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Abstract: Design strategies for sustainable buildings, that improve building performance and avoid
extensive resource utilization, should also promote healthy indoor environments. The following
paper contains a review of the couplings between (1) building design, (2) indoor environmental
quality and (3) occupant behavior. The paper focuses on defining the limits of adaptation on the three
aforementioned levels to ensure the energy efficiency of the whole system and healthy environments.
The adaptation limits are described for measurable physical parameters and the relevant responsible
human sensory systems, evaluating thermal comfort, visual comfort, indoor air quality and acoustical
quality. The goal is to describe the interactions between the three levels where none is a passive
participant, but rather an active agent of a wider human-built environment system. The conclusions
are drawn in regard to the comfort of the occupant. The study reviews more than 300 sources,
ranging from journals, books, conference proceedings, and reports complemented by a review of
standards and directives.

Keywords: indoor environment quality; occupant comfort; building climate control; healthy building;
energy efficiency; adaptability

1. Introduction

On average, people spend around 80–90% of their lives inside buildings [1]. Therefore, buildings
have to provide a healthy and comfortable environment for humans. Buildings account for
approximately 19% of all global greenhouse gas (GHG) emissions in the world [2], and about
31% of global final energy demand [3]. In recent years, much effort has been put into the development
of efficient and cost-effective technologies, to ensure sustainability of the built environment [4,5].
Reduction of energy demand and the increase of energy efficiency is considered to provide a dominant
contribution to tackle global climate change [6]. However, the amount of energy consumed depends
not only on the criteria set for the indoor environment and applied technology but also on the behavior
of occupants [7]. This may create a conflict between strategies that focus on the reduction of energy
consumption and those to maintain a healthy and comfortable indoor environment. To achieve a
balance between comfort and efficiency, synergies between building design, building climate control
and occupant needs have to be established. Future buildings have to be able to quickly react and adapt
themselves to immediate requirements (weather, occupancy, function) [8].

In this paper, we will describe the process of adaptation, that can take place in the human-built
environment system, at three different levels (Figure 1):
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• at the building design and construction level (passive and active designs),
• at the indoor environmental quality control level (management of indoor environment controls),
• and at the occupant level.

The goal is to raise awareness about the importance of the interdependencies between these levels,
which is done by defining limits for each identified adaptation level. The paper is organized in six
sections (Figure 2). In Section 2 a short description of the used research methods is presented along with
a holistic analysis of selected review papers. In Section 3 we focus on the indoor environmental factors
(IEQ). We start with a description of healthy environments and continue with standard requirements
for IEQ performance. This is followed by a description of requirements for occupants’ well-being.
The section ends with a description of the negative impact of poor IEQ on occupants’ health and
performance. In Section 4 we focus on human physical, behavioral and physiological limits in relation
to the ability to react to environmental conditions. In Section 5 a short introduction in building energy
efficiency policy is given before a research review summary is presented focused on operational
and technological limits of building design and building climate control system that lead to healthy,
energy efficient and comfortable indoor environments. The section concludes with the description of
factors influencing the quality of interactions between the occupant and the building environment.
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2. Methods

2.1. Research Methods Used

The text of this paper is drafted based on a literature review, presenting results of studies on healthy
indoor environment and energy efficiency. This was achieved using an internet-based search on relevant
scholarly articles in the databases of Web of Science, Scopus and Google Scholar. In these databases a
search for identifiable keywords was performed, to identify articles within the scope of our literature
review, whereas the goal was to gain more knowledge about the relationship between occupant,
indoor environment and energy efficiency. The search terms used were, “indoor environmental
quality, thermal comfort, visual comfort, air quality, acoustic quality, healthy environment, energy
efficiency, nearly zero energy buildings, occupant comfort, human sensory system, adaptive behavior,
building climate control, building management systems and predictive technologies”. The articles
found were then briefly scanned for relevancy, and articles considered unfit for the purpose of this
study were removed from the created collection. This resulted in a database of journal articles and
conference proceedings, that were further uploaded to a reference management system and checked
for duplicates. Further, the search results were briefly scanned and divided into groups to identify
potential patterns. When necessary the review was complemented by adding references to directives,
standards, and databases. As a result, we present in this paper a review of more than 212 journal
articles, 17 conference proceedings, 32 reports, 17 books, six directives, 15 standards, four declarations,
six web-pages, four databases and one constitution published between 1960 and 2019 (Figure 3).Energies 2019, 12, x 4 of 37 
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Figure 3. Number of publications analyzed according to publication year (based on publications used
in the presented paper).

