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A B S T R A C T   

The quality of future working circumstances for many will be contingent on how low energy indoor spaces 
respond to challenges from accelerated ambient warming. Resilient cooling is increasingly relevant given the 
need to evaluate whether a building designed today is resilient against extreme disturbances to the thermal 
environment from events in the future. The most vulnerable spaces are likely to be those that adopt ventilative 
cooling. This study reviewed recent research relating to these buildings, discussing different definitions, metrics 
and approaches available to quantify indoor thermal resilience, also evaluating the extent to which existing 
published studies have captured each of the resilient criteria. Findings show that, while the vulnerability and 
resistance of indoor environments in low energy buildings has been investigated, more research is needed 
regarding the robustness and recoverability of ventilative cooling strategies. More studies are needed examining 
the resilience of designs that incorporate different heat sinks as well as multiple supplementary passive cooling 
interventions. There is also a lack of empirical data for ventilative cooling in low energy buildings to verify and 
support improvements in design practices and building regulations. Studies investigating the holistic response of 
occupants under extreme conditions in these spaces are also needed.   

1. Introduction 

1.1. Background and context 

Global warming is likely to reach 1.5 ◦C between 2030 and 2052 if it 
continues to increase at the current rate [1]. Published studies have 
suggested that the adverse effects of global warming lead to increased; 
ambient temperatures [2], pollution [3], health risk [4], electricity de-
mand for cooling and CO2-equivalents, with a general decrease pre-
dicted in heating energy demand [5]. Increasing global mean air 
temperature is likely to lead to the increased use of air conditioning and 
cooling demand in buildings, with the average global cooling demand in 
residential and non-residential buildings expected to increase by up to 
750% and 275%, respectively, by 2050 [4,6]. Therefore, reducing 
cooling energy demand while maintaining thermal comfort will be a 
significant challenge in the future. 

The resilience of indoor thermal environments in non-residential 
buildings to the consequences of global warming in the future will be 

vital to maintaining adequate levels of occupant thermal comfort and 
the associated health, well-being and productivity benefits that come 
with this. In the previous decade, the number of published studies 
(based on the abstracting and indexing site Scopus) that used the term 
“resilience” in the context of buildings has increased significantly (see 
Fig. 1). It is visible that the number of studies has accelerated, particu-
larly since 2019. However, up until recently, the literature lacked 
tangible definitions of the thermal resilience of largely free-running (i.e. 
naturally ventilated) non-residential buildings against overheating [7]. 

Overheating has long been identified as an evaluation criterion for 
the quality of an indoor thermal environment in free-running or natu-
rally ventilated buildings [8]. The criteria were in accordance with the 
weather data that would be used in a numerical model of the building to 
determine overheating risk and assess aspects of thermal resilience. 
Given the uncertainties of future climate, resilience studies need to 
support the design of buildings aiming for low vulnerability of indoor 
thermal environments to future overheating and adopt the best available 
technologies and strategies that future proof buildings and their indoor 
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environments. The recognition of the above facts has contributed to the 
recent increase of resilience as an evaluation criteria in building per-
formance and approaches in the literature around building thermal 
resilience; a systematic review is required to assist in synthesising 
knowledge and identifying gaps [9–11]. 

Numerous research efforts to date have confirmed the significant 
impact of global warming on the thermal comfort and energy efficiency 
of buildings [12–18]. In contrast, other studies have discussed how using 
passive cooling, natural ventilation, and various control strategies can 
improve building comfort and energy performance in the future [10, 
19–22]. These studies have, in essence, assessed and quantified some 
aspects of indoor thermal resilience. Recent thermal resilience metrics 
generally encompass various disciplines covering thermal comfort, in-
door environmental quality, passive cooling, natural ventilation, and 
energy efficiency. These metrics focus on occupant-centric resilience 
against overheating risk and aim to achieve building-centric thermal 
resilience goals. During the design stages of a building, performance 
simulation can be employed to create resilience “lock-in” in buildings 
through the optimisation of how systems regulate the indoor environ-
ment regarding different future climate scenarios [23]. It allows de-
signers, engineers, and researchers to experiment with various design 
and system operations, such as the intermittency of passive in-
terventions, and their impact on building performance. As demonstrated 
later in this paper, different building performance simulation tools are 
commonly employed to predict the performance of buildings in terms of 
energy consumption, carbon emissions and thermal comfort [11,14]. 

The scope of this study concerns what can be referred to as high 
performance non-residential buildings that utilise ventilative cooling 
(VC), designed or constructed with high performance building enve-
lopes and environmental conditioning equipment according to recent 
energy efficient principles, with a resulting low thermal energy demand. 
Often the term “Nearly Zero Energy Building” or NZEB is used to refer to 
these buildings, both now and in the future. However, as NZEB is pri-
marily a regulatory term and its technical definition can vary from 
country to country globally we avoid its use here, even though it is 
anecdotally accepted to refer to low energy high performance buildings. 
Instead, we will use the term “Low Energy” Building (LEB or LE Build-
ing) as the main intention is to differentiate the scope of the study from 
conventional buildings constructed before the modern energy efficient 
era. Given we are interested in the resilience of LE buildings to future 
events, we have taken 2010 as the beginning of our review [24] (coin-
ciding with the adoption of the EPBD [25] in Europe and mirroring 
similar initiatives internationally) and used this date for the purpose of 
reviewing indoor thermal resilience metrics and definitions for 
non-residential low energy buildings. 

In many cases, low energy buildings incorporate passive cooling 

strategies. Ventilative cooling is one of these strategies. There are many 
variations on the definition of passive cooling in the literature depend-
ing on whether you consider it from the viewpoint of technologies and 
their energy performance at the urban, building or ventilation system 
boundaries [26,27] (Ashrae Terminology, 2022) or the viewpoint of the 
driving forces, heat transfer medium and the heat sink/sources adopted 
[4]. For the purposes of this review, we have adopted the definition of 
VC from IEA-EBC Annex 62 but will also include what we call supple-
mentary passive interventions that are intended to compliment the base 
VC system; this is because in most literature sources VC components and 
technologies are evaluated as part of a broader VC strategy (i.e. thermal 
mass activation, solar shading, airflow enhancing devices, cool envelope 
materials, vegetation etc. see Tables 7 and 8 below). We will use the 
acronym VC+ throughout the paper to refer these building archetypes, 
where the plus refers to the combination of VC & LE as well as also 
referring to the supplementary passive interventions where present. The 
definition of VC from Annex 62 is: 

Ventilative Cooling (VC) is defined as the application of the cooling 
capacity of the outdoor air flow by ventilation to reduce or even 
eliminate the cooling loads and/or the energy use by mechanical 
cooling in buildings, while guaranteeing a comfortable thermal 
environment. Ventilative Cooling utilizes the cooling and thermal 
perception potential of cool outdoor air and the air driving force can 
be either natural, mechanical or a combination of the two. The most 
common technique is the use of increased daytime ventilation 
airflow rates and/or night time ventilation [28]. 

The review also suggests a working definition of thermal resilience 
for VC+ archetypes and is based on the four resilience criteria; vulner-
ability, resistance, robustness and recoverability, which have been 
defined in previous studies [29,30]: “A VC+ building is resilient to climate 
change when the performance of the ventilative cooling strategy including any 
complimentary passive interventions in the building allows it to withstand 
indoor comfort disturbances due to overheating and to be able to adapt its 
cooling capacity in the event of failure to mitigate further degradation of 
indoor thermal comfort and the increased need for space cooling energy”. It 
should be noted that in this study, all VC+ examples that are evaluated 
are non-residential archetype buildings and throughout the paper VC+
refers to non-residential buildings only. 

1.2. Aims of study 

Based on the definitions and context outlined in the preceding sec-
tion, the aims of this study are to:  

1) Provide a comprehensive and critical review of existing studies that 
identified the concept of resilience as an evaluating criterion or 
motivation and evaluate whether concepts of resilience are clearly 
defined in the context of indoor thermal environments. 

2) Evaluate published numerical and empirical indoor thermal envi-
ronment studies of VC+ buildings (from the last 11 years) that 
identified resilience as a criterion in assessing outcomes, and how 
well have they captured or addressed the critical characteristics of 
resilient buildings defined by several recently published definitions 
(2019–2021).  

3) Identify the gaps in methods and approaches to date that need to be 
addressed by the research community to increase further the likeli-
hood of resilient indoor environments for occupants in the future.  

4) Evaluate previous literature which focused on VC+ buildings and 
determine which studies considered thermal resilience and what can 
be learned from this.  

5) Provide readers with an understanding of the state-of-the-art gaps 
and future perspectives. 

Fig. 1. The number of papers that used the word “resilience” in the title, ab-
stract and keywords in the context of indoor environments in buildings. 
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1.3. Proposed contribution 

Given the future overheating risk, there is a need to complete a 
systematic review of existing literature focused on resilient cooling and 
the definition of building resilience in the context of overheating of 
potentially more vulnerable building-system archetypes such as VC+
indoor environments. This paper makes several contributions to the 
literature. Firstly, to the authors’ knowledge, this is the first systematic 
review dedicated to the thermal resilience of VC+ indoor environments, 
which are essential given the future trajectory of building design and 
building regulations. Secondly, the outcomes of this study helps provide 
a better understanding of the application of resilience metrics, standards 
and simulation tools used to assess overheating compliance in buildings. 
Third and finally, this review uses several recently published resilience 
concepts to demonstrate the gaps of existing studies that identified 
resilience as an evaluation criterion to improve thermal resilience and 
identifies areas needing further research. 

