the Energy Performance Certificate (EPC) [9]. Introduced in 2002 with the Directive 2002/91/EC [10], reinforced in 2010 with
the recast 2010/31/EU [11], and also in 2018 with the Directive 2018/844 [12], the EPC serves as a vital tool for data exchange
between owners, investors, and policymakers, enhancing awareness of energy savings in real-estate market transactions [13,14]. As an
example, in Member States (MSs), where the EPC schemes have a long tradition and their implementation is properly done, the positive
impact of the EPC on the real estate market is tangible [15]. However, only a minority of financial institutions use EPCs as a basic
benchmark of a building’s general condition [16], EPCs also include recommendations for the cost-effective improvement of the
energy performance of the building. They can also be used to monitor the overall energy performance of the building stock [17]. There
is a consensus [18] that EPCs, particularly in accessible databases, can enhance transparency and inform about building-level energy
performance, renewable share, energy costs, and potential energy efficiency improvements [19].

At the same time, EPC scheme implementation varies across the EU, due to contextual factors, technical capacities to support the
implementation, as well as the characteristics of the construction sector and buildings market in general [20].

The Horizon 2020 call in 2008 for the “Next-generation of Energy Performance Assessment and Certification” aimed to enhance the
reliability of energy performance assessment and certification, as well as their compliance with relevant EU standards and the Energy
Performance of Buildings Directive. Considering this, the Directive (EU) 2024/1275 [1] introduces measures to make EPCs clearer,
more reliable and visible, with easy-to-understand information on energy performance and other key indicators.

Moreover, it covers a broader range of policies and incentives to support building renovation, such as the introduction of Minimum
Energy Performance Standards (MEPSs) and it provides a clearer definition of a good-quality EPC, its purpose, and how it should be
issued (e.g. through control mechanisms and enhanced visibility in property advertisements). In particular, the EPC template of Annex
V introduces different indicators, like energy and GHG emissions, charging points, indoor air quality, and the building’s life-cycle
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carbon emissions.

Against this policy background, recent scientific research [21-24] underlines that although the EPC is a mandatory tool, some
voluntary certification schemes (such as LEED, BREEAMS, Well) are globally more accepted and trusted by the market to certify the
building performances and sustainability levels. Some other studies [25-28] attempted to provide where MSs stand in terms of EPC
implementation through reviews and comparative analysis. This research stream (to name a few examples of the latest in Europe)
sheds light on existing applications of EPC and unveils how EPBD is differently interpreted and assessed by various methodologies and
parameters across Europe. Further studies [29-33] primarily evaluated the assessment methods and EPC data feature, auxiliary input
data, application domain and temporal distribution, and underlined that EPC data are mainly used to map building energy perfor-
mance through energy consumption analysis. They also highlight the lack of data quality and comparability across Europe. In addition,
recent literature [34-37]also acknowledges the energy performance gap between actual energy use and the EPC values.

Those statements combined with the lack of data availability or limitations (weak quality assessment method, input data, or as-
sessors’ skills), and the limited country focus, identify the research gap of a comprehensive framework to assess the current state of the
EPC scheme implementation, but also the clear identification of which are the key indicators for assessing the building energy
performance.

The present study was conducted during the EPBD revision negotiation process with the aim to cover this gap, by providing a
comprehensive analysis of EPC schemes across all the 27 EU Member States considering the EPC template presented in the proposal for
a recast of the EPBD Annex V [38,39].

To achieve this goal, the study defined a novel methodology to evaluate qualitatively and quantitatively the implementation of the
EPC schemes across Europe, by developing a dedicated tool called Cross Comparative Matrix (CCM).

In particular, the instrument assesses and takes into account the indicators (both mandatory and suggested, as listed in the EPBD
recast) of the EPC template to identify good practices in making EPC data reliable, accessible, and reusable by the building’s com-
munity (i.e. real estate, building owners, tenants, experts, policymakers, etc.)

The study has been structured into 5 main sections: after the first introduction on the topic and the European regulatory framework
concerning the EPC definition and implementation, section 2 presents the methodological procedure based on the first outcome of the
overall work: the so-called Cross Comparative Matrix (CCM). This is the tool used to conduct the whole analysis of the EPC indicators,
which is described in detail together with the other outcomes of the study in section 3. Section 4 focuses on the discussion of the data
collected and presented in the previous section and finally, in section 5 the main conclusions of the study are summarised.

2. Methodology

The main contribution of this paper is the development of a new methodology to comprehensively analyze the EPCs indicators
listed in the EPBD recast Annex V [39].

This novel methodological framework has been defined to perform a cross-country comparison between EU Member States and
identify potential gaps in the implementation of EPC indicators in the respective EPC national schemes.

Considering the complexity of the activity to evaluate each single indicator per all the European EPC schemes in term of data
collection, analysis, interactions and availability, the authors developed a dedicated methodology to fulfil the identified research gap.

As a result, a Cross Comparative Matrix (CCM) was chosen to serve as a structured methodological tool to analyze different scopes
of analysis within different boundary conditions (i.e. topic or area of interest, list of indicators, geographical context, output, and type
of the analysis).

This methodology is graphically summarised in Fig. 1 including the CCM structure definition, the selected boundary conditions, the
data sources, and flow foreseen for the population of such tool, and the reached outputs.