2.2. Holistic Analysis of Review Papers

To check whether or not there was already a review paper on the topic of the present work,
and to find out trends in the current publications, we made a holistic analysis of the identified review
papers focusing on defining the relationship between the occupant and the indoor environment,
and further about the technological approaches to ensure the IEQ. We have identified 93 such
papers published between 1998 and 2019. The identified review papers focused on the human-built
environment relationship, describing IEQ and its effect on health, well-being and comfort, occupant
productivity, and user satisfaction [9–14]. In addition to that, the papers described factors influencing
human comfort and health [15–20], driving factors for occupant behaviors in buildings [21–24],
occupant productivity [25], effect of behavior on energy consumption [7,26,27], and links between
user satisfaction and adaptive behavior [28,29]. Literature reviews describing technological aspects
of indoor environment control focus on advances in energy and environmental performance of
buildings [6,30–39], principles of smart buildings [40–42], passive and green buildings design [43–45],
intelligent control systems [46–53], building and façade design [8,54–59], and effects of climate change on
indoor environmental quality [60]. Further reviews have addressed occupant behavior modeling [61,62]
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and occupancy based model predictive control for building indoor climate control [63,64]. Lastly, papers
focused on indoor environmental quality factors in general [65–67], and individually on thermal
comfort [68–78], visual comfort [79–84], acoustic comfort [85–88], indoor air quality [89–98].

These previous reviews show a trend in increased technologization of indoor environment control,
whereas a predominance in studies focused on thermal comfort and indoor air quality was observed.
It has to be noted, that in the reviews it was repeatedly stated that occupant satisfaction with one
physical parameter of IEQ is strongly dependent on satisfaction with all other IEQ indicators and
that it is necessary to take into account all IEQ factors when evaluating indoor comfort otherwise
the evaluation could lead to false assumptions. While reviewing literature surveys on building
climate control, these focus on thermal comfort, visual comfort, indoor air quality, and energy
efficiency, while neglecting acoustic comfort, and the overall impact on the health of the occupants.
Furthermore, there is a gap in describing the connections between user, indoor environment quality and
building design. Studies generally focus on each aspect individually, but a comprehensive definition
of the couplings is not provided. Therefore, we have decided to focus on these couplings, with the
aim of providing a framework within which the factors that limit the interactions between occupants,
IEQ and building design are identified.

On these identified review papers, a data-driven analysis on bibliographic data, such as keyword
analysis was performed. This enables the visualization of trends in research publications via analysis
of co-occurrence of field-specific terms. This was done using a freely available software tool for
analyzing bibliographic data, VOSviewer [99]. The mapping approach employed was keyword
network visualization on co-occurrence and link strength of terms extracted from abstracts of the
identified review papers (Figure 3). Out of a total of 2331 terms identified occurring in the abstracts,
the terms with a minimum of five occurrences and the top 52 according to relevance were extracted,
whereas unrelated words were eliminated (e.g., generic terms such as review, field, literature) and
abbreviations were replaced by full terms with the use of a self-defined thesaurus file. This resulted
in a network visualization of terms, where the size of the label and circle of a term determines its
importance (the higher the importance the larger the label and circle), the link represents a connection
between two terms and its strength represents the strength of co-occurrence, and the distance between
two terms is representative of their relative co-occurrence. Lastly, the network was color-overlaid
(see a legend in Figure 4) where the color assigned represents the average publication year of a term,
enabling the analysis of trends in the publications.
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We can observe a shift in trends in the topics on which the publications focus. Firstly, before 2010 the
publications focused mainly on the health effects of the indoor environment. More recent publications,
published in 2014 or later, focus on control strategies and connections between energy use and occupant
comfort. After a detailed analysis, a strong link between the terms energy use and human dimension
can be observed with increasing occurrence of these terms in more recent publications, indicating a
rise in awareness of the importance of this coupling. The term with the highest number of links can be
found for the term indoor environment (42).

