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ARTICLE INFO ABSTRACT
Keywords: With the ongoing significance of overheating calculations in the residential building sector, building codes such
Indicators as the European Energy Performance of Building Directive (EPBD) are essential for harmonizing the indicators

Performance-based and performance thresholds. This paper investigates Europe’s overheating calculation methods, indicators, and

Summer thermal comfort thresholds and evaluates their ability to address climate change and heat events. e study aims to identify the

Thermal discomfort

EPBD suitability of existing overheating calculation methods and propose recommendations for the EPBD. The study
Climate change results provide a cross-sectional overview of twenty-six European countries. The most influential overheating
Heatwave calculation criteria are listed the best approaches are ranked. The paper provides a thorough comparative
Prescriptive assessment and recommendations to align current calculations with climate-sensitive metrics. The results sug-

gest a framework and key performance indicators that are comfort-based, multi-zonal, and time-integrated to
calculate overheating and modify the EU’s next building energy efficiency regulations. The results can help
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Mean Vote; PPD, Predicted Percentage of Dissatisfied; UK, United Kingdom; WWR, Window to wall ratio.
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policymakers and building professionals to develop the next overheating calculation framework and approach for
the future development of climate-proof and resilient residential buildings.

Nomenclature orientation or in zone zi [W/K]
Ry Total time over the month of July
Ag Net floor area [m?] Hg jui  Average accumulated solar irradiation for the month of
Ayt The useful area of the living spaces following the definition July (kWh/m? month) in the studied location considering
of section 4.6 of HEO (Spain regulation) the inclination and orientation of the opening k
Aypk Area of the opening k [m?] Hr oy Conduction heat transfer coefficient [W/K]
Aw; Window area of zone j [m?] Hy overn - Monthly ventilation heat transfer coefficient [W/K]
Faopstk  Reduction factor for shading by external obstacles i Recursive index in a summation
(includes all the elements outside the window gap such as in Indoor
overhangs, lateral protections, setbacks, obstacles, etc.), m Recursive index in a summation for the month of the year
for the month of July, of the gap k out Outdoor
FF Frame fraction of the gap k (in a simplified way, the value Qchpjuliorsi Extract energy from the cooling unit by the booster heat
of 0.25 can be adopted) pump for orientation or in zone zi [kWh]
oot Total energy transmittance of the glazing, including sun Qcndjuiorzi Cooling demand for orientation or in zone zi [kWh]

protection zone j

Zotshwix Total solar energy transmittance of the glazing with the
mobile shading device activated (closed) for the month of
July and for gap k

Hepjuiorzi Direct heat transfer coefficient by transmission between
the heated space and the outdoor air except for the ground
floor for orientation or in zone zi [W/K]

Heyejuiorsi Direct heat transfer coefficient through ventilation for
orientation or in zone zi [W/K]

Hgr anjuliorzi Direct heat transfer coefficient by the transmission for
building elements in thermal contact with the ground for

Qg overn,n  Monthly solar and internal heat gains [MJ]

Qsoljuti Solar gains for the month of July of the windows and
openings of the thermal envelope with its mobile solar
protections activated (closed) [kWh]

Top Temperature operative [°C]

Tsepoinzi  Set point temperature

up Upper limit of comfort/heat-balance range

wf; Weighting factor (dimensionless)

Nuil overhom  Utilization factor depending on the ratio between the
monthly heat loss and heat gain
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Fig. 1. Number of extreme heat waves in future climates under the SSP 5.85 forcing scenarios based on the EEA data [4].
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1. Introduction

Climate change is expected to drive an increasing frequency of heat
waves, which can cause significant morbidity and mortality [1]. High
ambient temperatures in cities are associated with many health risks,
including the increase in premature mortality of the senior population
[2]. According to the European Environment Agency (EEA), mortality
risk increases by 0.2 and 5.5 % for every 1 °C increase [3]. For example,
the excess mortality in the EU climbed to +16% in July 2022 from +7%
in June and May. According to the EEA and Eurostat statistics on excess
mortality, Europe might reach an annual +60.000 to 165.000 premature
death by the end of the 2080s, with the highest impact in Southern
Europe [3,4].

With the increase and repetition of heatwaves, dwellings are at risk
of overheating and potentially increase of cooling demand. Fig. 1 in-
dicates the number of extreme heat waves in future climates under the
SSP 5.85 forcing scenarios of the IPCC AR6. SSP 5.85 refers to the Shared
Socio-economic Pathway describing the socioeconomic trends underly-
ing the Fossil-Fueled Development scenario in the year 2100 [5]. The
pattern of heatwaves frequency and intensity [4] and the increase in
tropical nights [6] indicates the likely occurrence in the near and long
future. Therefore, peak and mean summer temperatures will increase by
10 °C across most European capitals by 2080. The trapping of inter-
nal and external heat gains causes overheating, and the latter is expec-
ted to worsen with further urbanization and climate change.

Indoor overheating has already been identified in European dwell-
ings [7]. Most studies found in the literature confirm the like hood of
overheating risk increase and discomfort in households due to global
warming [8,9]. The contemporary construction of highly insulation
nearly-zero and net-zero energy buildings (nZEB and NZEB) across
Europe results in periodic overheating in today’s climate in Southern
Europe [10], Eastern Europe [11], and even in Western and Northern
Europe [12]. The Energy Performance of Energy Directive (EPBD) was
strongly influenced by the Passive House Standard principles [13,14].
During the last ten years, the focus of the EPBD has been mainly on
closing the energy efficiency gap [15]. However, the new EPBD recast of
2021 made special attention to thermal comfort [16]. More importantly,
the 2023 recast is expected to address climate change and overheating
more appropriately. All member states must revise their national energy
calculation methods and address discomfort problems under climate
change scenarios by the end of 2025.

In this context, the International Energy Agency (IEA), through
Annex 80 on Resilient Cooling in Buildings, reviews existing standards
and regulations on overheating calculation methods, criteria, and in-
dicators. The preliminary findings indicate disparities between the
methods and the lack of common and consistent calculation methods.
Standard CEN 13790:2008 (or ISO 52016-1:2017) for energy perf
ormance calculation of buildings is the basis of overheating calcula-
tion in Europe. The standard is under serious critique because it adopts
an old heat balance approach [12] and does not consider the modern
thermal comfort estimation approach based on the six thermal comfort
parameters [17].

Overheating refers to high indoor temperatures and affects occu-
pants’ health and productivity. Therefore, the overarching aim of this
paper is to improve the well-being of residential buildings in European
countries. Epidemiological studies have shown that heat wave vulner-
ability occurs at night in nursing and residential homes [18]. According
to the Lancet Countdown Report of 2019, exposure to extremes of heat
results in a range of health consequences. With Europe’s aging pop-
ulations, the effects of heat waves are increasing. The study focuses on
residential buildings where the risk of heat stress and heat stroke is the
highest during heat waves. Improving well-being requires preparing and
adapting new and existing buildings to be climate-proof against future
extreme scenarios [19]. Also, we excluded other types of buildings
because residential buildings have a specific occupancy density, occu-
pation schedules, and, more importantly, a different architecture than
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office buildings or other commercial buildings.

In this context, we identified a need to provide an overview of
overheating calculation methods, criteria, and indicators in European
regulation for residential buildings. The objective of this paper is an
attempt to respond to the following research questions:

e What are the methods and criteria to assess thermal comfort and
overheating in European building codes based on the EPBD?

e How to characterize and compare different methods and criteria?

e What is the main difference that distinguishes different methods?
What is the unique overheating national method?

e What factors should be considered to advance the overheating as-
sessments in future revisions of building regulations?

By answering the questions above, this paper provides a critical
overview of assessment methods used for overheating based on thermal
comfort criteria. The paper’s novelty is an exhaustive and longitudinal
study that continued over three years as part of the IEA Annex 80 ac-
tivities. 26 EU member and non-member states, including the UK and
Switzerland, were investigated. A comprehensive review report was
developed. Representative publications and standards screening were
performed, and available experts were interviewed and surveyed. To the
best of our knowledge, this is the first paper that provides relevant in-
formation on overheating calculation methods and key performance
indicators to tackle discomfort during summer in the European conti-
nent. The originality of the paper is twofold. First, the paper compares
overheating calculation methods and indicators regarding nearly and
net zero energy buildings in compliance with EPBD, ISO, and CEN.
Secondly, the paper identifies key overheating calculation methods and
indicators considering climate change and heat waves. The paper
identifies the overheating indicators and calculation approach within a
thermal resistance and resilience paradigm [20]. Finally, the paper
provides a concrete set of recommendations that can be considered in
the next EPBD recast towards a consistent and unified calculation
approach that caters to the climatic and socio-economic variability of
people of the continent.

2. State of-the-art

Overheating is excess heat in living, sleeping, and working spaces
[21]. European public health stakeholders raised concerns about heat-
related death and called for preventive measures [22]. Many factors
affect overheating in dwellings, including dwelling characteristics,
environment and urban climate, and dwelling design [7]. Nevertheless,
the calculation of overheating remains one of the major challenges. The
calculation of overheating can influence the passive and active design
measures. In Europe, the prevalence of active cooling (AC) is low, where
15% to 30% of residential buildings have AC. Depending on the over-
heating calculation methods and thermal comfort thresholds, AC de-
mand will increase drastically, increasing the energy demand and GHG
emissions.

There is somewhat less research applicable to the European context
on overheating because past research has been conducted on the
assumption of broadly stable climate and heating-dominated regions.