The starting point considered (step 1 in Fig. 1) for the CCM development is the complete list of indicators of the EPC template
provided by Annex V of the EPBD recast proposal clustered according to two main types of indicators: mandatory (Art 1, Annex V “On
its front page, the energy performance certificate shall display”) and suggested (Art 2, Annex V “In addition, the energy performance
certificate may include”). This first distinction between mandatory and suggested indicators, remarks the need to further cluster the
indicators per main categories to characterize deeply the analysis per topics of interest. It was specifically implemented following the
approaches in related studies [40-46] and validated by the authors based on their expertise. Step 2 thus resulted in the identification of
seven categories of indicators: Energy (E); Emissions (GHG); Tool and Data Source (TDS); Building Technology (BT); Summer Thermal
Comfort (STC); Indoor Air Quality (IAQ); Smart Readiness Indicator (SRI). Table 1 summarizes these categories and the list of EPC
indicators from Annex V. To further define the CCM an additional step was needed: Step 3. This step enabled to define the geographical
context, namely the 27 EU Member States (MSs). In Step 4, the main ingredients of the CCM were identified, respectively the rows and
the columns of the matrix, and an addition to a final column to allow for a global picture of the analysis at EU level.

Finally, in Step 5 the matrix was populated according to the three scenarios identified with the seepe aim to analyze the EPC
indicators listed by Annex V EPBD recast in terms of qualitative, quantitative, and burden costs points of view. A key aspect to consider
in this process was the identification of reliable data necessary to populate the matrix. To account for this, the tool was designed to
allow for multifunctional use and multiple-data reading. Overall, this study adopted three types of analysis.

The first two (Steps 5, scenarios A and B) correspond to a qualitative and quantitative analysis of the EPC indicators across the EU.
For these two analyses, different data sources have been considered to gather all the necessary information starting from the regulatory
framework (EU legislations, directives, and standards) [47], the concerted action reports [48,49], and the national, regional, and local
regulations and standards (for example the Long-Term Renovation Strategies implemented in each MSs) [50-59].

In addition, Horizon 2020 projects’ public deliverables (Appendix D), as well as technical reports and scientific publications
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Fig. 1. Graphical abstract of the study’s methodology developed for the analysis of the EPC indicators across Europe.

[60-62] served as sources to complete the overview and the data collection. The third analysis (Step 5, scenario C) focused on the
burden cost of the EPC indicators implementation on selected MSs.

3. Outcomes of the study

Three are the main outcomes of the present work, resulting from the steps of the methodology, developed by the authors, to study
and analyze the EPC indicators across Europe.

At Step 4 in Fig. 1, the creation and definition of the Cross Comparative Matrix (CCM) correspond to the first outcome. The CCM is
the core tool used to critically compare and review the EPC indicators along different aspects, uses, and contents.

The three derived analyses on EPC indicators (qualitative, quantitative and burden costs), conducted in the final step 5 with the use
of the CCM, correspond to the second outcome of the study, identified respectively as the three main scenarios: A, B and C (Fig. 1).

The third outcome is the critical review and comparison of the overall results across EU collected and analyzed using the previous
outcomes. The CCM in fact offers not only the possibility to understand, compare and cluster EPC data, but also to evaluate their
implementation as well as potential barriers that limit their introduction or calculation into the EPC scheme.

3.1. The Cross Comparative Matrix

The Cross Comparative Matrix (CCM) is on one hand the first outcome of the study, on the other it is also the core instrument used to
conduct the EPC indicators analyses which correspond to the other following outcomes.

The basic structure of the CCM, as anticipated, is composed by rows and columns, which correspond respectively to EPC indicators
and EU Member States, completed by an additional final column to provide a global picture of the analysis at the EU level.

The added value, which offer the EPC data collection within a matrix, is the possibility to understand, compare and cluster them in a
unique tool to deeply evaluate their implementation, to correlate and compare them easily, and even to identify eventually barriers
and/or constraints that limit their introduction or calculation into the EPC scheme.

3.2. Three scenarios for the EPC data analysis

The second outcome of the study corresponds to the three main scenarios of the EPC data analysis, derived from the use of the CCM
and declined at step 5 respectively into three possible reading features of the methodological framework: i) Scenario A Qualitative
analysis, ii) Scenario B Quantitative analysis, and iii) Scenario C Burden Costs analysis.
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Table 1
Overview of the EPC template indicators according to the recast of the EPBD in Annex V with the integration of code category and number
defined by the study.

The first two scenarios A and B, corresponding to the qualitative and quantitative analysis, allow a final comparison of the in-
dicators through the EU MSs as well as the estimation of the Compliance Score (CS), as graphically shown in Fig. 2.

The third scenario C focuses only on the Burden Cost analysis based on dedicated metrics to facilitate the results’ reading and the
price quantification for the EPC indicators. Those scenarios A, B, and C are explained in detail, in the following subsections.

3.2.1. Scenario A: qualitative analysis

Step 5 Scenario A is the first outcome and the first possible CCM reading feature declined from the general CCM structure and it
provides a qualitative analysis of the EPC indicators.

The data that populated the matrix provided properties, characteristics, and details per every single indicator per each EU Member
State, according to the data collected from the available data sources and the existing literature (Appendix A).