3. Definition of Indoor Environmental Quality

3.1. Healthy Environment

The World Health Organization (WHO) defines the environment, as it relates to health, as “all the
physical, chemical, and biological factors external to a person, and all the related behaviours” [100]. The WHO
report also confirms that “approximately one-quarter of the global disease burden is due to modifiable
environmental factors.“ In our research, we will focus only on the information about building
environmental performance.

The research of the last 20 years has identified a direct link between building design, human health,
and well-being. It has been established, that the IEQ has a direct impact on the human health and work
and/or study performance [10,14,101] and might even influence the development of learning disorders
such as dyslexia, or voice problems, due to insufficient acoustic conditions [102]. Recent research on
improved building environments is focused on the development of appropriate actions to reduce
or eliminate harmful health effects [103]. The concept of a “healthy building“ was identified by the
WHO which established first guidelines to ensure well-being [104]. To assess the performance of the
building environment, various approaches have been developed [43,105] but interactions occurring
at different levels (at the building design level, IEQ control level, and occupant level) are still largely
ignored [16,106].

According to HOPE [107], Health Optimization Protocol for Energy-efficient buildings, a building
is defined as “healthy and energy efficient” if:

“it does not cause or aggravate illnesses in the building occupants; it assures a high level of comfort for
the building occupants; it minimises the use of energy used to achieve desired internal conditions, taking into
account available state-of-the art technology and non-technical measures.”

The criteria include a set of measurable physical parameters, called indoor environmental factors,
evaluating thermal comfort, visual comfort, indoor air quality, and acoustical quality.

3.2. General Definition of IEQ and Approaches of Standardization

IEQ refers to the quality of a building’s indoor environment whereas the health and well-being
of building occupants should be promoted. Subjective perception of comfort of occupants in a room
depends on many factors. According to Sarbu and Sebarchievici these are [108]: “temperature, humidity
and air circulation, smell and respiration, touch and touching, acoustic factors, sight and colours effect, building
vibrations, special factors (solar gain, ionization), safety factors, economic factors, unpredictable risks and
design.“ This review paper will focus only on measurable physical parameters, evaluating thermal
comfort, visual comfort, indoor air quality and acoustical quality, Table 1. Further, the connection
between these physical parameters and the human physiology will be described. A detailed overview
of performance criteria of buildings for health and comfort can be found in [15,109,110].
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Table 1. Indoor environment quality factors and their parameters.

Thermal Comfort Visual Comfort Acoustic Comfort Indoor Air Quality

Note Requirements for lighting and
daylighting Close connection to thermal environment

Parameters

PMV/PPD or operative temperature;
Humidity;

Air velocity;
Draught;

Vertical air temperature differences;
Radiant temperature asymmetry;
Surface temperature of the floor.

Daylight provision;
View out;

Exposure to sunlight,
Illuminance;
Luminance;

Light uniformity;
Glare;

Color (color rendering, light source
color);

Sound level difference;
Sound insulation;
Sound absorption;

Noise level(s)
Frequency;

Reverberation time.

Indoor sources of pollution;
Outdoor sources of pollution;

Ventilation parameters;
Airflow patterns and pressure

relationships;
Air filtration system.

Influence factors
Clothing;
Activity Light source, Visual task; Use of room Sources of heat gains; Outdoor conditions

and outdoor air ventilation rate
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3.2.1. Thermal Comfort

According to ASHRAE 55 [111] thermal comfort is “that state of mind which expresses satisfaction
with the thermal environment“. Thermal comfort comprises parameters, such as temperature, humidity,
and air velocity (see Table 1). The recommended criteria are specified by international standards such
as ASHRAE 55 [111], ISO 17772-1 [112], EN ISO 7730 [113]. These documents specify methods for
the measurement and evaluation of thermal environments and provide calculation tools that enable
prediction of the overall satisfaction of occupants with the indoor thermal conditions (i.e., predicted
mean vote, predicted percentage of dissatisfied and adaptive predicted mean vote).