Several studies have aimed to document the overheating phenomena
in European residential buildings [23]. The first group of studies
investigated the global causes and effects of overheating in European
dwellings and recommended directions for adaptation and mitigation.
The recent work of Alrasheed and Mourshed (2023) critically reviews
the factors that influence the overheating risk in dwellings and presents
state-of-the-art on possible mitigation strategies [7]. The study devel-
oped a framework that illustrates the effect of overheating factors on the
cooling efficacy of passive strategies. In 2019, Chen presented an
editorial article on the challenges and opportunities of overheating in
residential buildings [8]. Next, the work of Lomas et al. (2017) aimed to
describe this phenomenon and its causes [21]. Also, the work of
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Santamouris and Kolokotsa discussed issues related to the impact of
urban overheating on vulnerable populations in Europe [22]. More
recently, Santamouris presented the risk factors arising from urban
overheating in a holistic and integrated way[24]. The study described
the current and future impact of urban overheating on the urban
population.

The second group of studies aimed is case study-based that modeled
overheating and focused on the calculation approach and indicators
choice [25]. In an earlier study, Robert et al. (2013) estimated the future
performance of UK dwellings built in compliance with the Passivehaus
standard requirements. The study confirmed that the super-insulated
Passivehaus dwellings at already at risk of overheating in the UK and
Northern Europe [26]. The study is ten years old but provided valuable
insights into the overheating phenomena. Four years later, Figueiredo
et al. (2016) performed a sensitivity analysis for a Passivhaus in Portugal
and found a long period of overheating during summer. The study
complied with the Passivhaus thermal comfort criteria and proved the
ability to avoid active cooling through improved building envelope
design and operation. Also, in 2016, Mulville and Stravoravdis (2016)
simulated a typical UK case study in free-running mode and applied the
UK national calculation method [27]. They proved that the current
overheating calculation methods are out of order and not fit to purpose.
Then, the work of Brotas and Nicol looked at the criteria from CIBSE
TM52 and discussed their applicability to a single UK dwelling arche-
type [28].

Another example is the work of Simson et al. (2017) modeled over-
heating in five Estonian apartments and investigated the impact of
thermal zoning on the simulation-based overheating assessment calcu-
lation [29]. The study suggested a temperature measurement-based
approach for pre-assessing overheating as part of the regulations
compliance process. Then, Narozny et al. (2016) applied a post-
occupancy evaluation method to understand the influence of occu-
pants on overheating and their ability to interact with cooling and
ventilation systems [30]. Similarly, Morgan et al. (2017) monitored 26
new homes and documented the overheating causes, including the high
insulation and occupants’ behavior [31]. The study reported the sig-
nificant influence of occupants on mitigating overheating.

Sepulveda et al. (2020) published a recent case study that simulated
the overheating risk in a Spanish residential unit. The study applied the
Spanish regulations and focused on reducing the overheating risk by
manipulating the window-to-wall ratio and night ventilation [32]. In
Sweden, Tettey and Gustavsson (2020) explored the climate change
implication on a renovated housing unit [33]. The study confirmed that
with climate change, the space heating demand would decrease signif-
icantly in Sweden, and the space cooling demand would increase
remarkably. Attia and Gobin modeled a Passivehaus case study for
timber construction under climate change in Belgium. The study indi-
cated the high risk of overheating associated with newly constructed
timber construction [34]. Dartevelle et al. investigated the overheating
risk in nZEB and applied the European EN 16798 [35] and CIBSE stan-
dards [36]. They proved the difficulty of mainlining comfortable ther-
mal conditions in nZEB houses despite the temperature climate of
Belgium.

The third group of studies comprises an article that reviewed and
compared the calculation methods and indices for overheating in
buildings. The work of Carlucci et al. (2018) is a review paper on
adaptive thermal comfort models in regulatory documents [37]. The
paper focused on comparing the standards from an international
perspective, including ISO 17771-2 [38], EN 16798 [35], ASHRAE 55,
Dutch ISSO 71, and the Chinese thermal comfort standard. The study
focused mainly on adaptive thermal comfort and provided general rec-
ommendations for commercial buildings. The authors recommended
that a harmonized method for multi-zone models, which can include
multiple indices, should be found to improve regulations. More recently,
Rahif et al. [39] reviewed time-integrated overheating evaluation
methods for residential buildings. The study focused on residential

Energy & Buildings 292 (2023) 113170

buildings and was limited to Western Europe. The study looked into five
national building codes based on the Energy Performance of Building
Directive (EPBD) in Belgium, France, Germany, the UK, and the
Netherlands.

Among the three groups of studies, the last group on review articles
appeared the most interesting. Additional screening and filtering pin-
pointed three outstanding indicators that quantify overheating duration
and intensity in buildings. Some of the three indicators are found in
existing standards, and one is only used in scientific research studies.
The summary below frames the literature review outcomes and provides
a profile of the unique overheating-related found in the literature:

1. Percentage of occupied hours when an operative temperature ex-
ceeds a certain threshold of the annual occupied hours based on a
PMV/PPD or adaptive comfort model for a specific comfort category
(1, I, III or IV) (ISO 17772). The indicator is used by many European
standards that address overheating calculation, including CIBSE
(Guide A, TM52, and TM59), The Passive House Standard, CEN
16789, and ISO 17772.

2. Standard Effective Temperature (SET) is a commonly used index in
thermal comfort evaluation. It was established based on a two-node
model reflecting the thermal regulation process of the human body
based on the six thermal comfort parameters: air temperature,
radiant temperature, air velocity, humidity, clothing, and meta-
bolism. The SET has been reintroduced into the ASHRAE 55 calcu-
lations to determine the cooling effect of air movement. Moreover,
the United States Green Building Council (USGBC) RELI rating sys-
tem has used the SET indicator as a thermal resilience indicator.

3. The Indoor overheating Degree (IOD), Ambient Warmness Degree
(AWD), and overheating escalation factor (aIlOD = AWD) were
developed by Hamdy et al. (2011) [40]. The Indoor Overheating
Degree (IOD) index is the summation of the temperature difference
between the indoor operative temperature and a preferred comfort
temperature. The difference is averaged over the total number of
zonal occupied hours. The three indicators are used by several
studies and recommended by the IEA Annex 80.

Despite the three groups of studies found in the literature to date, no
study provides a comprehensive review of overheating calculation
methods in the EU regulatory documents. Several studies have focused
on the UK and addressed CIBSE Guide A (2006), CIBSE TM52, CIBSE
Guide A (2015), CIBSE TM59, and Passive House standards. A
comparative approach is lacking for analyzing overheating calculations
for residential buildings in the EPBD. Most investigated studies did not
address long-term climate change impacts and short-term heat wave
effects. In addition, the impact of the urban heat island effect on the
overheating risk is almost not addressed in the reviewed studies con-
cerning thermal comfort in residential buildings.

Therefore, the objective of this study is to bridge this knowledge gap,
analyze, and compare overheating calculations for residential buildings
in the EPBD regulatory in twenty-six countries: Austria, Belgium,
Bulgaria, Croatia, Czechia, Denmark, Estonia, Finland, France, Ger-
many, Hungary, Italy, Latvia, Lithuania, Poland, Portugal, Romania,
Slovakia, Spain, Sweden, Switzerland, the United Kingdom (UK), and
the Netherlands. The study is part of the International Energy Agency
(IEA) Annex 80 on Resilient Cooling in Buildings. The study builds upon
previous work as part of Annex 80, reviewing the overheating indicators
[39] and the overall discomfort parameters, including humidity in res-
idential buildings [41]. Therefore, the study provides a valuable guide to
developing the EPBD and a comprehensive list of recommendations and
conclusions to address overheating in the regulations of the residential
sector in Europe and Worldwide.

3. Methodology

The research methodology is qualitative, similar to previous studies
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[10,42], and comprises three main stages. Fig. 2 illustrates the study’s
conceptual framework. First, the study goal, scope, and boundary con-
ditions were defined to have a practical set of questions to guide the
investigation of thermal comfort and overheating calculations in each
country. This step included selecting representative experts from EU
member and non-member states. Also, an initial questionnaire was
created and tested through a pilot study for validation. Secondly, the
data collection process was conducted through one-to-one interviews
and a literature review. Finally, the analysis of interview results and
comparison of the calculation methods took place. At this stage, the
analysis of the results through focus group discussions allowed us to
select the most outstanding calculation methods, criteria, and indicators
and develop a set of refined recommendations to be integrated into the
regulation of each country and more globally in Europe through the
Energy Performance of Buildings Directive (EPBD). In the following
paragraph, we explain in detail the research methodology.

3.1. Boundary conditions

26 European countries were selected, namely Austria, Belgium,
Bulgaria, Croatia, Czechia, Denmark, Estonia, Finland, France, Ger-
many, Greece, Hungary, Ireland, Italy, Latvia, Lithuania, Netherlands,
Poland, Portugal, Romania, Slovakia, Spain, Sweden, Norway,
Switzerland, and the United Kingdom. The study scope covered resi-
dential buildings in European countries and excluded nursing homes
and elderly houses. The temporal study period was the summer over-
heating. The investigation of overheating calculation for heat waves
during the shoulder periods was excluded. Also, the study focused on
overheating and did not adopt an overall discomfort concept. Humidity
was excluded to focus on the thermal aspect of heat, assuming that

Contextualisation

Define boundary conditions

e ® ) » 26 countries , [
—o— » Overheating calculation methods
according to the EPBD T
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humidity will be controlled [43]. Countries with no overheating calcu-
lation methods embedded in their EPBD were excluded after screening
the six countries. Focusing on thermal comfort in residential buildings,
the study avoided preference or bias towards overheating calculation
methods based on specific resilient technologies, including passive [34]
and active solutions [35]. Economic and other social aspects of thermal
comfort perception were excluded.

Next, a questionnaire was created and tested through pilot in-
terviews with pseudo-experts. The questionnaire comprised nine key
questions focused on new and existing residential buildings. They
evolved around one central question mentioned below:

e What are your country’s thermal comfort/overheating limits for
residential buildings?

The questionnaire is available in an open-access repository (see
Appendix 1). Moreover, 31 interviewees were requested to fill in an
exhaustive table with specific information about their national regula-
tions. The table comprised five major elements relevant to the over-
heating calculation. Fig. 3 illustrates the relation between overheating
calculation and weather representation, envelope prescriptive or
performance-based requirements, simulation model type (static or dy-
namic), occupancy type, and thermal comfort model—the five elements
were translated into questions embedded in the table.