1.4. Organisation and structure of paper 

The main scope of this study is on resilience design and improving 
the indoor thermal resilience performance of VC+ buildings. In section 
2, a general review shows how studies in the literature define resilience 
both in general and for building-related definitions. Furthermore, this 
section offers an overview of current vulnerability definitions and 
metrics for VC+ buildings, VC techniques or strategies attempting to 
improve thermal resilience, and characterising the indoor thermal 
resilience of VC+ indoor spaces. Section 3 then describes the method-
ology adopted for the systematic review of studies that either numeri-
cally or empirically investigated aspects of resilience in indoor thermal 
environments, including how data was collected, how studies were 
evaluated using resilience criteria, and finally, a gap analysis and rec-
ommendations for future research. Section 4 discusses whether the re-
sults and methods in the studies reviewed considered resilience 
appropriately. A synthesis of the results is presented in Section 5, fol-
lowed by concluding remarks and future perspectives in Section 6. 

2. Survey of resilience definitions and concepts 

2.1. General definitions 

Resilience stems from the Latin verb resilire, or “to leap back” and is 
defined in the Oxford Dictionary of English as “able to withstand or 
recover quickly from difficult conditions” [31]. General dictionary defini-
tions mention that the noun ‘resilience’ is a derivative of the ‘resilient’ 
adjective, which means capable of recoiling back into the original shape 
after deformation in terms of an object; or capable of withstanding or 
recovering rapidly from difficult conditions in terms of a person [32]. As 
was indicated in Fig. 1, the number of published articles using the term 
“resilience” has grown dramatically across numerous disciplines since 
2005 [33]. Specifically for academic publications, based on a biblio-
metric analysis, there has been an increase in the use of the term resil-
ience, especially since the early 1970s [34]. A review of the term 
“resilience” across various disciplines demonstrates three main cate-
gories or definitions of the concept, as shown in Fig. 2. 

According to above categorization, resilience can be defined in three 
domains of psychological, engineering and ecological systems. As shown 
in Fig. 3, the term “resilienc” was initially defined in the context of 
ecological systems [35,36]. Resilience has also been pursued from the 
viewpoint of system management in recent decades, but mainly con-
cerning communities. Although this view is essential, it is challenging to 
measure and has been chiefly discussed using qualitative assessments 
[37]. Research on resilience has also increased significantly, and a 
substantial proportion of resilience research is carried out in the context 
of psychology, specifically for children and adolescents [38,39]. The 
review of resilience uses revealed some discipline-oriented variations, 

with a correlation in its definition across various contexts. Windle et al. 
showed resilience definitions and represented how it can be evaluated 
[32]. Martin and Sundley suggested a dynamic composed of four 
interrelated dimensions for resilience: vulnerability, resistance, robust-
ness, and recoverability [29]. While definitions have changed over time, 
core features have been retained through the evolution of thought 
around resilience. Many disciplines adapt the same core concept to suit 
the “local” needs of the phenomena of interest. 

2.2. Building-related definitions 

In terms of the energy performance of buildings, Fig. 4 demonstrates 
the definition of resilience in five levels to define the broad field of 
study, the relationship of resilience to the subject matter and the 
building-related resilience definitions of previous studies. Short et al. 
considered resilient buildings to use passive interventions such as 
shading [11]. Attia et al. [30] recently focused on existing resilience 
definitions and the various approaches based on 90 documents related to 
resilient buildings. Their paper suggests a definition and a set of criteria 
based on [29] (vulnerability, resistance, robustness, and recoverability) 
that can help improve air quality in buildings to mitigate the operational 
interference effects of heatwaves and power outages. Hasik et al. [36] 
discussed the literature of sustainability and resilience in buildings, 
including definitions and correlations between the two. The study pro-
posed a set of sustainability and resilience metrics spanning areas of 
resource efficiency, service provision, site impacts, indoor environment, 
and structural integrity, with each area further including a subset of 
factors contributing to the perceived performance of a building. Other 
researchers have begun to introduce theoretical models that relate the 
structural and other performance characteristics of buildings with the 
possible behaviour of buildings under stress [48,49]. Leichenko [50] 
stated that buildings and infrastructure should be resistant and adapt-
able to the changing environment, such as storm events, global warm-
ing, and rising sea levels. Bruneau et al. [40] analysed neighbourhood 
seismic resilience, defining the features and aspects of community 
resilience and infrastructures. These elements are often significant for 
the continuous maintenance and recovery of individual buildings within 
a city. The subject of building codes has been briefly covered regarding 
construction stability in terms of reaction to varying loads on the 
structure and envelope. 

Considering the general and building-related definitions of “resil-
ience” from the literature, as shown in Figs. 3 and 4, it is essential to 

Fig. 2. Summary of general resilience definitions across various disciplines.  
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understand and define resilience in the early stages of building design as 
well as evaluate and adapt designs to incorporate resilient strategies to 
prevent future “lock-in” of vulnerable design approaches. The authors 
find that there appears to be a strong focus on using the term “resilience” 
during the last decade. However, up to until recently, the literature lacks 
tangible definitions of the indoor thermal resilience of ventilative 
cooling in buildings beyond overheating. Therefore, we suggest a 
working definition of thermal resilience in VC+ buildings against 
overheating, including four resilience criteria [29,30]: 

“A VC+ building is resilient to climate change (vulnerability) when the 
performance of the ventilative cooling strategy including any compli-
mentary passive interventions in the building allows it to withstand indoor 
comfort disturbances due to overheating (resistance) and to be able to 
adapt its cooling capacity in the event of failure (robustness) to mitigate 
further degradation of indoor thermal comfort and the increased need for 
space cooling energy (recoverability).” 

2.3. Characterising the indoor thermal resilience of VC+ buildings 

Resilience can relate to a “bouncing back” after an external distur-
bance to the equilibrium of the parameter or system of interest. Recall 
that this can mean being “capable of recoiling back into the original shape 

after deformation in terms of an object”. As well as the various metrics 
proposed in subsequent tables, if the indoor thermal environment can be 
characterised using a parametric distribution (i.e. a histogram of indoor 
air temperature, relative humidity etc) where the shape of the distri-
bution over a certain time horizon is “elastic” or contingent on factors 
that act on the indoor thermal environment, then over the duration of 
the “pre disturbance equilibrium – disturbance – response – return to equi-
librium or failure” cycle we should be able to characterise the ability of 
the thermal environment to adapt and bounce back under stress using 
this “morphological” approach. A similar type of approach has been 
suggested by other researchers in evaluating robust building design 
[58]. The parameter of interest chosen to evaluate the resilience of the 
indoor thermal environment, whether it’s a physical phenomenon such 
as indoor air temperature or an inferential or statistical phenomena such 
as PMV, is important as thermal comfort indicators can capture resil-
ience at the occupant boundary (see Fig. 4) while temperature distri-
butions will capture the resilience of the building-system boundaries. 
The adaptive thermal comfort model for example incorporates the 
resilience at the occupant boundary in their adaptive capacity to 
respond to the disturbance event [53,56]. When an external disturbance 
takes place then the parametric distribution undergoes a transformation, 
the extent of which is dependent on the resistance capacity of the 
building-system. This transformation can be interpreted as a 

Fig. 3. Chronological evolution of resilience definitions across various disciplines [29,30,35,40–47].  

Fig. 4. Summary of building-related resilience definitions [17,30,51–57].  
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deformation from the equilibrium state shape. An elastic deformation 
(of the parametric distribution) suggests the building is resilient and can 
recover from the disturbance event. A plastic deformation suggests the 
indoor thermal environment cannot be returned to equilibrium condi-
tions (or some limiting acceptable shape/distribution) and additional 
external intervention or complimentary technologies/strategies are 
required to recover after failure (see Fig. 5). 

2.4. Evaluating vulnerability and resilience for VC+ buildings 

Vulnerability in the context of buildings has been described recently 
by Attia et al. [30]. In this work, it suggested that a vulnerability 
assessment is a test of the comfort performance of a building given 
different disturbances, that might be short-term (extremes or heat 
waves) or long-term (future years), from average conditions to the worst 
conditions. Inherent in this definition is a criterion or set of criteria that 
are comfort dependent which can have significant variation depending 
on the occupant and the setting. In this study, it is evident that over-
heating (and not overcooling) is the main concern. A key concept about 
vulnerability is the definition of a threshold or set of thresholds, a cri-
terion or set of criterion, or “a risk or a set of risks” [59] that define the 
scope of the building system or occupants that “bear the vulnerability” 
[59]. Metrics used in the context of overheating and thermal comfort 
have been extensively reviewed recently [60] for residential buildings in 
temperate climates. In addition to this, Hamdy et al. [61] and Rahif et al. 
[60] have proposed additional metrics which consider the change in 
internal conditions with changing weather conditions under current and 
future climates. 

