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Abstract
[bookmark: _Hlk139805969][bookmark: _Hlk139717197]Buildings are designed to respond to functional and regulatory needs, providing comfortable conditions to occupants, offering satisfactory environmental settings, minimising health risks, and enhancing individual and collective quality of life. Although there are synergies between these goals, no comprehensive framework has yet been formulated to characterize human comfort, satisfaction, health, and well-being in buildings as distinct, yet highly interrelated, constructs. Founded on a critical consolidation of interdisciplinary literature, and of the key performance indicators for the most common factors of environmental quality featured in standards and codes, this paper proposes a new conceptual model that can sustain the whole of human experiences in buildings, addressing the variety of their uses and occupancy. Embracing the notion that environmental stimuli may synergistically or antagonistically combine, at various spatio-temporal resolutions, to influence building- and occupant-related outcomes, the proposed model, NExT, suggests that there could be significant discrepancies between the design and operation strategies aimed at energy efficiency, the conditions demanded for comfortable task performance, what contributes to satisfaction with the indoor environment, and what is required for building users to be healthy and feel well over time. There is a need to fundamentally challenge our understanding of the criteria that are used for designing, measuring, and benchmarking the performance of buildings, encompassing the perspective of the occupant. This implies going beyond designing buildings to ensure neutral acceptance of conditions and prevention of harmful exposures while, instead, driving from interdisciplinary studies to integrate the dimensions of human experience in building research, policies, and practice.
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· [bookmark: _Hlk140005272]Definitions of human comfort, satisfaction, health, and well-being are systematized
· Examples of performance indicators for factors of environmental quality are given
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· A new conceptual model, NExT, is proposed to sustain human experience in buildings
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DOI: https://doi.org/10.1016/j.buildenv.2024.111234 
Post-print Self Archived Manuscript Version


1. INTRODUCTION
[bookmark: _Hlk139732475][bookmark: _Hlk139705988][bookmark: _Hlk139708154]Actions to achieve sustainable development [1] have often been translated within the domain of the built environment in design standards and operation strategies to increase the energy performance of buildings, while maintaining indoor environmental qualities (IEQ) that are acceptable and risk-free for the inhabitants. Studies conducted in offices and commercial buildings [2, 3], as well as in residences [4, 5], schools [6, 7], sport facilities [8] and care homes [9], among other building programmes, however, reveal that occupants are seldom consistently satisfied with the conditions they are exposed to. Thereby, many standard-compliant buildings are prone to indoor environmental concerns (e.g., poor lighting and ventilation, dampness, high pollutant concentrations, etc.) that can be detrimental to occupants’ comfort, satisfaction, health, and well-being, whose responses might ultimately impair energy performance [10, 11]. In fact, to acquire or restore their feelings of contentment with the indoor environment – and sustain perceptions of wellness, safety, and security – occupants continuously exercise actions and controls on environmental systems (e.g., thermostats, windows, lights, etc.) that have significant influence on energy demands [12]. Yet, it has been suggested that one of the likely causes of the gap that is often detected between predicted building energy use (at the design stage) and measured performance (at the operation stage) is related to our still incomplete capacity to model the complex processes that drive occupants’ behaviours in response to changes in environmental stimuli [13-15]. Addressing this gap may require considering the following hypotheses:
· There could be significant discrepancies, temporally and spatially, among: a) the design and operation strategies targeted at energy conservation; b) the conditions that people demand to perform their activities in a perceived (transient) state of comfort; c) what contributes to satisfaction with the indoor environment; d) what occupants need to be healthy and feel well over time; 
· Various environmental stimuli may synergistically interact or antagonistically compete with each other, at different spatio-temporal resolutions, to affect perceptions and outcomes of comfort, satisfaction, health, and well-being, driving users’ responses and environmental controls [16].
[bookmark: _Hlk153891169][bookmark: _Hlk128124479]From these hypotheses, three questions emerge: i) what are the conceptual differences among the definitions of human comfort, satisfaction, health, and well-being in the context of building design and operation?; ii) how can their achievement be measured and evaluated alongside targets of energy efficiency?; iii) how can the dynamic variability of environmental stimuli related to occupancy exposures be reconciled to holistically inform energy-conscious design and control strategies?
[bookmark: _Hlk139717289][bookmark: _Hlk128125203]Within the mandatory targets and responsibility to sustain energy efficiency and curb environmental impacts, there is a need to fundamentally challenge our understanding of the criteria that are used to design, measure, and benchmark the performance of buildings, clearly encompassing the perspectives of their inhabitants. This implies going beyond designing and operating buildings to ensure mere acceptance of indoor conditions and prevention of harmful exposures [16] and, instead, driving from interdisciplinary studies through a multi-dimensional perspective to integrate the dimensions of human experience in scientific research, building policies, and design practices [17].
1.1. Objectives
Buildings are designed to respond to functional needs, providing comfortable conditions for the majority of occupants to perform their tasks, offering satisfactory environmental settings, avoiding threats and minimising risks to health, while assuring the achievement of regulated energy targets. New aspirations today also aim at implementing standards and solutions that can enhance individual and collective fulfilment and happiness [18]. Although there are clear synergies and overlaps between these goals, several conceptual distinctions among them are worth investigating to better inform building design and operation [19], and to promote, at once, building-related and occupant-related outcomes [16]. Yet, despite various attempts to define common metrics and methods for IEQ assessment, there is still debate on how to support the whole of the qualities of the indoor environments that should be delivered in buildings to sustain human experiences [20]. More specifically, although many proposals are documented in the literature, no comprehensive framework has yet been formulated to characterize human comfort, satisfaction, health, and well-being in buildings as four distinct, yet strongly interrelated, constructs within a single conceptual model.
[bookmark: _Hlk139806077][bookmark: _Hlk153875749][bookmark: _Hlk139806206][bookmark: _Hlk139712504]In response to the questions above, this paper has been structured to: i) offer a critical synthesis of the literature definitions of human comfort, satisfaction, health, and well-being in buildings (Section 2); ii) provide examples of key performance indicators (KPIs) for the most common factors of IEQ featured in building regulations and standards, in green building certification systems, and within interdisciplinary research, while also offering consideration of the multisensory effects of uni-, multi- and cross-modal exposures on sensation, perception, and cognition (Section 3); iii) propose a new conceptual model that can sustain the whole of human experiences in buildings, responding to the diverse needs and requirements of different functions and programmes (e.g., commercial, residential, educational, etc.), user groups (e.g., children, elderly), and socio-climatic contexts (Section 4); iv) discuss the potential implications that the implementation of the proposed conceptual model could have in research, policies, and practice (Section 5). The final section concludes the paper and paves the way toward future endeavours (Section 6).
1.2. Methods
[bookmark: _Hlk139732546]Toward the achievement of these objectives, a consolidation of literature references was initially carried out to search for differences in existing definitions and conceptual frameworks of comfort, satisfaction, health, and well-being. This review primarily looked at studies in the domain of the built environment, but also included interdisciplinary contributions – e.g., from environmental psychology, epidemiology, ergonomics, sociology, etc. Three bibliographical databases were used: Web of Science, Scopus, and EBSCO. Relevant papers and reports published by global organizations (e.g., World Health Organisation) were also included. The search strategy (conducted in English) integrated the results of established systematic scoping review methods such as the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) and the Population, Intervention, Comparison, Outcome, and Context (PICOC). The process of selection was as follows. First, the primary terms comfort, satisfaction, health, and well-being were searched in the title, abstract, and keywords of the papers listed in the above databases. To be consistent with the most recent scientific debate, the search was mainly targeted at studies published over the last two decades (since 2002). Papers were selected if the journals belonged to a subject area within the domain of the built environment (this including, for example, architecture, building and construction, construction management, civil engineering, etc.) or if the title or keywords featured one of the following secondary words: buildings; offices; architecture; indoor environment; built environment; urban environment. Then, for journals listed under a cognate domain (for example, within the medical and social sciences), papers were selected if the title or keywords contained one of the primary terms mentioned above in combination with one of the following: method; concept; definition; measure; scale. Papers having a focus of interest that could not be, directly or indirectly, related to the built environment (for example, centred on welfare from an economic perspective) were omitted from the selection. Finally, ‘grey’ literature contributions were included among the publications selected for the analysis, including reports, building standards, documentation from green building certification systems, etc. At last, all the selected papers were reviewed and critically synthesised.

[bookmark: _heading=h.2et92p0][bookmark: _heading=h.tyjcwt][bookmark: _heading=h.3dy6vkm][bookmark: _heading=h.1t3h5sf]2. A SYNTHESIS OF EXISTING DEFINITIONS
[bookmark: _heading=h.4d34og8]Various studies have recently emphasised the need for more characterised definitions of human comfort, satisfaction, health, and well-being in buildings – and their complex relations with occupant behaviours and energy performance – suggesting that many multi-dimensional factors (e.g., spatial, physical, sensory, etc.) need to be simultaneously attended [21-25]. The urgency for a more proper understanding of the theoretical distinctions between these four constructs, as well as their practical associations, is necessary to more adequately address the intrinsic variability that today characterises occupants’ needs and preferences. Such variability is, yet, often neglected in the design and operation of the built environment. 