3.2. Target countries’ regulation
The study targeted the energy performance of buildings regulation

between 2021 and 2023. The focus of the study was residential build-
ings. The Energy Performance of Building Directive requires all EU

Expert selection 259,
« Expert in EPBD in their country

[ Literature review ]

* Working on thermal comfort

Write a questionnaire

l Pilot interview | .

Climate & Weather Data

Occupant representation
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Simulation Models
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~
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Fig. 2. Study Conceptual Framework.
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Fig. 3. Key elements influencing overheating calculation in European resi-
dential building standards.

member states to develop energy performance certifications and calcu-
lations for residential buildings. Therefore, the exclusion criteria were
used to narrow the scope of the study except for the UK, Norway, and
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Switzerland. Twenty-six national experts on thermal comfort (Austria,
Belgium, Bulgaria, Cyprus, Czechia, Denmark, Estonia, Finland, France,
Germany, Hungary, Italy, Ireland, Latvia, Lituania, Romania, Poland,
Portugal, Spain, Sweden, Norway, Slovakia, Spain, Sweden,
Switzerland, and the UK) were extensively consulted to validate the data
produced during the interview stage. As part of the IEA Annex 80 ac-
tivities, we contacted experts from the annex and experts who are not
associated with the annex to cover the 26 countries. More than 250
articles, standards, reports, and websites were consulted and reviewed
based on the input provided by the first authors of two literature review
papers [39,41]. We focused mainly on national and international stan-
dards and included reports and studies published by the building energy
efficiency industry and scientific community.

3.3. Climate zone

The different EU countries’ climate disparity and geographical
context are part of the study. The study adopted a sensitive approach to
cluster and group countries climatically. Overheating calculation and
thermal comfort thresholds depend strongly on the local climate and
topographical relief. Therefore, the study was inspired by the European
Environmental Agency map that divides the continent into four nuanced
climatic zones [44]. As shown in Fig. 4, the subtropical climates cover
most of the southern part of Europe, including Bulgaria, Cyprus, Croatia,

A

Fig. 4. The four major European climate zones according to the European Environment Agency (EEA) [44].
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Italy, Spain, Greece, Portugal, and France. The main characteristics of
this climate are dry winter and hot summer. The temperate climate with
warm climates covers the East, West, and North of Europe, including
Belgium, Czechia, Hungary, Latvia, Lithuania, Norway, Romania,
Slovakia, Sweden, Austria, Denmark, Switzerland, Estonia, France,
Germany, Netherlands, and Poland. The main characteristics of this
climate are without a dry season and warm summer. The temperate
climate, with a group of cold climates, covers the extreme north of
Europe, including Norway and Sweden. The main characteristics of this
climate are cold winter and temperate summer. The circumpolar cli-
mates do not concern this study because it is in the extreme North of
Europe. Under this classification, the study aimed to generate climate-
sensitive recommendations and evaluation the existing calculation
methods from a wide pan-European climate perspective, beyond the
limit of national approaches.

4. Result

A detailed report (see Appendix 2) was published, including all
interview answers and filled-in tables [43]. However, for this paper, we
selected the essential outcomes and classified them under five sections,
described below:
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4.1. Summary of the main regulations on thermal comfort in residential
buildings (inventory)

Existing calculation methods and criteria to assess thermal comfort
and overheating in 26 European building codes were analyzed based on
the national EPBD regulations. Based on Fig. 3, a comparative table with
five classification criteria for all investigated countries was created. The
table is large and cannot be visible in this article but can be found in
Appendix 3. To visualize the comparative table, a representative figure
was created. Fig. 5 is an infographic illustration of the comparative table
in Table 1 and Appendix 3. The Figure indicates a huge disparity and
diversity between the calculation methods found. Almost every country
has its calculation method. The calculation methods disparity does not
reflect modern and climate change fit methods.

Next, a summary of overheating calculations and indicators in the
investigated countries was created. The result of the standards reviews
shown in Table 1 lists the equations and parameters of the overheating
calculation. Table 1 and Fig. 5 are considered the basic form of the
screening results. Table 1 results from the literature review presented in
Section 2 and provided a more detailed comparison of overheating
calculation methods. Table 1 is one of the early results used as an in-
ventory for the further analysis step presented in the following section.

Country

-
=

extreme scenarios?

Climate & Weather Data

- Is comfort dependent on national geographic climate zones? If yes, list them.
- Do you have a specific comfort calculation approach for heat waves?
- Do you take into account the urban heat island effect?

- Does your overheating methodology take into account future climate change weather files with

Occupant representation

- Does your method embrace the occupant and building categories (e.g. |, II, 11, IV EN15251)?
- How do you represent occupancy presence in the simulation model?

Thermal comfort model & Overheating calculation

il =gl [T N

- What is the comfort standard?

- What are your comfort thresholds?

- What is your overheating indicator?

defined?

buildings?

- What is overheating provisions period coverage?

- Is your comfort model based on an adaptive or static method?

- What are your overheating thresholds? And according to which standard are those thresholds

- Is there a distinction between naturally ventilated, air-conditioned, and mixed-mode

- Does your model consider local personalized heating/cooling & ventilation systems {ceiling fans,
air-conditioned chairs, electric heating mattresses...)?

time step?

Simulation Model

- Is your calculation based on a static/quasi-dynamic/dynamic model? What is the calculation

- Is your overheating calculation based on a single or multi-zone model?

-.Does your calculation distinguish sleeping rooms from other living areas?

+ET]

N 1/
N

Mandatory Envelope Requirements

- Does your method oblige the installation of external shading?
- Does your method oblige the limitation of the window-to-wall ratio? If yes, what is the limit?

- Does your method recommend a g-value? If yes, what is the limit?

Fig. 5. Infographic of the information gathering during interviews.
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Table 1
Summary of overheating evaluation methods for each country including the nomenclature.
Country Overheating indicator Equation
Austria Daily maximum of the hourly operative temperature of the DM = maxgqy(Top,;,) Where i = lamto 12pm

room (DM)

Belgium (Brussels) Percentage of hours outside the range (%PhOR)

Belgium (Flanders and Time-integrated overheating index (Ioyern)

Wallonia)

Bulgaria Operative temperature

Croatia Operative temperature

Czechia Maximum daily indoor air temperature in the critical room
(DM,r)

Denmark Operative temperature

Estonia Hours of exceedance of the indoor temperature (He)

Finland Air temperature

France Statistical summer discomfort duration: degree hours (Dh)

Germany Solar transmittance index (S,,»)Hours of exceedance of the
indoor temperature
(He)

Greece Operative temperature

Hungary Average internal heat (gb)Average temperature difference
between indoor and outdoor
(Ath)

Italy No overheating criteria only operative temperature

Latvia Hours of exceedance of the operative temperature (He)

Lithuania Average indoor temperature (At)

Netherlands Cooling demand and heat transfer coefficient index (TOjyiiorzi)
Hours of exceedance of PMV by + 0.5 (GTO)

Norway Hours of exceedance of the outdoor temperature (Hegy)

Romania PMV indices

Slovakia Operative temperature

Spain Solar gains indicator (gs../)Percentage of exceedance hours
(%He)

Sweden Operative temperature

Switzerland Operative temperature

UK Percentage of exceedance hours (%He)
Percentage of sleeping hours outside the range (%PShOR)

occupiedhours.
: wf;.hy
%PhOR = =1 fichi

occupiedhours
iy hi

wf; =1; Tg; > 25 C
wf; = 0; T < 25 C

(1 = et overm) -Qg, overhm 1000
3,6

x 100 Where {

Lovern = Zlm2:1 Qexcessrwrm.m [Kh] With Qexcessrwrm.m =

Top
Top + TSoIarRadiatiunGains
DM, = maxday(Top.i.cﬂticalroom) With i = lamto12pm

Hr, overh + Hv, overh

Top

_ ~August ~24h) o p wf; =1; Topim > 27 C
He = S S i Where { W= i Toin 2 27,0
Tair

Top > 26 Cto28 C(day)
wfi=1; .
T,p > 28 C(night)
Top < 26 Cto28 C(day)
wf; =0; .
T,p < 28 C(night)

Dh = Wf; 3 icoccupiedhours Topi — Tsetpoinci Where

Zj (Aw, + uotj)

Svorh = A and Sy = S1 +S2 +S3 +84 +S5 +S6 and Syorn < Sz

Top > 25 C(climateA)

wf; =1;4 T, > 26 C(climateB)
T,y > 27 C(climateC)
He = Eywzizﬁ'wf,. .h; Where . .
Top < 25 C(climateA)
wf; =0;4 Ty < 26 C(climateB)
Typ < 27 C(climateC)
Top
ab — > icocuupied hours Qi Ath — > icdhoursday Tini — Tout,i
AﬂUUTbUildingZieocuupied hours Zi&haursdayi
Top
_ ~Septembers~24h ¢ 1 wf; =1; Topim > 27 C
He =3 n"vay 2 ic1Wfimhim Where {wfi = 0; Topim < 27'C
At — ZiEnun—hean}lgseasanTUf’vi
Zienonfhm[ingseﬂsonl
iorai — wiiorsi) X 1000
TOpitorst — (Qendjutiorzi — QP juliorsi) GTO = 5 whintassoo

(HC‘Djuli.or.zi —+ ng.an.juli.or,zi + H(Lve.juli.or‘zi) X hjuli

_ 24h ) wf; =1; Topim > 26 C
Heou = 3 (1year) 21 Wfi-hi, oue Where {Wfi = 0; Topim < 26'C

PMV indices of ISO 7730 and —0,5 < PMV < + 0,5

Top
 Quot,juti h -~
Gsoljul = A Where Qsor, jui = Eszh,obst,k oot shwik-(1 *FFk>-Aw,p,k -Hioljuti
util
September
z i Wf;hm
%He = M x 100 Where
eptember j
Zm*lune Ziehours mi

Top > 25 C,i€[3:00; 10 : 59]pm
Wi = { Ty > 27 Ci€ [11:00pm; 6 : 59am]
Ty <25 C,i€[3:00; 10 : 59]pm
Wi = { T, <27 Ci€ [11:00pm; 6 : 59am]

Ty
Ty
occupiedhours ¢ p F= 1 Ty orc
%He = iedh rl‘l><100Where{Wi7 v Pl opiup =
Zlicluwe U By wf; = 0; Topi — Topiwp <1 C
d=365\~7pm .
a1 2 1opmWfi-hi {wf- =1;Tp; >26C
%PShOR = —— =2~~~ x 100 Where i s .
TS Wy~ 0 Ty <26 C

4.2. Develop a set of criteria for overheating calculation in Europe

In this section, the focus is on the evaluation and comparison of the
methods, criteria, and indicators for detecting and characterizing over-
heating. A set of criteria can be used to assess different overheating
evaluation methods. Some of these criteria have been developed in
previous studies [45], while others are newly defined. It is important to
note that the specific criteria used in the evaluation may vary depending
on the specific application or context. However, having a set of universal

criteria can provide a useful starting point for evaluating different
methods and comparing their effectiveness. Eight criteria are used that
are described below as a result of analyzing the inventory presented in
Section 4.1.