2.4.1. Overheating metrics 
The universality of any vulnerability definition is a challenge that 

has already been identified as an issue when it comes to assessing 
overheating risk in buildings [8]. This literature on overheating in 
buildings has formed the basis for the consideration of what is vulner-
able and how we might define risks. At the core of our understanding of 
overheating are factors that influence risks to the occupants of buildings 
(shown in Fig. 6), which determine the level or severity of risk that 
deviations from desired conditions could have. These are reflected by 
many different standards and guidelines, as well as in scientific litera-
ture and show varying bounds for different types of occupants (i.e. high 
and low expectation levels) in different buildings, with different people. 

Table 1 presents some standards and metrics used in the assessment 
of overheating in different contexts. The vast majority of these metrics 
focus on a zone level experience that can be assessed through simulation 

or measurement, with some focusing on a single criterion and others 
focusing on multiple criteria. A crucial part of comfort in all buildings, 
but particularly in buildings using VC+ which use mixed-mode (MM) 
and/or natural ventilation (NV), is adaptation [62–64]. Adaptive models 
which have been developed extensively over the last 30 years utilise the 
resilience of occupants to adapt and remain thermally comfortable in a 
much broader range of conditions than air conditioned (AC) buildings 
and can be dependent on a number of factors [65]. 

Table 2 presents typical neutral operative temperatures and upper 
threshold limits for 90% acceptability from standards and thermal 
comfort studies. Fig. 7 illustrates this data and the variation in neutral 
temperature and acceptable upper thresholds for these studies with 
respect to mean external conditions. 

What is evident from this is that what constitutes “vulnerable” (or a 
disturbance or deviation from comfortable conditions) could be very 
different depending on the people, culture or thermal history that exists 
for individuals or populations across the world. Taking heat wave con-
ditions of 25 ◦C and greater outside temperatures (which would be 
typical for temperate climates [75]), the difference in minimum (AC 
mode) and maximum (NV mode) neutral operative temperatures could 
be anywhere from 3.0 ◦C to 4.4 ◦C depending on the comfort assump-
tions used. The difference in maximum allowable upper threshold 
operative temperatures under the same outside conditions could be 
anywhere from 5.2 ◦C to 8.0 ◦C for the same assumptions. This “adaptive 
comfort dead-band” illustrates the flexibility and resilience of in-
dividuals in different countries when VC+ systems are used. 

2.4.2. Heat stress metrics 
Outside of comfort and overheating research there are other aspects 

to thermal resilience and vulnerability that fall outside of the operative 
temperature-based models. Recent research has indicated that more 
work is needed when it comes to the metrics used to assess buildings in 
the context of heat stress [60]. This is also applicable when it comes to 
definitions of vulnerability. Even in comfort research certain parameters 
which are related to individual susceptibility to heat stress can be 
overlooked [76] where static values are often assumed for sedentary 
behaviour [73,77,78]. Vulnerability of buildings may also be considered 
as what humans (as mammals) can tolerate, or what is required for them 
to survive in conditions that can lead to heat related health problems. It 
is evident that outside of psychological or other differences there is 
fundamentally a physiological balance occurring that allows heat ex-
change to occur between the body of mammals and its surrounding 
environment, this balance requires different homeostatic responses from 
the body under different temperatures and humidity conditions. Table.3 

Fig. 5. Different levels of parametric deformation based on level of resilience intervention.  
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describes a number of typical heat stress indices used in the literature. 
Research in this domain of health-related heat stress is relevant to 
thermal resilience [79,80] and points to other levels of risk that need to 
be considered. These indices reflect the heat stress in the indoor envi-
ronment. The most comprehensive of these regarding thermal resilience 
is the work of Sun et al. [79] who presented a review of resilience 
metrics to evaluate the thermal resilience of buildings. In this work, two 
types of metrics are proposed: 1) simplified biometeorological indices 
and 2) complex indices. 

The simplified biometeorological indices are based on air tempera-
ture or a combination of air temperature and humidity. On the other 
hand, heat-budget models include the critical meteorological and 
physiological parameters needed to describe the physiological heat load: 
air temperature, water vapour pressure, wind velocity, and short and 
long-wave radiant fluxes. Fig. 8 describes the heat index (HI) which is 
used in heat stress studies. Unlike deviations from comfortable condi-
tions, this model allows for an evaluation of the health risk given a 

combination of relative humidity and temperature conditions. Table 4 
indicates the likely heat related consequences of exposure to conditions. 

In addition to the HI there are a number of other metrics that are 
relevant to the heat stress experienced by occupants. One of these is the 
Standard Effective Temperature (SET) which is described in ASHRAE 55 
[67] which has been used in the context of both comfort studies [77,91] 
and as a heat stress index [86]. The SET is a complex metric, that re-
quires many more inputs than the HI. However, the index has been 
lauded as better than both adaptive and Fanger’s predicted mean vote 
(PMV) method [92] in reflecting the physiological response of subjects. 
However, there has been a lack of application of the index due to not 
only its complexity but the different interpretations of the index [93]. 
Table 5 describes the different physiological states at different values of 
the SET. 

Recent work by Laouadi et al. [86] applied to residential buildings 
defines overheating and heat stress using the SET metric to define the 
duration, severity and intensity of overheating events. In this work, they 
present not only different threshold values for day-time and night-time 

Fig. 6. Summary of disturbances and characteristics affecting overheating for occupants and their boundaries in relation to each other.  

Table 1 
Summary of overheating criteria in some existing international standards.  

Standards Type of building/ 
Space 

Criteria Reference 

BS EN 15251- 
2017 

Office Overheating risks occur 
when Top is outside of: 
Tupper = 0.33 Trm+21.3 

[66] 

ASHRAE 55- 
2017 

Office Overheating risks occur 
when Top is outside of: 
Tupper = (21.3 + 0.31Tpma 

(out) 
◦C) 

[67] 

CIBSE TM36 Office Top>28 ◦C for 1% of the 
occupied hours 

[68] 

CIBSE TM52 Non-Residential 
Buildings 

Overheating hours >3% of 
the occupied hours 

[69] 

Overheating degree-hours 
> 6 for any day 
ΔT > 4 
Top > 28 ◦C for 3% of the 
annual occupied hours 

BB 101 Schools T > 28 ◦C for 120 h per year [70] 
ΔT > 5 ◦C 
T > 32 ◦C 

BS EN 16798 Non-Residential 
Buildings 

Overheating risks occur 
when Top is outside: 
Tupper = 0.33 Trm+18.8 + 3 

[71] 

HTM 03-01 Patient areas T > 28 ◦C for 50 
summertime hours per year 

(HTM 03-01, 
2013)  

Table 2 
Examples of operative temperatures and upper thresholds from different inter-
national studies in non-residential buildings.  

Location or 
Region 

Neutral Operative Upper limit Reference 

CEN (EU) 0.33*Trm + 18.8 0.33*Trm + 18.8 +
2 

[72] 

ASHRAE 
(global) 

0.31*Tout + 17.8 0.31*Tout + 20.3 [67] 

ISO 7730 
(global) 

24.5 25.5 [73] 

United 
Kingdom 
(UK) 

0.534*Tout + 11.9 – of [65] 

Japan (JP) 0.206*Tout + 20.8 – of [65] 
Australia (AU) 0.31*Tout + 17.6 – of [65] 
India (IN) NV: 0.54*Trm + 12.83 

MM: 0.28*Trm + 17.87 
NV: 0.54*Trm +

12.83 + 2.4 
MM: 0.28*Trm +

17.87 + 3.5 

[64] 

Pakistan (PK) 0.36*Tout +18.5 – of [65] 
China (CN) Civil (Cold): 0.767*Tout +

12.037 
Civil (Hot and Humid): 
0.729*Tout + 12.717 

– [74] 

NV = natural ventilation | MM = mixed mode ventilation. 
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but also the magnitude of overheating events in degree hour terms by 
summing both effects. In addition to this, the work also considers 
different suggested thresholds for young adults, older adults, adaptation, 
as well as different building types outside of residential applications. 
Given the scale and risk associated with a changing climate, it is 
important that future studies consider the use of additional heat related 
metrics such as these, as vulnerability assessments that consider heat 
stress effects outside of comfort present the potential risks to heat related 
illnesses (such as heat cramps, exhaustion, and stroke) and the potential 
fatalities that may occur. Outside of being used in the work of Sun et al. 
[79]; the HI index has also been used in recent work by Rempel et al. 
[94] as a metric to determine the passive survivability of residential 
buildings was simulated under heat wave conditions in the US. From this 
work, it is noticeable that when evaluating heat stress we are evaluating 
a more severe level of vulnerability, one that considers more severe 

threats to life and health. Many studies have highlighted the likely 
excess heat mortality and morbidity in heat waves or due to climate 
change in disciplines outside of the built environment [95–100]. These 
studies typically discuss all-cause mortality or morbidity and have 
identified vulnerabilities in infant and elderly populations [75,96], as 
well as discussions between rural and urban locations [100–102]. Based 
on the above, the vulnerability of populations is likely to differ, they 
may and are likely to vary according to many factors outside of the in-
ternal environment and thermal comfort related definitions. These fac-
tors could also be activity level [103], age [96], social status [104], 
education level [101] and psychological state. 

