
Energy & Buildings 252 (2021) 111463
Contents lists available at ScienceDirect

Energy & Buildings

journal homepage: www.elsevier .com/locate /enb
Review on Time-Integrated Overheating Evaluation Methods for
Residential Buildings in Temperate Climates of Europe
https://doi.org/10.1016/j.enbuild.2021.111463
0378-7788/� 2021 Elsevier B.V. All rights reserved.

⇑ Corresponding author.
E-mail address: ramin.rahif@uliege.be (R. Rahif).
R. Rahif ⇑, D. Amaripadath, S. Attia
Sustainable Building Design Lab, Dept. UEE, Faculty of Applied Sciences, Université de Liege, Belgium

a r t i c l e i n f o
Article history:
Received 25 May 2021
Revised 31 August 2021
Accepted 11 September 2021
Available online 17 September 2021

Keywords:
Thermal comfort
EPBD
Long-term comfort
International standards
Thermal discomfort
Chronic overheating
a b s t r a c t

Overheating exposure over time can lead to discomfort, productivity reduction, and health issues for the
occupants in buildings. The time-integrated overheating evaluation methods are introduced to describe, in a
synthetic way, the extent of overheating over a span of time and predict the uncomfortable phenomena.
This paper reviews the time-integrated overheating evaluation methods that are applicable to residential
buildings in temperate climates of Europe. We critically analyze the methods found in (i) 11 international
standards, namely, EN 15251 (2006), EN 16798 (2019), ISO 7730 (2004), ISO 17772 (2017–2018), ASHRAE
55 (2017), ASHRAE 55 (2020), CIBSE Guide A (2006), CIBSE TM52 (2013), CIBSE Guide A (2015), CIBSE
TM59 (2017), and Passive House (2015), (ii) five national building codes based on the Energy
Performance of Building Directive (EPBD) in Belgium, France, Germany, the UK, and the Netherlands,
and (iii) two studies in the scientific literature. For each method, we present the thermal comfort models
along with the time-integrated overheating indices and criteria. The methods are analyzed according to
some key measures in order to identify their scope, strength, and limitations. We found that most stan-
dards recommend the static comfort models for air-conditioned buildings and the adaptive comfort mod-
els for non-air-conditioned ones. We also found a promising method based on three indices, namely,
Indoor Overheating Degree (IOD), Ambient Warmness Degree (AWD), and overheating escalation factor
(aIOD=AWD) that allows for a multi-zonal and climate change-sensitive overheating assessment. Finally,
some guidance is provided for practice and future developments.
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1. Introduction

During the last two decades, extremely hot outdoor conditions
have become more intense and frequent in temperate climates of
Europe. In summer 2003, the outdoor air temperatures of 35 �C,
37 �C, 38.5 �C, and 40.2 �C were recorded in the Netherlands,
France, the UK, and Germany, respectively [1–4]. Royal Meteoro-
logical Institute (RMI) of Belgium reported that the Hechtel-Eksel
municipality experienced 51 consecutive days with the outdoor
air temperature above 25 �C, and a maximum air temperature of
38.8 �C is recorded in the summer of 2018.

Unfortunately, the situation will worsen since the European
Environment Agency (EEA) predicts an increase in the annual aver-
age air temperature between 1.0 and 2.5 �C by 2021–2050 and
between 2.5 and 4 �C by 2071–2100 over Europe. It is expected
that Europe’s sweltering heatwave in 2003 will become typical
weather by the middle of the 21st century [5]. In addition, the
Urban Heat Island (UHI) effect that is recognized in more than
400 cities around the world will be exacerbated by climate change
[6,7]. The UHI effect, defined as the ‘‘relatively atmospheric warmth
of urban areas compared to surrounding countryside” [8], is predicted
to increase the land air temperature in Europe by 2.68 �C (Decem-
ber to February) and 5.06 �C (June to August) in urban areas by
2080–2099 [9]. Such warming outdoor conditions will increase
the risk of overheating in indoor environments where people
spend most of the time [10].

Overheating in residential buildings has been reported in many
temperate regions across Europe [11–15]. High indoor tempera-
tures affect the occupant’s health, comfort, and productivity where
in severe cases can lead to illness and death [16,17]. According to
Housing Health and Safety Rating System (HHSRS) in the UK, the
indoor temperature exceeding the maximum threshold of 25 �C
can lead to an increase in strokes and mortality [18]. In total, over
35,000 people died in Europe during the summer 2003 heatwave
[19], in which 14,729 deaths reported in France [20], 2139 in Eng-
land and Wales [21], up to 2200 in the Netherlands [1], 7295 in
Germany [22], and 1175 in Belgium [23]. To avoid such issues,
there is a need for proper definition and criteria for indoor over-
heating to be considered in the building designs.

A number of methods are introduced for assessing the human
thermal response to the surrounding environment in the literature
[24]. They aim at describing the human thermal perception from
an environment where an individual or a group of people is
exposed. In the last twenty years, a new group of methods are pro-
posed for assessing the comfort over a span of time in buildings,
which are termed long-term comfort evaluation methods [25,26],
chronic overheating evaluation methods [27], or time-integrated com-
fort evaluation methods [28]. They aim at evaluating the comfort
qualities of a building over time and considering all the building
zones [29]. The majority of these methods were developed to
assess the overheating discomfort, and some of them deal with
overheating and overcooling discomfort at the same time, and only
a few of them deal with overcooling discomfort [29,30]. Most of
the time-integrated comfort evaluation methods have two key
decisions in common, the choice of thermal comfort model and
the selection of time-integrated discomfort index. Previous
research exists by reviewing the existing thermal comfort models
and the time-integrated discomfort indices.
2

Among the reviews on thermal comfort models, Taleghani et al.
[31] chronologically reviewed the static and the adaptive comfort
models with a detailed analysis of the adaptive comfort models
in ASHRAE 55 (2010), EN 15251, and ISSO 74 (2004) (in the Nether-
lands) standards. It was found that the main difference of the adap-
tive comfort models relies on the choice of outdoor reference
temperature, the extend of acceptable temperature ranges, and
databases related to the field studies. Khovalyg et al. [32] exten-
sively reviewed EN 15251, ISO 17772, EN 16798, ISO 7730, ASHRAE
55 (2017), GB/T 50785 (in China), ISHRAE 10,001 (in India), SS 553,
and SS 554 (in Singapore) standards, questioning the applicability
of their comfort models on regional scales. Carlucci et al. [33]
reviewed the adaptive comfort models in ASHRAE 55, EN 15251,
EN16798, ISSO 74 (in the Netherlands), and GB/T 50785 standards.
Carlucci et al. [33] also revealed that the difference in the choice of
outdoor reference temperature is the primary source of discrep-
ancy in deriving the adaptive comfort models. Cheng et al. [34]
reviewed the thermoregulatory models for the human body by dis-
tinguishing between the psychological models and physiological
models. They numerically assessed the UC Berkeley thermal com-
fort model (UCB) and ISO 14505 thermal comfort model using a
detailed Computational Fluid Dynamics (CFD) analysis. They found
that the coupling of the UCB model with CFD is complex, hindering
its widespread. On the other hand, the ISO 14505 model is more
sensitive in warm environments and less sensitive in cold environ-
ments, questioning the reliability of the model. The overview of
thermal comfort models and indicators is also presented in
[24,35–39]. The focus of the above reviews was mainly on investi-
gating the existing models for thermal comfort.

Despite the numerous studies on thermal comfort models, a
limited number of documents reviewed the time-integrated dis-
comfort indices. Carlucci et al. [29] systematically reviewed 15
indices, classifying them into four homogenous families (i.e., per-
centage indices, cumulative indices, risk indices, and averaging
indices). Carlucci [40] quantitatively evaluated 16 time-
integrated discomfort indices focusing on summer overheating in
54 variants of an office building. It was found that different indices
would identify different variants as the optimal case. The gap
recognition is then performed through the sensitivity analysis by
varying the calculation periods in the time-integrated discomfort
indices. Finally, the Long-term Percentage of Dissatisfied (LPD)
index is proposed, which is a symmetric and comfort model-
based discomfort index. Zero Carbon Hub (a non-profit organiza-
tion to implement zero energy homes policy in the UK) published
an evidence review for overheating risk assessment in buildings in
2015 [41]. It covers the methodologies in the Standard Assessment
Procedure (SAP), CIBSE Guide A (2006), CIBSE Guide A (2015),
CIBSE TM52, Passive House, BB 101, and Part L2A of UK govern-
ment’s building regulations. Also, the UK National House-
Building Council (NHBC) provided a report by studying the over-
heating definitions in several guidelines and regulatory documents
in the UK [42]. The two former studies (i.e., [29,40]) are outdated
since most standards are superseded and new methods are intro-
duced in the literature and the two latter reports (i.e., [41,42])
are local and focused on the methods mainly implemented in the
UK. To overcome the limitations of the above studies, by extending
our scope to temperate regions in Europe, we explore the long-
lasting standards in addition to those that were not reviewed



Table 1
Summary of reviews on thermal comfort models and overheating evaluation methods.

Author Ref. Year Journal/Institution Thermal comfort models Overheating evaluation methods

Roaf et al. [39] 2010 Architectural Science Review U

Van hoof et al. [35] 2010 Frontiers in Bioscience U

Carlucci and Pagliano [29] 2012 Energy and Buildings U U

NHBC [42] 2012 NHBC U U

Cheng et al. [34] 2012 Building and Environment U

Halawa and Van Hoof [36] 2012 Energy and Buildings U

Taleghani et al. [31] 2013 Renewable and Sustainable Energy Reviews U

Carlucci [40] 2013 Springer U U

Yang et al. [37] 2014 Applied Energy U

Zero Carbon Hub [41] 2015 Zero Carbon Hub U U

Enescu [24] 2017 Renewable and Sustainable Energy Reviews U

Carlucci et al. [33] 2018 Building and Environment U

Khovalyg et al. [32] 2020 Energy and Buildings U

Zhao et al. [38] 2021 Energy and Built Environment U

Fig. 1. Cities with Temperate oceanic climate (Cfb) worldwide.
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before such as EN 16798, ISO 17772, ASHRAE (2020), CIBSE TM59,
and five national codes based on the Energy Performance of Build-
ing Directive (EPBD) in Belgium, France, Germany, the UK, and the
Netherlands as well as two state-of-the-art methods in the litera-
ture [14,43]. Table 1 provides a list of review documents (pub-
lished after 2010) on thermal comfort models and overheating
evaluation methods.