Due to the lack of a unique European repository for the EPCs, a common harmonized language, and structure of the certificates and
classes, various types of sources were used, ranging from official EU documents, national, regional and local regulations and standards,
project deliverables, technical reports, and scientific publications, to stakeholders and expert interviews.
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Fig. 2. Graphical scheme of the Step 5 scenarios A and B for the Cross Comparative Matrix for the visualization of the qualitative and quantitative analysis results and
the Compliance Score definition per MSs (by columns) or per indicators (by rows).

The data collection has been a fundamental step of the methodology to frame a complete overview of the topic and to populate the
Cross Comparative Matrix. For example, the Concerted Actions reports have been the initial data source for the state of the art in each
MS. This is considered a valuable document, given that it describes the progress per country on EPC implementation, including issues
of compliance, use of databases, and training of assessors. Public deliverables and presentations of research projects’ outcomes, funded
by the European Commission under the Horizon 2020 Energy Efficiency Programme during the three years from 2018 to 2020,
provided further insight into the EPC indicators, exploring current and future ways to implement certification of buildings’ energy
performance. The main EU research projects used as data sources have been listed in alphabetic order with respective details about: the
period, the funding programme, the countries involved in the consortium, the objectives, and deliverables or other technical reports
from which data and inputs have been collected (Appendix D).

3.2.2. Scenario B: quantitative analysis

Step 5 Scenario B is the second outcome and CCM reading feature which provides in this case a quantitative analysis. In this
scenario, the quantitative values populate the tool to enable the evaluation of not only the Compliance Score (CS) of each indicator in
Europe, comparing the 27 EU Member States, but also the CS of all the EPC indicators listed in Annex V of the EPBD recast in each EU
MS.

A heat map was chosen to best portray the results of this quantitative analysis (Appendix B). In this graphical representation of data,
values are depicted by color, making it easier to visualize complex data. By aggregating results, the heat-map gives a snapshot allowing
to identify trends, optimize, and increase the comprehension of the current implementation of the indicators across MSs. The legend for
the quantitative analysis - based on a 0-2 point-scale rating coupled with colors - has been chosen to enhance the impact and the user-
friendly reading level of the matrix.

Step 5 Scenario B, graphically presented in Fig. 1, provides the legend of the quantitative data analysis where: black cells stand for
information Not Available (N.A.), green and yellow cells represent an indicator already implemented in the EPC template: green
specifies that the indicator has been implemented in the EPC template with a common European definition (i.e. in line with existing EU
regulations or standards); yellow applies to indicators implemented with no EU common definition, but with specific definition and/or
calculation method defined by its own MS based for example on local regulations, or other requirements, such as climate conditions,
declined specifically from the EU common one. Finally, red cells apply to indicators not yet implemented in the EPC template. Besides
the specific analysis of each indicator in each MS, an overall vision of the EPC indicators implementation is provided by the Compliance
Score indicator. Its value indicates both the state of implementation of the single indicator concerning the 27 MSs (values in the last
column of the CCM), but also the state of progress of implementation into the EPC template for each MS of all the 30 listed indicators
(values in the last row of the CCM). This simple point-scale rating allows to highlight which indicators have been already implemented
and in how many countries. The value of the CS indicator has been calculated based on a scale rating (from 0, meaning not
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Table 2

Legend of the cross comparative matrix for burden costs.
Burden Cost level Motivation Score
Negligible The indicator is already in the calculation process, it has only to be displayed on the EPC. +
Medium The calculation procedure for the specific indicator can be easily implemented. ++
High The indicator is based on real time monitoring that need to be implemented or tool development. +++

- The indicator is already displayed in the EPC template.

implemented or information Not Available (N.A.), to 2, meaning implemented with a common European definition) corresponding to
the colors (from red to green) of the CCM quantitative feature.

3.2.3. Scenario C: burden costs analysis

Step 5 Scenario C is the third outcome of the study which focuses on the analysis of the additional burden costs necessary for the
EPC indicators’ implementation into the EPC scheme. These costs may increase the overall costs for both assessors and building
owners. The Burden Cost (BC) analysis is the consequential result of the CCM step 4, which allows a sectorial evaluation of the
additional burden costs due to the introduction of novel indicators in the EPC template as listed in the Annex V of EPBD to further
investigate their feasibility implementation. Due to the availability of data, which also depended on access to data from directly known
experts, the scenario C focuses only on a selection of EU countries (Appendix C).

In fact, alternative access, e.g. from the literature, was often difficult, being a topic still unexplored in the literature. In any case, the
selection of countries was confirmed by the few available resources, namely deliverables or technical factsheets from EU funding
projects (Appendix D) referring to the countries of the consortium partners. Finally, to strengthen the data reliability, the authors have
conducted online interviews with experts from the selected countries that are currently involved in projects related to building energy
efficiency certification such as the ongoing sister projects on the Next generation of EPC. In particular, the interviews have been
conducted involving first the partners/experts of the EPCRECAST project and then enlarging the discussion with all the sister projects
expert funded under the call: Next-generation of Energy Performance Assessment and Certification (CrossCert, EUSuper Hub,
iBRoad2EPC projects). The authors involved also in the interview experts of the public authorities and stakeholders participating to the
EPC RECAST project, including a total of 20 experts from France, Italy, Germany, Spain, Portugal, Belgium). Despite being focused
only on some selected countries; the main findings of the analysis could set a valid initial benchmark for all MSs to learn from other
MSs’ practices. Fig. 1 at Step 5 Scenario C graphically summarizes the steps followed for the population of this CCM feature on Burden
Costs. The starting point is, as anticipated, a selection of EU countries (Denmark, France, Germany, Italy, Luxembourg, Slovakia and
Spain - step 2).