2.4.3. Resilience metrics 
Outside of these heat stress metrics the past decade has seen the 

emergence of metrics which consider overheating more holistically. 
Some evaluate comfort or overheating on individual days or those that 
consider daily maximum temperatures (such as those in TM52) (TM52, 
2013). There has also been consideration for the rate of change of 
overheating with respect to ambient warmness [61]. One of the key 
components about resilience metrics is the time-horizon [30]. Illustrated 
in Fig. 9, we can see that resilience can be based on what is foreseeable 
and what is unforeseeable. 

These could be characterised by long-term expectations and short- 
term events where disturbances (that are not exclusively climate 
based) affect the building system and result in failure. This concept has 
also been considered and discussed in work related to heat stress indices 
but with regard to more severe consequences [79,94]. Fig. 9 described 
originally by Moazami et al. [105]; differentiates robust buildings from 
resilient ones, where the key difference is that resilient buildings fulfil 
functional requirements to foreseeable disturbances as well as major 
disruptions. It is also seen that a building may even fail or be disrupted 
but it can recover. The same concept is described by Attia et al. [30] 
where they describe varying time scales (day to multiple years), building 
scales (zone to city), as well as varying disruptions (heat waves, power 
outages etc.). The main difference for robust over resilient buildings 
indicated in this work is that resilient buildings return to designed 
conditions, whereas robust buildings cannot. This implies that a defor-
mation occurs for both with one being plastic and the other elastic (see 
section 2.5). Table 6 indicates some metrics that have been used in 
recent scientific literature based on the review of [107] as well recent 
work when evaluating resilience through simulation based approaches 
[108]. These “resilience” metrics indicate the rate of change of vulner-
ability over time, which is often considered through multiple 

Fig. 7. Variation in comfortable temperatures depending on country, building, and setting based on Table 2 (Left: Neutral operative temperatures for different 
studies and standards, Right: Upper threshold temperatures for 90% acceptability). 

Table 3 
Typical heat stress indices used in the literature.  

Index Equations Ref 

Passive Survivability- 
Summer (PSS) 

The time until the indoor operative temperature 
reaches 30 ◦C (86 ◦F) from an original cooling 
setpoint of 25 ◦C (77 ◦F) in summer 

[81] 

Humidex (◦C) H = Ta + 5/9 (e − 10) [82] 
Wet-Bulb Globe 

Temperature (◦C) 
WBGT = 0.7Tnwb + 0.2Tg + 0.1Ta [83] 

Standard Effective 
Temperature (SET) 

Hsk = hs(tsk - SET)+ whs,e(ps,sk - 0.5pSET) [84, 
85] 

OH duration (days) D =
∑Sleep

wake(SETt − SETd)
+
• Δτ≥ 4◦Ch [16, 

86] 
OH severity (◦Ch) S =

∑N days
i=1 {

∑wake
sleep (SETt − SETn)

+
.Δτ +

∑wake
sleep (SETt − SETd)

+
.Δτ}

[16, 

86] 
Intensity (◦C) I = S/(D*24) [16, 

86] 
Universal Thermal 

Climate Index 
UTCI = f (Ta; Tmrt; va; vp) = Ta + Offset (Ta; Tmrt; 
va; vp) 

[87] 

Heat index HI = (− 8.78469475556) + (1.61139411 Ta) +
(2.33854883889R) + (0.14611605 TaR) + (- 
0.012308094 Ta

2) + (- 0.0164248277778R2) +
(0.002211732 Ta

2R) + (0.00072546TR2) + (- 
0.000003582 Ta

2R2) 

[79] 

Net Effective 
Temperature 

NET = (Ta − 0.4) × (Ta − 10) × (1− R/100) [88] 

Physiologically 
Equivalent 
Temperature (PET) 

M + W + RH + C + ED + ERe + ESw + S = 0 [89]  
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simulations. However, a data-driven approach could also be adopted 
with data from multiple years. 

For the most part what differentiates these metrics from overheating 
metrics is that resilience metrics are typically reported in respect to: 1) 
different time horizons or events [61,109,110], 2) at different scales 
(typically zone or at building level) [61,109], 3) in some cases consider 
the relationship between ambient conditions over time and internal 
overheating, which indicates some sensitivity of the building to 
long-term warming [61,107], and 4) some also consider penalties for 
different internal deviations, as well as benchmarking [109]. 

2.4.4. Critical evaluation of metrics and future considerations 

2.4.4.1. Vulnerability. One of the main concerns about many of the 
resilience metrics presented in the literature is their consideration of 
vulnerability. Many lack consideration for many internal environmental 
parameters outside of the operative or air temperature. Work from fields 
of heat stress (indicated previously) highlights the benefit and potential 
necessity of including either simple models such as HI or more complex 
variations of this including the SET. A balance of both methods could be 
to consider a corrected effective temperature (CET) which incorporates 
both the practicality of the operative temperature and the need to 
consider humidity. In addition to this, there is a need to consider the 
“accumulation of heat stimuli” [111] in a manner that does not only 
consider whether a threshold has been passed but that considers the 
overheating tolerance of occupants and the probability of groups or 
populations of occupants considering spaces to have overheated. One 
other limitation of existing metrics is that the majority of metrics report 
averaged or cumulative values of overheating incidences but fail to 
categorise the severity of these for a given time period. The work of 
Homaei & Hamdy [109] addresses some of these deficiencies and allows 
for penalties for different thresholds, as well as at different scales. This 
approach which considers multiple criteria has some similarities to the 
approach of different thresholds in TM52, however, its application is 
presented for short-term events. The use of multiple criteria considering 
holistic (percentage based) metrics as well as significant thresholds for 
failure are key to future assessments, particularly when considering 
different types of occupants. In the context of VC + buildings, the 
vulnerability of the system may also come into question. The system may 
be limited in many ways. The restriction of openings for health and 
safety [112] reasons may be a significant limitation [113,114] but there 
is also the need to consider other issues such as the disturbances due to 
local pollution and noise levels, or the need to provide appropriate 
ventilation for infectious disease control. The effect of the local climate 
may also be a vulnerability which effects the building and the system in 
question. This is particularly an issue with dense urban areas which 
experience heat island effects [115–117]. There is limited research 
indicating the resilience at the urban or city scale. There is also limited 
research considering the effect of other limiting factors that influence 

Fig. 8. Heat index chart developed by U.S. National Oceanic and Atmospheric Administration (NOAA) is used to look up the heat index by temperature (◦C) and 
relative humidity (%) (taken from Ref. [90]). 

Table 4 
Definition of four levels of Heat Index (taken from Ref .[90]).  

Heat Index in 
Celsius 

Heat Index in 
Fahrenheit 

Heat Index Level 

Less than 
26.7 ◦C 

Less than 80 ◦F Safe: no risk of heat hazard 

26.7 ◦C - 
32.2 ◦C 

80–90 ◦F Caution: fatigue is possible with prolonged 
exposure and activity. Continuing activity 
could result in heat cramps. 

32.2 ◦C - 
39.4 ◦C 

90–103 ◦F Extreme caution: heat cramps and heat 
exhaustion are possible. Continuing activity 
could result in heat stroke. 

39.4 ◦C - 
51.7 ◦C 

103–125 ◦F Danger: heat cramps and heat exhaustion are 
likely; heat stroke is probable with continued 
activity. 

over 51.7 ◦C over 125 ◦F Extreme danger: heat stroke is imminent.  

Table 5 
SET and heat related thermal sensations and physiological states for different 
ranges (taken from Ref. [86]).  

SET (in ◦C) Thermal Sensation Physiological State 

>37.5 Very hot Failure of thermoregulation 
34.5–37.5 Hot Profuse sweating 
30.0–34.5 Warm Sweating 
25.6–30.0 Slightly warm Slight sweating, vasodilation 
22.2–25.6 Neutral Neutral  
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the cooling performance. Based on the vulnerability measures discussed 
it is evident that there is a lack of consensus in the field about which 
measures to use. However, what is evident is that combinations of 
different thresholds considering a broader range of variables for 
different people and buildings are required as well as different upper 
limits in the consideration of failure states given performance, comfort 
and more severe health risks. 

2.4.4.2. Resistance. Considering the application of these metrics to 
future “foreseeable” extremes it is evident that metrics are lacking. The 
best consideration of this is the work of Hamdy et al. [61] which con-
siders how resistant buildings are by evaluating and relating changes in 
internal conditions to external ones, by using an escalation factor. 
However, the main correlating variable in this regard is external air 
temperature. It should be noted that there are other works that consider 
foreseeable extremes using future weather data with different metrics 
but no correlations are drawn explicitly [118,119]. Relating external 
and internal conditions through an escalation factor provides a very 
interesting insight into the ambient warmness effect in these buildings. 
One limitation when applying degree hour approaches is the use of a 
base temperature that is not building specific. Some work has addressed 
this partially [78], but more work is needed in characterising the 
ambient warmness in relation to VC + buildings more comprehensively 
as well as connecting annual warming events to building characteristics. 
There is also a limitation in the averaging of internal and external 

metrics which do not capture the spread of the data, more work is 
needed in considering these easy-to-use approaches and how statistical 
approaches could be used to reveal more about the relationships be-
tween internal and external environments based on these metrics. In 
addition to this, more work is needed in considering and disaggregating 
the causes of overheating from other potential heat sources outside of 
ambient warmness (i.e. solar gains, internal gains [28,120]) and 
explaining the sensitivity of models to these sources. Some of these 
considerations have been addressed by previous work [121] focused 
specifically on VC. However, more work is needed in extending and 
simplifying complicated approaches to evaluating sensitivity. 