In fact, with the primary aim of achieving regulated targets of energy efficiency, many design standards and criteria still tend to favour maintaining neutral indoor settings to, allegedly, enlarge the range of environmental acceptability for a ‘standard’ population of users [16, 26, 27]. Not only such approaches decrease the spectrum of spatial and experiential phenomena in buildings, reducing opportunities for personal adjustment and control. More critically, the resulting ‘static’ environments limit potential exposures to dynamic stimulation that, at specific dosage and temporal occurrence, could positively influence occupants’ physical, physiological, and psychological states. In addition, several building models are founded on the assumption that humans react disjointed and monotonically to external stimuli. Simplistically positing that there are objective and univocal dose-response associations between exposures and experiences [28], these design and operation practices fail to acknowledge the potential multi- and cross-modal phenomena, and the synergistic (or antagonistic) interactions, that could occur between building users and environmental stimuli [19, 29]. New models are needed to sustain, at once, efficiency and experiences in buildings.
As emphasised by Shin [30], the impact of environmental qualities on subjective perceptions of indoor settings has been less studied in comparison to objective physical measures, suggesting that human constructs require “clearer operational definition” and “further conceptual elaboration/clarification” [30]. To support advancements in this direction, the following sections provide a consolidated synthesis of the definitions of comfort, satisfaction, health, and well-being as found in interdisciplinary studies.
[bookmark: _heading=h.2s8eyo1]2.1. Definitions of Comfort
For the term comfort, common dictionary definitions (e.g., Merriam-Webster and Oxford) embrace a variety of conceptual frameworks, as comfort can be defined either as a physical or as a subjective state [31, 32]. These sources describe comfort as a “feeling of relief” or an “enjoyable experience”, hence as a contributing factor to a “wider sense of contentment” [33]. Most definitions found in the literature encompass the idea that comfort relates humans to their environment, and that the stimuli and effects that are triggered can be “physical, physiological, and psychological” [34-36]. Comfort can be expressed as a “response” [37], a “reaction” [36], a “process” [38] and as an “aim” [39]. Comfort, particularly when related to thermal sensations, is often described as a “condition of mind”, a “subjective evaluation” derived from a combination of environmental and personal parameters (e.g., [40-42]). Other influencing factors can include social [43], behavioural [44], emotional, cultural, and contextual aspects [37], the capacity of control [45], attitudes and expectations [43], preferences [19], reduction of stress [44], and relief [30, 46, 47]. Interestingly, in studies within the domain of the built environment, the achievement of satisfaction is often associated to the description of comfort [19, 30, 40, 41, 45]. Conversely, within the social sciences, many definitions of comfort include consideration of its “transient and dynamic” nature [48] and may describe it alongside the fulfilment of health and well-being (e.g., [33, 38]). Table A1 in the Appendix provides a wider overview of some of the existing definitions found in the literature, listed in descending chronological order for each discipline.
[bookmark: _heading=h.17dp8vu]2.2. Definitions of Satisfaction
Dictionaries define satisfaction as a “good feeling”, “a source or means of enjoyment” and the “fulfilment” that is achieved after a need or a want is addressed [31, 32]. Within the literature of the built environment, studies have mostly focused on collecting data and evaluating the environmental satisfaction of building users – also termed “satisfaction with indoor environmental qualities”, or IEQ satisfaction – which has often been linked to the degree in which a range of environmental stimuli can be considered “acceptable” [49, 50] to “meet the expectations and needs of the inhabitants” [30]. Since expectations and needs are related to people’s goals and aims within a space, this involving a “subjective appraisal of the objective qualities of a given environment” [30], these studies have generally endeavoured to relate environmental satisfaction to the contextual characters of physical settings, particularly at the workplace [2, 49, 51-53]. Other studies have included consideration of non-physical aspects, such as relations with colleagues, satisfaction with job [54], and satisfaction with life (this also encompassing private relations, personal development, etc.) [55]. However, further research is needed to better understand the relations between satisfaction with life, satisfaction with job, personality traits, and satisfaction with the environment [56, 57]. As the literature reveals, in fact, satisfaction is a complex construct that implies a high-level “cognitive judgement” [58], involving memory as much as appraisal in relation to a person’s value system. From the perspective of personal development, Pachur and Broder [59] define judgement as “the human ability to infer, estimate, and predict the character of unknown events”. Judgement can, therefore, be based on needs but also on expectations, and it can drive preference, so that we can be satisfied with what we prefer [60]. Control can also be intended as an aspect of preference and satisfaction [50, 61], a notion that is supported by the adaptive theory [62] and that leads to fulfilment with a product or service [63]. Finally, satisfaction might also be associated with arousal, that is “a state of excitement […] linked to an emotion. Usually, arousal is closely related to a person’s appraisal of the significance of an event or to the physical intensity of a stimulus” [64]. Triggered by the dynamic activation of various internal processes, from a perspective of environmental psychology, arousal can “mediate the influence of environmental features [...] on satisfaction” [65]. Table A2 in the Appendix outlines some of the definitions of the term satisfaction that can be found in the current literature.
[bookmark: _heading=h.3rdcrjn]2.3. Definitions of Health
[bookmark: _Hlk139732609][bookmark: _Hlk139732729]The World Health Organisation defines health as “a state of complete physical, mental and social well-being and not merely the absence of disease or infirmity” [66]. This is a broader definition than those given by dictionaries, which however also give attention to a “general condition”, encompassing “the body, mind and spirit” [31, 32]. Over the last two decades, building research has focused substantial interest to the physical components of the indoor environment (temperature, light, air quality, sound) and their role in buildings’ performance. Conversely, attention towards people’s necessities and experiences has generally been pursued through epidemiological studies driven by prevention of stressors and limitation of harmful exposures [16, 67]. From these bases, a new trend has recently emerged whereas concerns for human health has shifted from merely risk-avoidance (e.g., sick building syndrome, or SBS) towards a synergistic appreciation of “environmental conditions that go beyond physical attributes” [68], encompassing an awareness of their connections with psychological, physiological, and social attributes [69]. Under this perspective, health becomes a complex and holistic condition, which goes beyond the influence of the physical environment on the individual, and includes “a range of factors” [70], from social and mental aspects to “happiness and satisfaction” [70, 71]. Research from disciplines beyond the built environment, in fact, suggests that health can be intended as a set of dynamic features and dimensions, which include overlapping and non-static factors influenced by “socio-cultural factors including norms, values and shared experiences” [72], knowledge, attitudes and beliefs of individuals, and their “ability to adapt and to self-manage” [72-74]. Interestingly, many definitions associate health to a state of “functional well-being” [66, 69, 75, 76] and to “quality of life” [77, 78]. McDowell [75] also adds to the definition of health a wider dimension of time, including consideration of the “likelihood of future diseases” (e.g., chronic conditions). Reflecting this back to buildings, the anticipation of long-term events is also touched upon by considering health as “physical resilience and restitution of occupants” and on the capacity to limit “years of potential life lost” [19]. Table A3 in the Appendix illustrates some of the definitions of health encountered in studies from the literature.
[bookmark: _heading=h.26in1rg]2.4. Definitions of Well-Being
Within the definitions given by the dictionaries, the state of “ being happy, healthy, or prosperous” are the most common aspects that are used to characterise well-being [31, 32]. Within the literature of the built environment, well-being is often defined as a condition encompassing “overall […] health and comfort” [79, 80], which is often associated to “people’s perceived quality of life” [81, 82], “life satisfaction and levels of happiness” [70], “individual’s subjective and emotional feelings” [37, 70, 81-83]. Steemers and Manchanda [37] express the “well-being spectrum” as embacing “health, comfort and happiness […] from the directly measurable […] to the ‘unmeasurable’ (e.g. quality, delight, etc.)”. Other definitions convey the complexity of well-being as including the elements of “feeling good” (e.g., the “subjective experience of affect and life satisfaction”) and “functioning well” (e.g., “psychological functioning, good relationships with others, and self-realization”), involving aspects of cognitive performance, social relationships, presence of positive affects, and pleasure [84-86]. Although a comprehensive definition is considered “inherently ‘slippery’ and ‘intangible’” [18], at the intersection between being an outcome, a mediator, or a determinant of other factors, Rohde et al. [19] complement these approaches by relating well-being to the environmental conditions that “afford mental resilience and restoration, offer variation, provide controllability and advance positive stimuli to improve occupant happiness”. The definitions sourced from the interdisciplinary literature reiterate the relationship between well-being, health, quality of life, satisfaction, positive feelings, and happiness [87-89]. To enrich such construct, resources from the psychological, social, and physical spheres can play a role [90], as much as self-development, fulfilment, commitment and contribution to the community [91]. Table A4 in the Appendix summarizes some of the definitions and approaches to the construct of well-being described within the existing literature.

3. IEQ AND MULTISENSORY EXPERIENCE
[bookmark: _heading=h.35nkun2]3.1 Key Performance Indicators
[bookmark: _Hlk153878642][bookmark: _Hlk139807330][bookmark: _Hlk153877814]To respond to the requirements of comfort, satisfaction, health, and well-being of occupants, alongside addressing regulated targets of energy efficiency, building codes and recommendations offer a set of principles and criteria that need to be implemented in the design, construction, and operation of the built environment to ensure compliance with minimum values of key performance indicators (KPIs). 