In general, there is a substantial need for a comprehensive
review (i.e., thermal comfort models, indices, and criteria) of the
time-integrated discomfort evaluation methods focusing on over-
heating discomfort (we refer to as ‘‘time-integrated overheating
evaluation methods”). Therefore, as members of the International
Energy Agency (IEA) EBC Annex 80 – ‘‘Resilient cooling of build-
ings” project, we initiated this research to address the abovemen-
tioned knowledge gap. This paper provides a valuable contribution
to the new body of knowledge from an international perspective.
Our paper provides insights for overheating assessments in tem-
perate oceanic climate (Cfb) according to Köppen climate classifi-
cation. Such climate is particularly dominant in Western Europe
such as in Brussels that had 2381 Heating Degree Days (HDD)
and 38 Cooling Degree Days (CDD) in 2018 [44]. As can be seen
in Fig. 1, in addition to many European cities, there are major cities
like Auckland, Bogotá, Nairobi, Vancouver, and Santa Fe with sim-
ilar climate in other regions around the world. Therefore, our study
will be useful to improve the understanding of overheating and
allow the comparison of overheating evaluation methods globally.
We should mention that provisions are required to the generaliz-
ability of the results to hot climates.
3

The main objectives of this paper are, (i) identifying the thermal
comfort models suggested for the buildings with and without air-
conditioning and (ii) exploring the time-integrated overheating
indices and criteria. This paper attempts to respond to the follow-
ing research questions:

1) What are the thermal comfort models suggested in the stan-
dards for the buildings with and without air-conditioning?

2) What are the indices suggested to calculate the time-
integrated overheating in residential buildings?

3) What are the threshold values and criteria to limit overheat-
ing in buildings?

Our review critically analyzes 95 recent and long-standing doc-
uments, including 11 international standards, namely, EN 15251,
EN 16798, ISO 7730, ISO 17772, ASHRAE 55 (2017), ASHRAE 55
(2020), CIBSE Guide A (2006), CIBSE TM52, CIBSE Guide A (2015),
CIBSE TM59, and Passive House (see Appendix A). We also review
five national building codes based on the Energy Performance of
Building Directive (EPBD) in Belgium, France, Germany, the UK,
and the Netherlands. We highlight the main differences between
the new and old versions of the standards. This paper is the first
of its kind that focused on the overheating calculation methods
specific for residential buildings in temperate climates and thor-
oughly examined the EPBD regulations. More importantly, we
addressed new measures in addition to those in Carlucci et al.
[29], such as all hours or occupied hours in a time span, normalization
to occupied hours, short-term criteria, and long-term criteria. Our
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extensive review summarizes the vast body of standards and liter-
ature in a brief, informative, and content-rich document that
allows the comparison of the most critical thermal comfort models
and time-integrated overheating indices.

This paper provides strong support for decision-making for
building professionals and designers to assess indoor overheating
during the early design stages. Implementing the findings may
yield comfort benefits in the buildings. The study outcomes also
provide practical recommendations for policymakers to improve
the regional and national overheating evaluation methods towards
climate change proof residential buildings. The paper is structured
as follows. Section 2 presents the review methodology including
the boundary conditions, target documents, and measures. Sec-
tion 3 describes the results of the review on the time-integrated
overheating evaluation methods including thermal comfort mod-
els (Section 3.1) followed by analyzing overheating/discomfort
indices and criteria in international standards (Section 3.2.1),
national building codes based on the EPBD (Section 3.2.2) and sci-
entific literature (Section 3.2.3). Section 4 discusses the key find-
ings and Section 5 concludes the paper.
2. Review methodology

This paper performs a review of the time-integrated overheat-
ing evaluation methods. As shown in Fig. 2, towards providing a
thorough and in-depth review, we narrow our scope by setting
boundary conditions on the building type and the climate. Based
on the boundary conditions, we then select the target documents
Fig. 2. Study Conceptua
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to be reviewed. Finally, the review is conducted by applying some
existing and newly defined evaluation measures.
2.1. Boundary conditions

As the first boundary condition, we restrict our focus on the
methods that are specified for residential buildings. It is since, (i)
the majority of European heterogeneous building stock is com-
posed of residential buildings; the share of residential buildings
is between 60 and 89% over the Member States and the UK accord-
ing to the European Union (EU) buildings Factsheet, (ii) people
spend most of their time at homes, in particular elderly people
who are more vulnerable to overheating exposure [42], and (iii)
the overheating during the sleeping time at homes was reported
as a major risk to the public health [41,45].

Another boundary condition is that we focus on the methods
proposed for temperate climates. In temperate climates, the focus
of building thermal design is mainly on preserving the heat during
the winter. Such a design concept prevents the dissipation of
internal heat loads in buildings and makes them more vulnerable
to overheating issues during the hot summertime [27,46,47].
Therefore, we decided to condemn the policy, legislative, and sci-
entific drivers of overheating in temperate climates as one of the
high-risk areas and provide recommendations for future
improvements.
l Framework (SCF).
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2.2. Target documents

The target documents in this paper can be divided into, interna-
tional standards, EPBD regulatory documents, and scientific litera-
ture. For the international standards, we select EN 15251, EN
16798, ISO 7730, ISO 17772, ASHRAE 55 (2017), ASHRAE 55
(2020), CIBSE Guide A (2006), CIBSE TM52, CIBSE Guide A (2015),
CIBSE TM59, and Passive House standards. These mostly cited stan-
dards [14,48–56] are extensively included within the building con-
struction and renovation policies in temperate climates of Europe.
Afterwards, we review the EPBD regulatory documents in Belgium,
France, Germany, the UK, and the Netherlands. These five countries
form the largest portion of the temperate regions in Europe and
together entail 47% of the total population and 30% of the total area
considering the EU and the UK [44,57,58]. The EPBD regulations are
obligatory and thus play a main role in defining the energy effi-
ciency and thermal comfort in buildings at the European level.
Finally, we select two state-of-the-art methods found in the litera-
ture [14,43]. For this aim, we set two inclusion criteria: (i) intro-
duced and implemented in residential buildings and (ii) applied
and validated for temperate climates in Europe. We exclude the
methods in the literature that are previously reviewed by Carlucci
et al. [29] or aimed at quantifying the instant overheating phenom-
ena. Our aim is not to provide an extensive review of the methods
introduced in the scientific literature, but we intend to take the ini-
tiative and provide the basis for future studies in this context. We
should also mention that there is no strict limitation on the publi-
cation period for the additional documents that form the refer-
ences of this paper, but priority has been given to recent
publications to address the state-of-the-art research.
2.3. Measures

The review is carried out by describing the thermal comfort
models for air-conditioned and non-air-conditioned buildings
along with a critical analysis of the time-integrated overheating
indices and criteria (i.e., threshold values). A previous study by Car-
lucci et al. [29] defined some measures such as dependency on a
comfort model, dependency on comfort categories, symmetric/asym-
metric, and inclusion/exclusion of comfort thresholds. We further
elaborate on those terms and add some new measures including
all hours or occupied hours in a time span, normalization to occupied
hours, short-term criteria, and long-term criteria. Therefore, this
study analyzes the time-integrated overheating evaluation meth-
ods based on the following measures,

� Dependency on comfort model: this measure shows that
whether the method is dependent on a comfort model. If yes,
which of the static and adaptive comfort models are
implemented.

� Dependency on comfort categories: this measure shows
whether the underlying thermal comfort model of a method
relies on comfort categories. Dependency on comfort categories
generates discontinuity at the boundaries of the categories and
results in different values for overheating if the category
changes.

� Symmetric or asymmetric: the symmetric methods combine
the overheating and overcooling discomfort in a single value,
whereas the asymmetric methods only consider overheating
discomfort. The symmetric methods do not imply whether the
building is unable to suppress overheating or overcooling
discomfort.

� All hours or occupied hours in a time span: this measure
shows whether the method considers all hours or only the
occupied hours during a specific time period. The inclusion of
5

unoccupied hours in the calculations raises the uncertainty by
including the needless effect of comfort conditions where there
is no one in the building.

� Normalization to occupied hours: we assess if the index of a
method is normalized to the occupied hours. The normalized
indices allow the comparison of the buildings with different
occupancy profiles.

� Short-term criteria: short-term criteria are threshold values on
an hourly, daily, or weekly basis to limit the overheating during
the heatwave events.

� Long-term criteria: long-term criteria are threshold values to
limit the extensive overheating during monthly, seasonal, or
annual periods.

3. Results

3.1. Thermal comfort models

The evaluation of overheating risks in buildings requires the
determination of an appropriate thermal comfort model. The ther-
mal comfort in buildings can be divided into two major models: (a)
static and (b) adaptive.

The static comfort models in the comfort standards are mainly
based on Fanger’s widely accepted PMV/PPD model (PMV = Pre-
dicted Mean Vote and PPD = Predicted Percentage Dissatisfied)
developed in the 1970 s where six major parameters (air temper-
ature, radiant temperature, relative humidity, metabolic rate, air
velocity, and clothing factor) intervene. Those parameters were
estimated or measured to evaluate the thermal sensation of the
human body in a thermally symmetrical environment while calcu-
lating the PMV index.

The static comfort models suggested in the PMV/PPD ranges in
EN, ISO, ASHRAE, and CIBSE standards are listed in Table 2. The
EN and ISO standards provide the PMV/PPD ranges in different cat-
egories reflecting the level of occupant expectation and the indoor
environmental quality (see Appendix B), whereas ASHRAE (for the
static model) and CIBSE standards do not categorize the thermal
environments or as CIBSE TM52 refer to a single category.

Since it is difficult to measure the PMV accurately due to high
uncertainty in measuring and predicting all comfort parameters,
in particular clothing factor and metabolic rate, some standards
translate the PMV/PPD ranges into the operative temperature scales
with some assumptions. As listed in Table 3, EN 15251, EN 16798,
ISO 17772, and CIBSE TM52 (following EN 15251) translate the
PMV/PPD ranges into the operative temperature scales with
assumptions on relative humidity (=50% for EN 15251, =40%
and = 60% for heating and cooling seasons in EN 16,798 and ISO
17772, respectively), air velocity (<0.1 m/s), metabolic rate (1.2
met), and clothing factor (0.5 clo for summer and 1 clo for winter).
Following the same suit, CIBSE Guide A (2006) prescribes the trans-
lated operative temperature scales (for PMVj j< 0;25) considering
the clothing factor between 0.25 and 1.2 clo, metabolic rate
between 0.9 and 1.8 met, relative humidity (=50%), and air velocity
(<0.15 m/s) over different zones. It is also recommended that the
operative temperature ranges can be extended by 1 �C at each
end if a PMV of �0.5 is acceptable. CIBSE Guide A (2015), however,
translates the range of PMVj j< 0;5 into the operative temperature
scales by assumptions on clothing factor between 0.5 and 1.2 clo,
metabolic rate between 0.9 and 1.5 met, relative humidity
(=50%), and air velocity (<0.15 m/s) over different zones. It also
allows fluctuations up to 1 �C at the boundaries. The translated
operative temperature thresholds are associated with boundary
conditions, therefore are not applicable to the spaces where: (i)
the air velocity threshold is violated by the operation of ceiling
fan etc., (ii) the relative humidity exceeds the threshold value by
humidifying activities such as cooking in the kitchen or drying



Table 3
The fixed maximum temperature limits in EN, ISO, CIBSE, and Passive House standards. The presented limits are suggested for residential buildings.