The thermal comfort parameters can be controlled via heating, cooling and air conditioning
systems. It has to be mentioned that all of the technologies controlling thermal comfort are slow-reacting
technologies, meaning their adaptation to requirements (e.g., new air temperature) takes some time.

3.2.2. Visual Comfort

Visual comfort is defined according to EN 12665 [114] as “the subjective condition of visual well-being
induced by the visual environment”. A well-designed lighting system must provide adequate illumination
to ensure safety and enable movement, contribute to visual comfort and facilitate visual performance
and color perception. Monitored parameters include quantitative physical measures of the luminous
environment (illuminance, luminance, daylight provision and glare) and qualitative aspects of vision
(distribution, uniformity, color rendering, the spectral composition of radiation). A significant part of
the illumination of spaces should be provided by daylight with daylight openings, which provide a
view to the outside, contributing to the psychological well-being of the occupants [115].

The lighting properties are based on photopic requirements, psychological and photobiological
stimulation influencing the health of the occupant. The research of the last 30 years in the field of
daylighting has proven a direct relationship between natural light and health. It has been proven that
the luminous environment has to ensure visual as well as biophysical human well-being [116–118].
Insufficient or inappropriate light can lead to distortions of internal biological rhythms. This may have
an impact on performance, safety, and health. Exposure to adequate light promotes the synchronization
of the internal human circadian rhythms linked to hormone secretion.

It should be noted that current international standards are based only on photopic (diurnal)
sensitivity of the human eye, ignoring scotopic (nocturnal) vision and non-visual effects of light [119].
A review of daylighting and lighting control strategies can be found in [81,119–121].

Lighting systems and solar shading systems belong to the fast-reacting systems. Consequentially
the change in conditions can take place nearly immediately after a change of requirements. They also
belong to the low-energy consumption systems. Nevertheless, it can account for up to 25% of the total
building energy consumption [122]. Here, the use of daylight sensors and photocells leads to a major
reduction of the energy consumption for lighting [123].

3.2.3. Indoor Air Quality

Standards related to IEQ define ventilation rates, humidity and exposure limits for air pollutants.
Measurements of indoor air quality are based on an indirect approach of measuring the intensity of the
ventilation, whereas the recommended ventilation rates can be found in ISO 1772-1 [112]. Only when
the requirements for ventilation rates are reached, the measurements for specific pollutants can be
made. Some recommended values according to the type of building can be found in Guidelines
for indoor air quality for selected air pollutants [124]. EN 16798-3 [125] provides performance
requirements for non-residential buildings. ASHRAE 62.1 and 62.2 and CR 1752 [126–128] describe
general ventilation requirements for acceptable indoor air quality, further complemented by a guide for
design, construction and commissioning [129]. In all current ventilation standards, only two methods
of evaluation are described, a “prescriptive method” and an “analytical procedure” [110]. Indoor air quality
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is closely related to thermal comfort. Thus, some recommendations such as humidity can be found in
standards defining thermal comfort.

Indoor air quality can be controlled in natural ways (windows, wall openings), and artificial ways
(air conditioning system). Meaning that the change of air can be either supplied naturally through
windows, or it can be introduced by an air conditioning system. Ventilation belongs to the fast reacting
systems, so the adaptation to changed requirements can take place immediately.

3.2.4. Acoustic Quality

Acoustic comfort is often understood to be a situation where there is an acceptable level of noise.
However, the perception of sound is a much more complex issue, that depends not only on sound
intensity and its temporal and spectral features, but also on the activity of a person, state of mind,
and expectations among other factors. Special attention to the perception of complex sounds in this
context is paid to by the so-called Soundscape research [130].