[bookmark: _Hlk139732644]Among other factors, the indicators embedded in regulatory systems encompass the four traditional physical domains of indoor environmental quality (IEQ) – thermal, air quality, luminous, acoustic – that have been proven to affect the experience of occupants [92], driving their behaviours and actions on environmental controls [14], and ultimately influencing building’s energy demands [13]. Beyond standards and regulations, over recent years green building certifications systems – e.g., BREEAM (Building Research Establishment Environmental Assessment Method), LEED (Leadership in Energy and Environmental Design), Green Mark, etc. – have led the way to further promote the design and management of efficient and cost-saving buildings through voluntary certification on a global scale [25]. These rating tools build on the benchmark factors recommended by international standardization organisms, and on new scientific knowledge, to enhance the IEQ performance of buildings beyond conventional practices (e.g.,[93]). Further to these, a new generation of certification schemes has started to emerge, shifting the focus from the performance of buildings in terms of energy and IEQ to supporting occupants’ needs [20].
[bookmark: _Hlk153878588][bookmark: _Hlk139712698][bookmark: _Hlk139807467][bookmark: _Hlk139712774][bookmark: _Hlk128329529][bookmark: _Hlk153878690][bookmark: _Hlk139813574]On these bases, this section presents a series of the most common KPIs for the four traditional domains of IEQ: thermal, air quality, luminous, and acoustic. Far from wishing to provide an exhaustive systematization of all the factors that are necessary to benchmark the performance of buildings and their occupants, whose specific values might also differ based on building functions and populations of users, the aim of this section is to offer an appreciation of the variance of values that might be adopted to drive the design and operation of buildings depending on their source reference, respectively: i) building standards and regulations; ii) green building certification systems; iii) interdisciplinary research (that is, advances in knowledge aiming to transfer to the disciplines of the built environment the results of studies from other domains (e.g., epidemiology, physiology, etc.). For the purpose of this synthesis, the KPIs have not been reported with specific reference to the building typologies to whom they could be applied (e.g., offices, homes, educational facilities, etc.), since such differentiation is often not explicitly reported in the resources of reference, while also considering the recent tendencies towards “hybridisations” of tasks and programmes irrespective of building type (e.g., as resulting from practices of flexible work models, hybrid occupancy patterns, multi-functional buildings, etc.) [94, 95]. This review includes the following building codes: ANSI/ASHRAE Standard 62.1-2022 Ventilation for Acceptable Indoor Air Quality [96]; ANSI/ASHRAE Standard 55-2020 Thermal Environmental Conditions for Human Occupancy [40]; EN 16798-1:2019 Energy Performance of buildings - Ventilation for buildings [97]; and, CIBSE Guide A: Environmental Design 2015 [98]. The KPIs reported for green certification schemes are based on documentation from the BREEAM [99], Green Mark [100], LEED [101], and WELL [71] rating systems. The resources from interdisciplinary research include references mostly published within the last 15 years. The choice of this temporal framework is coherent with the search strategy of Licina et al. [20], who reviewed publications starting from 2010 to appraise recent developments in building practices and regulations. Summary tables presenting some of the most common key performance indicators featured in building standards and regulations, green building rating schemes, and within the interdisciplinary research, are reported in the Appendix (Tables A5-A8), and are provided as supplementary material to this paper. 

[bookmark: _heading=h.1ksv4uv]3.1.1. Thermal Environment
[bookmark: _Hlk139732680][bookmark: _Hlk139732694]In relation to regulating the thermal environment of buildings, several KPIs have been developed, mostly integrating six fundamental variables: air temperature, radiant temperature, air velocity, humidity, activity levels, and the clothing worn by building occupants [102]. Thermal sensation is, however, a subjective response, which can be also influenced by personal, temporal, and contextual factors [103]. Among other indicators, the PMV (Predicted Mean Vote) and PPD (Predicted Percentage Dissatisfied) indices – based on a heat exchange equation derived from climate chamber experiments [41] – and the adaptive comfort approach – founded on field studies from naturally ventilated buildings summarized by de Dear and Brager [104] – are widely used in standards and codes. Fanger’s equation assumes that comfort can be reached when the heat balance of the human body is neutral [41], while the adaptive method is focused on the actions of people to attain, maintain, or restore their thermal comfort [105, 106]. International standards and codes mostly focus on benchmarking the number of dissatisfied people according to these indices within specific domains of applicability, e.g., air-conditioned or naturally-ventilated built spaces (e.g., ANSI/ASHRAE [40]; ISO [107]; CEN [97]). Building certification schemes such as BREEAM and LEED are generally in line with the ranges established by building codes [99, 101], while also adding reference to the percentage of occupied spaces where certain benchmarks are met [71, 100]. As for indoor temperature, regulations such as the CIBSE Guide A in the UK [98] focus on suggesting operative temperatures ranging between 21-23°C in winter and (for air-conditioned buildings) 22-25°C in summer. Similar approaches are also featured within other performance indicators such as relative humidity and air velocity, and across most building rating schemes. Clearly, adopting such relatively narrow ranges of indoor environmental parameters might allow some benefits in terms of monitoring and adjustment settings of building management systems. However, as mentioned, delivering broadly stable environments that target acceptability through ‘neutrality’ for a ‘general’ population [16] overlooks potential variabilities within the population of building users and also the differences that could exist in terms of buildings functions, zoning, micro-climatic exposure, etc. For these reasons, interdisciplinary research has strived to move away from deterministic approaches, advocating the need to broaden the diversity and spatio-temporal dynamics of environmental exposures through differentiated PMV ranges, individual control, adaptability, personal comfort systems, local heating, and thermal aesthetics (e.g.,[26, 27, 108])(Kim et al., 2019). A synthesis of the most common KPIs characterising the thermal environment is provided in the Appendix, Table A5.
[bookmark: _heading=h.44sinio]3.1.2. Indoor Air Quality
[bookmark: _Hlk139732706][bookmark: _Hlk129287289]In relation to indoor air quality, building standards and regulations, green certification systems, and interdisciplinary studies focus generally on defining benchmarks for the concentrations of different pollutants, including inorganic gases (e.g., carbon monoxide, carbon dioxide, sulphur and nitrogen oxides, ozone, etc.), volatile organic compounds (VOC), and particulate matter (PM) (e.g., PM2.5 and PM10). Elevated exposures to many of these indoor air pollutants have been linked to the appearance of building related subclinical health indicators, also known as SBS symptoms (e.g., headache, shortness of breath, fatigue, eye and throat irritation, etc.), and outbreaks of several acute incidents, such as carbon dioxide poisoning [109] and Legionnaire’s disease [110]. These exposures are not only detrimental to health, but might also have implications to overall work and task performance [111, 112], with substantial economic repercussions [113]. Such risks have been exacerbated in modern buildings owing to several factors. First, recent regulatory requirements mostly aim towards energy efficiency via tightening the building envelope to reduce uncontrolled outdoor air infiltration, this reducing the amount of external air that is supplied in built spaces. Additionally, due to advances in construction technology and the widespread availability of new chemical products, there is an increasing influx of synthetic chemicals into indoor environments [114]. Yet, for as many as 95% of chemicals used in building construction, there is a lack of information on human health outcomes [115]. As a result, buildings more readily produce and accumulate indoor air pollutants than ever before. A number of studies evidence that concentration of many air pollutants is higher indoors than outdoors, sometimes even by two orders of magnitude [116, 117].
The quality of ventilation is defined by the amount of outdoor air supplied into a space (air flow rate) and the room air distribution. For ventilation or air flow rates, some differences are observed in benchmarked values. For example, while LEED [101] and ASHRAE 62.1 [96] indicate that 8.5 L/s per person in mechanical ventilated buildings is adequate, several studies suggest that the minimum rate should be at least 10 L/s per person [118-121], reaching an upper value of 25 L/s per person [111, 122, 123]. Yet, existing research has not yet established the optimal ventilation rate that is required to simultaneously address energy-, health- and performance-related KPIs. From the perspective of air distribution, various studies indicate that room airflow patterns should be designed so that supply air reaches the breathing zone of occupants as closely as possible [67]. Also, research suggests that focusing local airflow towards the occupants can be more effective than applying it to the entire room [124-127]. An effective room air distribution can also improve perceived air quality due to the strong interlinks between air movement and perception of the environment [128-130]. Table A6 in the Appendix gives a general overview and key examples of KPIs for indoor air quality.
[bookmark: _Hlk139809341][bookmark: _Hlk139808410][bookmark: _Hlk139732748]It is interesting to note that the inclusion of different indoor air quality metrics varies widely across building standards and certification schemes, with several indicators often not being considered due to the absence of reliable reference levels [25]. The most frequently used benchmarks are the level of CO2 and ventilation rate. Conversely, many standards do not include health-relevant metrics such as secondary volatile organic compounds (SVOCs), nanoparticles, various toxic chemicals, and biological pollutants (e.g., virus, bacteria, fungi, dust mites, etc.) that could be linked to the transmission of infectious diseases. In addition, the potential combined effects of exposure to gaseous and particle pollutants of different nature are seldom considered [131], while existing approaches do not consistently relate a proportion of exceedance to specific health outcomes (e.g., using disability adjusted life years (DALYs) as a metric to quantify and rank the burden of air pollution) [132]. Finally, it is interesting to mention that TVOCs (total volatile organic compounds) are often benchmarked instead of individual VOCs, although knowledge about individual pollutants might be more relevant in terms of studying their effects and interactions with human occupants [25].