Standard Operation type* Zone/category Maximum operative
temperature[�C]

EN 15251 (2007) Mechanically heated and cooled Living spaces (bedrooms, living rooms, kitchens, etc.)/I 25.5
Living spaces (bedrooms, living rooms, kitchens, etc.)/II 26
Living spaces (bedrooms, living rooms, kitchens, etc.)/III 27

EN 16798 (2019) &
ISO 17772 (2017)

Mechanically heated and cooled Living spaces (bedrooms, living rooms, kitchens, etc.)/I 25.5
Living spaces (bedrooms, living rooms, kitchens, etc.)/II 26
Living spaces (bedrooms, living rooms, kitchens, etc.)/III 27
Living spaces (bedrooms, living rooms, kitchens, etc.)/IV 28

CIBSE Guide A (2006) Air-conditioned Living rooms, bedrooms, halls, stairs, landings 25 (+1�C if PMV = 0.5 is
acceptable)

Kitchen, toilets 23 (+1�C if PMV = 0.5 is
acceptable)

Free-running Living room 28
Bedrooms 26

CIBSE TM52 Mechanically conditioned and naturally
conditioned

All/II (EN 15251) 26

CIBSE Guide A (2015) Air-conditioned Bathrooms, bedrooms, halls, stairs, landings, kitchen, toilet/II
(EN 15251)

26 (+1�C)

Free-running Bedrooms 26
CIBSE TM59 Mechanically ventilated All 26

Naturally ventilated Bedrooms 26
Passive House Without active cooling or with passive

cooling
All zones 25

*the terminology of each standard is used to name the operation type.

Table 2
The PMV/PPD static comfort limits in EN, ISO, ASHRAE, and CIBSE. The presented limits are suggested for residential buildings.

Standard Operation type* Category PPD [%] & PMV [-]

EN 15,251 (2007) Mechanically heated and cooled I PPD% < 6;�0:2 < PMV < þ0:2
II PPD% < 10;�0:5 < PMV < þ0:5
III PPD% < 15;�0:7 < PMV < þ0:7
IV PPD% > 15; PMV < �0:7orPMV > þ0:7

EN 16798 (2019) & ISO 17772 (2017) Mechanically heated and cooled I PPD% < 6;�0:2 < PMV < þ0:2
II PPD% < 10;�0:5 < PMV < þ0:5
III PPD% < 15;�0:7 < PMV < þ0:7
IV PPD% < 25;�1:0 < PMV < þ1:0

ISO 7730 (2005) All I PPD% < 6;�0:2 < PMV < þ0:2
II PPD% < 10;�0:5 < PMV < þ0:5
III PPD% < 15;�0:7 < PMV < þ0:7

ASHRAE 55 (2017) & ASHRAE 55 (2020) All – PPD% < 10;�0:5 < PMV < þ0:5
CIBSE Guide A (2006) Air-conditioned – PPD% < 10;�0:25 < PMV < þ0:25PPD%

< 10;�0:5 < PMV < þ0:5(if acceptable)
CIBSE TM52 Mechanically conditioned and

naturally conditioned
II (EN 15251) PPD% < 10;�0:5 < PMV < þ0:5

CIBSE Guide A (2015) Air-conditioned – PPD% < 10;�0:5 < PMV < þ0:5

*the terminology of each standard is used to name the operation type.
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the clothes inside, and (iii) occupants have activities or clothing
that are out-of-range considering the assumptions on metabolic
rate and clothing factor.

Differently, some standards provide the static comfort model by
proposing fixed temperature thresholds. As indicated in Table 3,
CIBSE Guide A (2006) specifies a threshold value denoted as
‘‘benchmark peak temperature” for free-running buildings which is
3 �C higher than the summer comfort temperature. It defines
25 �C as the summer comfort temperature in the living room at
which few people feel uncomfortable. For bedrooms, however, it
assigns the summer comfort temperature of 23 �C since sleep
may be impaired above 24 �C. Accordingly, the prescribed bench-
mark peak temperature is 28 �C for the living room and 26 �C for
the bedrooms. CIBSE Guide A (2015) and CIBSE TM59 also com-
monly suggest 26 �C for the bedrooms in naturally ventilated
buildings. The Passive House standard sets a maximum threshold
6

value of 25 �C for all living areas in buildings without active cooling
or with passive cooling. In the case of fixed temperature thresh-
olds, the effect of other comfort parameters such as relative
humidity, clothing factor, metabolic rate, and air velocity is totally
neglected in defining comfort.

The adaptive comfort model has been developed during the last
twenty years based on a group of field studies taken in real build-
ings to represent the actual conditions. The adaptive comfort the-
ory accepts that the occupants can adapt to the surrounding
thermal environment because of the behavioural, physiological,
and psychological actions. Therefore, it suggests reaching a tem-
perature that is positively correlated to a reference outdoor air
temperature. And not anymore, a unique and ideal temperature.

To derive the reference outdoor air temperature, EN and ISO
standards recommend the ‘‘exponentially weighted running mean
outdoor temperature” (Trmo). The Trmo ½A�C� can be calculated by,



Table 4
The adaptive comfort boundaries in EN, ISO, ASHRAE, and CIBSE.

Standard Operation type* Category or acceptability Upper limit[�C] Lower limit[�C] Trmo or Tpmoapplicability
range[�C]

EN 15251 (2007) Without mechanical heating and cooling I 0:33Trmo þ 18:8þ 2 0:33Trmo þ 18:8� 2 10–30
II 0:33Trmo þ 18:8þ 3 0:33Trmo þ 18:8� 3 10–30
III 0:33Trmo þ 18:8þ 4 0:33Trmo þ 18:8� 4 10–30

EN 16798 (2019) &
ISO 17772 (2017)

Without mechanical heating and cooling I 0:33Trmo þ 18:8þ 2 0:33Trmo þ 18:8� 3 10–30
II 0:33Trmo þ 18:8þ 3 0:33Trmo þ 18:8� 4 10–30
III 0:33Trmo þ 18:8þ 4 0:33Trmo þ 18:8� 5 10–30

ASHRAE 55 (2017) Naturally conditioned 80% Acceptability 0:31Tpmo þ 21:3 0:31Tpmo þ 14:3 10–33.5
90% Acceptability 0:31Tpmo þ 20:3 0:31Tpmo þ 15:3 10–33.5

CIBSE TM52 Free-running II (EN 15251) 0:33Trmo þ 18:8þ 3 0:33Trmo þ 18:8� 3 10–30
CIBSE Guide A (2015) &

CIBSE TM59
Naturally ventilated II (EN 15251) 0:33Trmo þ 18:8þ 3 0:33Trmo þ 18:8� 3 10–30

*the terminology of each standard is used to name the operation type.
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Trmo ¼ 1� að Þ: Ted�1 þ aTed�2 þ a2Ted�3þ���
� � ð1Þ
Trmo ¼ 1=3:8: Ted�1 þ 0:8Ted�2 þ 0:6Ted�3þ0:5Ted�4f
þ 0:4Ted�5 þ 0:3Ted�6 þ 0:2Ted�7g ð2Þ
Where a is the weighting factor between 0 and 1 (recommended
value is 0.8), Ted-i is the daily mean outdoor air temperature for i-
th previous day [�C]. ASHRAE 55, however, introduces the ‘‘prevail-
ing mean outdoor air temperature” (Tpmo) as the reference outdoor air
temperature. The Tpmo[�C] is the arithmetic mean of the mean daily
outdoor air temperature of all sequential days (no less than seven
and no more than 30 days). ASHRAE 55 also permits the use of
the weighting method (see Equation (1)) in a way that the weight
applied to a day is between 0.6 and 0.9 of that applied to the sub-
sequent day. The formulas to derive the adaptive comfort ranges
based on the reference outdoor air temperature and corresponding
applicable ranges are summarized in Table 4.

Similar to the static model, EN 15251, EN 16798, and ISO 17772
standards provide category-based adaptive temperature ranges for
buildings without mechanical heating and cooling systems. There
are some differences in defining the adaptive thermal comfort in
EN 15251 compared to EN 16798 and ISO 17772. First, in EN
15251, it is allowable to install mechanical cooling systems; never-
theless, they should not be in operation. EN 15251 also allows
mechanical ventilation, which provides unconditioned air during
the summer as well as other low-energy technologies such as shut-
ters, night ventilation, fans, etc. However, this information is
excluded in EN 16798 and ISO 17772. Second, the metabolic rate
of nearly sedentary activity (1–1.3 met) is assumed in EN 15251,
while the metabolic rate of sedentary activity (1.2 met) is assumed
in EN 16798 and ISO 17772. Third, EN 16798 and ISO 17772 has a
more extensive range of adaptive comfort boundaries since the
lower temperature limits are 1 �C below the equivalent tempera-
ture limits in EN 15251.

ASHRAE 55 (2017) and ASHRAE 55 (2020) recommend the
adaptive comfort model (see Table 4) for naturally ventilated
buildings in two applicability ranges (see Appendix B). However,
there are two changes between both versions: (i) ASHRAE 55
(2020) allows for the installation of a mechanical cooling system
as long as the system is not in operation which is not permitted
in ASHRAE 55 (2017) and (ii) the range of metabolic rate assump-
tion is extended from 1.0 to 1.3 met in ASHRAE 55 (2017) to 1.0–
1.5 met in ASHRAE 55 (2020). The main strength of the ASHRAE
55 standard is its regular revisions and updates (every 3–4 years
during the last decade) reflecting the new results from the field
studies contributing to the accuracy of its adaptive comfort model
[59].
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CIBSE TM52, CIBSE Guide A (2015) (not for bedrooms), and
CIBSE TM59 (not for bedrooms) commonly adopt Category II of
the adaptive comfort model in EN 15251 for free-running and nat-
urally ventilated buildings. It should be mentioned that the ISO
7730, CIBSE Guide A (2006), and Passive House standards do not
contain or refer to any adaptive comfort model.
3.2. Time-integrated overheating/discomfort indices and criteria

3.2.1. International standards
3.2.1.1. EN 15251 and EN 16798. Identical time-integrated discom-
fort indices are established in EN 15251 (Annex F) and EN 16798
(Annex D of Part 2). Three indices are defined, namely Percentage
of Occupied hours Outside the Range (%POhOREN), Degree hours
(DhEN), and PPD weighted (PPDw).

The %POhOREN index shows the percentage of occupied hours
when the PMV or indoor operative temperature is outside the com-
fort ranges related to the selected comfort category. It is thus appli-
cable to both static and adaptive comfort models (see Section 3.1).
The %POhOREN can be calculated using a binary weighting factor
(wfi) that is zero during the time within the comfort ranges and
is one during the out-of-range conditions. It is a straightforward
index that shows the frequency of discomfort, however, (i) it does
not quantify the intensity of discomfort, (ii) it is category-based, it
introduces discontinuities at the boundaries of categories that do
not correlate to the physics and physiology [29], and (iii) it is sym-
metric without distinguishing between the overheating and over-
cooling discomfort.