Noise is clearly defined in DIN 1320 [131] as “the sound occurring within the frequency range of the
human hearing which disturbs silence or an intended sound perception and results in annoyance or endangers
the health”. Sound can be defined as a wave motion from a sound-producing object. It varies according
to frequency and pressure.

According to Genuit [132], acoustic quality “is the degree to which the totality of the individual
requirements made on an auditory event are met”. It comprises three different kinds of influencing variables:
physical (sound field), psychological (auditory evaluation) and psychoacoustic (auditory perception),
so it is multidimensional. Navai and Veitch [86] defined acoustic satisfaction “as a state of contentment
with acoustic conditions; it is inclusive of annoyance, loudness, and distraction”. However, there is no standard
definition neither for acoustic quality nor acoustic comfort/satisfaction. A good acoustic environment
is typically associated with the isolation of unwanted sounds and presence of pleasant sound.

In general, acoustic quality in buildings can be influenced and reached by (1) sound insulation and
(2) sound absorption [133]. (1) The sound insulation of a building façade, roof and windows is important
in terms of the protection of the building interior from unwanted outdoor noise (such as traffic noise).
Sound insulation of floors, wall partitions and doors needs to be considered once indoor sources
(neighbours’ noise, air-conditioning units) are present. (2) Once a room is well insulated, room acoustic
aspects come into attention. Sound produced inside a room (such as restaurant ambiance, classes at
school) can be enhanced due to multiple reflections, causing deterioration of speech intelligibility and
the presence of unacceptable noise levels from sources in the interior [85]. In such cases, volume,
shape and the total amount of sound absorption play a role. There are many standards that describe
sound insulation and sound absorption measurement and simulation procedures. To mention just a
few, guidelines can be found in the ISO 10140 series [134], ISO 717 series [135], ISO 3382 series [136],
and ISO 12354 series [137].

3.3. Occupant Satisfaction/ Well-Being

Standards set the minimum requirements for the IEQ. However, well-being and occupant
satisfaction cannot be achieved just by meeting these minimum requirements. The overall well-being
does not depend only on physical factors but also on psychological factors in which social and cultural
context plays a big role. While there are several definitions for well-being [17], there is not a generally
acknowledged definition. The authors have therefore decided to use and adopt the WHO definition of
health [138]:

“Health is a state of complete physical, mental and social well-being and not merely the absence of disease
or infirmity.”

This means that well-being, consists of physical, mental and social factors, and their overall
satisfaction promotes health. It also means that solely the absence of detrimental influences does not
lead to well-being, as the later depends on the overall perception of the surrounding environment
and other conditions. However, factors unrelated to the IEQ influence the overall comfort perception.



Energies 2019, 12, 1414 9 of 37

These include climate and weather conditions, building related factors as design, disposition and
control, and individual characteristics of the occupants (gender, age, type of work).

Several studies highlighted the differences between the IEQ factors and the overall comfort
perception and emphasize the multidimensional nature of comfort perception [11,16]. The results of
different studies on the relative impact of different IEQ conditions on the overall satisfaction have
brought mixed results [139,140]. A number of studies have tried to create a ranking of importance
of IEQ factors for overall satisfaction with the IEQ. An overview of the results of 12 studies and
their assigned ranking is given in Table 2 and Figure 5. The studies have resulted in different
ranking orders of IEQ factors. This might be due to the fact that factors such as age [141–144],
socio-cultural factors [145] and space-type [67,143] might have an impact on the evaluation of the
perceived importance concerning satisfaction with a certain IEQ factor. For example in studies done by
Chiang et al. [141], Zalejska-Jonsson and Wilhelmsson [142], and Frontczak et al. [143] the importance
of satisfaction with the noise level was reported to be higher for elderly people. Further, out of the
12 studies, a maximum of two have resulted in the same ranking order, and studies focusing on
the same building type came to different conclusions. Eleven of the studies based their research
on questionnaire survey answers (QS) among occupants and one compares measured data to the
requirements of EN 15 251. The use of weighting schemes for IEQ evaluation models was criticized
multiple times. Moreover, the relevance of the use of QS to measure effects of IEQ was concluded to be
unreliable [25,65,67]. Current IEQ weighting schemes should be, therefore, used with caution.