As for the other matrixes, a dedicated legend has been defined to facilitate the reading and to limit the margin of inadequacy and
inaccuracy error in quantifying the price. The Burden Cost levels identified in Table 2 are three: negligible, medium; and high, rep-
resented in the CCM for Burden Costs with an incremental number of symbols “+”, respectively with 1, 2, and 3, and in case the
indicator has been already implemented in the EPC template, leaving empty the cell.

3.3. Results of the scenarios A, B and C

The overall results, collected and derived from the analysis conducted using the CCM for the three presented scenarios A, B and C,
correspond, as anticipated, to the third main outcome of the study.

Starting from scenario A, Fig. 3 graphically summarizes the results obtained by the qualitative analysis conducted to evaluate the
status of the EPC indicators’ implementation in the EU Member States using the code and number defined in Table 1.

The graphic clearly outlines that only 2 out of 20 indicators are fully implemented in all Member States, the Energy performance
class (E1) and the Calculated primary energy use (E2), both considered mandatory indicators in Annex V of the EPBD revision. Those
two indicators stem from the EPBD 2010, which introduced a requirement to express the energy performance of buildings through an
energy performance indicator and a numeric indicator of primary energy use. However, the yellow bar indicates that less than 30 % of
the countries implemented those indicators with an EU common definition [47,63,64], so a high number of MSs have implemented
them with an independent framework, often related to national, regional, or local standards and regulations.

The other suggested indicators (numbered from 10 to 30 in Table 1) by the EPBD recast have a limited implementation mostly
related to Energy (10-E8; 11-E9) and Building Technology categories (16-BT1; 17-BT2; 18-BT3 and represented by colored dots in the
respective indicators’ bars. The indicators from 12 to 15 and from 27 to 30 have not been found in any European EPC template.

In particular, the indicators related to the Emissions category (12-GHG3; 13-GHG4; 14-GHG5) focus on the Global Warming Po-
tential, a new indicator which requires a dedicated software for whole life cycle emissions evaluation, currently not in use in common
practice concerning EPCs. In literature and common practice referring to most widespread green building certification procedures (e.
g., BREEAM and LEED), there are different software pre-programmed with calculation routines for the evaluations of emissions
referring mainly to the standard EN15978 [65] based on the Life Cycle Assessment (LCA) for building level.

This approach aims to assess the potential environmental of buildings over the complete life cycle, from materials production to the
end-of-life and management of waste disposal, which correspond to the 3 modules (A, B and C) defined by CEN TC350 standard,
respectively subdivided into the following stages: product, process, use and the end-of-life.

The other not implemented indicators belong respectively to the following categories.

e Indoor Air Quality (indicator no. 27 - Operational fine particulate matter (PM2.5) emissions);
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Fig. 3. EPC indicators’ implementation status in the EU Member States.

o Smart Readiness Indicators (indicator no. 28 - Yes/no indication whether a smart readiness assessment has been carried out for the
building and indicator no. 29 - Value of the smart readiness assessment (if available));
e Tools and data sharing (indicator no. 30 - Yes/no indication whether a Digital Building Logbook is available for the building).

In general, those indicators require a specific methodology and assessment tool for their effective integration into the current EPC
schemes.

Fig. 4 reports, differently from the previous analysis per indicators of Fig. 3, the implementation level per each single Member State
of all the EPC indicators listed in the recast of EPBD Annex V [39]. Only two MSs (Belgium and Spain) have implemented more than 10
EPC indicators in their current EPC scheme in comparison with the 30 indicated and in both cases, most of the implemented indicators
referred to an EU common definition (green bar in Fig. 4).

The majority, 17 out of 27 MSs (Austria, Bulgaria, Croatia, Czechia, France, Germany, Greece, Ireland, Italy, Latvia, Luxembourg,
Malta, Netherlands, Polonia, Portugal, Slovakia, and Sweden), have implemented between 5 and 10 EPC indicators, with (green bar)
and without an EU common definition (yellow bar). Finally, 8 out of 27 MSs (Cyprus, Denmark, Estonia, Finland, Hungary, Lithuania,
Romania, and Slovenia) have implemented less than 5 indicators out of 30. It is remarkable to notice that the MSs, which register a
medium level of implementation, have mainly implemented indicators with different definitions from the EU common ones. A final
overview of the implementation level of the EPC indicators has been graphically represented with the Compliance Score in Fig. 5, with
an axis range from 0 to 54, corresponding to the range values that the 27 MSs can reach considering the legend defined at Step 5
Scenario A qualitative analysis of the methodological procedure (Fig. 1), which assigns a maximum score of 2 for the implemented
indicators.