Provisions are made to restrict the short-term and long-term
overheating by defining acceptable deviation thresholds for the %
POhOREN index during weekly, monthly, and annual periods. EN
15251 recommends the acceptable deviation of 3% (5%) based on
working hours (total hours) during daily, weekly, monthly, and
yearly periods. Whereas EN 16798-2 suggests 20% (50% as a strict
criterion) weekly, 12% (25% as a strict criterion) monthly and 3%
(6% as a strict criterion) annual acceptable deviations during the
occupied hours. The latter sets criteria for how long short-term
and long-term consecutive periods of out-of-range temperatures
can be accepted.

TheDhEN index quantifies the time inwhich the indoor operative
temperature exceeds the specified comfort rangeweighted by a fac-
tor (wfi). The wfi is a module of the difference between the indoor
operative temperature and the lower or upper limit of the comfort
range. To calculate the DhEN, If the comfort ranges are specified in
terms of PMV, the ranges should be translated into operative tem-
perature scales by assumptions on clothing factor, metabolic rate,
relative humidity, and air velocity. Both static and adaptive comfort
models are applicable (see Section 3.1). The DhEN is an asymmetric



Table 5
Summary of overheating/discomfort evaluation methods in EN, ISO, ASHRAE, CIBSE, and Passive House standards.

Standard Index Equation Measures

Static (S) /
Adaptive
(A)

Category-
based

Symmetric (S) /
Asymmetric (A)

All hours (A) /
occupied
hours (O)

Normalized
to occupied
hours

Short-
term
criterion

Long-
term
criterion

EN 15251&EN
16798&ISO 17772

Percentage of
Occupied hours
Outside the Range (%
POhOREN & ISO 17772,op)

%POhOREN&ISO17772;op ¼
Poccupiedhours

i¼1
wfiPocc;h

i¼1
hi

� 100

where
wfi ¼ 1; Top;i < Top;i;lowerorTop;i > Top;i;upper

wfi ¼ 0; Top;i;lower 	 Top;i 	 Top;i;upper

�
S & A U S O U U(not

in EN
15251)

U

Percentage of
Occupied hours
Outside the Range (%
POhOREN & ISO 17772,

PMV)

%POhOREN&ISO17772;PMV ¼
Poccupiedhours

i¼1
wfiPoccupiedhours

i¼1
hi

� 100

where
wfi ¼ 1; PMVi < PMVlowerorPMVi > PMVupper

wfi ¼ 0; PMVlower 	 PMVi 	 PMVupper

�
S U S O U U(not

in EN
15251)

U

Degree hours*(DhEN &

ISO 17772,overh)
DhEN&ISO17772;overh ¼ Poccupiedhours

i¼1 wfi � hið Þ
where

wfi ¼ Top;i � Top;i;upper ; Top;i > Top;i;upper
wfi ¼ 0; Top;i 	 Ti;upper

� S & A U A O

Weighted PPD*
(PPDwEN & ISO 17772,

overh)

PPDwEN&ISO17772;overh ¼ Poccupiedhours
i¼1 wfi � hið Þ

where
wfi ¼ PPDi

PPDupper
; PMVi > PMVupper

wfi ¼ 0; PMVi 	 PMVupper

( S U A O

ISO 7730 Percentage of
Occupied hours
Outside the Range (%
POhORISO 7730,op)

%POhORISO7730;op ¼
Poccupiedhours

i¼1
wfiPoccupiedhours

i¼1
hi

� 100

where
wfi ¼ 1; Top;i < Top;i;lowerorTop;i > Top;i;upper

wfi ¼ 0; Top;i;lower 	 Top;i 	 Top;i;upper

�
S U S O U

Percentage of
Occupied hours
Outside the Range (%
POhORISO 7730,PMV)

%POhORISO7730;PMV ¼
Poccupiedhours

i¼1
wfiPoccupiedhours

i¼1
hi

� 100

where
wfi ¼ 1; PMVi < PMVlowerorPMVi > PMVupper

wfi ¼ 0; PMVlower 	 PMVi 	 PMVupper

�
S U S O U

Degree hours*(DhISO
7730,overh)

DhISO7730;overh ¼ Poccupiedhours
i¼1 wfi � hið Þ

where
wfi ¼ 1þ Top;i�Top;upperj j

TComfort�Top;upperj j ; Top;i > Top;i;upper

wfi ¼ 0; Top;i 	 Top;upper

8<
:

S U A O

Weighted PPD*
(PPDwISO 7730,overh)

PPDwISO7730;overh ¼ Poccupiedhours
i¼1 wfi � hið Þ

where
wfi ¼ PPDi

PPDupper
; PMVi 
 PMVupper

wfi ¼ 0; PMVi < PMVupper

( S U A O

Averaged PPD
(AvgPPD) AvgPPD ¼

Poccupiedhours

i¼1
PPDiPoccupiedhours

i¼1
hi

S O U

PPD over
time PPDOTð Þ

PPDOT ¼ Poccupiedhours
i¼1 PPDi

S O

ASHRAE 55 (2017) &
ASHRAE 55 (2020)

Exceedance
HoursðEHopÞ

EHop ¼ Poccupiedhours
i¼1 Hdisc

where
Hdisc ¼ 1; Top;i < Top;i;lowerorTop;i > Top;i;upper

Hdisc ¼ 0; Top;i;lower 	 Top;i 	 Top;i;upper

( A U S O

Exceedance
Hours EHPMVð Þ

EHPMV ¼ Poccupiedhours
i¼1 Hdisc

where
Hdisc ¼ 1; PMVij j > 0:5
Hdisc ¼ 0; PMVij j 	 0:5

� S S O

Weighted Exceedance
HoursðWEHopÞ

WEHop ¼ Poccupiedhours
i¼1 ðTop;i � Top;i;upperÞ

�
�Hdisc;warm þ ðTop;i;lower�Top;iÞ � Hdisc;coldÞ

where
Hdisc;warm ¼ 1; Top;i > Top;i;upper

Hdisc;cold ¼ 1; Top;i < Top;i;lower
Hdisc;cold ¼ Hdisc;warm ¼ 0; Top;i;lower 	 Top;i 	 Top;i;lower

8<
:

A U S O

Weighted Exceedance
Hours WEHPMVð Þ

WEHPMV ¼ Poccupiedhours
i¼1 ð PMVij j � 0:5Þ � Hdisc

where Hdisc ¼ 1; PMVij j > 0:5
Hdisc ¼ 0; PMVij j 	 0:5

� S S O
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Table 5 (continued)

Standard Index Equation Measures

Static (S) /
Adaptive
(A)

Category-
based

Symmetric (S) /
Asymmetric (A)

All hours (A) /
occupied
hours (O)

Normalized
to occupied
hours

Short-
term
criterion

Long-
term
criterion

CIBSE Guide A (2006) &
CIBSE Guide A
(2015)

Percentage of
Occupied hours
Outside the Range
(POhORCIBSEGuideA;op)

%POhORCIBSEGuideA;op ¼
Poccupiedhours

i¼1
wfi :hiPoccupiedhours

i¼1
hi

� 100

where
wfi ¼ 1; Top;i > Top;upper

wfi ¼ 0; Top;i 	 Top;upper

�
S A O U U

CIBSE Guide A (2015) Percentage of
Occupied hours
Outside the Range
(POhORCIBSEGuideA;PMV )

%POhORCIBSEGuideA;PMV ¼
Poccupiedhours

i¼1
wfi :hiPoccupiedhours

i¼1
hi

� 100

where wfi ¼ 1; PMVi > 0:5
wfi ¼ 0; PMVi 	 0:5

�
S A O U U

CIBSE TM52(1) Hours of Exceedance
(He) ‘‘Criterion (1)” %He ¼

Poccupiedhours

i¼1
wfi :hiPoccupiedhours

i¼1
hi

� 100

where
wfi ¼ 1; Top;i � Top;i;upper 
 1

�
C adaptivemodelð Þand0�

CðstaticmodelÞ
wfi ¼ 0; Top;i � Top;i;upper < 1

�
C adaptivemodelð Þand0�

CðstaticmodelÞ

(
A A O U U

Daily Weighted
Exceedance (WeÞ
‘‘Criterion (2)”

We ¼
Poccupiedhours;daily

i¼1 wfi � hið Þ
where

wfi ¼ Top;i � Top;i;upper ; Top;i > Top;i;upper
wfi ¼ 0; Top;i 	 Top;i;upper

� A A O U

Upper Limit
Temperature (TuppÞ
‘‘Criterion (3)”(2)

Top;i � Top;i;upper� 4
�
C A A O

CIBSE TM59 Percentage of
Sleeping hours
Outside the Range(%
PShORCIBSE TM59)

%PShORCIBSETM59 ¼
Pd¼365

d¼1

P7am

10pm
wfi :hiPd¼365

d¼1

P7am

10pm
hi

� 100

where
wfi ¼ 1; Top;i > 26

�
C

wfi ¼ 0; Top;i 	 26
�
C

(
S A O U U

Passive House Percentage of hours
Outside the Range (%
PhOR)

%PhOR ¼
Pannualhours

i¼1
wfi :hiPannualhours

i¼1
hi

� 100

where
wfi ¼ 1; Ta;i > 25

�
C

wfi ¼ 0; Ta;i 	 25
�
C

(
S A A U

* It also has an overcooling specific discomfort index. (1) All three criteria must be taken together, and compliance is achieved by passing any two of them. (2) It is not intended for overheating evaluation over time and is a ‘‘right
now” and ‘‘right here” criterion.
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index that should be calculated for overheating period and over-
cooling period separately. The limit of this index is that, (i) it is
category-based, (ii) it lacks the normalization to the number of
occupied hours, this makes the comparison of buildings with differ-
ent occupancy profiles troublesome, (iii) it is only based on the
operative temperature and neglects the effects of personal factors
(metabolic rate and clothing factor) and environmental parameters
(relative humidity and air velocity) in the determination of thermal
comfort, and (iv) no maximum thresholds are prescribed to limit
the short-term and long-term overheating.

The PPDw index is proposed only for the PMV/PPD model (see
Section 3.1). It assumes the time (occupied hours) in which the
PMV exceeds the comfort boundaries is weighted with a weighting
factor (wfi). The wfi is a module that quantifies the measured or
simulated PPD over the corresponding PPD limit. Similar to the
Dh index, the assessment of overheating and overcooling discom-
fort is separated, making it asymmetric. The PPDw allows the con-
sideration of the hourly percentage of dissatisfaction accumulation
over time. However, the limitation of this index is that (i) it is only
based on PMV/PPD model, (ii) it is not normalized to the number of
occupied hours, (iii) no maximum thresholds are prescribed, and
(iv) it is category-based. The time-integrated overheating/discom-
fort indices in EN 15251 and EN 16798 standards are listed in
Table 5.