Table 2. List of studies that have created a ranking of importance of IEQ factors.

Study Building Type Type of Survey

Chiang et al., 2001 [141] Senior house QS among occupants of 12 senior houses

Chiang and Lai, 2002 [146] General dwelling and office
buildings 12 QS on experts

Humphreys, 2005 [144] Offices 4655 QS among occupants
Wong et al., 2008 [147] Offices 293 QS among occupants

Astolfi and Pellerey, 2008
[148] Classrooms 1006 QS among occupants

Lai et al., 2009 [149] Residential buildings 125 QS among occupants
Cao et al., 2012 [150] Public buildings 500 QS among occupants

Marino et al., 2012 [151] Offices Measured values compared to EN 15251
Ncube and Riffat, 2012 [152] Offices 68 QS among occupants
Frontczak et al., 2012 [142] Offices 50000 QS among occupants
Heinzerling et al., 2013 [67] Offices 52980 QS among occupants

Zalejska-Jonsson and
Wilhelmsson, 2013 [141] Residential buildings 5756 QS among occupants
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More research is required to apply IEQ weighting schemes for the evaluation of the quality of the
indoor environment and for benchmarking. Multiple studies have revealed that other parameters,
such as the amount of space, visual privacy, working environment, and addition of “personal control”
leads to increased satisfaction [65,153–156], whereas the absence of adjustment mechanisms or their
ineffectiveness can lead to discomfort and frustration [157,158]. Similar results can be found in the
aforementioned HOPE project [107,159], where a significant relationship between combinations of
view type, view quality, and social density and perceived discomfort was found. Further, studies
focused on the relationship between occupant productivity and IEQ identified temperature, noise level
and air quality as the most significant for job performance [11,143].

3.4. Adverse Impacts of Poor IEQ

Poor IEQ can have an adverse impact on human health and performance. Poor building design
and management, as well as the presence of harmful substances (in furniture, carpets, and air),
can cause the occurrence of related comfort complaints, which can result in decreased performance and
increased amounts of sick leave [160–162]. Symptoms characterizing poor IEQ are throat, nose and
eye irritations, eczema, headaches, fatigue and lack of concentration. These are commonly referred to
as sick building syndrome (SBS) [18,101]. The first reports of SBS date back to the 1970s as a result
of mechanically ventilated buildings where ventilation and stress-related factors were identified as
the main causes of sickness absence [163]. Among additional risk factors are moisture in buildings,
higher air temperature, and a high concentration of specific volatile compounds [14]. Some of the
causes can be quickly eliminated (old carpets and furniture) while others connected to the building
construction involve major investments. There was not yet defined an exact cause for SBS, but in
general, the SBS symptoms only occur when there are more than two causing factors [12].

3.4.1. Thermal Comfort

A study on the relationship between performance and interior temperature [164], showed a
decrease in performance by 2% per ◦C increase for temperature ranging between 25 and 35 ◦C, and no
effect on the performance for temperature ranging between 21 and 25 ◦C. In a different study, Seppänen
and Fisk [14] observed an increase in performance for temperature reaching up to 20–23 ◦C, and a
decrease in performance with temperature above 23–24 ◦C. Nicol and Humphreys [165] identified three
contextual variables which influence the thermal comfort perception. The first is the climate (with the
corresponding culture and thermal attitudes), the second is the nature of a building (and its services)
and the third is time (defining the rate at which the changes occur to which the occupants have to adapt).
A relationship between the overall indoor temperature and the SBS was shown in a study published
by Wyon [166]. In this study, it was observed that by systematically increasing the temperature from
20 ◦C to 24.5 ◦C complains related to the SBS increased from 10% to 60%. The increased temperature
led to a higher concentration of harmful substances in the air originating from fixtures. This indicates
that there is a high dependency between temperature and air quality.