1. Thermal comfort-based or heat balance-based: This criterion as-
sesses whether the method is based on comfort parameters or the
heat balance between indoor and outdoor environments. Comfort
parameters refer to variables that affect human comfort, such as air
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temperature, radiant temperature, relative humidity, air velocity,
metabolic rate, and clothing factor. Methods based on comfort pa-
rameters typically aim to maintain a comfortable indoor environ-
ment for people by controlling these variables. In contrast, a heat
balance approach considers the thermal behavior of the indoor and
outdoor environments. This approach considers factors such as the
building envelope, ventilation, and solar gains and aims to maintain
an overall balance between the heat gains and losses in indoor and
outdoor environments [46].

2. Time-Integrated or punctual: This criterion assesses whether the
method is time-integrated or punctual. Time-integrated methods
quantify overheating over a span of time, giving a more thorough
picture of thermal performance over a given period. Punctual
methods, however, are “right now” and “right here” approaches to
limit instant overheating in buildings.

3. Multi-zone or single-zone: This criterion evaluates whether the
method considers building a single-zone or multi-zone environment.
A single-zone approach assumes the building is a single space with
uniform thermal conditions. In contrast, the multi-zone approach
recognizes the differences in thermal conditions between different
parts/zones of the building [47].

4. Static and/or adaptive thermal comfort model: This criterion
assesses whether the method relies on a comfort model and, if so,
what model is used. Static and adaptive thermal comfort models are
two main categories [48], with the former using fixed parameters to
provide comfortable conditions and the latter using real-time data to
adjust comfort limits [49] based on changing outdoor weather con-
ditions [50].

5. Normalization to occupied hours: This criterion assesses whether
the index of a method is normalized to occupied hours. Normalized
indices allow for the possibility that different buildings may have
varying occupancy profiles and thus have varying cooling/heating
requirements at different times. Normalizing the index to the occu-
pied hours makes it possible to compare different buildings with
varying occupancy profiles more meaningfully. This enables the fair
comparison of buildings with different usage patterns, leading to
more accurate and credible overheating risk assessments.

6. Short-term criteria or/and long-term criteria: Short-term and
long-term criteria are used to set threshold values for limiting
overheating in buildings during different time scales [51]. Short-
term criteria focus on hourly, daily, or weekly periods to prevent
overheating during resiliency events [52], such as heatwaves and
power outages, which can lead to sudden impacts on the thermal
comfort of building occupants. The role of thermal mass and heat
storage of the building structure and surfaces is essential. In contrast,
long-term criteria limit extensive overheating over longer periods,
such as monthly, seasonal, or annual, and consider the cumulative
effects of temperature increases over time [53]. Both indicators and
metrics are needed to increase the thermal resilience of residential
buildings during heat events [54].

7. Occupant representation: This criterion examines, if it exists, the
occupant representation model defined for overheating simulations/
calculations. The occupant representation describes the behavior of
the occupants in the building, which includes the number of occu-
pants, the use of spaces, etc. Stochastic and deterministic models are
the two principal models for occupant representation. The stochastic
models are based on statistical data to establish random occupant
behavior, whereas the deterministic models are more detailed and
accurate.

8. Climate zone-specific: This criterion evaluates whether the method
is tailored to the specific climate conditions of a particular region.
The methods or criteria that are effective in one climate zone may not
be effective in another and may lead to overestimation/underesti-
mation of overheating incidents.
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4.3. Classify and categorize regulations according to similarity
(classification)

Table 2 and Fig. 6 identify the main difference that distinguishes the
overheating calculation methods. Table 2 compares each country’s
overheating calculation methods and requirements based on the eight
criteria listed in Section 4.2. Fig. 6 illustrates and compares the studied
countries spatially. Based on the study report [43], 26 countries were
analyzed.

4.4. Selection of six outstanding countries (selection)

This section aimed to identify the most outstanding overheating
national calculation method based on the eight study criteria explained
in Section 4.2. The eight criteria represent the state-of-the-art for eval-
uating overheating in residential buildings based on comfort-based and
multi-zonal modeling. Table 3 presents a summary of the mapping re-
sults. The following paragraph lists and describes six European coun-
tries’ most outstanding overheating calculation methods.

Switzerland:

The Swiss comfort calculation is based on a specific summer period
definition. The calculation utilizes a Design Reference Year that includes
average heat waves in the Swiss climate. Future climate change sce-
narios will be incorporated into the standard, with two scenarios for
2035 and 2050. The future weather files available can be used in the
calculation. The thermal comfort calculation is based on operative
temperature and adaptive comfort limits diagrams that define thresh-
olds for naturally ventilated and air-conditioned buildings [55]. For
naturally ventilated buildings, the maximal upper-temperature limit is
higher than for actively cooled residents. The calculation methods allow
for personalized local cooling and consider the proximity of occupants to
heating, cooling, and ventilation systems. Also, the standard has specific
occupancy schedules. The simulation is fully dynamic, and its calcula-
tion varies between one hour to a few seconds. The overall building
thermal model is multi-zonal.

Spain:

The Spanish overheating calculation method is based on a detailed
climatic zoning approach. The calculation method follows a heat bal-
ance approach. The country is divided into twelve parts and has five
levels of winter from the most temperate zone A to the coldest E and
three levels of summer from the mildest 1 to the warmest 3. The over-
heating calculations are only mandatory for the summer climate zone
and are based on the data file of 2005. Solar gains are calculated
assuming that solar radiation during July must not exceed 2.00 kWh/
m2.month for any opening; otherwise, the heat gain must be reduced
through shading systems, WWR reduction, and the modification
(lowering) of the g-value. Between June and September, temperatures in
living and sleeping rooms must not exceed more than 4% of the total
annual hours for new constructions and newly renovated buildings. The
operative overheating temperature is at 27 °C (from 11:00 pm to 6:59
am -> have night limitation) and 25 °C (from 3:00 pm to 10:59 pm)
[10]. The calculation method is based on a dynamic simulation model
with a 1-hour calculation time step. The modeling approach allows for
single-zone and multi-zone models based on pre-set hourly schedules.

Estonia:

Estonia’s overheating calculation method is based on a dynamic
model with hourly occupancy profiles. Indoor air temperature is used as
the overheating indicator. Residential buildings should comply with 150
Kh above 27 °C for the indoor temperature (long-term criteria). The
calculation model considers local, personalized heating/cooling &
ventilation systems. The calculation approach allows adopting an
adaptive thermal comfort approach based on CEN 16798; the cooling
systems are sized with static thermal comfort requirements. Four major
prescriptive requirements must be met in living rooms and bedrooms
regardless of the simulation results: 1) the limitation of the WWR < 0.4;
2) window-to-floor ratio <0.15; the presence of effective openable



S. Attia et al. Energy & Buildings 292 (2023) 113170
Table 2
Characterization by the criteria of overheating calculation methods.

Country 1: Comfort based or ~ 2: Time- 3: Multi or 4: PMV-PPD or 5: Normalizationto  6: Short- 7: Occupant 8: Climate
heat-balance based integrated or single zone adaptive thermal occupied hours termor long-  representation zone-
calculation punctual calculation comfort model term criteria specific

calculation
Austria Comfort Time-integrated Single-zone Adaptive No Long-term Yes Yes
Belgium Comfort Time-integrated Multi-zone PMV-PPD Yes Long-term Yes Yes
(Brussels)

Belgium Heat-balance Time-integrated Single-zone PMV-PPD Yes Long-term Yes Yes
(Wallonia and
Flanders)

Bulgaria Comfort Punctual Multi-zone PMV-PPD No No No Yes

Croatia Comfort Punctual None PMV-PPD No No No No

Czechia Comfort Time-integrated Single-zone PMV-PPD No Long-term No No

Denmark Comfort Time-integrated Single-zone Adaptive Yes Long-term No No

Estonia Comfort Time-integrated Single or multi-  Adaptive and No Long-term Yes No

zone PMV-PPD

Finland Comfort Time-integrated Multi-zone PMV-PPD No Long-term Yes No

France Comfort Time-integrated Multi-zone Adaptive and Yes Long-term Yes Yes

PMV-PPD
Germany Both? Both? Single-zone Adaptive and No Long-term? Yes Yes
PMV-PPD

Greece Comfort Time-integrated Single-zone Adaptive No Long-term Yes Yes

Hungary Both® Both® Single-zone PMV-PPD Both® Short-term® No No

Latvia Comfort Time-integrated None PMV-PPD No Long-term No No

Lithuania Comfort Time-integrated Single-zone PMV-PPD No Long-term No No

Netherlands Both® Time-integrated Multi-zone PMV-PPD No Long-term Yes No

Norway Comfort Time-integrated Multi-zone Adaptive or PMV-  No Long-term Yes No

PPD

Romania Comfort Punctual Single or multi-  PMV-PPD No No Yes Yes

zone

Slovakia Comfort Punctual Single-zone PMV-PPD No No No Yes

Spain Both? Time-integrated Single or multi- PMV-PPD No Long-term Yes Yes

zone

Sweden Comfort Punctual Multi-zone PMV-PPD No Long-term Yes No

Switzerland Comfort Time-integrated Multi-zone Adaptive No Long-term Yes No

UK Comfort Time-integrated Multi-zone Adaptive and Yes Long-term Yes No

PMV-PPD

window as a fraction >0.1; 3) g-value and 4) WWR x g <0.2, for single-
family [42].