[bookmark: _heading=h.2jxsxqh]3.1.3. Luminous Environment
[bookmark: _Hlk139810175]As far as the luminous environment is concerned, the KPI that is most commonly mentioned in building codes and norms is the illuminance level. Table A7 in the Appendix offers an overview of the benchmarks generally recommended in building standards and regulations for this indicator. Most standards suggest, for working spaces, a minimum value of horizontal illuminance comprised between 300 and 500 lux (e.g., CIBSE [98]; CEN [133]). To support building- and occupant-related outcomes, however, these requirements need to be complemented by other relevant luminous parameters, mostly embedded within green building certification systems and in interdisciplinary research, that include consideration, among many other variables, of the minimum duration of sustained illuminance and of uniformity ratios, and also by additional metrics that are aimed, for example, at ascertaining the spatial distribution of targeted horizontal illuminance available from daylight and direct sunlight – i.e., Spatial Daylight Autonomy and Annual Solar Exposure – based on the effective time of occupation [101]. 
[bookmark: _Hlk139810751]Other performance indicators, documented in building standards and certification systems such as LEED [101] and WELL [71], focus on evaluating the risks of discomfort glare from daylight and electric lighting, the availability and characteristics of solar shading systems, the level of personal control that is delivered to occupants, and the criteria necessary for estimating the quality of views towards the outdoors [71, 101, 134]. In addition to these parameters, some new certification systems and interdisciplinary studies are starting to go beyond the exclusive consideration of photopic metrics (that is, solely related to vision) to also ascertain the spectrum of the luminous signal. Moving away from the exclusive need to sustain visual performance, new requirements (deemed non-visual or non-imaging forming, NIF) consider lighting exposures that are beneficial to entrain the metabolic functioning of the human body. Novel models and tools are currently being proposed within the scientific literature for the comprehensive and simultaneous evaluation of the visual and non-visual effects of light [135], in order to also enhance methods of evaluation that could be more easily implemented in building design and regulations. For example, among others, the WELL standard features a specific credit for evaluating the circadian potential of light, hence providing users with adequate luminous stimuli to maintain photobiological health and align their body clock to the cycles of day and night [71]. This is also supported by new developments in recommendations and technical reports from international bodies, such as the CIE (International Commission on Lighting), and the systematisation of methods and metrics to quantify the contribution of optical radiation to the entrainment of physiological processes for different groups of building users [136].
[bookmark: _heading=h.z337ya]3.1.4. Acoustic Environment
[bookmark: _Hlk139811407]The acoustic environment provides an important interface between the individual and its surroundings. Building standards mostly focus on establishing acceptable ranges of sound pressure level, which is generally weighted to approximate the human perceptual transfer function based on equal loudness contours. A synthesis of the benchmarks characterising sound pressure is provided in Table A8 in the Appendix. Physical levels of sound pressure are measured in decibels (dB), a logarithmic unit reflecting a subjective scale of loudness. If the sound pressure level is modified using a human perception weighting function (e.g., the A-weighting curve reflecting the small sensitivity of the ear to low frequencies), the resulting decibel level (dB(A)) provides a value that is related to human response. Standards and codes regulate sound levels according to the type and size of inhabited spaces. In open plan offices, for example, the EN 16798-1:2019 standard indicates that the noise level should be between 30-40 dBA [97], while the CIBSE Guide A states a single value of 35 dBA [98]. The BREEAM certification suggests a range of 40-50 dBA [99], while the WELL system differentiates between categories of room types (e.g., open or enclosed areas) and between average and maximum sound pressure levels (ranging between 50 and 60 dBA) [71]. Interdisciplinary studies generally offer similar ranges.
[bookmark: _Hlk139812278]However, to give a more comprehensive account of the relevant influence that the aural environment can have on human experience in buildings, and on performance and health-related factors, scientific research has also explored the relevance of other acoustic indicators and their potential effects on occupants (e.g., reverberation time, sound mapping, etc) [137]. To achieve acoustic environments that can fully support human outcomes, the purpose, usage, and geometric and material properties of the built space – as well as activities from adjacent spaces (internal and external), background noise, presence of mechanical systems, etc. – also need to be comprehensively considered, as these characteristics can have an impact on how sound energy is internally distributed and transmitted to and from the room [138, 139]. The meaning of the sound, knowledge of its source (and perceived control over it), expectations, congruence, and interactions with other senses (e.g., with vision) play an important role in environmental assessment [140]. The understanding of the multifactorial nature of sound perception, and the restorative impacts of positively evaluated soundscapes on stress recovery and physio-psychological restoration, have undergone wide scientific investigation [141]. The move from stimulus-oriented to human-centred assessment of the aural environment is placing a relevant responsibility to acousticians in the interdisciplinary soundscape field [142]. However, even if the impact of acoustic quality has been found to have a clear physical and physio-psychological influence on occupants’ experience, not always the design of the aural environment in buildings is given the needed attention. In fact, noise (that is, unwanted sound) is a pervasive presence in modern life, potentially causing both auditory and non-auditory effects on individuals. Noise-induced hearing loss is highly prevalent in occupational settings, but is also increasingly caused by ‘recreational’ sounds (e.g., from personal music players). Tinnitus – that is, the perception of ringing or other sounds in the ears – often incurs after acute and chronic noise exposure, with potentially severe impacts on the quality of life (e.g., depression, impaired attention, etc.) [143]. Conversely, recurring exposure to environmental noise (e.g., from roads, railways, air traffic, etc.) has been associated to severe health risks, inducing stress and negatively affecting sleep quality, cognitive performance and productivity, memory loss, and chronic diseases such as hypertension [137, 143, 144].

[bookmark: _heading=h.3j2qqm3]3.2. Multisensory Experience
Section 3.1 has contributed to identifying some of the most common performance indicators that are conventionally considered in standards, certification systems, and interdisciplinary research to sustain human comfort, satisfaction, health, and well-being in buildings. 
Interestingly, other than for a few scientific studies where key performance indicators have been combined between each other (e.g., lighting and acoustics), benchmarks for parameters of indoor environmental quality are conventionally given monotonically, hence individually established on the basis of average linear relationships between stimuli and outcomes [16, 145]. However, human responses to the indoor and outdoor environment are most often not uni-modally and passively related to physical stimuli. Rather, there are continuous and dynamic interactions between subjects and their surroundings, which produce multi-sensory effects and drive responses, these being also affected by other concurrent factors (e.g., personal characteristics, subjective variability, etc.). Even if buildings comply with the benchmark values designated by policies and practice, they might not necessarily afford all the conditions required to respond to the dynamic needs and preferences of users. Conversely, even in buildings that are certified by rating tools, the experiences reported by occupants might not be unfailingly positive [2, 146-148]. The built environment, in fact, is an extremely complex system that is characterised by numerous feedbacks, interrelations, non-linear connections and influences integrated over time between stimuli (positive and negative) and their recipients (human subjects).
In real-life exposure scenarios, IEQ stimuli – at building (environment) level – are transmitted simultaneously to the body. These triggers might synergistically combine or antagonistically compete to drive physical, psychological, physiological, social and/or behavioural effects, which – at occupant (human) level – might also result from interactions between different reactions, of the body and of the mind [145]. Multiple sensory modalities encoding the properties of the environment are, in fact, not processed independently by the central nervous system but rather interact with one another. In order to maintain a coherent evaluation of the surrounding situation, the brain seamlessly combines information from different bodily systems in a multisensory integration that is influenced by prior knowledge and the relative reliability of perceptual estimates. The resulting state of appraisal of environmental qualities involves, therefore, an overall response to a combination of stimuli, where consideration of biological and mental dimensions, other than quantification of physical or chemical factors, must also be taken into account. 
To resolve the complexity of the multisensory integration from where the achievement of the states of comfort, satisfaction, health, and well-being derive, it might be useful to refer to methods of analysis and evaluation that are derived from environmental psychology, that is the study of the relationships between behaviours and experiences in the built, and natural, environment [149]. Environmental psychology makes a distinction between the processes that receive, gather, and interpret external signals, these being particularly relevant to conceptually model the responses that building occupants might provide towards the transient or sustained environmental stimulation that they are exposed to.
3.2.1. Sensation, Perception, Cognition
Environmental assessment encompasses several methods to characterise the situations we are presented with, or their components, based on the diverse experience, personal judgement, and adaptation levels of individuals [150, 151]. Understanding such a process of assessment implies consideration of sensory attributes, perceived qualities, and cognitive reactions [149].
Environments are rich in physical signals, often offering more information than we can grasp at once. In this context, sensation refers to the relatively straightforward activity of the sensory systems in reacting to stimuli, such as light or sound: “the process or experience of perceiving through the senses” [64]. Sensation, therefore, can be considered as the unconscious and automatic detection of the presence of stimuli responding to a given situation [152-154]. Conversely, perception is a term that can be applied to the more complex processing, integration, and interpretation of stimuli that involve experience and memory, as well as emotional responses and feelings. In other words, perception is a selective transduction of stimulation by the brain: “the process or result of becoming aware of objects, relationships, and events by means of the senses, which includes such activities as recognizing, observing, and discriminating” [64].
To better distinguish these processes, Levine and Shefner [155] define sensation as “the process of detecting a stimulus (or some aspect of it) in the environment”, and perception as “the way in which we interpret the information gathered (and processed) by the senses”. Perception begins with the stimulation of sensory neurons, but it is more than the passive reception of information. It is an active process involving the person, the mind, and previous experiences [156]. Perception can be influenced by socio-cultural factors and involve an action, an exploration, finding strategies to meet needs and goals [149]. It is about identifying features of what has been sensed [154]. Since perception is not independent from the environment, nor from the perceiver, it might not be constant over time, as people are continuously adapting their actions to a changing situation [153, 157]. On the basis of perception, the capacity of capturing, recalling, imagining, and thinking about the spatial world – involving higher mental processes grounded memory, expectations, experiences, values and objectives – is referred to as cognition, that is: “the activity of knowing, the acquisition, organization, and use of knowledge” [158]. Cognition is the pursuit of knowledge that is acquired through the senses, the process of reasoning, judging, choosing, processing information, solving problems, and making future decisions [64, 159]. 