The graphic of Fig. 5 summarizes the results of the quantitative analysis and it highlights a predominance, at the European level, of
the Energy category for the indicators’ implementation (with a peak for E1 and E2 indicators) followed by Emissions, Building
Technology, and Summer Thermal Comfort. It has to be remarked that for the Emissions category, only two indicators have been
implemented (8-GHG1; 9-GHG2), while the other three indicators indicated by Annex V and related to the Emissions registered a null
implementation (12-GHG3; 13-GHG4; 14-GHG5). Tools and Data Source category is the only one with all the listed indicators not
implemented (15-TDS1; 30-TDS2) being related mainly to Building Passport and Digital Logbook that at the moment of the analysis
were a voluntary tool. Indoor Air Quality and Smart Readiness Indicators are the categories with most of the indicators with
Compliance Score null, although some of their respective indicators have been implemented (20-IAQ1; 24-SRI3; 25-SR14; 26-SRI5),
underlining a growing interest around this topic within the EPC scheme. Finally, the results of the CCM on Burden Costs Scenario
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Fig. 4. Overview of the implementation of the EPC indicators listed in Annex V of EPBD recast across the EU MSs.

C have been analyzed and critically revised to complete the study on the EPC indicators. The EPC price for a single-family house of an
average size of 85 m?, according to the Building Stock Observatory, ranges from a minimum of 100€ for an online certification in
Germany to 1250¢€ in the Flemish region [66], due to several aspects such as.

e labor cost;

e workload required for calculation;

e number of competing actors on the market;

e cost of EPC software;

e calculation method (i.e., asset rating or operational rating);

e involvement of trained experts;

e on-site inspection;

o effort for data acquisition (i.e., demand-based EPC or consumption-based EPC);

e verification by an independent organization;

e registration or not in a national EPC database.

Regarding the certification procedure, in countries where the EPCs are issued automatically via online tools (e.g. in the
Netherlands), the costs are low due to the low level of involvement of trained experts (no needs of specific software and on-site visits).
The building characteristics play a big role in the price definition, in particular the main influencing features are.

type, size and complexity of the building;

location of the building;

use of the building (i.e., residential or non-residential);

age of the building (i.e., new or in use);

existence and level of detail of plans and building-related documents;
characteristics and complexity of the building envelope;

characteristics and complexity of plant systems and renewable energies;
need of on-site measurements;

measured energy use data;

°
L]
°
L]
L]
°
L]
°
L]
e dynamic simulation due to the presence of plant systems;
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Fig. 5. Compliance Score graphic per indicator, referring to the maximum CS value of 54, corresponding to the implementation level with no EU common definition.

Depending on the factors mentioned above, very low costs for issuing an EPC can call into question the integrity, quality and
reliability of the EPC, but on the other hand keeping prices affordable for end-users may increase the public acceptability and uptake of
the certification scheme. It is therefore important to guarantee good quality with high affordability of the EPCs to avoid the use of
default values to minimize costs. The increasing complexity and reliability of the calculation methodologies and of the efforts for the
assessors are causing a general increase in the EPCs’ cost assessment. As for the integration of additional indicators into the EPCs, the
cost can vary according to the effort needed for their implementation.

Fig. 6 shows the additional burden costs score per indicator, referring to the required level (negligible, medium and high) of effort
for its implementation.

The results underlined that the indicators already implemented in the EPC template (only 3 out of 30) do not require additional
burden costs. The categories with a lower score are Energy, Tool and Data Source, and Building Technology, while the higher scores are
associated with the categories related to newly defined indicators (i.e., Emissions, Summer Thermal Comfort, IAQ and SRI).

Moreover, 9 indicators (out of 30) register a burden cost score higher than 12, due to the lack of a common definition across EU, or
calculation methods or instruments for data collection. They mainly refer to the categories of GHG (life cycle GWP and carbon re-
movals), STC, IAQ and SRI, which require certifiers with specific expertise or skills and new instruments (e.g., smart meters or building
management service for real time monitoring service).

4. Discussion

The present study provides an extensive and deep analysis of the implementation of the 30 indicators listed in Annex V of the recast
of EPBD [39] in the EPCs schemes across Europe performed with a flexible and modular matrix. This matrix, called CCM, was
developed with the intention to be reused and adapted to other contexts. The analysis of the CCM was defined along three specific
features (qualitative, quantitative and burden costs). Results revealed not only significant differences between the EPC schemes, but
also a non-homogeneous level of compliance for the EPC indicators, considering different approaches currently used across the EU
MSs. Moreover, it highlighted that the heterogeneous level of implementation depends mainly on the local regulatory and policy
contexts, the available technical capacities of assessors to support the indicators’ implementation, and the knowledge and expertise in
more recently introduced areas, such as Level(s), SRI and life-cycle Global Warming Potential (GWP). At the same time, results clearly
point out that 16 out of 30 indicators analyzed register a high integration into the EPC template of MSs and 9 of those correspond to the
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Fig. 6. Additional burden cost score for EPC indicators’ implementation for the 7 selected MSs clustered per categories.

first 9 indicators listed in Annex V of the recast of the EPBD [39].

Results also suggest that currently most of the EU Member States have not yet implemented all the mandatory indicators (indicators
from 1 to 9 in Table 1) set by the EPBD recast, and those indicators are mainly related to Energy and Emissions categories. The other
suggested indicators (numbered from 10 to 30 in Table 1) have a limited implementation: most of them are related to Building
Technology category (BT 16 — BT 17 — BT 18) and integrated only in 9 countries (AT, BE, BG, HR, IE, CZ, FI, PT, ES).