Germany:

The German calculation approach classifies the country into three
summer climatic regions. In general, the operative temperature should
exceed 26 °C. However, in Regions C, which represents metropolitan
areas, upper and the middle Rhine, the operative temperature should not
exceed 27 °C. The dynamic calculation method is based on a single-zone
model with hourly or fewer calculation time steps. A detailed occupancy
schedule is used with an internal gain of 100 Wh/m#ga for residential
buildings [56]. Two calculation approaches are possible: a simplified
solar transmittance static indicator method and an adaptive method for
the thermodynamic simulation method. Overall the overheating tem-
perature hours per year should not exceed 1200 Kh [57].

UK:

The British overheating calculation methods allow using local
weather files for design summer years: DSY1 = the 2020s, DSY2 =
2050s, and DSY3 = 2080. However, the use of those files is not
mandatory. The two main calculation indicators are 1) hours of ex-
ceedance and 2) the operative temperature. The modeling approach is
multi-zonal with an hourly dynamic simulation [58]. The calculation
approach distinguished homes that are predominantly naturally venti-
lated and predominantly mechanically ventilated [59]. For mechani-
cally ventilated households, occupied rooms’ operative temperature
should be below 26 °C and can only exceed 3% of annual occupied
hours.

For naturally ventilated, the exceedance hours (May to September)
are set for living rooms, kitchens, and bedrooms. In bedrooms, the
operative temperature should stay lower than 26 °C and cannot exceed
1% of annual hours of sleeping between 22:00 to 07:00. The method-
ology recommends a g-value for all external and internal building

10

elements, plus additional shading features. Airspeed in space is consid-
ered, assuming the presence of a ceiling fan or other system that can
generate air movement. The Maximum sensible heat gain of 75 W/
person and a maximum latent heat gain of 55 W/person in living spaces
should not be exceeded. An allowance for 30% reduced gain is consid-
ered during sleeping [60].

France:

The French overheating calculation is based on climatic zoning that
divides the country into eight geographic zones. Heat waves are
considered a basic event in all simulations’ weather files. The calcula-
tion is based on a normalized indicator of occupied hours overheating as
degree hours that should not exceed 2600 °C.h per year. A distinction
between naturally ventilated and air-conditioned buildings are made.
The modeling approach is multi-zonal with a schedule representation of
occupancy presence. The Predicted Mean Vote — Percentage of People
Dissatisfied (PMV-PPD) model is used during the night, where the
operative temperature should not exceed 26 °C (20:00 to 07:00). This is
a mandatory requirement in naturally-ventilated households. An adap-
tive thermal comfort model based on CEN 16798 is applied during the
day. The operative temperature threshold falls between 26 °C and 28 °C,
considering the occupant’s capacity for adaptation [61]. The model is
dynamic, with a time step of at least one hour. The designer must install
an active cooling system if the building cannot meet the thermal comfort
in any thermal zone [10].

In summary, the study findings (Table 3) pointed out France as a
European country with one of the most advanced overheating calcula-
tion methods. The French calculation method is based on a bioclimatic
approach with highly ambitious energy efficiency requirements (10
kWh/mz/year), sometimes exceeding the PassiveHaus standard [14].
On the other hand, the French calculation approach allows the appli-
cation of static (PMV/PPD) or adaptive thermal comfort models. More
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Comfort or heat balance Time integrated or punctual Precision of the
calculation's zone
[l Heat-balance Bl Punctual
[l Comfort [l Time-integrated M Single-zone
[l Single or multi zone

[] Both [] Both

[l Multi-zone

. Ll 5 ——
Model uses for summer Normalization hours Short-term or/and long-term
thermal comfort criteria

Il No
Il PMV-PPD B Both [l long-term
[l PMV-PPD or Adaptive [] Yes [l Sshort-term
[ Adaptive S [ None

[] PMV-PPD & Adaptive
e

e

Occupant representation Climate zone-specify

l No W No
B Yes [ Yes

Fig. 6. Mapping of overheating calculation methods across Europe.

importantly, the RE2020 protects occupants and requires a mixed/mode 4.5. Propose factors that should be considered to advance the overheating

operational model for naturally ventilated households, where the assessments in future revisions of building regulations (future criteria)
operative temperature should not exceed 26 °C (20:00 to 07:00) in
sleeping rooms. This is the first standard in Europe that adopts a mixed- Finally, the analysis and discussions taken in this study on over-

mode approach for overheating calculations. heating calculation methods highlighted the key factors that should be
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Table 3
Classification by the eight criteria from the more advanced to the less advances
overheating calculation methods.

Country Score  Criteria Categories Weighted

point

France 9 1: Comfort based or Heat-balance 0

UK 8 heat-balance based Comfort 1

Germany 7 calculation Both 1

Estonia 6 2: Time-integrated or Punctual 0

Spain 6 punctual calculation Time- 1

integrated

Switzerland 6 Both 1

Austria 6 3: Multi or single zone  Single-zone 0

Greece 6 calculation Single-zone 0

or multi-zone

Belgium 6 Multi-zone 1
(Brussels)

Belgium 5 Single-zone 1
(Wallonia and and multi-
Flanders) zone

Denmark 5 4: PMV-PPD or PMV-PPD 0

Finland 5 adaptive thermal PMV-PPD or 0

comfort model Adaptive

Netherlands 5 Adaptive 1

Norway 5 PMV-PPD 2

and Adaptive

Hungary 4 5: Normalization of No 0

Sweden 4 hours Yes 1

Bulgaria 3 6: Short-term or/and Short-term 1

Czechia 3 long-term criteria Long-term 1

Latvia 3 7: Occupant No 0

Lithuania 3 representation Yes 1

Romania 3 8: Climate zone- No 0

Slovakia 2 specific Yes 1

Croatia 1

considered to advance the overheating assessments in future revisions of
building regulations. Experts intensively pinpointed the following
topics:

e Climate change and more current historical data and future climatic
scenarios are essential in future calculation approaches.
Consideration of the urban heat island effect and limitation of night
cooling is needed. There is a need for the use of local weather files to
quantify the effects of ventilative cooling [62,63]. Addressing
heavily populated areas must be brought into calculation methods.
e There is a need for short-term criteria or/and long-term criteria to
prepare a building for thermal resilience and not only thermal
resistance.

e There is a need to use a common language for calculation (ISO
52000-1 2017 [64] and CEN 13790 [65]) and push the concept of
symmetry. By symmetry, we mean conducting calculations for the
summer and winter. The winter season must be considered in any
future overheating calculation approach.

e There is a need to refine the calculation methods and introduce

multiple parameters based on real measurements, including wind

speed, radiant T°C, and humidity...

Despite the importance of the performance-based approach, there is

a need to define prescriptive requirements for imposing building

envelopes (external shading, WWR limits, and maximum g-values ...)

e There is a need to explore the operation of buildings in mixed modes
using PMV-PPD and adaptive models directly related to occupants’
health and well-being, especially in sleeping rooms [66].

5. Discussion

This study provides a cross-study to identify the difference in the
overheating calculation in European regulation. It provides recom-
mendations for harmonizing and improving the Energy Performance of
Buildings Directive. In the following section, we present the key study
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finding and recommendations. The strength and limitations of the paper
are discussed, followed by a discussion on the implication on practice
and future scientific research.

5.1. Study findings

The situation of overheating calculation methods is very complex in
Europe. There is a huge disparity between countries and almost no
common approach to addressing overheating in residential buildings
[40] rigorously. For this study, we compared the regulations, indicators,
and thresholds in 26 countries over three years to understand the
different calculation methods and to be able to distinguish them. We
understand that a huge continent like Europe has different climates and
behavioral thermal adaptation measures [67]. However, none of the
investigated countries dedicated enough resources to develop an opti-
mum climate change-sensitive approach that fits Europe’s aging popu-
lation. Most of the current calculation methods are outdated and do not
fit the purpose of well-being [68]. Most countries rely heavily on a PMV-
PPD model that requires active cooling systems, models households as
single zones and does not distinguish between living and sleeping rooms.
Therefore, there is a need to join forces and address overheating
collectively.

Out of 26 countries, the study findings pinpointed Switzerland,
Spain, Estonia, Germany, the UK, and France as leaders in evaluating
overheating in the domestic sector. Based on Table 3, France has been
ranked as the most consistent and climate-sensitive calculation
approach. Other investigated countries have already revised their
calculation methods addressing different climate comfort models and
thermal zone. However, the pace of change is still slow and does not
address the issues raised by experts in Section 4.5. Thus, there is no solid
or comprehensible distinction between air-conditioned, naturally
ventilated, and mixed-mode building operations. In our opinion, the
lack of standards on the mixed-mode operation of the residential
building is one of the key challenges to a suitable calculation method.