The processes of sensation, perception, and cognition need to be properly characterised to evaluate the responses and behaviours that building occupants might exert to a contextual (indoor and outdoor) environmental stimulation. In summary, sensation can be intended as the passive detection of stimuli, perception can be understood as the integration and interpretation of the information gathered by the senses, and cognition as the mental production and assimilation of knowledge through a judgement that is mediated by memory and experience, and which can anticipate a future situation. 
Understanding sensory stimulation and perception is crucial for gaining insights into cognition, and therefore behaviours [154]. Research in neurosciences has investigated the cortical areas of the brain and the neural processes that are responsible for connecting sensory information and perceptions “to adaptive responses and meaningful experiences” so as to “bridge the gap between sensation and action” [160]. More specifically, the somatosensory cortex in the parietal lobe has been found to receive information about temperature through the skin receptors, the auditory cortex in the temporal lobe processes information about sound, the visual cortex in the occipital lobe handles visual information [161], while the discrimination of odours involves both the frontal and the orbitofrontal cortex [162]. The complex processing of cognition and the generation of behavioural responses is believed to take place within the prefrontal cortex [163, 164]. This is a holistic process in which properties of the environment are gathered, not merely as individual cues, but rather as meaningful, integrated, and complex entities, whose attributes are not static snapshots but are to be considered over dynamic and ecologically-structured timeframes [165].
3.2.2. Systemic and Dynamic Variability
Although laboratory experiments with individual physical stimuli can offer a useful and necessary foundation to investigate the relationships between environments and behaviours [28], the real world is characterised by an overwhelming complexity. To address this, a system approach can be embraced. Instead of dividing the perceptual experience into separate elements or discrete relationships, the environment can be considered as an occurrence developing over a dynamic interval whose components are so intertwined that no part is understandable without the simultaneous inclusion of the complex texture of all aspects, and it is the interaction among the components that is of interest to the study [149]. This emphasis on holistic, global, responses is similar to the position of Gestalt psychology that rejects the notion that an understanding of human cognitive processes can be attained by reducing them into smaller basic units: “the whole is different than the sum of its parts” [166]. 
Gestalt psychology is based on the observation that we often experience things that are not part of our simple sensations [156]. For example, we may experience the structured whole as well as the individual stimuli, or perceive motion from a rapid sequence of discrete sensory events [167]. In addition to this, humans are intrinsically linked to a dynamic and complex ecosystem whose variability is one of the main triggers of the pulse of human life in synchronicity with nature (e.g., sleep-wake cycles, farming and hunting periods, etc.). Other than employing chronic (daily and seasonal) environmental cues (such as daylight) to entrain the cyclic patterns of physiological variations involved in the maintenance of body homeostasis, exposure to a temporal array of dynamic events under multiple frequency ranges has also been found to stimulate emotional and hedonic responses. Studies have ascertained that pleasure or displeasure are not uniquely stimulus-bound but also depend on transient conditions. More specifically, pleasure can be intended as a signal of usefulness with respect to the current internal state of a subject (“milieu interieur”) based on the concept of alliesthesia (from allos (change) and aisthesis (sensation)) [168]. The concept of alliesthesia associates positive pleasure with temporal and dynamic transients. Factors that can modify the internal state of a subject, and therefore induce alliesthesia, include changes in physiological responses, individual set points, diversity in distribution of spatio-temporal stimulation, and history of exposures [169]. Interestingly, pleasure can play a fundamental role as a motivation that triggers behaviours, hence functioning as a ‘common currency’ that allows trade-offs between stimuli [170]: “pleasure is actually observable only in transient states” [171]. Within built environment research, the theory of alliesthesia has been revisited to propose a differentiation between thermal pleasure and thermal neutrality, and propose the hedonic components of thermal sensation as a new approach to thermal comfort modelling [126, 172-174]. Shifting building design criteria and performance metrics from prescriptive approaches toward a dynamic characterisation of spatial and temporal alliesthesia can represent a step change to recognize and address human demands and expectations in buildings.
[bookmark: _heading=h.4i7ojhp][bookmark: _Hlk148277082][bookmark: _Hlk139802371]3.2.3. Multi-Modal Phenomena
[bookmark: _Hlk148522352][bookmark: _Hlk148277140][bookmark: _Hlk148522426][bookmark: _Hlk148522340][bookmark: _Hlk148277222][bookmark: _Hlk139802449][bookmark: _Hlk139455500][bookmark: _Hlk148276673][bookmark: _Hlk139803398]All the senses – vision, smell, touch, taste, hearing – provide an interface between the environment and our internal representation of its signals. Sensory organs detect environmental cues, while the nervous system processes, interprets, and acts upon such information, stimulating responses and behaviours. Although perception is often considered as deterministic, discrete, and certain, many factors limit the reliability of sensory cues, depending on their modality, intensity, location, and duration, and their level of structural congruence. The synergistic (or antagonistic) combination and interaction among the senses (that is, when receptors for different environmental inputs are concurrently stimulated from two or more sensory modalities), and the integration of their information content, are commonly associated with multi-modal phenomena and cross-modal stimuli interaction, although cross-modal effects can be considered as a subcategory of the multi-domain categorisation. Multi-modal phenomena imply the binding or combination of inputs from multiple (independent) uni-sensory modalities. Conversely, cross-modal interaction has been used in the literature to refer to the process in which the presentation of one or more environmental stimuli exerts a substantive influence on the integrated perception of, or capacity to respond to, the exposures presented in other sensory modalities [175, 176].
The processes involved in synthetizing information from multi-modal phenomena can vary widely, resulting in enhancement or depression of the individual response to component stimuli [177]. The computational mechanisms underlying the resolution of multiple sensory signals have recently begun to be untangled [178], although there is still a lack of proper research guidelines and recommendations that can facilitate direct comparison between studies and meta-analyses of data [179]. In fact, since each sensory modality uses a different format to encode the properties of the environment, the accommodation of multi-modal phenomena cannot proceed by a simple averaging between converging (or diverging) signals [180]. Rather, elaborate computations need to be summoned to construct a coherent representation of perceptual experiences, responding to stimuli from more than one sense [181]. 
[bookmark: _Hlk148277832][bookmark: _Hlk139802577]Within buildings, consideration of multi-modal effects between IEQ parameters requires the comprehensive characterisation of the complex physical, psychological, and physiological reactions to simultaneous multi-sensory stimulation [24, 182]. In contrast to single-domain research, multi-modal research has often looked at the combination of information from at least two different domains [24]. Among IEQ parameters, thermal sensation is often indicated by building occupants as the most influential driver to performance and behaviours [92]. For this reason, many multi-modal studies have looked at the binding effects between temperature and other IEQ factors. Among these, evidence has been found of an influence of lighting and access to views to thermal evaluation. In studies conducted with the presence of windows, in fact, participants have reported cooler thermal sensation, higher positive emotions, better working memory and concentration [29]. Similarly, limited access to daylight has been associated to less acceptable thermal conditions, particularly at low temperatures [183]. Connections have been made between the colour temperature of light and the thermal sensation expressed by subjects [10, 184]. A significant inverse influence has been found between noise level and thermal comfort [144, 185-188]. Higher satisfaction with air quality was detected in offices as a function of thermal comfort [189], consistent with other studies that correlated elevated temperature and humidity with a negative perception of the quality of indoor air [190-192]. Among other environmental factors, Liebl et al. [193] could not detect any combined effect between acoustic and visual distraction on actual task performance in a mock-up office study. However, Frassinetti et al. [194] and Kaposvari et al. [195] showed that an unexpected sound enhanced perceptual processing of subsequent luminous stimuli.
[bookmark: _Hlk139802737][bookmark: _Hlk148277916][bookmark: _Hlk148277991]Moving further within the interpretation of multi-modal phenomena, and towards the characterisation of cross-modal interactions between sensory modalities, proposals have been made in the literature to develop a unified and comprehensive index predicting integrated IEQ response in buildings. In fact, although responses to environmental signals can differ between individuals, contexts, tasks and time, there is theoretical and a practical value in studying whether, and how, IEQ parameters may interact or compete with and among each other to drive occupant perceptions and actions [196]. This ambition is based on the idea that perception is a process of unconscious, probabilistic, inference. Given a ‘noisy’ input, a best approximation is achieved via an integrative process that can operate according to maximum-likelihood estimation [197]. Yet, Humphreys [198] had warned of the conceptual and practical limitations around the development of an index capable to model both main and cumulative effects between IEQ components. In fact, earlier attempts to resolve such complexities had resulted in proposals that could offer only partial understanding of the underlying processes by which integrative effects and interactions between IEQ factors influence human responses and behaviours [199-201], also because most early studies relied on gathering building and occupant data via generalised models and approaches [202].