2.4.4.3. Robustness and recoverability. There is a lack of metrics which 
consider robustness and recoverability in a more specific and focused 
manner. The use of a scoring or class system goes towards addressing the 
key differences between robust and resilient designs [109]. Previous 
work has presented resilience classes which apply robustness thresholds 
to capture this, there is a challenge in defining metrics which capture 
this more effectively. Given the infancy of the resilience research field 
regarding the indoor environment there is at this point some ambiguity 
about some of the definitions and differences between both resilient and 
robust designs. Both consider back-up plans [30] but at this point the 
key distinction is that one fails to restore to equilibrium. Practically 
speaking there is also a limitation in considering what is “unforeseen”. 
Clearly this is a theoretical assessment of extremely unlikely events 
which have typically been considered in other fields by considering for 
example a one in 100-year event. What differentiates assessments of 
both robustness and recovery (and by extension resilience) is consider-
ation for short “high-impact” events which could have “a substantial and 
detrimental societal impact” and could lead to or “cause a significant 
loss of life” [122]. As such it is critical that more metrics are proposed to 
address these short periods and address key features of recovery 
including the “recovery time” [52] and management plans at different 
scales to protect human life. This may include the need to determine safe 
places of refuge to optimise resources. One shortcoming of the existing 
methods is that there are very few standard heat wave datasets for which 
to test very extreme events over different timescales (3 day–10-day 
events). Finally, it is evident that more qualitative approaches may be 
required at early-stage design to allow practitioners assess "bouncing 
forward" which encompasses ability to learn from experience (failure 
and success) [51] and adaption influenced by ongoing change [123]. 

2.5. VC+ approaches for improving thermal resilience 

Passive cooling and passive cooling strategies have been described as 
a “multi-layered and multi-disciplinary process” [124]. Described by 
Santamouris and Kolokotsa [124] and later by Bhamare et al. [125] as 

Fig. 9. Phase of Vulnerability, Resistance, Robustness and Recovery of a system (image taken from Attia et al. [30]. 
which based on Moazami et al. [105]; Sengupta et al. [106]. 

Table 6 
Examples of thermal resilience indices described in scientific literature.  

Index Equations Ref 

Indoor Overheating 
Degree (IOD) IOD =

∑Z
z=1

∑Nocc(z)
i=1 [(Tin,o,z,i − Tcomf ,z,i)

+ti,z]
∑Z

z=i
∑Nocc

i=1 ti,z 

[61, 

78] 
Ambient Warmness 

Degree (AWD) AWD =
∑N

i=1[(Tout,a,i − Tb)
+ti]

∑N
i=1ti 

[61, 

107] 
Overheating escalation 

factor (aIOD/AWD) 
aIOD/AWD =

IOD
AWD 

[60, 

61] 
Weighted Unmet 

Thermal Performance 
(WUMTP) 

WUMTP =
∑12

i=1SiWp,iWH,iWE,i [109] 

WUMTPAoverall =

∑Z
z=1WUMTPZ
∑Z

z=1Az 

Resilience Class (RCI) RCI =
WUMTPAoverall,ref

WUMTPAoverall 

[109] 

Climate Change 
Overheating 
Resistivity (CCOR) 

1/CCOR =
∑Sc=M

Sc=1 (IODSc − IOD) × (AWDSc − AWD)
∑Sc=M

Sc=1 (AWDSc − AWD)2 

[108] 

Heat Exposure Index 
(HEI) 

HEI =
∫ 7am

11pm (Ta,i − Tset− point)
+

Ta,i≥Tset− point
dt [110]  
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being broadly discussed in three main categories: 1) prevention (of heat 
gains), 2) modulation (of heat gains), and 3) heat dissipation. Dissipa-
tion techniques can be characterised by four main processes: 1) Ground 
cooling (coupling buildings to the ground), 2) Convective or VC (using 
ambient air), 3) Evaporative cooling (using water as a heat sink), and 4) 
Radiative cooling (using the sky as a heat sink) [124]. The focus of this 
review is on VC+ methods which includes some supplementary passive 
prevention and modulation methods. Previous work from Annex 62 
(Table 7) has highlighted many VC technologies and which ones are 
supplemented by additional passive interventions [28]. Table 7 below 
presents the types of VC techniques plus some prevention and modula-
tion methods that have been used or evaluated in the literature for 
non-residential buildings. Based on Table 7 it is evident that there are 
many diverse VC+ solutions that can be used to mitigate overheating 
incidences in various non-residential building types. Work by Bhamare 
et al. [125] indicates reductions in internal air temperatures of between 
1 ◦C and 20 ◦C for radiative cooling solutions, 3.5 ◦C–14 ◦C for direct 
evaporative cooling solutions, 2 ◦C–14 ◦C for different types of solar 
chimneys, 2 ◦C–8 ◦C for Trombe walls, 2 ◦C–12 ◦C for wind driven NV, 
1.5 ◦C–6.5 ◦C for roof ponds, and 3 ◦C–9 ◦C for solutions focused on the 
use of vegetation in urban areas. In addition to this, work by O’ Donovan 
et al. (2021) has demonstrated considerable reductions in internal air 
temperatures of between 4.0 ◦C and 8.1 ◦C through the use of passive 
interventions including solar shading and night time ventilation. As such 
VC+ systems (particularly combinations of systems) present an oppor-
tunity not only to be the most energy efficient solution but also maintain 
thermally comfortable conditions in non-residential buildings. 

3. Methodology for the review of studies evaluating indoor 
thermal resilience 

In order to address the aims 2, 3 & 4 of the study, and based on 
methodologies used in previous studies [30,164–166], the approach 
adopted can be divided into three main steps: 

3.1. Data collection and study screening through literature search 

In this step of the methodology, a systematic mapping study was 
conducted where the data collection process consisted of five stages: 
3.1.1) Sample identification, 3.1.2) Screening and elimination, 3.1.3) 

Scope limitation, 3.1.4) Feature collection and identification, and 3.1.5) 
Feature distinction (see Fig. 10). 

3.1.1. Sample identification 
During this stage, a sample of the literature was collected, which 

consisted of book chapters, reviews, journal articles and conference 
proceedings. The search identified articles that used the following 
strings in the title, abstract and/or keywords from 2010 to September 
2021 using the Scopus search engine. The strings and logic used are 
indicated in Fig. 11, which includes four strings. 

3.1.2. Screening and elimination 
This stage involved screening and eliminating irrelevant articles, e. 

g., content duplicated in multiple documents, out of context of buildings 
etc. The number of studies that matched the initial search criteria in the 
first stage was 134 articles, out of which 53 articles were duplicated. 

3.1.3. Scope limitation 
This stage involved the specific screening of documents relevant to 

non-residential buildings, considering whether the study has been done 
in terms of an indoor environment, thermal comfort, natural ventilation, 
passive cooling, overheating or overcooling in the context of non- 
residential buildings or not. The screening results showed that three 
findings were just the title of the conferences, 20 papers related to 
housing, and 37 papers had non relevant subjects, including 23 papers 
related to urban and 14 papers related to network and systems’ over-
heating. In total, 24 documents in the context of resilient non-residential 
buildings passed the final screening stage and were included in the 
evaluation. 

3.1.4. Feature collection and identification 
The main focus of this study is on 24 related documents in non- 

residential buildings. The following information was collected and 
compared: 1) Uses type, location, Koppen climate type, 2) Whether the 
case study is VC + or not, 3) Use of the resilience term, including the 
resilience definition and criteria, 4) Methods of evaluating and 
improving resilience, including the short- or long-term prediction, 
measured parameters, field study, measurement tools, simulation tools, 
climate scenarios, and standards. 

Table 7 
Examples of VC+ techniques used in non-residential buildings in literature.  

References Building Types Locations (Country code) VC+">+ Technologies Passive Category Dissipation Sink 

Modulation Prevention Dissipation A G W S 

[56,119,126–135] Office, School, All, 
Test-cell 

BE, UK, IE, HU, CY, IT, DE, 
GR, All 

Natural Ventilation   X x    

[118,119,127,133,136,137] Office, School, All BE, UK, IE, HU, CY, DE, All Night Ventilation   x x    
[56] Hospital UK Fans   x x    
[138–143] Test-cell, Office, 

School 
DE, CN, IN, IT Earth-to-Air HX   x  x   

[144–147] All, Test-cell IN, BR, CN, UK Direct Evaporative 
Cooling   

x   x  

[148–150] Test-cell, All IR, KU, IN Indirect Evaporative 
Cooling   

x   x  

[151,152] All All, IQ Roof ponds   x   x  
[153] Test-cell IR Trombe wall   x   x  
[146,154–156] All IN, TH, GR Night-time radiative   x    x 
[118,119,127,128,131,133, 

135,157] 
Office, School BE, UK, IE, HU, CY, IT, DE, 

CA 
Solar shading  x      

[133] School UK Reflective materials  x      
[158,159] All, Test-cell MY, AU Vegetation  x      
[128,131,160,161] School, Office DE, CY, US, MY Glazing  x      
[137] School CY Insulation  x      
[128] School DE Thermal mass 

activation 
x       

[128,146,162,163] School, Office, Test- 
cell, All 

DE, CN, IN Phase change materials x        
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3.1.5. Feature distinction 
This study focuses on assessing published studies that identified the 

term resilience (as an evaluating criterion or a basis for assessment) in 
the context of thermal comfort and indoor environment of non- 
residential buildings based on defined resilience criteria. Among these 
24 papers, 22 were chosen as more relevant to thermal resilience and 
evaluated based on the four resilience criteria. 