Our review indicates three key indicators that quantify overheating
duration and intensity in buildings. Firstly, the percentage of occupied
hours when an operative temperature exceeds a certain threshold of the
annual occupied hours based on a PMV/PPD or adaptive comfort for a
specific comfort category (I, II, III or IV). The indicator is used by many
European standards that address overheating calculation, including
CIBSE (Guide A, TM52, and TM59), The Passive House Standard, CEN
16789, and ISO 17772. Table 4 provides example of the exceedance
hours indicators in existing thermal comfort standards. Secondly, the
Standard Effective Temperature (SET) is based on the six thermal
comfort parameters: air temperature, radiant temperature, air velocity,
humidity, clothing, and metabolism. Regardless of the thermal comfort
(PMV/PPD or adaptive) model used, we urge using more flexible in-
dicators that consider the effect of airspeed and humidity. Thirdly, the
Indoor overheating Degree (IOD), Ambient Warmness Degree (AWD),
and overheating escalation factor (aIOD = AWD) developed by Hamdy
et al. (2011) [68] and adopted by the IEA Annex 80 [69].

Finally, the paper proposes eight overheating calculation criteria

Table 4
Examples of exceedance hours thresholds in existing thermal comfort standards.

Standard Temperature Exceedance hours threshold
threshold

1SO 17772-2 26 °C (Cat. I) 6% (annually) — 25% (monthly) — 50%
CEN 16798-2 (weekly) during occupied hours

Passive 25°C 10% (Annually) all hours (not only
House Standard occupied hours)

CIBSE Guide A =>27 °C (Cat. Mechanically heated and cooled 3%
(2019) 1) (annually) during occupied hours

CIBSE TM52 => 27 °C(Cat. Free running buildings — 3% during

1 occupied hours during Typical non-

heating season (1 May to September)
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presented in Section 4.2 that can help designers and practitioners to
compare and select an appropriate methodology for climate-proof
building design. New criteria and metrics for the thermal resilience of
residential buildings are needed during heat events. In a changing
climate, there is increasing concern about the risk of overheating in EU
domestic buildings. A consistent and unified approach to overheating
calculation in buildings is needed. This paper identifies key performance
indicators to develop a consistent and appropriate overheating calcu-
lation methodology for the EPBD within a resilience paradigm [20]. The
indicators can be elaborated and extended through performance
thresholds and prescriptive requirements to form a common framework
for future Europe calculation approaches.

5.2. Study recommendations

Therefore, we strongly recommend developing a common climate-
sensitive calculation framework based on European standards for
overheating estimation and thermal autonomy [70]. Eight parameters
related to the overheating calculation are recommended: Time-
Integrated or punctual to quantify overheating over a while, multi-
zone or single-zone, static and adaptive thermal comfort model,
normalization to occupied hours, short-term criteria or/and long-term
criteria, occupant representation, and climate zone-specific. Based on
the study findings, we recommend a set overheating indicator including
the Indoor overheating Degree (IOD), Ambient Warmness Degree
(AWD), overheating escalation factor (alOD = AWD), and Standard
Effective Temperature.

The study indicates that the French regulation is the most advanced
regarding the overheating calculation in Europe according to the eight
criteria reported in Sections 4.2 and presented in Section 4.4. The French
Standard RE2020 fixes a maximum temperature of 26 °C in sleeping
rooms at night. It requires an adaptive thermal comfort model based on
CEN 16789 that allows the operative temperature to fluctuate between
26 and 28 °C in other housing zones. However, the upper limit of
operative temperature can be further pushed to higher ranges if air ve-
locity and humidity change. Therefore, we strongly recommend using
the Standard Effective Temperature (SET) as an additional indicator to
allow for higher upper operative temperatures during heatwaves in
households while increasing the air velocity (beyond ASHARE 55 [72, p.
55]) and controlling humidity.

Also, there is a need for a constantly updated climate classification
map that includes recent heating-degree days (HDD) and cooling-degree
days (CDD) data provided by the European Union (EU). Without a
detailed climatic and topographic standard map for Europe, we will fall
under national climatic classifications that impede any unified calcula-
tion approach [72]. Next, a set of thermal comfort criteria with
commonly acceptable thresholds for minimum comfort must be defined
concerning the climate specificity represented in HDD and CDD. Also,
issuing Energy Performance Certificates (EPC) must include a design
review step associated with a post-construction inspection to address
overheating risk for building design and renovation [73]. The variation
in thermal performance of the building with the same EPC is any more
acceptable [58]. EPC should make overheating calculations across
member states more comparable.

Moreover, there is a need for mandatory prescriptive requirements
for the WWR and g-values. More importantly, external shading protec-
tion must be mandatory in cooling-dominated, and overheating risked
households. It is time that Europe introduced mandatory envelope re-
quirements. Finally, an advanced dynamic simulation approach must be
generalized in all countries to test future climate scenarios and extreme
heat wave events and allow for a multi-zonal approach that distin-
guishes sleeping rooms. For further details, see Section 4.5.

5.3. Study strengths and limitations

In this study, we created a cross-sectional study that provides a
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snapshot and advice for overheating calculation methods across Europe.
We gathered detailed information on 26 Europe countries in a systemic
ay involving more than 15 national experts. The study included experts
on the IEA Annex 80 on Resilience Cooling in Buildings. It was devel-
oped in close consultation with the annex activities as part of Group D
[74]. To the best of our knowledge, no existing study compared over-
heating calculation methods comprehensively in Europe like this study
[46]. The implications of this study can benefit countries beyond the EU,
allowing the exploration of different indicators and thresholds. Also, the
study succeeded in proposing an updated and detailed study report, in
line with the EPBD, that pinpoints the weaknesses and strengths of the
current regulatory landscape.

At the same time, we know the study is qualitative and could have
been more valuable if it had adopted a quantitative modeling approach.
Also, once published will be considered outdated due to the continuous
modifications introduced in the regulations of 26 member and non-
member states and the new EPBD recast that should be published in
2023 or 2024. However, the study remains highly valuable because it
presents a snapshot and comparison of Europe’s current overheating
calculation methods. This is the first study that provides such an
exhaustive comparison and dataset that is the first step to conducting
quantitative analysis afterward. More importantly, the study presents
constructive and futuristic recommendations of utmost utility and
benefit for the future EPBD recast.

5.4. Implications for practice and future research

There is a need to revise the EPBD calculation framework and
calculation method approach. Soon, European environmental regula-
tions will require building with timber and bio-based materials. As a
consequence, the risk of overheating risk in lightweight construction is
increasing [34]. Overheating is a critical problem that will be man-
ifested across European households during this century. The current
calculation methods require more accurate ways to help the designer to
adapt buildings and renovate beyond the current overheating calcula-
tion methods’ limitations. There is a need for funding projects that allow
the development, testing, and implementation of novel methods of
overheating calculation. The direct implication of such development is
enabling architects and engineers to design climate-proof buildings that
can consider future weather scenarios.

Future research should compare the different calculation methods
for benchmarking purposes. Researchers should seek to develop calcu-
lation methods in mixed-mode operations [75]. There is a need to learn
from similar studies on thermal resistance and resilience calculations in
other regions [76]. Modeling resiliency events such as power outages
and extreme heat waves requires further investigation [77]. Also, expe
rimental validation of simulation and measurement-based overhe
ating assessment approaches for residential buildings is needed [78].
Monitoring summer indoor overheating in cities is essential. More case
studies should be presented to test the different control logic [79] and
strategies [80], overheating indicators, and thresholds concerning
public health and mortality rates. The next step of this research is to test
the different overheating calculation methods through a quantitative
approach that involves building modeling for benchmarking.

6. Conclusion

The suitability of existing overheating calculation methods in the
EPBD was investigated and compared against new and emerging
methods [69,81]. Eight parameters related to overheating calculation
were selected: Time-Integrated or punctual, multi-zone or single-zone,
static and/or adaptive thermal comfort model, normalization to occu-
pied hours, short-term criteria or/and long-term criteria, occupant
representation, and climate zone-specific. This comprehensive study
indicates a need for more research and deeper investigation — particu-
larly regarding the following areas and possible recommendations for
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which the current study indicated significant gaps between the EPBD
and the best available calculation methods [74].

e Considering climate change and the urban heat island effect using
more current historical data and future climatic scenarios is essential
in future calculation approaches.

Adopting short-term and long-term indicators prepares a building for
thermal resilience and not only thermal resistance.

Refine the calculation methods to use a comparative calculation
approach based on existing standards such as ISO 52000-1 2017
[64] and CEN 13790 [65]) and allow for mixed-mode operation
[82].

In parallel to the performance-based approach, define prescriptive
requirements for imposing building envelopes (external shading,
WWR limits, and maximum g-values ...).

Explore the operation of buildings in mixed modes using PMV-PPD
and adaptive models directly related to occupants’ health and well-
being, especially in sleeping rooms [66].

Planned future work should develop calculation methods in mixed-
mode operations. Also, simulation studies on European home models
should be further developed to incorporate the concepts of thermal
resistance and resilience for climate-proof buildings.

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.

Acknowledgments

We want to acknowledge the Sustainable Building Design (SBD)
Laboratory at the University of Liege for using the qualitative research
protocols in this research and for valuable support during the group
discussions and literature review analysis and for the access to the
dataset and the use of data analysis boards and software in this research
and the valuable support during the analysis of data.

Appendix 1. Questionnaire

To download the questionnaire: https://doi.org/10.7910/DVN/
LCBTNX.

Appendix 2. Report

To download the study report: https://doi.org/10.7910/DVN/
LCBTNX.

Appendix 3. Countries table

To download the comparative table of countries: https://doi.org/
10.7910/DVN/LCBTNX.

References

[1] A. Amengual, V. Homar, R. Romero, H.E. Brooks, C. Ramis, M. Gordaliza,

S. Alonso, Projections of heat waves with high impact on human health in Europe,
Glob. Planet. Change 119 (2014) 71-84.

R. Basu, J.M. Samet, Relation between elevated ambient temperature and
mortality: a review of the epidemiologic evidence, Epidemiol. Rev. 24 (2) (2002)
190-202.

eurostat, “Excess mortality - statistics,” 2023. https://ec.europa.eu/eurostat/
statistics-explained/index.php?title=Excess_mortality_-_statistics (accessed Jul. 02,
2023).