The link between temperature and performance is particularly relevant in occupational settings
because the overall output of workers and their productivity may be strongly affected by increasing
workplace temperature and extreme weather events (e.g., heat-waves). This problematic paradigm is
receiving increasing attention from different members of society, as the detrimental impact of climate
change becomes more evident for the research community, industrial actors, policymakers, and health
providers. It is thus not surprising to see a growing number of international initiatives to address these
problems and minimize their effect on the population [167].

3.4.2. Visual Comfort

Studies have shown a positive effect of daylighting on health [83]. Discomfort glare belongs to
one of the most reported complaints, while blinds operation, its limited functionality, or disturbance
by automated operation lead to frustration [168]. A statistically significant relationship between view
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type, view quality, social density, and perceived discomfort has been reported in Aries, Veitch and
Newsham [169]. This is also supported by findings of the HOPE project of positive statistical correlation
between view and comfort [159]. These have been identified, to have a positive effect on human
psychology, sleep quality and mood. Some other relationships between luminous conditions and
occupant satisfaction can be found in [81,84,119].

3.4.3. Indoor Air Quality

To the well-known building-related illnesses attributable to the indoor air quality belong among
others CO intoxication, allergic diseases such as rhinitis and asthma, and sensitivity to chemicals
in indoor air [170,171]. The effect of poor indoor air quality further depends on intensity, length,
and source of noxious exposure. However, risk characterization for air pollutants is mostly done on a
single chemical basis, whereas exposures are always a complex mixture of substances [172]. The link
between poor indoor air quality and productivity losses has been summarized in [14,108]. In a recent
report on noncommunicable diseases WHO explicitly singled out indoor air quality as a cause for
3.7 million deaths in 2012 [173].

3.4.4. Acoustic Comfort

Noise might cause distraction, stress, annoyance, leading to fatigue or it may even damage our
hearing. It is well known that a single sound event with a high level, such as 130 dB will render one
deaf and that continuous exposure to sound levels higher than 85 dB may lead to a gradual hearing
loss. Moreover, much lower sound levels might affect human health once a person is exposed to
inappropriate sound levels for a long time. Teachers, for instance, might develop cardiovascular
problems or voice disorders if they have to teach in environments with increased sound levels, and even
very low levels of 35 dB can paradoxically affect our health in terms of insomnia if they appear
in periods of silence and disturb sleep patterns. Studies have shown that not only the difference
in sound pressure level but also frequency characteristics affect the resulting degree of annoyance
and thus discomfort [174]. For the indoor sound environment in general, sound level and speech
intelligibility, and in particular speech privacy belong to be the most important quantifiers [85,175,176].
Finally, in terms of noise and health issues, WHO LARES (Large Analysis and Review of Housing and
Health) analysis based on a survey about European housing in 2002–2003 concluded that neighbor
noise might also cause health problems [177]. The noise effects have been associated in the past only
with damages to hearing. Nowadays it is also established that chronic exposure to noise can cause
a variety of health problems, such as hearing impairments, hypertension, cardiovascular problems,
sleep disturbances and annoyance. Noise exposure can also have psychological effects such as stress,
but there are also detrimental effects on cognitive performance and attention [178].

4. Human Factors in Adaptation

“If a change occurs such as to produce discomfort, people react in ways which tend to restore their comfort.”
This definition of adaptive principle, originally formulated for occupant behavior in regard to thermal
discomfort [165], is also applicable for all other measurable physical parameters defining IEQ. On the
user level, this adaptation can be represented by performing “adaptive actions”. Enabled through
technology “adaptive actions” can take place also on building indoor climate control and on the building
design level.