3.2. Resilience evaluation 

In this study, the resilience criteria defined by Attia et al. [30] and 
Martin and Sunley [29] were used as a basis for evaluating these 22 
papers. Again, the criteria for resilience are vulnerability, resistance, 
robustness and recoverability. In this review, as the focus is specifically 
on the thermal resilience of non-residential VC + buildings, the defini-
tion and interpretation of resilience and application of these criteria 
have been adjusted to reflect the application. In order to assess whether 
a study adequately considered each of these resilience criteria or not, 
based on Attia et al. [30] and Martin and Sunley [29] definitions, one 
question was defined to evaluate each criterion; these evaluation ques-
tions are shown in Table 9. 

In addition to identifying whether these studies considered resil-
ience, this evaluation also considered the methods used, the accuracy of 
instruments and simulations, and what internal environmental variables 
and standards were used in evaluations. The types of climate scenarios 
used were also assessed if a simulation-based approach was adopted. 

3.3. Gap analysis and recommendations 

Using this assessment of existing studies on indoor thermal resil-
ience, supported by the broader review of the existing research and 
literature in section 2.0, the gaps in the existing literature and recom-
mendations for future research will be discussed and presented. 

4. Thermal resilience evaluation 

This section presents the primary findings of the review of previous 
resilient studies to date assessing overheating in the context of VC+ as 
summarized in Table 10 and Table 11. Table .10 shows that none of the 
listed studies proposed a definition of resilience except for one (Study 
No. 19). Only two of the studies surveyed (Study No. 2 and No. 5) used 
an NZEB case study in their evaluations. Figs. 12 and 13 indicates the 
types of climate zones that have been considered in the literature as well 
as their consideration for resilience criteria. 

As shown in Fig. 12, most studies have been carried out in a 
temperate oceanic climate (Cfb) and a Mediterranean climate (Csa). 
Fig. 12 also demonstrates that the portion of the type of case studies are 
roughly the same in educational, office and hospital buildings. These 22 
studies were assessed based on the resilience criteria defined in section 
(3.2), Table 9, as shown in Fig. 13. Fig. 13 indicates the number of 
studies that assess different resilience criteria. Most of the studies 
assessed two resilience criteria even though they have not mentioned 
resilience criteria and just used the term “resilience”. Most (72.7%) 
studies assessed vulnerability (the possibility of overheating risk for case 
studies), and 63.6% assessed resistance (the potential of using supple-
mentary passive interventions to improve thermal comfort against 
overheating risk). Furthermore, just 4.5% of studies considered robust-
ness (backup plans have been considered if the VC+ system failed). 
None of the studies assessed recoverability (recovery plans to develop 
systems and occupants’ performance to adapt to overheating). 

Fig. 14 highlights other key characteristics of these non-residential 
studies so that most studies evaluated the possibility of overheating in 
the long-term (59.1%) and used NV as a strategy to mitigate heat build- 
up (86.4%). Regarding assessment methods, 68.2% of studies were 
completed through experimental measurement; however, only 36.4% of 
those declared loggers’ accuracy. The method used by most of the Ta
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studies is a simulation (86.4%), and 59.1% of these simulations used 
calibrated models. Table 11 demonstrates the assessed methods, 
including experimental parameters, accuracy, simulation tools used, 
climate scenarios, calibration and standards that have been used in 
them. 

Fig. 15 shows the parameters measured and the standards referenced 
in the sample of papers described in Table 11, which relate specifically 
to VC+ buildings. It should be noted that as shown in Table 11 some 
studies used more than one parameter measured, standard, climate 
scenario and simulation tool. Thus Figs. 15 and 16 considered each study 
for each parameter separately. The review of existing standards dem-
onstrates that thermal comfort criteria are typically based on indoor 
operative temperatures. This figure indicates that the most common 
experimental parameters used to assess thermal resilience are air tem-
perature (12 of 22 papers), relative humidity (4 of 22 papers) and 
operative temperature (3 of 22 papers), while the standards that are 
referenced most frequently are EN 15251 (12 of 22 papers), CIBSE (4 of 
22 papers) and HTM03 (2 of 22 papers). Most simulation tools used in 
related studies to resilience criteria in the context of non-residential 
buildings shown in Fig. 16 are Energyplus (40%), IES-VE (30%) and 
TRNSYS (15%). Evaluating the climate scenario which has been used for 
simulation of non-residential buildings against overheating in related 
studies to resilience criteria, shown in Fig. 16, demonstrates that more 
than 50% of studies used UKCP09, UKCP02 (5 of 22 papers), TMY (6 of 
22 papers) and DSY (4 of 22 papers). 

5. Discussion 

In this study, we developed a logical framework by proposing a 
question for each criterion (Table 9) as a measurement system to screen 
and evaluate thermal resilience criteria in VC+ non-residential buildings 
(Fig. 13) in 22 relevant papers (Table 10). Most of the studies assessed 
two resilience criteria, vulnerability (the possibility of overheating risk) 
and resistance (the potential of using passive intervention measures to 
improve thermal comfort against overheating risk). Despite many 
studies using “resilience” in their papers very few offer a definition and 
none mention specific resilience criteria (which was not formally 
defined until very recently [30]). Furthermore, only one of studies that 
were evaluated (Study No. 12) considered robustness (backup plans 
have been considered if the VC system failed). None of the studies 
assessed recoverability (recovery plans to develop systems and occu-
pants’ performance to adapt to overheating) and a multi-criteria 
approach for resilience that involves all four resilience criteria. In 
addition to this, only two of the studies (Studies No. 1&2) are identified 
as NZEBs [118,119]. 

5.1. Vulnerability and resistance of VC+

Existing research in the non-residential domain presents limited 
examples of measured performance, in the context of measured over-
heating specifically [56,113,133,174,180–182] especially compared 
with the body of research examined in work described in residential 
buildings or settings [8]. Excluding investigations into the future con-
sequences of climate change, existing measurements highlight large 

Fig.10. The findings of the searching process and assessing papers.  

Fig. 11. The search strings for systematic literature review.  
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differences between indoor spaces when it comes to overheating per-
formance [56,113,174,180–182], which already illustrates the sensi-
tivity within buildings which is likely to disimprove due to climate 
change. Outside of simulation-based research, there is evidence already 
emerging that some spaces in non-residential buildings are overheating 
[113,180]. These studies (that examine buildings that are not LEBs) 
highlight potential VC + solutions to this including: the provision of 
cross ventilation [182], the consideration for window restrictors and the 
use of solar shading [113]. In the context of hospital settings, it is sug-
gested that more drastic actions may be required to manage the heat in 
buildings including: rescheduling vulnerable groups to earlier times in 
the day, and providing a cool room or a place of relief for hospital staff 
[180]. Some studies also highlight the difference in sensitivity of occu-
pants compared with existing standards and indicate that vulnerable 
groups such as the elderly and children (in the context of schools and 
care settings) are likely to be more sensitive to changes in internal 
conditions and standards may need to change to reflect this [113,181]. 
This highlights the need to examine the comfort and perception of these 
occupants. From our evaluation it is evident that studies which focus on 
the vulnerability of buildings use different metrics to report findings, 
which is often representative of the buildings involved. For hospital 
settings for example, static thresholds are often used as some occupants 
cannot make adaptive actions [113]. Simulations in current conditions 
highlight overheating incidences in existing VC+ buildings in different 
locations across many climates and settings [118,119,131,183], and 
mirror the general findings in field study research showing variance 
within buildings. Existing research focused on simulated performance 
(compared with field work) also highlights the potential improvement of 
existing performance through the use of passive interventions such as: 
solar shading [119,133], natural ventilation [137] and night ventilation 
[119,133,183]. [183] (Study No.21) simulated the difference in over-
heating in current conditions in a VC+ school building in Italy. In this 
work it was found that the number of hours with internal operative 
temperatures in excess of 28 ◦C can be reduced from 80% to between 2% 
and 12% through the provision of both night ventilation and solar 
shading. Duran & Lomas [118] also highlight solutions in current con-
ditions for a simulated office building location in London. In this work 

Table 9 
The resilience criteria, assessing methods and evaluation questions of them.  

The resilience criteria of PC-NZEBs Assessing methods Evaluation 
questions 

Vulnerability The impact of 
overheating risk 
on thermal 
comfort in VC +
buildings 

-Experimental (for 
calibrating the 
existing model) 
-Simulation (for 
predicting building 
performance against 
overheating using 
future climate 
scenarios) 

Whether the 
possibility of 
overheating risk 
(long/short term) 
has been evaluated 
in the building? 

Resistance The potential of 
using VC +
approaches in 
buildings to 
improve thermal 
comfort against 
overheating risk. 

- Simulation Whether the 
potential of using 
passively cooling 
systems to improve 
thermal comfort 
against overheating 
risk (long/short 
term) has been 
evaluated or not? 