EEA, “Number of extreme heat waves in future climates under two different
climate forcing scenarios,” 2019. https://www.eea.europa.eu/data-and-maps/
figures/number-of-extreme-heat-waves-1 (accessed Jul. 02, 2023).

[2]

[3]

[4]

14

[5]
[6]

[71

[8]
[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Energy & Buildings 292 (2023) 113170

V. Masson-Delmotte et al. “Climate change 2021: the physical science basis,”
Contrib. Work. Group Sixth Assess. Rep. Intergov. Panel Clim. Change. vol. 2. 2021.
climate-adapt, “Tropical Nights, 2011-2099,” 2023. https://climate-adapt.eea.
europa.eu/en/metadata/indicators/tropical-nights-2011-2099 (accessed Jul. 02,
2023).

M. Alrasheed and M. Mourshed. “Domestic overheating risks and mitigation
strategies: The state-of-the-art and directions for future research.” Indoor Built
Environ. 1420326X231153856. 2023.

D. Chen, Overheating in residential buildings: Challenges and opportunities, Indoor
Built Environ. 28 (10) (2019) 1303-1306.

D. Khovalyg, et al., Critical review of standards for indoor thermal environment
and air quality, Energy Build. 213 (2020), 109819.

S. Attia et al. “Overview and future challenges of nearly zero energy buildings
(nZEB) design in Southern Europe,” Energy Build., vol. 155, pp. 439-458, Nov.
2017, doi: 10.1016/j.enbuild.2017.09.043.

S. Attia, J. Kurnitski, P. Kosinski, A. Borodinecs, Z. Deme Belafi, K. Istvan, H. Krsti¢,
M. Moldovan, L. Visa, N. Mihailov, B. Evstatiev, K. Banionis, M. Cekon,

S. Vilcekova, K. Struhala, R. Brzon, O. Laurent, Overview and future challenges of
nearly zero-energy building (nZEB) design in Eastern Europe, Energy Build. 267
(2022) 112165.

S. Attia, N. Shadmanfar, F. Ricci, Developing two benchmark models for nearly
zero energy schools, Appl. Energy 263 (2020), 114614.

F.M. Baba, H. Ge, L.L. Wang, R. Zmeureanu, Do high energy-efficient buildings
increase overheating risk in cold climates? Causes and mitigation measures
required under recent and future climates, Build. Environ. 219 (2022), 109230.
R.S. McLeod, C.J. Hopfe, A. Kwan, An investigation into future performance and
overheating risks in Passivhaus dwellings, Build. Environ. 70 (2013) 189-209.
M. Economidou, V. Todeschi, P. Bertoldi, D. D’Agostino, P. Zangheri, L. Castellazzi,
Review of 50 years of EU energy efficiency policies for buildings, Energy Build. 225
(2020), 110322.

J. Hogeling, A. Derjanecz, The 2nd recast of the Energy Performance of Buildings
Directive (EPBD), EU Policy News Rehva J 55 (2018) 71-72.

ISO/TR 17772-2, “ISO 17772-2: Energy performance of buildings - Overall energy
performance assessment procedures. Part 2: Guideline for using indoor
environmental input parameters for the design and assessment of energy
performance of buildings.” 2018.

S. Brown, G. Walker, Understanding heat wave vulnerability in nursing and
residential homes, Build. Res. Inf. 36 (4) (2008) 363-372.

M. Hamdy, S. Carlucci, P.-J. Hoes, J.L. Hensen, The impact of climate change on
the overheating risk in dwellings—A Dutch case study, Build. Environ. 122 (2017)
307-323.

S. Attia, et al., Resilient cooling of buildings to protect against heat waves and
power outages: Key concepts and definition, Energy Build. 239 (2021), 110869.
K.J. Lomas, S.M. Porritt, Overheating in buildings: lessons from research, Building
Research & Information 45 (1-2) (2017) 1-18.

M. Santamouris, D. Kolokotsa, On the impact of urban overheating and extreme
climatic conditions on housing, energy, comfort and environmental quality of
vulnerable population in Europe, Energy Build. 98 (2015) 125-133.

A.D. Peacock, D.P. Jenkins, D. Kane, Investigating the potential of overheating in
UK dwellings as a consequence of extant climate change, Energy Policy 38 (7)
(2010) 3277-3288.

M. Santamouris, Recent progress on urban overheating and heat island research.
Integrated assessment of the energy, environmental, vulnerability and health
impact. Synergies with the global climate change, Energy Build. 207 (2020),
109482.

D. Enescu, A review of thermal comfort models and indicators for indoor
environments, Renew. Sustain. Energy Rev. 79 (2017) 1353-1379.

R.S. McLeod, C.J. Hopfe, A. Kwan, An investigation into future performance and
overheating risks in Passivhaus dwellings, Build. Environ. 70 (Dec. 2013) 189-209,
https://doi.org/10.1016/j.buildenv.2013.08.024.

M. Mulville, S. Stravoravdis, The impact of regulations on overheating risk in
dwellings, Build. Res. Inf. 44 (5-6) (2016) 520-534.

L. Brotas, F. Nicol, Estimating overheating in European dwellings, Architectural
Science Review 60 (3) (2017) 180-191.

R. Simson, J. Kurnitski, K. Kuusk, Experimental validation of simulation and
measurement-based overheating assessment approaches for residential buildings,
Archit. Sci. Rev. 60 (3) (2017) 192-204.

M. Baborska-Narozny, F. Stevenson, M. Grudzinska, Overheating in retrofitted
flats: occupant practices, learning and interventions, Build. Res. Inf. 45 (1-2)
(2017) 40-59.

C. Morgan, J.A. Foster, A. Poston, T.R. Sharpe, Overheating in Scotland:
contributing factors in occupied homes, Build. Res. Inf. 45 (1-2) (2017) 143-156.
A. Sepiilveda, F. De Luca, M. Thalfeldt, J. Kurnitski, Analyzing the fulfillment of
daylight and overheating requirements in residential and office buildings in
Estonia, Build. Environ. 180 (Aug. 2020), 107036, https://doi.org/10.1016/j.
buildenv.2020.107036.

U.Y. Ayikoe Tettey, L. Gustavsson, Energy savings and overheating risk of deep
energy renovation of a multi-storey residential building in a cold climate under
climate change, Energy 202 (Jul. 2020), 117578, https://doi.org/10.1016/].
energy.2020.117578.

S. Attia, C. Gobin, Climate change effects on Belgian households: a case study of a
nearly zero energy building, Energies 13 (20) (2020) 5357.

CEN 16798, “Energy Performance of Buildings- Ventilation for buildings- Part1:
Indoor environmental input parameters for design and assessment of energy
performance buildings adressing indoor air quality, thermal environment, lighting


http://refhub.elsevier.com/S0378-7788(23)00400-0/h0005
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0005
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0005
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0010
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0010
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0010
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0040
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0040
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0045
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0045
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0055
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0055
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0055
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0055
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0055
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0060
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0060
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0065
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0065
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0065
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0070
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0070
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0075
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0075
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0075
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0080
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0080
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0090
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0090
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0095
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0095
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0095
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0100
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0100
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0105
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0105
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0110
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0110
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0110
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0115
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0115
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0115
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0120
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0120
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0120
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0120
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0125
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0125
https://doi.org/10.1016/j.buildenv.2013.08.024
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0135
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0135
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0140
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0140
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0145
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0145
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0145
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0150
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0150
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0150
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0155
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0155
https://doi.org/10.1016/j.buildenv.2020.107036
https://doi.org/10.1016/j.buildenv.2020.107036
https://doi.org/10.1016/j.energy.2020.117578
https://doi.org/10.1016/j.energy.2020.117578
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0170
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0170

S. Attia et al.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]
[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

[58]

and acoustics-Module M1-6.” European Committee for Standardization Brussels,
Belgium. 2018.

O. Dartevelle, G. van Moeseke, E. Mlecnik, S. Altomonte, Long-term evaluation of
residential summer thermal comfort: Measured vs. perceived thermal conditions in
nZEB houses in Wallonia, Build. Environ. 190 (Mar. 2021), 107531, https://doi.
0rg/10.1016/j.buildenv.2020.107531.

S. Carlucci, L. Bai, R. de Dear, L. Yang, Review of adaptive thermal comfort models
in built environmental regulatory documents, Build. Environ. 137 (Jun. 2018)
73-89, https://doi.org/10.1016/j.buildenv.2018.03.053.

ISO/TR 17772-1. “ISO 17772-1: Energy performance of buildings - Indoor
environmental quality. Part 1: Indoor environmental input parameters for
designing and assessing energy performance in buildings.” 2017.

R. Rahif, D. Amaripadath, S. Attia, Review on Time-Integrated Overheating
Evaluation Methods for Residential Buildings in Temperate Climates of Europe,
Energy Build. 252 (Dec. 2021), 111463, https://doi.org/10.1016/j.
enbuild.2021.111463.

M. Hamdy, S. Carlucci, P.-J. Hoes, J.L.M. Hensen, The impact of climate change on
the overheating risk in dwellings—A Dutch case study, Build. Environ. 122 (Sep.
2017) 307-323, https://doi.org/10.1016/j.buildenv.2017.06.031.

D. Amaripadath, R. Rahif, M. Velickovic, S. Attia, A systematic review on role of
humidity as an indoor thermal comfort parameter in humid climates, J. Build. Eng.
(2023), 106039.

S. Attia, et al., Overview and future challenges of nearly zero-energy building
(nZEB) design in Eastern Europe, Energy Build. 267 (2022), 112165.

S. Attia et al., “Overheating calculation methods in European building energy
codes,” Liege, University, Liege, Belgium, 2023. [Online]. Available: https://orbi.
uliege.be/handle/2268,/299061.

EEA. “Main climates of Europe,” European Environment Agency, Main climates of
Europe. [Online]. Available: https://www.eea.europa.eu/data-and-maps/figures/
climate.