3.2.1.2. ISO 7730 and ISO 17772. For time-integrated thermal dis-
comfort assessment, ISO 7730 provides five methods, namely Per-
centage of Occupied hours Outside the Range (%POhORISO 7730),
Degree hours (DhISO 7730), PPD weighted (PPDwISO 7730), average
PPD (avgPPD), and PPD Over Time (PPDOT) criteria.

The %POhORISO 7730 is similar to %POhOREN. The DhISO 7730 index
however has some differences compared to the DhEN index related
to the calculation of weighting factor (wfi). Based on the ISO 7730
formulation of wfi, it penalizes the recurrence of exceedance and
weights the discomfort by the amplitude of the comfort range
(i.e., it results in higher discomfort for the same exceedance where
the stricter thermal conditions are assigned such as in Category I)
[29]. The only difference in the calculation of the PPDwISO 7730 com-
pared to the PPDwEN is that the ISO 7730 method increases the
value of the PPDwISO 7730 even if the PMV is equal to the upper or
lower limit of the comfort range.

The average PPD (avgPPD) index shows the average PPD calcu-
lated over the occupied hours. The avgPPD does not rely on the lim-
its of any specific comfort category; it quantifies the accumulation
of discomfort over time without the problem of discontinuity at
the boundaries of the comfort categories. It is a useful index to
compare and optimize the thermal comfort performance of differ-
ent buildings independent of the occupancy expectation levels.
However, (i) this index is only applicable to the PMV/PPD model
and (ii) it is symmetric.

The PPD Over Time (PPDOT) consists of the summation of all
PPDs during the occupied hours. The PPDOT does not depend on
the limits of comfort categories. This index has some disadvantages
such as, (i) it is only based on the PMV/PPDmodel, (ii) it is symmet-
ric, and (iii) it is not normalized to the occupied hours. ISO 7730
includes threshold limits on none of the above indices to limit
the short-term and long-term overheating/discomfort.

All the recommendations on time-integrated overheating/dis-
comfort indices and criteria in ISO 17772 are identical to that of
EN 16,798 (see Section 3.2.1.1). Table 5 summarizes all the time-
integrated overheating/discomfort indices in ISO 7730 and ISO
17772.

3.2.1.3. ASHRAE 55 (2017) and ASHRAE (2020). For time-integrated
thermal discomfort assessment, both versions of ASHRAE 55 pro-
vide two principal and identical indices in informative Appendix
10
L, namely, Exceedance Hours (EH) andWeighted Exceedance Hours
(WEH). Moreover, some metrics such as expected number of epi-
sodes, rate of change exceedance, and local discomfort excee-
dances within a time period of interest exist in ASHRAE 55;
however, the calculation methods are not presented.

The EH index shows the number of occupied exceedance hours
when the PMV or the operative temperature is outside the static
and adaptive comfort zone boundaries (see Section 3.1). The EH
can be calculated using a binary weighting factor (Hdisc). The Hdisc

is one during the out-of-range conditions and is zero during the
time within the comfort zone. The EH index quantifies the general
discomfort without distinguishing between overheating and over-
cooling discomfort. This index can be criticized since, (i) it does not
include the intensity of discomfort, (ii) no limits are prescribed as
the acceptable deviation of the EH index, (iii) it is symmetric, (iv) it
is category-based if adaptive comfort model is applied, and (v) it is
not normalized to the occupied hours.

The WEH quantifies the severity of discomfort during the occu-
pied hours which is analogous to the Degree hours index described
in Section 3.2.1.1. To calculate the WEH, ASHRAE 55 provides a for-
mula based on the PMV for the static comfort model and a formula
based on operative temperature for the adaptive comfort model.
The WEH based on the PMV is the summation of the PMVj j-0.5
weighted by the binary weighting factor (Hdisc) during the occu-
pied hours. And, the WEH based on the operative temperature con-
sists of the summation of two factors during the occupied hours, (i)
the difference between the operative temperature and minimum
adaptive comfort threshold (if Top,i < Top,i,lower) weighted by the Hdisc

and (ii) the difference between the operative temperature and
maximum adaptive comfort threshold (if Top,i > Top,i,upper) weighted
by the Hdisc. The WEH has some limitations since, (i) it is not nor-
malized to the occupied hours, (ii) no limits are prescribed as the
acceptable deviation of the WEH index, (iii) it is symmetric, and
(iv) it is category-based if the adaptive comfort model is applied.
All the time-integrated discomfort indices in ASHRAE 55 are sum-
marized in Table 5.

3.2.1.4. CIBSE Guide A (2006), CIBSE TM52, CIBSE Guide A (2015), and
CIBSE TM59.
CIBSE Guide A (2006). CIBSE Guide A (2006) defines Percentage of
Occupied hours Outside the Range (%POhORCIBSE Guide A,op) as a single
index to assess the time-integrated overheating, only for naturally
ventilated buildings. The %POhORCIBSE Guide A,op index consists of the
summation of all occupied hours exceeding the fixed maximum
operative temperature limit (i.e., benchmark peak temperature)
(see Section 3.1) over the total number of occupied hours. The %
POhORCIBSE Guide A,op is an asymmetric index focusing on overheating
discomfort. According to CIBSE Guide A (2006) overheating criteria,
the %POhORCIBSE Guide A,op should not exceed more than 1% during
the occupied hours year-round in the bedrooms and living room
in dwellings. It can be criticized since, (i) it is based on operative
temperature and does not take into account the influential per-
sonal factors (i.e., clothing factor and metabolic rate) and environ-
mental parameters (i.e., relative humidity and air velocity) in the
determination of thermal comfort, (ii) only a long-term annual
overheating criterion is prescribed, and (iii) it does not consider
the intensity of overheating.
CIBSE TM52. CIBSE TM52 introduces a method consisting of three
criteria for time-integrated overheating evaluation, only for free-
running buildings. The criterion (1) and criterion (2) are concerned
with time-integrated overheating; however, the criterion (3) is a
‘‘right now” and ‘‘right here” approach to limit the instant over-
heating in buildings. The three criteria, taken together, provide a
holistic approach to overheating risk assessment and a zone or
building that fails any two of the three criteria is classed as
overheated.
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Criterion (1) uses the Hours of exceedance (HeCIBSE TM52) index
that is the percentage of hours when the indoor operative temper-
ature is exceeding the maximum temperature limit (see Sec-
tion 3.1) by one or greater than one degree K over the total
number of occupied hours. The HeCIBSE TM52 should be calculated
during a typical non-heating season (1 May to 30 September).
According to its definition, the He CIBSE TM52 is an asymmetric index
focusing on overheating discomfort during the summertime. For
He CIBSE TM52 index, CIBSE TM52 allows for a maximum deviation
of 3% during the occupied hours. The criterion (1) can be criticized
since, (i) it neglects the intensity of overheating, (ii) it is specific for
the period from May to September, it excludes the potential over-
heating events that can happen in other periods [60], (iii) it is
based on operative temperature and does not take into account
the influential personal factors (i.e., clothing factor and metabolic
rate) and environmental parameters (i.e., relative humidity and
air velocity) in the determination of thermal comfort, and (iv) it
sets a criterion only to limit long-term overheating.

In criterion (2), CIBSE TM52 defines the daily Weighted excee-
dance (We) index to deal with the severity of overheating within
any one day. The We index resembles the Degree hours metric
quantifying the number of exceedance hours weighted by a factor
(WF). The WF is the module of the difference between the opera-
tive temperature andmaximum temperature limit (see Section 3.1)
(similar to the wfi in the calculation of Dh). The We is an asymmet-
ric index concerned with overheating discomfort. CIBSE TM52
allows the We index to reach equal to or<6 in any one day setting
a short-term (daily) criterion to limit the overheating during the
heatwave events. The criterion (2) has some limitations such as,
(i) it is not normalized to the occupied hours, (ii) it is only based
on the operative temperature and does not take into account the
influential personal factors (i.e., clothing factor and metabolic rate)
and environmental parameters (i.e., relative humidity and air
velocity) in the determination of thermal comfort, and (iii) it sets
a criterion only to limit short-term overheating.

The criterion (3) is simply setting an absolute maximum value,
in which the indoor operative temperature shall not exceed by 4 K.
It sets a limit beyond the adaptation actions will be insufficient to
restore the personal comfort aiming at covering the extreme heat-
wave events in the future climates. This asymmetric criterion does
not account for the accumulation of overheating over time. It can
be criticized because it only assigns a threshold value for operative
temperature but not for other environmental parameters such as
relative humidity and air velocity.

CIBSE Guide A (2015). For time-integrated overheating evaluation
in mechanically cooled and naturally ventilated buildings, CIBSE
Guide A (2015) uses the Percentage of Occupied hours Outside
the Range (%POhORCIBSE Guide A) index that shows the exceedance
hours over the upper comfort threshold represented in PMV or
operative temperature scale (see Section 3.1). It is thus an asym-
metric index. To limit the long-term overheating, the calculated %
POhORCIBSE Guide A should not exceed the maximum limit of comfort
for more than 3% during the occupied hours. We can criticize this
index since, (i) it only considers the frequency of overheating,
and (ii) only a long-term (annual) threshold value is prescribed.

For time-integrated overheating evaluation in free-running
buildings, CIBSE Guide A (2015) follows the three criteria that
are previously described in CIBSE TM52.

CIBSE TM59. The criteria for homes predominantly mechanically
conditioned follows the CIBSE fixed temperature test which states
that all zones should not exceed an operative temperature of 26 �C
for more than 3% of the annual occupied hours.

For homes predominantly naturally ventilated, CIBSE TM59
requires compliance based on passing the two following criteria,
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(i) in living rooms, kitchens, and bedrooms, the criterion (1) of
CIBSE TM52 should be respected, and (ii) in the bedrooms during
the sleeping hours from 10 pm to 7 am, the operative temperature
should not exceed 26 �C for more than 1% of total annual hours.
The latter leads to the definition of an asymmetric index called Per-
centage of Sleeping hours Outside the Range (%PShORCIBSE TM59).

Overall, following the two above criteria of CIBSE TM59 has
some limitations, (i) both criteria are based on operative tempera-
ture and do not take into account the influential personal factors
(i.e., clothing factor and metabolic rate) and environmental param-
eters (i.e., relative humidity and air velocity) in the determination
of thermal comfort, and, (ii) both criteria neglects the intensity of
overheating, (iii) both criteria set threshold values to limit long-
term overheating (i.e., seasonal and annual), (iv) the %PShORCIBSE
TM59 index makes a rough estimation regarding the sleeping time
and duration, and (v) the threshold selection for %PShORCIBSE TM59

is contentious, for instance, World Health Organization (WHO)
suggests a threshold of 24 �C for bedrooms.