[bookmark: _Hlk139802813][bookmark: _Hlk139802860][bookmark: _Hlk139802883]Following the emergence of personal [26, 27] and cohort [203] models, and the implementation of wearable sensors [204] and machine-learning techniques [205] for the collection and analysis of data within a human-centric approach, the scientific literature has recently seen the emergence of new weighting [206] and classification schemes [207], rating tools [208] and intelligent monitoring and feedback systems [22, 209] for the holistic evaluation of indoor environmental qualities. The results of these studies clearly show the relevant effects that direct and indirect interactions between IEQ parameters can have on the individual interpretation of sensorial stimulation and the consequent responses in terms of control actions on building systems and environmental behaviours [210]. Yet, as advocated by practice and standards [211], and by scientific research [212], more investigation is still necessary to fully characterize interrelationships and integration between and among environmental factors, their effects on sensation, perception, and cognition, their influences on technical, social, mental and physiological constructs [213], and the moderating and mediating effects that they can have to drive outcomes of comfort, satisfaction, health, and well-being.
[bookmark: _heading=h.2xcytpi][bookmark: _heading=h.1ci93xb][bookmark: _heading=h.3whwml4][bookmark: _heading=h.2bn6wsx][bookmark: _heading=h.qsh70q][bookmark: _heading=h.3as4poj]
[bookmark: _heading=h.1pxezwc]4. TOWARDS A NEW CONCEPTUAL MODEL
The gap between predicted and measured building performance has often been associated to the lack of robust models for characterising the behaviour of occupants [13], who perform actions and controls to achieve, restore, or maintain their comfort and satisfaction, towards the preservation of their health and well-being [12]. Such a gap is also to be found in the definitions provided by the literature where, as shown in Section 2, particularly within the disciplines of the built environment, comfort is often associated to satisfaction, while health is frequently mentioned alongside well-being, blurring the boundaries between these different states. Although these constructs are clearly interrelated, and likely overlapping and influencing each other, a model comprehensively addressing the responses that occupants offer to the various environmental situations that they encounter in buildings needs, first of all, to capture the conceptual inter-relations and differences between these diverse levels of human response.
At a general level, comfort, satisfaction, health, and well-being are all initiated by sensorial stimulation from the surrounding environment, a combination of exposures that – in conventional building practice – is often embraced under, and measured by, the banner of indoor environmental qualities (IEQ). 
These sensory stimuli encompass thermal, olfactory, luminous, and acoustic forces – among many others – and they invariably reach the individual, and are processed and integrated to generate perception, in synergistic or antagonistic combination between each other. That is, irrespective of whether some environmental parameters might have a more or less dominant role to drive the responses of the perceiver, they are all simultaneously present in a given environment, and interact among each other to activate multi-sensory experiences. Interestingly, however, the perception that results from the integration of the concurrent information that is gathered by the senses is most likely resolved monotonically by subjects. This implies that, in a process of continuous passive and unconscious appraisal of their surroundings, and active contextualisation within spatial and mental frameworks also involving memory and emotions, subjects tend to evaluate and report separately their current state with respect to the parameters they are exposed to. This is why, in buildings, we often refer to, and judge, separately IEQ experiences such as thermal preference, vision, freshness of air, disturbance from noise, etc.
4.1. Comfort
[bookmark: _Hlk153876562]This is the first component of our new model, comfort, which, based on the principles discussed so far, can be considered as a transient and subjective evaluation of the monotonically-resolved perception deriving from the multi-sensory integration of concurrent environmental exposures.
Many concurrent IEQ stimuli – heat, light, sounds, smells – reach the occupant of a space at any given time. These sensorial exposures reaching the human body are constantly combined, interpreted, and integrated by the perceiver, and are then mediated by the brain and translated in a subjective evaluation that is discretized back to individual components. In this, current stimulation is as important as recent past experience in a process of mental reconciliation of sensory modalities, and their association to preceding states. This is supported by evidence from research. For example, Nicol et al. [62] highlight that previous thermal history influences the assessment of thermal preferences. Yet, this is also where pleasure can emerge as a temporal and dynamic change from prior conditions – that is, alliesthesia [168].
This implies, therefore, that comfort intended as a process of subjective evaluation of the perceptions reconciled from sensory exposures can only be related to a transient state. It can only exist right here and right now, and does not entail any anticipation of forthcoming events. Similarly, the perception of comfort cannot be linearly extended from one physical domain to the other, although the scientific literature confirms that the multi/cross-modal accommodation of different sensorial stimulations is likely continuously influencing personal assessments. This interpretation of comfort is not alien to the literature. As a matter of fact, especially within disciplines beyond those of the built environment, comfort is often associated to a “transient and dynamic state, arising from an integration of complex, personal and context-specific factors” [48]. Comfort is “subjectively-defined” [36] and it results from “a reaction to the environment” [34]. Also, within the building sciences, comfort is “a phenomenon […] of contextual dynamism” [44], although most other definitions tend to associate comfort to a “satisfactory and stress-free environment” [43]. Yet, is such a recurrent association between comfort and satisfaction appropriate, if the former is to be intended and measured on a transient and dynamic level, only encompassing past experiences and current exposures?
4.2. Satisfaction
[bookmark: _Hlk153876621]Based on the above interpretation, the evaluation of comfort does not imply anticipation of upcoming states, a construct that instead is relevant to the connotation of the second component of our model: satisfaction. Comfort is how a perceiver feels – a transient evaluation deriving from the reconciliation of a sensorial experience. Yet, there is no cognitive process involved in comfort, there is no proper expectation of what will happen over time, no anticipation of variation of environmental exposures nor of evolution of personal needs, demands, and preferences. Satisfaction, conversely, implies a “cognitive judgement” [58], it is an enjoyment and a contentment that indicates “how much the given environment meets the expectations and needs of the inhabitants” [30]. Satisfaction relates past and present experiences with the “what and the how” [214], and encompasses the achievement of fulfilment and psycho-physiological arousal [65].
[bookmark: _Hlk139729263]From the construct of comfort, which is dynamic and transient but related to a moment in time, satisfaction adds a further temporal dimension. It can be deemed as a projection to forthcoming events where expectations and opportunities play a fundamental role. Of course, within a built space, many factors can intervene to influence satisfaction, these including individual preferences, needs and desires, adaptation, behaviours, but also attitudes and beliefs, awareness of personal control [61, 215], and the flexibility to choose spatial experiences (e.g., self-actualisation) [216]. Most relevantly, from the perception-driven construct of comfort, satisfaction is rather linked to a higher-level cognitive process, a mental production of a judgement mediated by experience and projected to an imminent situation. 
It is, therefore, the transition from passive sensation and perception to active cognitive judgements that distinguishes comfort and satisfaction [30]. Comfort is, of course, part of satisfaction and may be a precursor to of a satisfactory judgement. But this relationship is not univocal, nor, in any way, comfort should be considered as a necessary prerequisite of satisfaction or vice-versa. An environmental situation, for example, might be judged as satisfactory even if it engenders a state of (temporary) discomfort, being mediated by the capacity to predict the occurrence of events that could not be manifest or evident at the time where the evaluation of (dis)comfort is given. The scientific literature, in this context, has ascertained that short temporary deviations from a state of (alleged) comfort might, in fact, be beneficial to the body and the mind, and could actually be preferred by the individual [217, 218]. Conversely, a state of transient comfort might not necessarily be supported by a judgement of overall environmental satisfaction. This might be the case, for example, when different temporal dimensions are reconciled, as our expectations may contrast with the momentary perception from the stimulation received (for example, a subject may be thermally comfortable, but overall dissatisfied when expecting temperature to decrease along the day without capacity of control).
4.3. Health
[bookmark: _Hlk153876714]The conceptualisation of the third component of our model, health, implies the involvement of a much richer palette of dimensions. From the analysis of the literature from the building sciences, and of the contributions from other disciplines, health can be described as a “general condition of a person’s body or mind” [32], which is not only the simple “absence of disease or infirmity” [66], but also entails “optimal functioning of the body” and “peace of mind, contentment, confidence and social connection” [68].
[bookmark: _Hlk139729570][bookmark: _Hlk139731712]Not only socio-cultural and mental dimensions are fundamental factors of health beyond “the quality of the physical environment” [70], but these attributes need to be concurrently attended to allow individuals to “realise their own potential […] and make a contribution to their community” [69]. As in the construct of comfort, health is a dynamic and temporary state, to be evaluated in a transient moment in time and space, right here and right now. However, contrary to comfort, the construct of health involves consideration of exposures and events occurred in the past (recent, but also from earlier times) as well as projections towards the “likelihood of future diseases” [75], in a process where the estimation of the forthcoming states of a subject can rely upon, and be inferred, on the basis of probabilistic assumptions. Among others, this is also the case for chronic diseases (e.g., allergies, asthma, etc.), some of which may be due to prolonged exposure to environmental agents (e.g., pollutants). 
[bookmark: _Hlk153877666][bookmark: _Hlk139731748][bookmark: _heading=h.49x2ik5][bookmark: _heading=h.2p2csry]At a more general level, health might be thought of as multi-dimensional comfort sustained over time. This conceptualisation is not new to the literature, as Steemers and Manchanda [37] had already suggested that comfort is “an evolved response for maintaining health”. Cameron [38] had reinforced this connection between comfort and health indicating that comfort is a dynamic process in which the individual can achieve personal growth and attain health as a final target. Similar to the subjective appraisal of comfort, yet in its multi-dimensionality – involving the combination of physical, physiological, and psychological attributes – history of exposures is as important to the definition of health as the consideration of current states. Conversely, as for the definition of satisfaction, health implies (probabilistic) anticipation of future events, hence extending the temporal dimensions of its generators and influences. Further to this, health also includes what cannot be felt through the senses, what cannot be linearly reconciled from integration of sensory stimuli, what cannot be directly perceived based on environmental exposures, as it multiple factors and dimensions “overlap and are not static” [72] and can transcend the sensorial field. We may or may not be aware of our state of health.