L. Ji, C. Shu, A. Laouadi, M. Lacasse, L.L. Wang, Quantifying improvement of
building and zone level thermal resilience by cooling retrofits against summertime
heat events, Build. Environ. 229 (2023), 109914.

R. Rahif, D. Amaripadath, and S. Attia. “Review on Overheating Evaluation
Methods in National Building Codes in Western Europe,” in CLIMA 2022. 2022.
D.P. Jenkins, S. Patidar, P.F.G. Banfill, G.J. Gibson, Probabilistic climate
projections with dynamic building simulation: Predicting overheating in dwellings,
Energy Build. 43 (7) (2011) 1723-1731.

R. Yao, et al., Evolution and performance analysis of adaptive thermal comfort
models-a comprehensive literature review, Build. Environ. (2022), 109020.

E. Halawa, J. Van Hoof, The adaptive approach to thermal comfort: A critical
overview, Energy Build. 51 (2012) 101-110.

P. de Wilde, W. Tian, The role of adaptive thermal comfort in the prediction of the
thermal performance of a modern mixed-mode office building in the UK under
climate change, J. Build. Perform. Simul. 3 (2) (2010) 87-101.

S. Carlucci, L. Pagliano, A review of indices for the long-term evaluation of the
general thermal comfort conditions in buildings, Energy Build. 53 (2012) 194-205.
S. Bucking, M. Rostami, J. Reinhart, M. St-Jacques, On modelling of resiliency
events using building performance simulation: a multi-objective approach,

J. Build. Perform. Simul. 15 (3) (2022) 307-322.

D. Costola, G. Carreira, L.O. Fernandes, L.C. Labaki, Seasonal Thermal Sensation
Vote-An indicator for long-term energy performance of dwellings with no HVAC
systems, Energy Build. 187 (2019) 64-76.

S. Flores-Larsen, C. Filippin, F. Bre, New metrics for thermal resilience of passive
buildings during heat events, Build. Environ. (2023), 109990.

SIA, “SIA 180:2014 Warmeschutz, Feuchteschutz und Raumklima in Gebauden,”
SIA, Zurich, 2014. [Online]. Available: https://shop.sia.ch/normenwerk/
architekt/sia%20180/d/2014/D/Product.

V. Fux, “Thermische Gebdudesimulation zum sommerlichen Wérmeschutz nach
DIN 4108-2,” 2013. https://www.bauphysik-software.de/downltutor/ThermSim_
Nutzen.pdf (accessed Feb. 21, 2023).

U. Krone, F. Ascione, N. Bianco, T. Tschirner, O. Bottcher, Prescriptive-and
performance-based approaches of the present and previous German DIN 4108-2.
Hourly energy simulation for comparing the effectiveness of the methods, Energy
Procedia 75 (2015) 1315-1324.

S. Semple, D. Jenkins, Variation of energy performance certificate assessments in
the European Union, Energy Policy 137 (2020), 111127.

15

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]
[67]

[68]

[69]

[70]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

Energy & Buildings 292 (2023) 113170

D.P. Jenkins, V. Ingram, S.A. Simpson, S. Patidar, Methods for assessing domestic
overheating for future building regulation compliance, Energy Policy 56 (2013)
684-692.

UK Government, “Approved Document [X] — Overheating,” 2021. https://assets.
publishing.service.gov.uk/government/uploads/system/uploads/attachment_
data/file/953752/Draft_guidance_on_heating.pdf (accessed Feb. 21, 2023).

CSTB, “Réglementation environnementale RE2020.” Ministere de la transition
écologique, 2020. Accessed: Feb. 21, 2023. [Online]. Available: https://www.
ecologie.gouv.fr/reglementation-environnementale-re2020#: ~:text=En%
202020%2C%201a%20France%20passe,faveur%20de%20b%C3%A2timents%
20moins%20%C3%A9nergivores.

C. Schiinemann, D. Schiela, R. Ortlepp, How window ventilation behaviour affects
the heat resilience in multi-residential buildings, Build. Environ. 202 (2021),
107987.

E. Tavakoli, A. O’'Donovan, M. Kolokotroni, P.D. O’Sullivan, Evaluating the indoor
thermal resilience of ventilative cooling in non-residential low energy buildings: A
review, Build. Environ. (2022), 109376.

1SO 52000-1, “ISO 52000-1:2017 (E). Overarching EPB assessment - General
framework and procedures, 2017.” International Organization for Standardization
Geneva, Switzerland. 2017.

CEN 13790, “Energy Performance of Buildings-Calculation of Energy Use For Space
Heating and Cooling.” European Committee for Standardization Brussels, Belgium.
2008.

J. Kim, R. de Dear, Is mixed-mode ventilation a comfortable low-energy solution? A
literature review, Build. Environ. 205 (2021), 108215.

S. Attia, Spatial and Behavioral Thermal Adaptation in Net Zero Energy Buildings:
An Exploratory Investigation, Sustainability 12 (19) (2020) 7961.

C. Schiinemann, A. Olfert, D. Schiela, K. Gruhler, and R. Ortlepp, “Mitigation and
adaptation in multifamily housing: overheating and climate justice,” Build. Cities,
vol. 1, no. 1. 2020.

R. Rahif, M. Hamdy, S. Homaei, C. Zhang, P. Holzer, S. Attia, Simulation-based
framework to evaluate resistivity of cooling strategies in buildings against
overheating impact of climate change, Build. Environ. 208 (2022), 108599.

S.H. Holmes, T. Phillips, A. Wilson, Overheating and passive habitability: indoor
health and heat indices, Build. Res. Inf. 44 (1) (2016) 1-19.

L. Pajek, M. Kosir, Exploring climate-change impacts on energy efficiency and
overheating vulnerability of bioclimatic residential buildings under central
European climate, Sustainability 13 (12) (2021) 6791.

Y. Li, S. Kubicki, A. Guerriero, Y. Rezgui, Review of building energy performance
certification schemes towards future improvement, Renew. Sustain. Energy Rev.
113 (2019), 109244.

H. Gilbert and R. Levinson, “Policy Recommendation Summaries,” IEA, Annex 80
Subtask D, Vienna. 2023.

C. Du, B. Li, W. Yu, H. Liu, R. Yao, Energy flexibility for heating and cooling based
on seasonal occupant thermal adaptation in mixed-mode residential buildings,
Energy 189 (2019), 116339.

M. Rajput, G. Augenbroe, B. Stone, M. Georgescu, Heat exposure during a power
outage: A simulation study of residences across the metro Phoenix area, Energy
Build. 259 (2022), 111605.

K. Amada, J. Kim, M. Inaba, M. Akimoto, S. Kashihara, S. Tanabe, Feasibility of
staying at home in a net-zero energy house during summer power outages, Energy
Build. 273 (2022), 112352.

D. Jenkins, Y. Liu, A.D. Peacock, Climatic and internal factors affecting future UK
office heating and cooling energy consumptions, Energy Build. 40 (5) (2008)
874-881.

S. Rahnama, G. Hultmark, K. Rupnik, P. Vogler-Finck, A. Afshari, Control logic for
a novel HVAC system providing room-based indoor climate control in residential
buildings, J. Build. Eng. 65 (2023), 105766.

K. Bamdad, S. Matour, N. Izadyar, S. Omrani, Impact of climate change on energy
saving potentials of natural ventilation and ceiling fans in mixed-mode buildings,
Build. Environ. 209 (2022), 108662.

J. Zou, A. Gaur, L.L. Wang, A. Laouadi, M. Lacasse, Assessment of future
overheating conditions in Canadian cities using a reference year selection method,
Build. Environ. (2022), 109102.

ISSO, “Publicatie 74 Thermische behaaglijkheid,” ISSO, Rotterdam, 2014.
Accessed: Feb. 21, 2023. [Online]. Available: https://www.isso.nl/publicatie/isso-
publicatie-74-thermische-behaaglijkheid/2014?query=isso+74.


https://doi.org/10.1016/j.buildenv.2020.107531
https://doi.org/10.1016/j.buildenv.2020.107531
https://doi.org/10.1016/j.buildenv.2018.03.053
https://doi.org/10.1016/j.enbuild.2021.111463
https://doi.org/10.1016/j.enbuild.2021.111463
https://doi.org/10.1016/j.buildenv.2017.06.031
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0205
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0205
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0205
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0210
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0210
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0225
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0225
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0225
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0235
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0235
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0235
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0240
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0240
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0245
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0245
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0250
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0250
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0250
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0255
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0255
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0260
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0260
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0260
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0265
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0265
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0265
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0270
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0270
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0285
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0285
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0285
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0285
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0290
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0290
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0295
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0295
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0295
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0310
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0310
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0310
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0315
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0315
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0315
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0330
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0330
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0335
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0335
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0345
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0345
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0345
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0350
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0350
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0360
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0360
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0360
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0365
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0365
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0365
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0375
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0375
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0375
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0380
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0380
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0380
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0385
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0385
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0385
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0390
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0390
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0390
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0395
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0395
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0395
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0400
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0400
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0400
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0405
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0405
http://refhub.elsevier.com/S0378-7788(23)00400-0/h0405

	Overheating calculation methods, criteria, and indicators in European regulation for residential buildings
	1 Introduction
	2 State of-the-art
	3 Methodology
	3.1 Boundary conditions
	3.2 Target countries’ regulation
	3.3 Climate zone

	4 Result
	4.1 Summary of the main regulations on thermal comfort in residential buildings (inventory)
	4.2 Develop a set of criteria for overheating calculation in Europe
	4.3 Classify and categorize regulations according to similarity (classification)
	4.4 Selection of six outstanding countries (selection)
	4.5 Propose factors that should be considered to advance the overheating assessments in future revisions of building regula ...

	5 Discussion
	5.1 Study findings
	5.2 Study recommendations
	5.3 Study strengths and limitations
	5.4 Implications for practice and future research

	6 Conclusion
	Declaration of Competing Interest
	Acknowledgments
	Appendix 1 Questionnaire
	Appendix 2 Report
	Appendix 3 Countries table
	References