All the time-integrated overheating indices in CIBSE norms are
summarized in Table 5.

3.2.1.5. Passive house. Regarding the time-integrated overheating
evaluation in buildings without active cooling or with passive cool-
ing, the Passive House standard contains an asymmetric index
called the Percentage of hours outside the range (%PhOR) (see
Table 5). The %PhOR index shows the percentage of hours (occupied
and unoccupied) exceeding the pre-defined threshold value of
25 �C. For a building to comply with the requirements of Passive
House standard, the %PhOR should not exceed 10% throughout
the year for all living areas. This approach can be criticized since,
(i) it only sets a long-term (annual) overheating criterion, (ii) it is
only based on the operative temperature and does not take into
account the influential personal factors (i.e., clothing factor and
metabolic rate) and environmental parameters (i.e., relative
humidity and air velocity) in the determination of thermal comfort,
(iii) it includes the discomfort hours during the unoccupied peri-
ods, and (iv) it neglects the intensity of overheating.

3.2.2. National building codes based on the Energy Performance of
building Directive (EPBD)

In 2012, the European Commission established a legislative
framework that includes the Energy Performance of Building
Directive (EPBD) [61]. The EPBD aims at promoting energy effi-
ciency and decarbonized building stock by 2050 s as well as creat-
ing a stable environment in buildings. General regulations made by
EPBD must be interpreted and implemented by the Member States
in the national building regulations. In this section, we investigate
the overheating evaluation methods in the national building codes
of Belgium, Germany, France, the UK, and the Netherlands.

Belgium. In Belgium, each region (i.e., Brussels, Flanders, and Wal-
lonia) is in charge of implementing the EPBD individually. The
region of Brussels ‘‘Région de Bruxelles-Capitale” decided to adopt
the criteria defined by Passive House standard for the residential
buildings that are new or assimilated to new [62,63]. The overheat-
ing compliance in Brussels is achieved by not exceeding 25 �C by
5% during the occupied hours throughout the year. On the other
hand, the regions of Wallonia ‘‘Région wallonne” and Flanders
‘‘Vlaams Gewest” establish a quasi-steady-state heat balance
method derived from ISO 13790 for new and renovated residential
buildings without active cooling [64]. Accordingly, a time-
integrated overheating index Ioverh ½Kh� is introduced which sums
up the normalized monthly excess of heat gains Qexcess norm; m ½Kh�
in relation to the indoor set-point temperature,
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Ioverh ¼
X12

m¼1
Qexcessnorm;m½Kh� ð3Þ

Qexcessnorm;m ¼
1� gutil;overh;m

� �
:Qg;overh;m

HT;overh þ HV ;overh;m
:
1000
3;6

ð4Þ

Where gutil;overh;m ½-� is the utilization factor depending on the ratio
between the monthly heat loss and heat gain, Qg;overh;m is the
monthly solar and internal heat gains [MJ], HT,overh is the conduction
heat transfer coefficient [W/K], and HV;overh;m is the monthly ventila-
tion heat transfer coefficient [W/K]. An acceptable range of
ð1000 Kh < Ioverh < 6500 KhÞ over the annual period is
recommended.

This method has some disadvantages such as, (i) it is calculated
by heat balance equations, it does not take into account the influ-
ential personal factors (i.e., clothing factor and metabolic rate) and
environmental parameters (i.e., air temperature, radiant tempera-
ture, relative humidity, and air velocity) in the determination of
thermal comfort, (ii) it neglects the adaptation actions taken by
the occupants, (iii) it is based on monthly averages of heat loads
and thus not able to track short-term heatwave events, (iv) it is
not normalized to the occupied hours, (v) it takes into account
the unoccupied hours, and (vi) only a long-term (annual) threshold
value is suggested.

Germany. In Germany, the national building code based on the
EPBD was translated into DIN 4108 [65] to define the overheating
calculation method and criteria for buildings with and without
passive cooling. The method in DIN 4108 consists of two criteria
for overheating protection, and compliance is achieved through
passing one of them.

Criterion (1) is a simplified method with standardized boundary
conditions. Accordingly, the summer overheating protection must
be ensured in the most critical room in terms of solar and endoge-
nous heat gains. For this aim, the solar transmittance Svorh ½-� index
is proposed which is the function of room size, window size, win-
dow type, and solar shading devices,

Svorh ¼
P

jðAW;j � gtot;jÞ
AG

ð5Þ

Where AW;j is window area of zone j [m2], gtot;j is total energy trans-
mittance of the glazing including sun protection of zone j [-], and AG

is the net floor area [m2]. The calculated Svorh ½-� should not exceed
the maximum value of solar transmittance Szul ½-� calculated by,

Szul ¼ S1 þ S2 þ S3 þ S4 þ S5 þ S6 ð6Þ

Svorh 	 Szul ð7Þ
The S1 to S6 are proportional solar input parameters given in

DIN 4108 as following,
S1 for night ventilation type, climatic region, and usage
S2 for the base area correction factor
S3 for solar protection of glass
S4 for window pitch
S5 for window orientation
S6 for passive cooling
Criterion (1) directly concerns with the solar gains through the

glazing areas. It has some limitations such as, (i) it excludes the
internal gains induced by the equipment and occupants, (ii) It does
not accumulate the overheating discomfort over time (i.e., time-
independent), (iii) it neglects the influential personal factors (i.e.,
clothing factor and metabolic rate) and environmental parameters
(i.e., air temperature, radiant temperature, relative humidity, and
air velocity) in the determination of thermal comfort, and (iv) the
notion of occupant adaptation is undermined. It was shown by
12
Krone et al. [66] that only compliance to the first criterion does
not guarantee a comfortable thermal environment in buildings.

In Criterion (2), the symmetric Degree hours (Dh) index should
be calculated for the most critical room of the building via the sim-
ulation. The reference temperature for the Dh calculation depends
on climatic region (i.e, 25 �C for ‘‘Klimaregion A” Rostock, 26 �C
for ‘‘Klimaregion B” Potsdam, and 27 �C for ‘‘Klimaregion C” Man-
nheim). The compliance is required on the value ofDhwhich should
not exceed the specified value of 1200 Kh during the year. Criterion
(2) overcomes the first two limitations of the criterion (1), however,
(i) it still neglects the influential personal factors (i.e., clothing fac-
tor andmetabolic rate) and environmental parameters (i.e., relative
humidity and air velocity) in the determination of thermal comfort,
(ii) it is not providing any criteria to limit the short-term overheat-
ing events, and (iii) it does not allow for occupant adaptation, and
(iv) it is not normalized to the occupied hours.

France. In France, the EPBD is translated into a standard called
‘‘Règlementation Environnementale” (RE2020) [67]. The RE2020 uses
the Degree hours (Dh) index to evaluate the discomfort during the
summer in new residential buildings. The reference temperature
for the Dh calculation should be derived from the maximum tem-
perature limits of the Category II of the adaptive comfort model in
EN 15251 (see Section 3.2.1.1). According to RE2020, the symmet-
ric Dh should be evaluated for a weather scenario similar to that of
2003 heatwaves. The RE2020 sets a maximum threshold of 1250
Kh corresponding to a period of 25 days when the indoor operative
temperature is continuously at 30 �C during the day and 28 �C at
night. The criterion is applied to all climate zones across the coun-
try. Also, RE2020 sets the lowest threshold at 350 Kh beyond the
penalties that will be applied in the calculation of energy
performance.

The time-integrated overheating evaluation method in RE2020
has some limitations: (i) it imposes criterion only to limit the
long-term overheating, (ii) it is based on operative temperature
neglecting the personal factors (i.e., clothing factor and metabolic
rate) and environmental parameters (i.e., air temperature, relative
humidity, and air velocity) in the determination of thermal com-
fort, (iii) even though France consists of the regions with very dif-
ferent climatic characterization (the Oceanic to the
Mediterranean), the same comfort zone boundaries are suggested,
and (iv) it is not normalized to the occupied hours.

Uk. In the UK, the overheating evaluation method according to the
EPBD is included within the Approved Document L1A for new
dwellings [68] (there is no method for overheating evaluation in
existing dwellings in Approved Document L1B [69]). The Approved
Document L1A is updated regularly by the DCLG. It worth mention-
ing that the DCLG review report in 2014 did not present any pro-
posed actions to the overheating calculation method [70]. Hence,
the latest edition of the Approved Document L1A in 2013 with
amendments in 2016 follows the same method and criteria of its
previous edition published in 2013 [71] which enforces the SAP
[72] to set the overheating criteria. We should also mention that
according to [73], a recent draft of a consultation document on
changes to Approved Document L by the UK government, there is
an ongoing effort to replace the SAP methodology with more recent
methodologies proposed for residential buildings such as the one
in CIBSE TM59.

The SAP provides the overheating assessment method in
Appendix P requiring the compliance to ‘‘overheating check”. The
SAP procedure introduces an internal threshold index (Tthreshold)
for overheating evaluation during the summer. The Tthreshold [�C]
is used to estimate the likelihood of high internal temperatures.
The Tthreshold is calculated by summing up the mean external tem-
perature during the summer month Te

summer, the ratio of monthly
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heat gains and heat losses, and an increment related to the building
thermal mass DTmass. The formula to calculate the Te

summer is,

Tthreshold ¼ Tsummer
e þ G=H þ Tmass ð8Þ

Where G is the sum of monthly solar and internal gains [W] and H is
the monthly ventilation and fabric heat loss [W]. The DTmass can be
calculated by,

DTmass ¼ 2:0� 0:007� TMPifTMP < 285 ð9Þ
Where TMP is the thermal mass parameter for building envelope
components [kJ/m2K]. According to the SAP, the Tthreshold should be
calculated for June, July and August. The level of likelihood of high
internal temperatures during hot weather conditions is listed in
Table 6. The disadvantages of the SAP method are, (i) it is specific
for summertime overheating evaluation, (ii) It does not consider
the influential personal factors (i.e., metabolic rate and clothing)
and environmental parameters (i.e., radiant temperature, relative
humidity, and air velocity) in the determination of thermal comfort,
(iii) it neglects the occupant adaptation, (iv) it takes into account
the unoccupied hours, (v) it is not normalized to the occupied hours,
and (v) only the long-term (i.e., monthly) overheating is character-
ized. It was shown by McLeod and Swainson [27] that in complex
building typologies that are inherently vulnerable to overheating
such as a single-sided dwelling with high internal gains in the urban
context, the steady-state procedure of SAP is not reliable in validat-
ing the design performance.