The energy performance class (E1) and the calculated primary energy use in kWh/m?year (E2) are the only 2 out of 30 indicators
implemented in all the EPC templates across Europe. However, most countries have implemented them without a definition fully
compliant with EU regulation, preferring instead to use their own developed independent and national standards.

The Summer Thermal Comfort (STC) category - identified in the work - presents only one indicator, named “Results of the analysis
on overheating risk”, which has been implemented in 4 countries (BE, FR, IT, NL), underlying the increasing relevance of this topic in
the energy efficiency discourse, despite the absence of a common definition and rating. The choice of the authors, to categorize this
indicator into the Summer Thermal Comfort (STC) even if the overheating can occur also in winter, is due to the limited frequency and
intensity in that season, respect to the summer one and considering also the increasing CDD registered all over Europe. Moreover, the
winter overheating in residential buildings can easily be solved by applying natural ventilation or adapting the coatings temporarily.

Moving from results per indicator to the country-by-country analysis, the Compliance Score value (reported in Appendix B) of the
Cross Comparative Matrix shows that there are 11 MSs (AT, BE, BG, FR, DE, IE, IT, ES, SK, SE) which register a value greater than 11.
This demonstrates that only one-third of the EU Member States have implemented at least one-third of the indicators listed by the
recast EPBD [39], but with not an EU common definition.

Regarding indoor air quality, 3 out of 30 EPC indicators belong to this category, as suggested indicators: the presence of fixed
sensors that monitor the levels of indoor air quality (indicator no. 20 - IAQ 1); the presence of fixed controls that respond to the levels of
indoor air quality (indicator no. 21 - IAQ 2); and operational fine particulate matter (PM2.5) emissions (indicator no. 27 - IAQ 3).

IAQ 1 is the unique IAQ indicator already implemented only in the Swedish EPC template for monitoring the radon level. The other
2 indicators on IAQ are not implemented in any country.

Sometimes the implementation difficulties experienced are inherent in the complexity of the indicator assessment, the lack of a
common definition or calculation method, and the non-homogeneous building features and typologies. Those facts have contributed to
the significant differences in EPC indicators’ implementation among EU MSs described in this study. Achieving harmonization at the
EU level would benefit from the provision of assessment or calculation methodologies at least for mandatory indicators and would

11



M.M. Sesana et al. Journal of Building Engineering 95 (2024) 110323

require developing and strengthening the skills of technicians dealing with EPCs across Member States.

These results also emphasize the need for an evidence-based approach to enhance the outreach and effectiveness of EPCs across
European contexts. Integrating behavioral economic insights into the design and implementation of EPCs is one of such evidence-based
approaches that could enable to maximize the effectiveness of EPCs [42]. This approach enables the development of information tools
that resonate with individuals, tapping into their motivations and accounting for their cognitive biases [40]. Relying on the experi-
mental method, this approach enables to assess the effectiveness of different information (i.e. which indicators to show and how) on
the target population enables policymakers to refine and tailor EPCs [41]. By enabling to design EPCs that better align with how
individuals process information and make decisions, such as simplifying information presentation, framing energy-related benefits,
and providing meaningful reference points, policymakers can more effectively steer individuals towards energy-efficient choices.

The results of the additional burden cost analysis revealed that higher increments are expected for 3 categories related to: Emis-
sions, IAQ, and SRI, since related indicators require dedicated training (GHG 4 and GHG 5 indicators) or expertise by assessors in
managing additional tools and sensors to monitor and gather real consumptions (IAQ 1, IAQ 2, SRI 5 and SRI 7).

5. Conclusions

This article provides a comprehensive evaluation of the implementation of EPC indicators as outlined in the recast EPBD across the
27 EU Member States. Developing and utilizing a Cross Comparative Matrix (CCM), our analysis reveals considerable variability in the
adoption and integration of EPC indicators. One of the major findings is the non-homogeneous level of compliance with some in-
dicators, particularly in areas like thermal comfort and smart readiness, due to varying local regulations, technical capacities, and
assessor expertise.

Overcoming these discrepancies is paramount to achieving a harmonized approach to EPC implementation across Europe. Stan-
dardizing methodologies and enhancing training programs for assessors are critical steps toward achieving harmonization.

Moreover, the study highlights the potential benefits of integrating behavioral economic insights into EPC design. By aligning EPCs
more closely with how individuals process information and make decisions, policymakers can enhance the impact of EPCs on
encouraging energy-efficient dwelling adoption.

In conclusion, the article provides a comprehensive analysis of EPC indicators, as identified by the latest EPBD recast, observing the
need to promote a more harmonized approach across Europe, coupled with the cost-optimal methodology assessment [67] to boost
EPC development and implementation and a further investigation on the emerging topic IAQ comfort [68]. Further research could aim
to complete the burden cost analysis in the remaining MSs and focus on other geographical contexts to evaluate worldwide the EPC
potentialities starting from the recent studies [69,70] performed singularly to correlate the results also to the climatic context.

Disclaimer
The views expressed are purely those of the authors and may not in any circumstances be regarded as stating an official position of
the European Commission.