Robustness Consider 
proposed backup 
plans and system 
control 
possibilities to 
adapt to 
conditions if the 
natural 
ventilation system 
fails. 

- Simulation Whether any 
backup plans have 
been considered if 
the passive cooling 
system failed? 

Recoverability Recover and 
develop systems 
and occupants’ 
ability to return to 
the pre-risk state. 

- Simulation Is there any 
consideration of 
learning plans 
influenced by 
continuous change 
to develop systems 
and occupant 
performance to 
adapt to 
overheating?  

Table 10 
Summary of previous resilient studies to date assessing overheating in the context of VC + buildings.  

Resilience studies to date assessing overheating 

No Ref Year Case 
Study 

Climate (KG Class) Defined resilience? NZEB? NV? Resilience Criteria 

CR1 
VUL 

CR2 
RES 

CR3 
ROB 

CR4 
REC 

1 [118] 2021 Office (UK) Cfb ⨯ ⨯ ✔ ✔ ✔ ⨯ ⨯ 
2 [119] 2021 Office (Ireland) Cfb ⨯ ✔ ✔ ✔ ✔ ⨯ ⨯ 
3 [167] 2018 School (Cyprus) Csa ⨯ ⨯ ✔ ✔ ✔ ⨯ ⨯ 
4 [12] 2010 Office (UK) Cfb ⨯ ⨯ ✔ ✔ ✔ ⨯ ⨯ 
5 [168] 2021 School (Swiss) Dfb ⨯ ✔ ✔ ✔ ✔ ⨯ ⨯ 
6 [14] 2019 Office (Spain) Csa ⨯ ⨯ ✔ ✔ ✔ ⨯ ⨯ 
7 [169] 2019 Office (Mediterranean) BSh, Sk, BWh, Cfa, Csa, Dfb ⨯ ⨯ ✔ ⨯ ⨯ ⨯ ⨯ 
8 [170] 2020 Educational (Spain) Csa ⨯ ⨯ ✔ ⨯ ⨯ ⨯ ⨯ 
9 [171] 2020 Office (Italy) Csa ⨯ ⨯ ⨯ ⨯ ⨯ ⨯ ⨯ 
10 [17] 2019 Office (Chilean) Csc 

Csb 
⨯ ⨯ ✔ ⨯ ⨯ ⨯ ⨯ 

11 [172] 2016 Office (New Zealand) Cfb ⨯ ⨯ ⨯ ⨯ ⨯ ⨯ ⨯ 
12 [56] 2012 Hospital (UK) Cfb ⨯ ⨯ ✔ ✔ ✔ ✔ ⨯ 
13 [133] 2020 School (UK) Cfb ⨯ ⨯ ✔ ✔ ✔ ⨯ ⨯ 
14 [173] 2020 School/Hospital (Canada) Dfb ⨯ ⨯ ⨯ ✔ ⨯ ⨯ ⨯ 
15 [174] 2015 Hospital (UK) Cfb ⨯ ⨯ ✔ ✔ ✔ ⨯ ⨯ 
16 [175] 2015 Hospital (UK) Cfb ⨯ ⨯ ✔ ⨯ ⨯ ⨯ ⨯ 
17 [176] 2014 Hospital (UK) Cfb ⨯ ⨯ ✔ ✔ ⨯ ⨯ ⨯ 
18 [11] 2012 Hospital (UK) Cfb ⨯ ⨯ ✔ ✔ ✔ ⨯ ⨯ 
19 [79] 2020 Nursing home (US) Cfa, Csa, 

Dfa 
⨯ ⨯ ✔ ✔ ✔ ⨯ ⨯ 

20 [177] 2016 Day care center (Italy) Cfa ⨯ ⨯ ✔ ✔ ✔ ⨯ ⨯ 
21 [178] 2017 School (Italy) Csb, Csa, 

Csa 
⨯ ✔ ✔ ✔ ✔ ⨯ ⨯ 

22 [131] 2021 School (Cyprus) Csa ⨯ ⨯ ✔ ✔ ✔ ⨯ ⨯  
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(Study No.1) the importance of combining shading (in the form of 
overhangs and external blinds) as well as mixed-mode ventilation in 
mitigating overheating is highlighted. For current conditions it was 
shown that buildings with day-time NV only can have a percentage of 
overall building thermal discomfort (OBTD) hours as high as 18% for 
buildings retrofitted according to national regulations, and as high as 
55% for those retrofitted to EnerPHit standards. The provision of 
mixed-mode ventilation, shading and night-time ventilation was shown 
to decrease this risk to less than 1% for both building retrofit scenarios. 
Work by O’ Donovan et al. [119] (Study No.2) focused on a VC + office 
space (which exceeded national NZEB standards) and found that in 
current conditions for continental climates day-time ventilation only 
could lead to close to 30% of the occupied hours being more than the 
upper adaptive comfort limits for those with a normal level of expec-
tation. The use of strategies that combined day-time and night-time 
ventilation as well as solar shading were shown to be effective at miti-
gating this discomfort to acceptable levels (<5%). Stephen et al. [133] 
(Study No.13) found similar results when simulating the performance of 

a primary school located in Southampton in the UK. It was shown that 
the existing VC system alone would fail to comply with TM52 in current 
conditions (Criteria 1: 13.6%), however, the use of shading and 
night-ventilation led to the same school complying with TM52 (Criteria 
1: 0.8%) in the same conditions. In similar work by Heracleous et al. 
[137] (Study No.22) a series of retrofit scenarios were considered for a 
school located in Cyprus. A combination of fabric upgrades, heat re-
covery ventilation, night-time ventilation and solar shading resulted in a 
reduction of cooling degree hours from 90.7 to between 0 and 2.9. 

When it comes to future overheating, climate change will have a 
significant effect on the performance of VC+ strategies, but for some 
strategies and climates more than others. Work by Bravo Dias et al. 
[184] highlights the shape of future weather patterns and their likely 
effect on the use of passive intervention measures in the context of LEBs. 
In this work it is indicated that outside of countries located in Scandi-
navia and the British Isles it is likely that Europe will suffer from a 
reduced effectiveness of VC+ strategies. In the UK, Duran and Lomas 
[118] (Study No.1) suggest that passive cooling measures can guarantee 

Table 11 
The methods and standards in previous resilient studies to date assessing overheating in the context of PC-NZEBs.  

No Ref Resilience (Short term 
or Long term?) 

Assessing methods Standards 

Experimental Simulation 

Parameters measured Logger 
Accuracy? 

Tools Climate scenario Calibrated? 

1 [118] Long ⨯ ⨯ EnergyPlus UKCP09 No ⨯ 
2 [119] Long To, Ta, RH Yes TRNSYS 17 TMY, 2050 Yes EN15251, 

EN16798-1 
3 [167] Long ⨯ ⨯ IES-VE TMY, 2050 and 2090 No EN15251, 

CIBSE TM52 
4 [179] Long ⨯ ⨯ EnergyPlus UKCP02 No CIBSE TM36, 

CIBSE Guide A 
5 [168] Long ⨯ ⨯ DIAL Geneva Cointrin 

IPCC B1, A2,MAX 
⨯ EN15251, 

ISO7730 
6 [14] Long Ta Yes EnergyPlus HadCM3 Yes EN15251, 

ASHRAE 
Standard 55 

7 [15] Short ⨯ ⨯ EnergyPlus TMY No EN15251, 
ASHRAE 
Standard 55 

8 [170] Short Ta, RH, CO2 Yes EnergyPlus SWEC database Yes RITE-IDA2 
9 [171] ⨯ Daily activity, Overall satisfaction, Work 

performances, 
Daily fatigue, Stress 

No ⨯ ⨯ ⨯ LEED, 
BREEAM, 
CASBEE, 

10 [17] ⨯ Operating (window, shading, fans or 
heaters, setpoint of the HVAC), Ta, Tg, RH, 
V 

Yes ⨯ ⨯ ⨯ Chile Thermal 
Comfort 
Standards 

11 [172] ⨯ Comfort & Well-being Yes ⨯ ⨯ ⨯ ASHRAE 
Standard 55 

12 [56] Long To, Ta Yes IES-VE UKCP09 Yes EN15251 
13 [133] Long Ta, RH Yes TRNSYS EPW 

DSY3 
Yes EN15251, 

CIBSE TM52 
14 [173] Short Ta No Energyplus regional climate Yes EN 15251 
15 [174] Long Ta No IES-VE TRY 

DSY 
Yes CIBSE TM52, 

EN15251, 
HTM03-01 

16 [175] Short Tin, Tout, 
SR 

Yes DLM Weather data of the hot 
summer,2006 

Yes EN15251, 
CIBSE TM52 

17 [176] Long Tmean, 
ACH 

No IES 
CFD 

UKCP09, TRY 
DSY 

Yes HTM03-01, 
EN15251 

18 [11] Long Tin, No IES UKCP09, TRY, DSY, Yes CIBSE Guide A, 
HTM03-01, 
EN15251 

19 [79] Short Tin No EnergyPlus TMY Yes ASHRAE 
Standard 55, 

20 [177] Long Tin, Tout, CO2 No EnergyPlus TMY Yes ASHRAE 
Standard 62, 
EN 15251 