Netherlands. In the Netherlands, the EPBD was interpreted and
included within NTA 8800 [74]. NTA 8800 contains the methods
and criteria for overheating assessment in Almost Energy Neutral
Table 8
Summary of overheating assessment methods in national building codes based on the EPB

Country Regulatory documents based on EPBD St
m

Belgium (Brussels) Réglementation sur la Performance Energétique des
Bâtiments (PEB Brussels)

U

Belgium (Wallonia
and Flanders)

Réglementation sur la Performance Energétique des
Bâtiments (PEB Wallonia)Energieprestatie en
Binnenklimaat (EPB Flanders)

U

Germany Deutsches Institut für Normung (DIN) 4108-6 U

France Règlementation Environnementale(RE2020)
UK Approved Document L1A U

Netherlands Netherlands Technical Agreement (NTA) 8800 U

Table 7
The Wfi; NTA 8800 corresponding to the PMV and PPD values for the calculation of GTO.

PMV ½-� PPD ½%� Wfi; NTA 8800 ½-�
0 5 0
0,5 10 1,0
0,7 15 1,5
1,0 26 2,6

Table 6
The threshold temperature ranges corresponding to the likelihood of high internal
temperatures.

Tthreshold[�C] Likelihood of high internal temperatures
during hot weather

> 23:5
�
C Not significant

22
�
C� 23:5

�
C Slight

22
�
C� 23:5

�
C Medium


 23:5
�
C High
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Buildings (BENG) (in Dutch ‘‘Bijna Energie Neutrale Gebouwen”).
The overheating evaluation requires the determination of dimen-
sionless index TOjuli. The value is calculated depending on the
façade surface per orientation. For instance, a terraced house has
two outcomes, and a corner house has three outcomes. The TOjuli

should be calculated for the month of July using the formula below,

TOjuli;or;zi ¼
ðQC;nd;juli;or;zi � QC;HP;juli;or;ziÞ � 1000

ðHC;D;juli;or;zi þ Hgr;an;juli;or;zi þ HC;ve;juli;or;ziÞ � hjuli
ð10Þ

Where QC;nd;juli;or;zi is cooling demand for orientation or in zone zi
[kWh], QC;HP;juli;or;zi is the extracted energy from the cooling unit
by the booster heat pump for orientation or in zone zi [kWh],
HC;D;juli;or;zi is 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], Hgr;an;juli;or;zi is the direct
heat transfer coefficient by the transmission for building elements
in thermal contact with the ground for orientation or in zone zi
[W/K], HC;ve;juli;or;zi is the direct heat transfer coefficient through ven-
tilation for orientation or in zone zi [W/K], and hjuli is the total time
over the month of July. The TOjuli is an indication number derived
from the average cooling requirement of the entire building. A max-
imum limit value of 1 is specified for the TOjuli. It should be men-
tioned that If the building is provided with cooling, there is then
no need for the calculation of the TOjuli.

NTA 8800 also provides a method based on the weighted limit
temperature (GTO) to calculate the risk of overheating more accu-
rately when the TOjuli slightly exceeds its limit value. In the GTO
method, the hours of when the actual or calculated PMV exceeds
the limit value of þ0:5 are weighted proportional to the PPD as
shown in Table 7. The formula to calculate the GTO is,

GTO ¼
X

Wfi;NTA8800 ð11Þ
The GTO is calculated for the living areas with a threshold value

of 450. The method provided by NTA 8800 for overheating evalua-
tion has some limitations such as, (i) by only using the TOjuli index
it is not possible to track and limit the short-term (i.e., hourly,
daily, and weekly) overheating events, (ii) TOjuli takes into account
the unoccupied hours, (iii) the TOjuli is calculated by heat balance
equations, it does not take into account the influential personal
factors (i.e., clothing factor and metabolic rate) and environmental
parameters (i.e., air temperature, radiant temperature, relative
humidity, and air velocity) in the determination of thermal com-
fort, (iv) the GTO index is not normalized to the occupied hours,
(v) both methods are specific for the long-term overheating during
the month of July and neglect overheating occurrence in other
months even during the summer, and (vi) both mehtods exclude
the occupant adaptation notion.

In Table 8, we summarize the overheating assessment methods
in EPBD regulatory documents in five abovementioned countries
with some key information. The occupant adaptation to the ther-
D.

atic
odel

Adaptive
model

Based on heat
balance

Based on comfort
parameters

Multizonal or
single-zone
approach

U Multi-zonal

U Single zone

U(Criterion 1) U(Criterion 2) Multi-zonal
U U Multi-zonal

U Single zone
U(Criterion 1) U(Criterion 2) Multi-zonal
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mal environment is largely neglected in the reviewed building
codes except for France. The building codes in Belgium (Wallonia
and Flanders), Germany, the UK, and the Netherlands have only
or at least one criterion based on the steady-state heat balance
equations. The heat balance approach does not fully represent
the occupant thermal sensation which is determined by six major
parameters (i.e., air temperature, radiant temperature, relative
humidity, air velocity, metabolic rate, and clothing,). The evidence
of compliance in Belgium (Wallonia and Flanders) and the UK is
provided by considering the heat balance of the whole building
as a single zone. This approach prevents the identification of the
most critical zones within a building and includes the effect of triv-
ial zones (e.g., attic, warehouse etc.) in overheating assessments.

3.2.3. Scientific literature
3.2.3.1. Indoor overheating Degree (IOD), Ambient Warmness Degree
(AWD), and overheating escalation factor (aIOD=AWD). Hamdy et al.
[14] proposed a climate change-sensitive overheating evaluation
method based on three indices called Indoor Overheating Degree
(IOD), Ambient Warmness Degree (AWD), and Overheating Escala-
tion Factor Þ. The Indoor Overheating Degree (IOD) index is the
summation of the temperature difference between the indoor
operative temperature and a preferred comfort temperature aver-
aged over the total number of zonal occupied hours. In other
words, it incorporates the frequency by integrating the intensity
over the occupied hours in different building zones. The IOD [�C]
can be calculated by,

IOD ¼
PZ

z¼1

PNocc zð Þ
i¼1 Top;i;z � Top;i;z;upper

� �þ � hi;z

h i
PZ

z¼1

PNocc zð Þ
i¼1 hi;z

ð12Þ

Where z is zone counter, i is occupied hour counter, Z is total building
zones,Nocc ðzÞ is the total numberof zonal occupiedhours, Top;i;z is the
indoor operative temperature in zone z at time step i [�C], Top;i;z;upper is
themaximum comfort threshold in zone z at time step i [�C], and h is
the time step [1 h]. Only positive values of the difference

Top;i;z-Top;i;z;upper
� �þ are considered. Both static and adaptive tempera-
ture limits can be used as comfort thresholds. The authors recom-
mended two types of comfort models, (i) the static comfort model
of CIBSEGuideA [75], and (ii) the adaptive comfortmodels by [76,77].

The IOD is an asymmetric and multi-zonal index that allows for
considering the occupancy profiles of each zone, separately. Such
an approach makes it easier to use zone-specific comfort models
to reflect the occupant behaviour and adaptation opportunities
within a zone. However, it is only based on operative temperature
and thus neglects the influential personal factors (i.e., clothing fac-
tor and metabolic rate) and environmental parameters (i.e., rela-
tive humidity and air velocity) in the determination of thermal
comfort. Another drawback is that there are no threshold values
recommended to limit the short-term and long-term overheating.

The second index is the Ambient Warmness Degree (AWDb) that
shows the severity of outdoor thermal conditions. The AWDb [�C]
consists of averaging the cooling Degree hours over the total num-
ber of building occupied hours,

AWDb ¼
PN

i¼1½ðTa;i � TbÞþ � hi�PN
i¼1h

ð13Þ

Where Ta is the outdoor dry-bulb air temperature [�C], Tb is the base
temperature [�C], N is the total number of occupied hours when
Ta;i P Tb. The choice of base temperature is context-specific
depending on the climate and building characteristics (e.g., age,
construction type, occupancy type etc.). The Tb of 18 �C is suggested
by the authors appropriate for temperate climates. The main draw-
back regarding the calculation of the AWDb index is that it does not
include the effect of solar radiation on outdoor thermal severity. It
14
raises uncertainty since the same AWDb values result in two cli-
mates that have the same outdoor air temperature profiles but with
different profiles of solar irradiance.

The AWDb was established and normalized by building occupied
hours to be coupled with the IOD index through the dimensionless
third index ðaIOD=AWDÞ. Basically, the ðaIOD=AWDÞ index couples the
indoor and outdoor thermal environments showing the sensitivity
of a building to outdoor thermal stress. The ðaIOD=AWDÞ ½-� is calcu-
lated by,

aIOD=AWD ¼ IOD
AWDb

ð14Þ

aIOD=AWD> 1 means that the building is unable to suppress out-
door thermal stress. aIOD=AWD< 1 means that the building can sup-
press some of the outdoor thermal stress. It is suggested that the
IOD and AWDb indices be calculated under multiple contemporary
and future weather scenarios. Afterwards, by assuming a linear
regression between both parameters, one can calculate the
aIOD=AWD. In this case, the aIOD=AWD shows the sensitivity of a building
to the progressive rise in outdoor air temperature due to the
impact of climate change.

3.2.3.2. Heat exposure index (HEI). Hendel et al. [43] suggested Heat
Exposure Index (HEI) which is a cumulative index focusing on
overheating discomfort during sleeping time. The HEI index is
resulted by integrating the difference between the indoor air tem-
perature Ta;i [�C] and a set-point temperature Tset-point [�C] over the
sleeping time (11 pm-7am). Only the positive values of the differ-
ence Ta;i - Tset-point

� �þ is considered. The HEI is calculated by,

HEI ¼
Z 7am

11pm

Ta;i � Tset�point
� �þ

Ta;i
Tset�point
dt ð15Þ

A set-point temperature of 26 �C is suggested by the authors
based on the work of [78]. The HEI is an asymmetric index focusing
on overheating during sleeping time. It incorporates the intensity
and the length of time when the indoor air temperature is exceed-
ing the set-point temperature. The calculation method is not
index-specific, and other indices such as the Universal Thermal Cli-
mate Index (UTCI) can be used instead of air temperature.

The HEI index has some limitations such as: (i) it makes a rough
estimation regarding the sleeping time and duration, (ii) the thresh-
old selection is contentious considering the threshold of 24 �C sug-
gested by WHO for bedrooms, (iii) it neglects the day-time
overheating periods (iv) it does not consider other influential envi-
ronmental parameters (i.e., radiant temperature, relative humidity,
air velocity) and personal factors (i.e., metabolic rate and clothing
factor) in the determination of thermal comfort, (v) it is not normal-
ized to the occupied hours, and (vi) it is specific for short-term over-
heating evaluation and no threshold value is prescribed.

4. Discussion

This paper initially reviews the static and adaptive comfort
models suggested by different standards to derive the threshold
values in PMV/PPD or operative temperature scales to be imple-
mented in the overheating/discomfort calculations. Numerous
studies discussed the applicability of the static and adaptive com-
fort models in buildings with different cooling modes (air-
conditioned, non-air-conditioned, and mixed-mode) [79–87]. It
was reported in [88–90] that the static comfort models are per-
forming well in air-conditioned spaces. However, such models
overestimate the discomfort and technically predict more heating
or cooling loads to provide a thermally comfortable environment
[91]. On the other hand, the adaptive comfort models are
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suggested for naturally ventilated ones where the occupants have
more connection to the outdoor environment [33,92]. Although
there is still no consensus on the choice of comfort model in
mixed-mode buildings, it was shown by Parkinson et al. [92] that
these buildings are more closely aligned to naturally ventilated
buildings in determining the neutral temperatures, and thus the
adaptive comfort model is preferable.