CRediT authorship contribution statement

Marta Maria Sesana: Writing — review & editing, Writing — original draft, Visualization, Validation, Supervision, Methodology,
Investigation, Funding acquisition, Formal analysis, Data curation, Conceptualization. Graziano Salvalai: Writing — review & editing,
Visualization, Validation, Supervision, Project administration, Methodology, Formal analysis, Data curation, Conceptualization. Nives
Della Valle: Writing — review & editing, Supervision. Giulia Melica: Validation, Supervision. Paolo Bertoldi: Writing — review &
editing.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability
Data will be made available on request.

Acknowledgments

The authors sincerely acknowledge the Next Generation Energy Performance Certificates cluster of sister projects, funded by the
Horizon 2020 research and innovation programmes and their partners/experts, for the cooperation and assistance given in providing
the data and necessary feedback during the interviews of this study.

12



Journal of Building Engineering 95 (2024) 110323

M.M. Sesana et al.

armyesj eyep aaneyfenb :xinen saneredwo) ssor) ‘v xipuaddy

13



Journal of Building Engineering 95 (2024) 110323

M.M. Sesana et al.

ainjesj eyep aaneinuenb :xinepn saneredwo) ssor) g xipuaddy

14



M.M. Sesana et al. Journal of Building Engineering 95 (2024) 110323

Appendix C. Cross Comparative Matrix on Burden Costs

15



M.M. Sesana et al.

Journal of Building Engineering 95 (2024) 110323

Appendix D. Summary of the research projects considered as sources for the analysis

Project name and period

EU funding programme

Consortium
partners’
countries

Objective and main outcomes

Reference documents

crossCert - Cross Assessment of
Energy Certificates in
Europe (2021-2024) [71].

E-DYCE - Energy flexible
DYnamic building
Certification (2020-2023)
[72].

ePANACEA - Smart European
Energy Performance
AssessmeNT And
CErtificAtion (2020-2023)
[73].

EPC Recast - Energy
Performance Certificate
Recast (2020-2023) [74].

Horizon 2020 - LC-SC3-
B4E-4-2020 - Next-
generation of Energy
Performance Assessment
and Certification.

Horizon 2020 - LC-SC3-EE-
5-2018-2019-2020 - Next-
generation of Energy
Performance Assessment
and Certification.

Horizon 2020 - LC-SC3-EE-
5-2018-2019-2020 - Next-
generation of Energy
Performance Assessment
and Certification.

Horizon 2020 - LC-SC3-EE-
5-2018-2019-2020 - Next-
generation of Energy
Performance Assessment
and Certification.

AT; BG; HR; DK;
DE; EL; MT; PL;

SI; ES; UK.

DK; DE; EL; IT;

CH.

AT; BE; FI; DE;

EL; ES.

BE; FR; DE;
LU; SI; ES.

IT;

16

The crossCert project aims at creating a
product testing methodology for new
EPC approaches to improve accuracy
and usability of the EPCs, people-
centric designs, and homogeneity
across Europe. The crossCert project is
based on a bottom-up approach which
uses test cases, compare and analyze the
results between different approaches,
elaborate policy recommendations and
engage networks and alliances for
analysis and for outreach. crossCert will
also use the cross-assessment exercise
to conduct research and issue
guidelines on: training and education,
EPC promotion and marketing,
adapting EPCs investor needs, linking
next-generation of EPCs to energy
audits, logbooks and Building
Renovation Passports and EPCs and
one-stop shops for building renovation.
E-DYCE will combine innovative
approaches with established and widely
available tools to create a methodology
capable of implementing scalable and
adaptable dynamic energy
performance certification (DEPC)
through a technology neutral
methodology for dynamic labelling
adaptable to any type of building. The
project includes communication with
the final user and validation in pilot
buildings. E-DYCE will be compatible to
existing and emerging EPC methods, or
can function as a stand-alone DEPC
labelling process.

The objective of the ePANACEA project
is to develop a holistic methodology
for energy performance assessment
and certification of buildings.
ePANACEA comprises the creation of a
prototype making use of the most
advanced techniques in dynamic and
automated simulation modelling, big
data analysis and machine learning,
inverse modelling or the estimation of
potential energy savings and economic
viability check. The project will also
involve the end-user through thematic
workshops and demonstrate the
methodology through case studies.

To reach the EU decarbonisation
objectives, it is urgent to trigger more
investments targeting energy retrofit
for buildings. Energy Performance
Certificates (EPCs) represent a relevant
instrument supposed to be strongly
structuring for the assessment of
buildings energy performance, decision
support regarding energy retrofit
projects, development and articulation
of financing instruments (public and
private), benchmark of building assets
and market value recognition. EPC
RECAST project will set a well-
structured process and a toolbox
supporting the development,

D2.4 EPC cross-testing
procedure.

D1.1 EPC regional report.

Next generation of EPCs and
Quality Convergence across
the EU: Implementation of
Innovative Certification
Schemes.

D1.10 EPC RECAST Certificate
and Renovation Roadmap.

(continued on next page)
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Project name and period

Consortium
partners’
countries

EU funding programme

Objective and main outcomes

Reference documents

EUB SuperHub - European
Building Sustainability
performance and energy
certification Hub
(2021-2024) [75].

iBRoad - Individual Building
(Renovation) Roadmaps
(2017-2020) [76].

IDEAL EPBD - Improving
Dwellings by Enhancing

Actions on Labelling for the

EPBD (-) [77].