21 [178] Short ⨯ ⨯ TRNSYS 16 ⨯ ⨯ ISO7730 
22 [137] Long ⨯ ⨯ IES-VE TMY, 2050 and 2090 Yes EN15251, 

CIBSE TM52 

To: Operative temperature, Ta: Air temperature, RH: Relative humidity, CO2: Carbon dioxide, HVAC: Heating, ventilation, and air conditioning, Tg: Glass transition 
temperature, V: Air velocity, Tin: Indoor air temperature, Tout: Outdoor air temperature, SR: Solar radiation, Tmean: Mean temperature, ACH: Air change. 
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comfortable conditions in 2050 with national regulations, however, 
EnerPHit standards are likely to require mixed-mode ventilation to 
achieve the same level of thermal comfort. Lomas and Giridharan [56] 
(Study No.12) indicate that simple VC measures such as the use of fans 
could enable hospital wards to be comfortable (according to Category I 
of EN 15251) even in extreme years up to 2080. O’ Donovan et al. [119] 
(Study No.2) indicates that even in future extreme conditions it is likely 
that passive control strategies will be sufficient to maintain comfortable 
conditions in low energy offices in Ireland up to 2050. However, the 
same strategies may not be sufficient to maintain comfortable conditions 
in low energy offices in Hungary in the same time period. Heracleous 
et al. [131] (Study No.22) indicates that VC with passive interventions 
(VC+) will reduce the cooling demand in an existing school located in 
Cyprus by between 91.4% and 99.5% in 2050, and by 84.9%–96.1% in 
2090. Pagliano et al. [185] indicates that a VC + child care centre, 
located in Milan Italy, is likely to not overheat in 2020 conditions, is 
likely to exceed upper limits of Category I in EN 15251 (now replaced by 
EN 16798-1, however upper limits have not changed) by 0.8% in 2050 
and is likely to exceed upper limits of Category I by 4.9% in 2080. The 
evidence from central and southern Europe also indicates a stark and 
significant rise in cooling demand due to a warming climate which is not 
likely to affect all regions equally [124,184]. Of the studies evaluated, it 
is indicated that increases in cooling demand of between 50% and 80% 
are likely in 2050 [131,185], up to 123% in 2080 and between 135% 
and 213% in 2090. The vulnerability of VC+ strategies has resulted in 
some studies (Study No.18) highlighting the potential need for me-
chanical interventions for extreme years for hospital spaces [11]. It has 
been shown that even with the adoption of VC+ it is likely that energy 
consumption of solutions will increase for particular applications [174]. 
Adaptive models (which require passive interventions) can play a major 
role in reducing the energy consumption of buildings, with reductions of 
between 8% and 60% depending on the climate [14,186–188], while 
keeping buildings comfortable for what is large portions of the year even 
in future conditions [14,119]. Passive survivability is a key character-
istic of resilient buildings [54], and buildings that have passive backup 

plans could be very important if power outages occur. Sun et al. [79] 
indicates this showing how the provision of VC+ strategies (such as 
natural ventilation) can be effective in reducing dangerous conditions. It 
is likely that VC+ strategies will remain resistive in many countries over 
the next decade. Of the studies evaluated it has been shown (Study 
No.15) that VC+ buildings will maintain comfortable conditions for 
large portions of the year in typical conditions [11,119,137]. Many 
studies highlight the improvement in comfort conditions which can be 
resistive in typical and future years for upwards of 90% of the occupied 
hours [11,131,185]. Despite this, it is in extreme years or extreme events 
that VC+ strategies may not be “100% safe” [79] (Study No.19) and are 
vulnerable in that regard. To address this vulnerability, it is likely that 
supplementary systems will be required for extreme events [52,79]. The 
make-up of these supplementary systems could be anywhere from the 
transport of air through fans [56], the use of other heat dissipation 
techniques described earlier or the use of mechanical cooling [11,119]. 

5.2. Robustness and recoverability VC+

Currently, there are limited examples in research literature which 
indicate the performance of back-up plans in detail. Short et al. [11] 
(Study No.18) provide a VC+ solution when NV is not sufficient which 
has been found to be suitable up to 2080. It is also discussed in Sun et al. 
[79], (Study No.19) in the context of using NV as a back-up during 
system failure. The obvious and perhaps “less” energy efficient solution 
is to use AC. However, despite the likely increase in AC by 2050 and the 
negative energy implications [189], systems connected to the electrical 
grid may not be able to provide the recovery to safe or even comfortable 
conditions in the absence of grid supplied power [79]. Solutions such as 
back-up power systems or storage technology will be required to ensure 
that spaces remain resilient in the face of energy disturbances [79] 
(Study No.19). 

6. Recommendations, conclusions and future work 

The use of VC+ can be a very energy efficient option; however, it is 
likely that in many locations throughout Europe and the world that VC+
will not be sufficient alone and there is a need to focus on improving the 
resistance of buildings that use VC+ exclusively as well as considering 
the recovery of VC+ using supplementary passive systems in the first 
instance. The literature presented here illustrates how despite the need 
for our buildings to become more resilient in the coming decades, 
building-related definitions, frameworks for evaluation purposes and 
data that serves as a feedback loop indicating the vital signs in our non- 
residential building stock is limited and all needs addressing. The pro-
jected stark increases in external temperatures (coupled with high hu-
midity) and likely thermal deformation of the internal environment are 
likely to lead to significant morbidity and excess mortality over short 
periods of time and this requires particular attention when heat wave 
planning is considered. Merging and collaboration between multi- 
disciplinary research teams as well as more open source empirical per-
formance data for VC+ buildings could be needed to deliver the best 
scientific results and the most comprehensive recovery plans. The 
evaluation presented indicates that VC+ buildings can be resistive when 
they combine multiple measures which focus on the fundamentals or 
principles of passive cooling. 

6.1. Recommendations 

Based on this evaluation of the literature for non-residential build-
ings the following is recommended to improve the resilience of future 
buildings:  

1) Future designs should always be stress tested in future extreme 
conditions [118,119]. 

Fig. 12. The climate type of papers that related to resilience criteria in the 
context of non-residential buildings. 
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From the literature examined design can play a key role in reducing 
overheating and those efforts should be made to stress test designs 
accordingly in new builds and retrofits.  

2) Multiple supplementary passive interventions should be used to 
ensure resistance in designs [118,119,137,185].  

3) The integration of these passive interventions (utilising multiple 
passive dissipation sources) with active measures should be consid-
ered for the best total performance [79]. 

Based on the sample presented, there is a need in many extreme 
scenarios (outside of typical years) to have additional VC + measures or 
beyond. This may require MV or AC systems also but NV and other 
systems can play a key role if systems fail.  

4) There is an urgent need for more empirical evidence of resilient 
designs in the non-residential domain, this is particularly lacking in 
modern LEB (or NZEB) settings [118,119]. 

Current research has many limitations which require future work. 
However, practically there is a need for designs to be evaluated post- 
design and more data is required to confirm bouncing forward, ability 
to learn from the success and failings of solutions that were designed to 
perform well in this regard. 

6.2. Conclusions and future work 

There are many limitations in existing literature that require 
addressing as was mentioned. Based on this evaluation the following 
gaps have been identified which require further work: 

Fig. 13. The assessment of resilience criteria in the 22 related papers in the context of non-residential buildings.  

Fig. 14. The key characteristics of the papers that related to resilience criteria 
in the context of non-residential buildings. 
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1) Additional work is needed in examining the resilience of designs 
which incorporate different heat sinks (water, ground sky etc.). 

Current literature indicates that some of these solutions are more 
advanced than others. However, the supplementation of traditional 
VC+ systems such as natural ventilation and solar shading, with water or 
ground based solutions is likely to be necessary to lead to optimal energy 

and comfort performance in future conditions.  

2) More work is needed in evaluating the robustness and recoverability 
of all solutions including VC+, for extreme one day events as well as 
for more prolonged heat waves, particularly in the context of cul-
tural, social, and psychological differences that may exist for 
different people in different climatic conditions.  

3) Consideration should be given to heat wave plans and what the 
optimal places of refuge should be in these circumstances. 

Current literature in the building research domain presents limited 
examples of tests of failure or the consideration of whether stay at home 
notices are the best option to reduce the risk of death. Multi-disciplinary 
research is required to determine the effect education, supplementary 
passive interventions and heat wave emergency management plans can 
have on mitigating excess mortality in VC + buildings.  

4) Despite the development of “resilience” metrics and definitions in 
the context of buildings these metrics need to be applied more 
broadly and more examples for non-residential buildings, and up-
dates to definitions should progress rapidly. The current use of 
operative temperature-based models is likely not to capture the 
totalised occupant experience or vulnerability in adverse conditions. 

Related to the previous point, there are many examples of metrics 
which should be considered in typical building evaluations where de-
signs are stress tested or data is used in heat stress studies to determine 
the wider ramification for occupant health.  

5) More work is needed in evaluating the response of occupants under 
extreme conditions to warn of potential health related issues for 
different people worldwide. 

The adaptation of occupants could be play a key role in providing 
flexibility in designs by widening the distribution of internal conditions 
and flattening the curve of excess heat. VC+ strategies that not only 
focus on the holistic building should be considered in the context of the 
occupant’s degree of adaptation and allowing for their sensible and 
latent heat exchange with their surrounding environment. 
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