4.4. Well-Being
The final component of our model is represented by well-being. For its characterisation, it is useful to go back to the reflections made when conjecturing the conceptualisations of comfort, satisfaction, and health. As previously said, comfort can be intended as a transient perception derived from the reconciliation of recent and current sensory stimuli. Satisfaction implies consideration of personal expectations and anticipation of forthcoming events, while being influenced by the scaffolding of individual preferences, needs, moods, behaviours, and beliefs. Health, similarly to comfort, can also be intended as a temporary state, a “snapshot” that is affected by past and current experiences, although it involves the complex interplay of multiple dimensions – physical, physiological, psychological – while relying on likelihood estimation for inferring its future evolution over longer time frames. Yet, health does not imply subjective judgement, there is no influence of personal ambitions, aspirations, motivations, or any ‘higher’ mental process to pursue individual development through a course of reasoning, structuring, organising, anticipating, and projecting [158]. Here lays the distinction between health and well-being.
[bookmark: _Hlk153876784][bookmark: _Hlk153914558][bookmark: _Hlk153876829]The cognitive constructs behind the characterisation of well-being are supported by the literature, whereas its achievement is defined as a “combination of thinking by a cognitive satisfaction, measuring long term satisfaction” [85], “encompassing health and comfort, and a crucial parameter for determining the quality of life” [79]. Similar to health, well-being is characterised by a “multidimensional […] nature” [18] – physical, functional, social, mental – and it can be influenced by subjective mindsets, and the complex framework of socio-cultural norms, aspirations, goals, and desires that motivate and drive the individual. Well-being entails a combination of flourishing and thriving, moods and emotions that are not only referred to a moment in time but that can be expected to be sustained over a prolonged temporal perspective. Well-being embraces satisfaction with life [55, 219], happiness and pleasant affects, feeling and functioning well, encompassing the sensorial and the hyper-sensorial, from the “directly measurable […] to the unmeasurable” [37], and transcending the individual for projecting personal realisation and fulfilment into commitment towards a community [91].
[bookmark: _heading=h.147n2zr][bookmark: _heading=h.3o7alnk]
5. IMPLICATIONS FOR BUILDING RESEARCH, POLICIES, AND PRACTICE
[bookmark: _heading=h.23ckvvd]Drawing on the lessons learnt from the consolidation of interdisciplinary literature definitions (Section 2), and from the synthesis of key IEQ performance indicators and the evaluation of multisensory experience (Section 3), a systematisation of the constructs for comfort, satisfaction, health, and well-being in buildings was proposed in Section 4. On these bases, a new conceptual model starts to emerge. 
[bookmark: _Hlk139731847]This is presented in Figure 1 in the form of an abstract 3-dimensional column chart. Its two horizontal axes feature: (N) the number and type of dimensions considered (physical, physiological, and mental; that, is from the sensorial to the hyper-sensorial); (Ex) the levels of personal experience and expectations. The vertical axis (T) includes consideration of time, here projected in its absolute dimension, hence encompassing past exposures as well as anticipation of future events (that is, the T axis is intended to measure the extent of temporal influences and projections, however not starting from an ideal ‘time zero’). From the combination of the three axes, the model has been called NExT.
There could be substantial implications in the practical implementation of the NExT model to building research, policies, and practice. These can be mainly structured in three domains: measurements; benchmarking; and, design criteria. These are discussed in the following subsections.
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Figure 1. The NExT model for comfort, satisfaction, health, and well-being in buildings

5.1. Measurements
[bookmark: _Hlk153886908]From the perspective of measurements, several protocols and tools currently exist for collecting information on IEQ and occupant experience while a building is in use. These data collection techniques feature methodologies for monitoring environmental parameters as well as for capturing feedback from users, and are generally known under the banner of post occupancy evaluations, or POEs [220-222]. Occupant surveys might differ based on their method of administration between transversal (or cross-sectional) questionnaires, right-here right-now (or point-in-time) studies, and longitudinal (extended over time) analyses. Frequently, the questions and statements that these data collection instruments present to occupants require them to rate, on various scales, their levels of comfort and/or satisfaction, yet often without driving a clear distinction between the ways in which such responses are to be interpreted and contextualised. As a matter of fact, the practical implementation of the NExT model within measurement campaigns addressed to buildings and their inhabitants involves that comfort should consistently be considered as a transient perception resulting from the momentary integration of multi-sensory stimulation; then, comfort can only be measured through right-here right-now studies [223]. Conversely, to appraise the satisfaction of occupants with various parameters of the indoor environment, or with other qualities of inhabited spaces, transversal – or better, longitudinal – analyses are required, which can more properly investigate the evolution of a perception that is sustained over time.
These considerations can have substantial implications in terms of the definition of research methods and study protocols for building and occupant measurements, particularly concerning the formulation of questionnaires and the techniques used for the collection of environmental data. When enquiring building users about their comfort or satisfaction with a set of environmental parameters, in fact, attention needs to be given to the specific temporal boundaries to whom a response is related (e.g., a precise time, a season, or the overall lived experience within a building or a space), and to the procedures used for the collection of physical data. These might consist of occupant-centred measurements taken at the same time while survey responses are provided (i.e., related to the perception of temporary comfort), or rather record general trends and the evolution of physical parameters within a space, irrespective of the moment in time when the questionnaire is filled (i.e., focused on appraising overall occupant satisfaction).
Similar considerations can be extended to the measurement of health and well-being in buildings. In fact, POE campaigns often include the collection of subjective data through psychometric tests to gather information on emotional states, and physiological biomarkers (e.g., blood pressure, skin oximetry, etc.) that are monitored via non-invasive biofeedback systems or through wearable sensors to be employed as biological proxies [224]. At times, the results from these data collection techniques have been used to infer on the effects of indoor environmental qualities on the safety and welfare of building occupants [225, 226]. Nevertheless, although surely interesting to more thoroughly understand the relationship between environmental stimuli and human responses, these measurement techniques can effectively mostly capture views on the health states of a subject through the characterisation of current and past experiences, while seldom encompassing in-depth consideration of individual histories of exposures or gauging the complex interplay between many interconnected personal dimensions. Conversely, to probe the well-being of building users, practical embracement of the NExT model entails that different methods than those typically used in conventional POE protocols should be adopted, featuring open-ended questions and evaluations that should be more purposely targeted at acquiring reflective views on subjective aspirations and global cognitive judgements [227]. 
This is also recognised by the recent literature, where emphasis has been given to the need to reassess the current methodologies used in POEs and occupant surveys in order to ensure that they are effectively evaluating what they intend to measure [3]. In so doing, new approaches might also incorporate study methods transferred from other disciplines, primarily from the psychological sciences, but also from artificial intelligence and machine learning. In this context, for example, causality-based feature selection is a pre-processing step in data analytics that could be used to appraise causal relations between physical exposures and personal outcomes, building more robust prediction models and more deeply questioning the underlying processes related to the role of mediation and moderation that the indoor environment could have towards crafting personal beliefs and expectations[228].
5.2. Benchmarking
[bookmark: _Hlk153882935]In terms of benchmarking, Section 3 of this paper has emphasised that building standards, certification schemes, and interdisciplinary research currently offer the definition of various levels of key performance indicators (KPIs) that encompass the traditional four domains of physical indoor environmental qualities: thermal, air quality, luminous, and acoustic. The summary tables reported in the Appendix (Tables A5-A8) present selected examples of the most common KPIs and benchmark values that can inform the research and design practice within the building industry. The significance of these KPIs and benchmarks, among many other factors and parameters, lays in promoting environments that can fully support the experience of building occupants [92], and more consistently allow the characterisation of their behaviours on environmental controls, ultimately influencing buildings’ energy demands [14]. 
[bookmark: _Hlk153883111][bookmark: _Hlk153883074]The translation of the NExT model into benchmarking indicators for our built environment implies that, according to the primary target(s) to which design priorities might be given (comfort, satisfaction, health, well-being, alongside the evaluation of energy performance) – based on building type, programme, location, periods of occupancy, user requirements, etc. – the whole of the KPIs and benchmark values that drive the definition of building strategies, and the verification of compliance, would need to: i) be less prescriptive and allow for adaptability, based on the personal characteristics and demands of the occupants, their intrinsic inter- and intra-individual variability, including consideration of the most vulnerable members of the general population of building users (e.g., children, elderly, people with disabilities, etc.); ii) encompass the intrinsic diversities within the types, functions, and physical characteristics of the spaces for whom benchmarking is sought (e.g., offices, homes, schools, care homes, etc.); and, iii) be sustained over different spatio-temporal resolutions or fluctuate dynamically within given ranges across time (e.g., hours of the day, workdays or weekends, seasons, etc.). 
[bookmark: _Hlk153884239][bookmark: _Hlk153885752][bookmark: _Hlk153883996][bookmark: _Hlk153887041][bookmark: _Hlk153898656]Without proposing a deterministic selection of KPIs and relative values that can support the comfort, satisfaction, health, and well-being of building inhabitants, the implementation of the NExT model towards the definition of benchmarking criteria also involves improving the understanding of the potential interactions among different IEQ parameters. More relevantly, embracement of the NExT model entails giving proper consideration to metrics and indicators that can allow to capture, at occupant (human) level (which might differ from physical IEQ measures conducted at building (environment) level), the dynamic indoor exposures to whom inhabitants of spaces are effectively subjected to, across different sensory modalities and over time.