It worth mentioning that the concept of occupant adaptation is
more elaborated in thermally asymmetrical environments through
the thermoregulatory models of the human body. Cheng et al. [34]
reviewed such models and grouped them into physiological and
psychological models. Thermoregulatory models deal with the
whole or segmented human body interaction with the adjacent
portion of the thermal environment. Therefore, they require
detailed modelling (via numerical methods such as Computational
Fluid Dynamics) or extensive point-in-space measurements to
accurately reveal the distribution of environmental parameters
(e.g., relative humidity, temperature etc.) through space. Two main
factors are preventing their widespread, (i) there is a complexity
associated with the detailed analysis of the thermal environment
and segmentation of the human body, and (ii) they are
environment-specific (i.e., sensitive to hot or cold environments)
and thus not comprehensive enough [34].

Despite all the research into thermal comfort, there are still
questions about the appropriateness of using it as a framework
for assessing the issues such as morbidity and mortality [93,94].
The findings of [93] outline the lack of sufficient and direct epi-
demiological evidence concerning the adverse health effects due
to high-temperature exposure. Whereas the mortality rate is
increased during extreme events (e.g., heat waves) are positively
associated with mortality. In addition, there is a lack of true under-
standing in the existing thermal comfort models when it comes to
the most vulnerable population like the elderly people [42,95]. As a
result, further research into thermal comfort and its effect on mor-
bidity and mortality rate is required to solidify our understanding
and instigate the policy changes.

Our review on time-integrated overheating indices led to signif-
icant findings in this context. We found that some indices such as
Percentage of Occupied hours Outside the Range (%POhOREN & ISO

17772 and %POhORISO 7730), Averaged PPD (AvgPPD), PPD Over Time
(PPDOT), Exceedance Hours (EH), and Weighted Exceedance Hours
(WEH) are symmetric. It means that they synthesize both over-
heating discomfort and overcooling discomfort in a single value.
Although such indices provide useful insights on general comfort
conditions in buildings, but they mix up two very different aspects
of thermal comfort. Therefore, the sole use of these indices does
not imply whether the building can overcome the overheating dis-
comfort or overcooling discomfort.

Through our review, we attempt to distinguish between the cri-
teria prescribed to limit short-term (hourly, daily, and weekly) and
long-term (monthly, seasonal, and annual) overheating or discom-
fort. To ensure an acceptable thermal environment throughout the
year, it is necessary to consider both short-term and long-term
overheating criteria in building design and retrofit strategies. A
building only complying with the short-term overheating criteria
will be able to suppress the short-term heatwave events but might
not be able to maintain an acceptable thermal environment in the
long-term (i.e., design for heatwave). Differently, a building com-
plying with only the long-term overheating criteria will be able
to maintain an acceptable thermal environment in the long-term
but might not be able to withstand short-term heatwave events
(i.e., design for climate).

Surprisingly, none of the previous studies as well as ASHRAE 55
and ISO 7730 standards prescribed any threshold values. EN 15251
and Passive House standards provide a single value to limit only
the long-term annual discomfort and overheating, respectively.
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While more recent standards such as EN 16798 and ISO 17772 pre-
scribe values to limit short-term (only weekly) and long-term
(monthly and annual) discomfort in buildings. The CIBSE TM52
provides criteria to limit seasonal overheating as well as daily
and instant overheating in naturally ventilated buildings. The EPBD
regulations define annual criterion in Belgium, annual and seasonal
criteria in Germany, annual criterion in France, monthly criterion
in the UK, and monthly (only for July) criterion in the Netherlands.
It shows that setting comprehensive criteria to fully limit short-
term and long-term overheating (or discomfort) phenomena was
not so far that much of interest in building design and operation
policies.

The building experts commonly agree that there is a growing
risk of overheating in buildings due to the impact of climate
change. The only study that examined overheating in the context
of climate change is the work of Hamdy et al. [14] (see Sec-
tion 3.2.3.1). They introduced the overheating escalation factor
(aIOD=AWD) index by coupling the Indoor Overheating (IOD) and
Ambient Warmness Degree (AWD) indices. The IOD=AWD seems a
promising index by integrating the rate of change in intensity
and frequency of overheating in relation to the progressive rise
in outdoor air temperature. In other words, it estimates the ther-
mal sensitivity of a building to the overheating impact of climate
change. A reliable value calculated for the IOD=AWD index allows
the building designer to simply predict the evolution of over-
heating risks without requiring a whole building thermal mod-
elling. It is also a useful index to compare the effectiveness of
different active and passive cooling technologies on the thermal
resistivity of buildings against the overheating impact of climate
change.
5. Conclusion

In this paper, we have comprehensively reviewed the time-
integrated overheating/discomfort evaluation methods proposed
for residential buildings in temperate climates in terms of thermal
comfort models, indices, and criteria. We explored EN 15251, EN
16798, ISO 7730, ISO 17772, ASHRAE 55 (2017), ASHRAE 55
(2020), CIBSE Guide A (2006), CIBSE TM52, CIBSE Guide A (2015),
CIBSE TM59, and Passive House standards (Section 3.2.1). We also
look into five national building codes based on the Energy Perfor-
mance of Building Directive (EPBD) in Belgium, France, Germany,
the UK, and the Netherlands (Section 3.2.2) as well as two studies
found in the scientific literature (Section 3.2.3). To summarize the
significant recommendations and future research ideas, we provide
the list below:

� In line with most standards, we suggest the static comfort mod-
els for air-conditioned buildings (see Table 2 and Table 3) and
the adaptive comfort models for non-air-conditioned buildings
both in living areas (see Table 4). The provisions are required
in the bedrooms not to exceed the maximum threshold of
24 �C suggested by the WHO.

� We recommend using the asymmetric indices to detect the
shortcomings of the building thermal design in the matter of
overheating and overcooling discomfort, individually.

� We recommend considering full criteria for overheating (i.e.,
short-term and long-term) in building designs. This prevents
overheating not only during a specific period (e.g., heatwave
events), but also warm discomfort throughout the year.

� We recommend further exploring and validating the climate
change-sensitive method based on three indices IOD, AWD,
and aIOD=AWD by applying them on real multizonal buildings.
Future research can also go in the direction of developing
climate-change sensitive overheating evaluation methods.



R. Rahif, D. Amaripadath and S. Attia Energy & Buildings 252 (2021) 111463
� Future research is suggested to introduce time-integrated over-
heating indices by including more and more comfort parame-
ters (i.e., relative humidity, metabolic rate, air velocity, air
temperature, radiant temperature, and clothing factor). The
new indices should be normalized to the occupied hours
enabling a fair comparison between the buildings with different
occupancy profiles.

� Future research is also recommended to review the overheating
evaluation methods in non-residential buildings and in other
climatic zones. Future research can analyze overheating calcula-
tion methods in the EPBD regulatory documents in other EU
Member States.

Last but not least, the study is restricted to two major limita-
tions. First, our review was limited to the methods and criteria pro-
posed for overheating evaluations in residential buildings in
temperate climates. Second, our study lacks the comparison and
validation of the time-integrated overheating evaluation methods
in a quantitative manner.
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Appendix A

Table A.1 contains the origin and a short description of the
international standards analyzed in this paper. These standards
are widely adopted in temperate regions of Europe to assess the
indoor environmental quality, in particular thermal comfort during
the design and operation of residential buildings.
Appendix B

ISO and EN establish categories to define the static and adaptive
comfort models reflecting the level of occupant expectation and
indoor environmental quality. Similarly, ASHRAE 55 sets two
ranges of acceptability 80% and 90% when defining the adaptive
comfort model. The comfort categories are summarized in
Table B.1.
prepared by the Comité Européen de Normalisation (CEN) in 2006 as an essential
EU Directive 2002/91/EC on Energy Performance of Building Directive (EPBD)
esidential and non-residential buildings. In 2019, the CEN published EN 16798–1
2, replacing the parts of EN 15,251 related to indoor environmental input
luding the criteria for thermal comfort. EN 16798–1 contains the thermal comfort
16798–2 contains the methods for time-integrated discomfort assessment. All
ments are still in force.
nal Organization for Standardization) is a worldwide federation of national
s that published ISO 7730 in 2004 containing the ergonomics of thermal
nd still remains in action. The ISO also published ISO 17772-1 in 2017 and ISO
8 defining indoor environmental quality and overall energy performance
spectively. ISO 17772-1 contains the thermal comfort models and ISO 17772-2
ethods for time-integrated discomfort assessment.
17) was published in 2017 by the American Society of Heating, Ventilation, and
g Engineers (ASHRAE) containing thermal environmental conditions for human
ll building types. The ASHRAE 55 specifies the acceptable conditions for thermal
during the design, operation, and commissioning of occupied spaces. The latest
RAE 55 was recently published in 2020, with some minor changes superseding
7.
was published in 2006 by Charted Institution of Building Services Engineering
is a standard setter and authority on building services as the primary UK
nce for the designers and installers of Heating, Ventilation, and Air-Conditioning
s. Due to the increased risk of overheating, CIBSE formed an overheating task
and address the overheating risks in buildings. The outcome of this overheating
ities was published as CIBSE TM52 in 2013. Subsequently, a newer version of
was published in 2015, superseding the version 2006 with some changes and
erheating criteria developed in CIBSE TM52 for naturally ventilated buildings.

as also published in 2017 to provide a design methodology for the assessment of
k in homes. All the above documents, except CIBSE Guide A (2006), are still in

use is a voluntary standard provided by Passive House Institute (PHI) defining
ia for indoor environmental quality and energy efficiency in buildings. The
standard aims at achieving a comfortable environment year-round with very low
ption. The evidence of compliance with the Passive House standard must be
gh a design tool called ‘‘Passive House Planning Package (PHPP)”.



Table B1
Comfort category applicability in EN, ISO and ASHRAE.

ISO 7730 Cat. EN 15251, EN 16798, and ISO 17772 Cat. Category description

A I High level of expectation recommended for spaces occupied by very fragile and sensitive
persons with special requirements such as handicapped, sick, very young children and elderly persons

B II Normal level of expectation recommended for new buildings and renovations
C III Moderate level of expectation suggested for existing buildings

IV (EN 16798) Low level of expectation that compromises the comfort but not the occupants’ health
IV (EN 15251) Out-of-range values acceptable for limited periods

ASHRAE 55 Cat.
90% acceptability When higher standard of thermal comfort is desired
80% acceptability For typical applications
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