QualDeEPC - High-quality
Energy Performance
Assessment and

Horizon 2020 - LC-SC3-
B4E-4-2020 - Next-
generation of Energy
Performance Assessment
and Certification.

AT; HR; FR; DE;
HU; IE; IT.

Horizon 2020 - EE-11- AT; BE; BG; DE;
2016-17 - Overcoming EL; PL; PT; RO;
market barriers and SE.

promoting deep renovation

of buildings.

Intelligent Energy Europe -
Programme.

Horizon 2020 - LC-SC3-EE-
5-2018-2019-2020 - Next-
generation of Energy

BE; BG; DE; EL;
HU; LV; ES; SE.

17

implementation and validation of a
new generation of Energy
Performance Assessment and
Certification, with a deliberate focus
on residential buildings, more
specifically existing ones, for which
retrofit is one of the most challenging
and pressing issue.

The EUB SuperHub project will support
the evolvement of the certification
process in the EU by development of a
scalable methodology to view, assess
and monitor the buildings through
their lifecycle (embedded energy,
costs etc.). Energy performance
assessments and certificates of
buildings need to evolve to reflect the
technological development, the needs
of the society, and within the EU, they
must be consistent throughout Member
States. Holistic view of buildings, social
and technological shifts in the society
require a change in the way we observe
and handle the built environment
helping incentives to yield in energy
efficiency and investments.

iBROAD intends to explore, design,
develop and demonstrate the concept of
individual building renovation
roadmaps, as a tool outlining deep
step-by-step renovation plans with
customised recommendations for
individual buildings, combined with a
repository of building-related
information. The project will develop
an integrated concept, and produce
modular tools, suitable for differing
national conditions. The iBROAD
innovative concept and tools will be
tested in some partner. iBROAD’s
implementation, beyond the project
duration, will strongly support building
owners in step-by-step deep renovation,
while avoiding lock-in effects.

In countries where the EPBD directive
has been implemented for a while, the
energy label seems to have little
motivational impact on people to
improve the energy performance of
their home. IDEAL-EPBD aims to
investigate why the response of
households towards the energy label
has been limited, in particular trying
to determine: the reasons behind
whether or not homeowners take the
energy label into account, the reasons
behind whether or not homeowners
take up the additional proposed
measures. The results of the
investigations are being used to
develop policy recommendations
and action plans for improving the
effectiveness of the energy certificates
and other activity in the field of energy
savings in the residential sector.

The QualDeEPC project is aiming to
both improve quality and cross-EU
convergence of Energy Performance

Quality, usability and
visibility of energy and
sustainability certificates in
the real estate market.

Factsheet for EU countries
(Poland, Portugal and
Romania). Current use of EPCs
and potential links to iBRoad.

Deliverable 3.1 Country
Specific Factors - Report of
Findings in WP3.

D4.2 Development of
Standard EPC.

(continued on next page)
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Project name and period

Consortium
partners’
countries

EU funding programme

Objective and main outcomes

Reference documents

Certification in Europe
Accelerating Deep Energy
Renovation (2019-2023)
[78].

TIMEPAC - Towards Innovative
Methods for Energy
Performance Assessment
and Certification of
Buildings (2021-2024)
[79].

X-tendo - eXTENDing the
energy performance
assessment and
certification schemes via a
mOdular approach
(2019-2022) [80].

Performance Assessment
and Certification.

Horizon 2020 - LC-SC3-
B4E-4-2020 - Next-
generation of Energy
Performance Assessment
and Certification.

AT; HR; CY; DE;
IT; SI; ES.

Horizon 2020 - LC-SC3-EE-
5-2018-2019-2020 - Next-
generation of Energy
Performance Assessment
and Certification.

AT; BE; DK; EE;
EL; IT; PL; PT;
RO; UK.

Certificate (EPC) schemes, and the
link between EPCs and deep
renovation. The objective of the
project is to improve the practical
implementation of the assessment,
issuance, design, and use of EPCs as
well as their renovation
recommendations, in the participating
countries and beyond. The project will
include the analysis of existing EPC
schemes and the development and
testing of concrete proposals and tools
for enhanced EPC assessment The
QualDeEPC project will stimulate
changes by intensive dialogue involving
the important stakeholders at all levels
from the very beginning and by
disseminating its findings among the
relevant target audiences in Europe.
TIMEPAC will contribute to improving
existing energy certification processes,
moving from a single, static
certification to more holistic and
dynamic approaches that consider:
the data generated in the overall energy
performance certification process and
throughout all the building lifecycle;
buildings as part of a built environment,
connected to energy distribution and
transport networks and buildings as
dynamic entities, continuously
changing over time. TIMEPAC will
demonstrate the feasibility of
combining EPC databases with other
data sources to make certification more
effective and reliable and will validate
the methodology in six countries.
X-tendo will support public authorities
to transition to next-generation
energy performance certification
(EPC) schemes, including improved
compliance, reliability, usability and
convergence. The X-tendo toolbox will
contain 10 innovative EPC features
ranging from a smartness and a comfort
indicator to building logbooks and how
to improve EPC databases. A selection
of twenty-nine test projects in nine
different member states will
demonstrate the potential of each
feature as part of more reliable next-
generation EPC schemes across the EU.

Deliverable 1.1 Context
analysis of EPC generation.

Energy Performance
Certificates. Assessing their
status and potential.
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