[bookmark: _Hlk139732901]There is a need for benchmarking indicators to fully embrace the findings of new scientific advancement and encompass the whole of the individual and combined effects of positive and negative factors (patterns of stressors) within buildings in relation to occupants’ (agents) differentiated wishes, needs, and desires [145]. This is starting to emerge in recent recommendations from regulatory and technical bodies – as for example, the report of the International Commission on Illumination (CIE) on lighting for the elderly and for people with visual impairments [229] – and within the scientific research – e.g., the proposition of new thermal comfort approaches adapted to residential buildings [230, 231], for individuals subjected to dynamic exposures [232], for those with personal sensitivities [233] or with temporal or permanent physiological conditions [234], or combining experience of different physical environments [235]. 
Consideration of the many feedbacks, interrelations, and relations among environmental stressors and building agents is also appearing within the latest generation of rating tools, which strive to evaluate more holistically the impact of buildings’ features on a wider range of user experiences [236], and that can also be customised to the characters of the object of certification (e.g., new constructions, commercial interiors, homes, neighbourhoods, cites, etc.). These new schemes are based on the assumption that thriving buildings should engender a positive impact on the ‘living’ systems that they interact with (human but also non-human). To this aim, benchmarking criteria are moving beyond ‘conventional’ categories – such as energy, materials, water, etc. – to also embrace consideration of mind, equity, nourishment, movement, happiness, beauty, etc., hence focusing on building operations as much as on the policies that can instigate positive feelings to their users [16]. 
Of course, although these new developments are promising, the voluntary nature of recommendations and rating tools, and the necessary trade-offs between priorities, still poses a fundamental question on their effective impact toward the definition of new policy approaches within an industry that is traditionally slow and resistant to change [20].
5.3. Design Criteria
In terms of design criteria, implementation of the NExT model in building practice could offer substantive support to translate into operational strategies the two hypotheses that were presented in the introduction of this paper. The principles and criteria underlying building design and operation strategies, in fact, might need to differ significantly, spatially and temporally, if they primarily aim to: i) contribute to efficiency and the reduction of energy use; ii) respond to users’ transient demands for the comfortable performance of activities; iii) contribute to meet occupants desires and expectations; iv) create environments that are devoid of risks and harms; or, v) enhance opportunities for individual flourishing and thriving. At the same time, when characterising the complex mixture of exposures to the physical stimuli that, at any given time, are present in a space, and at different spatio-temporal resolutions, potential synergistic or antagonistic interactions between factors of environmental quality need to be thoroughly evaluated to assess, and predict, user perceptions, responses, and behaviours. 
As mentioned, a momentary, transient, and controlled state of discomfort might actually be a contributor to an overall satisfactory environmental situation. More critically, such “excursions outside the comfort zone” [217, 218], and dynamic drifts beyond the conventional boundaries of tolerance [237] and the static settings [238] conventionally conceded in buildings, could present a real opportunity – and, sometimes, even a necessity – towards the achievement of health and well-being in the longer term. 
[bookmark: _Hlk153890907]Practical adoption and implementation of the NExT model to drive and inspire design criteria, therefore, entails that conceiving building strategies and systems uniquely to respond to energy efficiency targets, and to “minimise the length and severity of any discomfort” [98], may effectively inhibit the possibility to enrich human outcomes. Instead, designing the settings of our lived experience to nourish the physical, experiential, physiological, and emotional states of building inhabitants demands a much broader and comprehensive view over building aesthetics (here intended as knowledge derived from the senses [239]) and affects, moving beyond simplistic and fixed metrics, while encompassing a dynamic and multisensory perspective, sustained over different spatio-temporal boundaries [16]. This requires a shift in the way we think about the built environment, and how we can create spatial and temporal opportunities that can support our transition towards more sustainable and circular societies and ways of living, enhancing our cognitive functions and productivity, our sensory delight, as much as our physical, biological, and emotional states.
[bookmark: _Hlk139718315]As an example, a shading strategy preventing the risks of passive overheating and glare may result in the deployment of protective devices to reduce unwanted solar ingress (energy). While being an effective response to reduce cooling loads, this strategy could imply reduction of light availability far from the façade and require the use of electric lighting for occupants to perform their tasks (comfort). If considering the ‘inertia’ that is often associated with shading controls [240], artificial systems would likely need to stay in operation for a full day, decreasing opportunities for a dynamic and varied visual environment (satisfaction). Conversely, direct exposure to natural light particularly in the morning, due to its spectrum and its temporal occurrence along the circadian cycle, could have synchronised the biological clock (health), whereas the availability of external views could have enhanced mental delight and pleasure (well-being). And this, while reducing any need for the use of building systems, hence emphasising the trade-offs and the positive feedbacks on reduction of energy demands that could be achieved through design criteria aimed primarily toward the enhancement of human outcomes. 
This is just one among many practical examples of how, based on the implementation of the NExT model, building design should engage in a process of dynamic negotiation with multifaceted phenomena, offering opportunities to flexibly adjust priorities based on the changing needs of the building, but also of the variance of user requirements, their aspirations, and expectations. Of course, this does not mean moving attention away from energy targets. Conversely, design and operation strategies that more comprehensively embrace the complexity of buildings’ experiences and populations could offer the opportunity to progress from current ‘reductionist’ paradigms, allowing to avoid over-design and over-regulation, while enhancing personal control, adaptation, and adjustment.

6. LIMITATIONS AND CONCLUSIONS
[bookmark: _Hlk139456900]The recognition of the scientific magnitude of recent discoveries in the field of thermosensation [241], and in the molecular mechanisms controlling the biological clock [242], is among the many testaments of the profound links between the spaces we inhabit, the stimuli they afford, and their impacts on humans.
[bookmark: _Hlk153916528][bookmark: _Hlk139718345][bookmark: _Hlk148526308][bookmark: _Hlk148284370]We are only scratching the surface of such elaborate processes, and more research is required to gain a deeper understanding of how our body responds to the several, quantitative and qualitative, factors that shape our habitats. This is fundamental to better design and operate the settings that enclose a large portion of our lives. Comfort, satisfaction, health, and well-being are recurring terms in todays’ built environment debate, as they appear in studies, publications, regulations, and standards. However, moved by pressing agenda driven primarily by priorities of energy efficiency, these terms are often used almost interchangeably alongside each other, sometimes even as synonymous, without establishing clear demarcations nor acknowledging the conceptual and practical differences between their respective attributes and implications. Far from the delusional ambition to resolve a complexity whose intricate connotations might resemble those of a metatheatrical play, this paper has explored the different boundaries of pertinence of each construct, and has attempted to outline a conceptual model that can be conducive to the achievement of more comfortable, satisfactory, healthy, and thriving buildings, while responding to mandatory targets of energy efficiency and reduction of environmental impacts. Of course, although the NExT model is based on a conceptual framework grounded on interdisciplinary studies, and on the evidence derived from building measurements and occupants’ surveys, at this stage it remains speculative by its own nature. However, its application could be readily translated, for example, in the interpretation of the frequent discrepancies that are often detected between the design predictions of occupant comfort (e.g., due to the attainment of green certification credits) and the collection of self-reported responses on IEQ satisfaction in buildings [2, 146, 148, 189].
[bookmark: _Hlk153891115][bookmark: _Hlk153892492]As Buckminster Fuller once stated: “to change an existing paradigm […] do not struggle to try and fix the problematic model. You create a new model and make the old one obsolete” [243]. The proposal for the NExT model, and its potential implications for building research, policies, and practice, aim primarily to offer a contribution to disentangle the constructs of human comfort, satisfaction, health, and well-being within the design and operation of our built environment. On these bases, this paper has wished to provide a wide-ranging discussion of the metrics, methods, and indicators that can be used to design, measure, and benchmark the qualities of our indoor environments, yet giving adequate consideration to the mutable and evolving nature of buildings, the variance and diversity of their inhabitants, and the importance for many variables to be systematically appraised over spatial and temporal dynamics. Addressing these complexities is an enduring challenge that requires collaboration and contribution from various competences and disciplines. A challenge that we should all commit to.
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APA		American Psychological Association
ASHRAE		American Society of Heating, Refrigerating and Air-Conditioning Engineers
BCA		Building and Construction Authority
BREEAM	Building Research Establishment Environmental Assessment Method
CEN		European Committee for Standardization
CIBSE		Chartered Institution of Building Services Engineers
CIE		International Commission on Illumination
DALYs		Disability Adjusted Life Years
IEQ		Indoor Environmental Quality
IWBI		International Well Building Institute
KPI		Key Performance Indicator
LEED		Leadership in Energy and Environmental Design
NIF		Non-Image Forming
OECD		Organization for Economic Co-operation and Development
[bookmark: _Hlk139810845]OUP		Oxford University Press 
PICOC		Population, Intervention, Comparison, Outcome, and Context
PM		Particulate Matter
PMV		Predicted Mean Vote
POE		Post Occupancy Evaluation
PPD		Predicted Percentage Dissatisfied
PRISMA		Preferred Reporting Items for Systematic reviews and Meta-Analyses
SBS		Sick Building Syndrome
TVOCs 		Total Volatile Organic Compounds
USGBC 		U.S. Green Building Council
VOC		Volatile Organic Compounds 
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