Other than the natural/technological limits of adaptation available on each of the three levels of
adaptation (the building design and construction level, the IEQ control, the occupant level), time can
be identified as one of the decisive factors determining the level on which the adaptation should
take place. The time factor could be defined as how fast the environment is able to change, or the
period necessary for occupant adaptation/acclimatization, or the time between last two adaptations
(in certain cases the frequency of change). This should theoretically follow the natural principle
of least resistance, where actions with smaller overall impact and lower energy input should take
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precedence. Whereas this can be guaranteed for the adaptations at the building indoor climate control
level and also on the building design level, the occupant behavior introduces significant uncertainty,
because “occupants adapt their environment and personal characteristics to achieve their comfort in ways that
are convenient to them rather than being necessarily energy-conserving” [61]. Occupants can adapt to their
environment through [19,179]:

• physical adaptive actions (e.g., increase their physical activity, change their clothes, altering their
environment);

• behavioral adjustment (e.g., change of habits or tolerance limits);
• physiological adaptation (e.g., accommodation of the eye); where limits of the adaptation are

imposed by the human physiology in it of itself.

These adaptive actions can take place consciously (most of the physical adaptive actions),
subconsciously (some of the behavioral changes) or be automatically steered by the peripheral nervous
system (physiological adaptation). These are defined by their natural limits ranging from ability limits
to perception thresholds.

4.1. Limits of Human Physical Adaptive Actions

When talking about physical adaptative actions in the framework of human adaptation to the
indoor environmental conditions we refer to all the adaptive actions that require physical activity.
The goal of the actions performed by the occupants is to alter their immediate environment to
achieve comfort. According to Nikolopulou et al. [179] we distinguish reactive (referring to personal
changes such as clothes) and interactive adaptive actions (referring to interactive actions with the
environment, such as the closing of curtains). Physical adaptive actions are therefore limited by
occupants’ abilities [180] and the accessibility to environmental altering control tools but can take place
only while respecting the human behavioral limits and physiological limits.

4.2. Human Behavioral Limits

The necessity of behavioral change has been identified as a significant barrier when taking
actions related to the mitigation of climate change, such as a change in energy consumption habits.
The required change is perceived to be only reachable if discomfort, the sacrifice of living standards and
social image is involved [181]. The indoor environment should provide conditions in which people can
function effectively, efficiently and comfortably. However, human global experience of comfort does
not solely depend on physiological limits but also psychological factors influencing behavior patterns.
These patterns depend on a person’s attitude, initiative, motivation and so on, and are based on the
needs and expectations of the individual [182,183]. Environmental stressors impact human psychology
and human physiology. A psychological stressor can exceed the limits of tolerance and disturb the
psychological equilibrium of an individual, whereas the stressor may occur in the form of over- and
under-stimulation [184]. Each act of perception (sensory trigger) followed by a reaction is a hypothesis
based on prior experience and any new sensory event is perceived in relation to a former experience.
Based on the demands of the environment, a shift in the distribution of the responses can take place.
This process is called adaptation (Figure 6). Behavioral adjustment enables people to actively maintain
their own comfort, and it plays a crucial role in energy conservation. This, for example, can be observed
bet the change of clothing during different seasons. Behavior plays a significant role in long-term
changes in consumption patterns and attitudes towards the environment, but psychological barriers
hinder this process of behavioral adaptation. These barriers, according to Gifford include [185]: limited
cognition of the problem, ideological worldviews, comparisons with other people (i.e., why should I if
they do not?), sunk cost and behavioral momentum (e.g., it is cheaper to ignore than to change, and its
simpler to repeat than to change), disregard towards experts and authorities (i.e., mistrust to other
people leads to ignorance of advice), perceived risk of change (i.e., uncertainty of investment into
energy efficient technologies), and positive but inadequate behavior change (i.e., installing solar panels,
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but increasing overall energy consumption). There are three critical factors determining successful
behavioral adaptation when it comes to energy saving and indoor environment [35]:

• means in the form of knowledge about how to or which technology to use,
• motive for change in form of reason or incentive,
• and opportunity in form of available resources such as time and money, further strengthened

by the ease of use, general acceptance of changed behavior by other people and maintenance of
comfort and health.
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Further, the process of adaptation can only take place in between physiological limits of the
human sensory system, particularly the limits of human capacity to experience temperature and touch,
light and color, sound and smell.

4.3. Human Physiological Limits

4.3.1. Physiological Limits of Human Somatosensory System

The somatosensory system is responsible for the sensation experience labeled as temperature.
It governs other than the sense of touch, also the sensation of pain, movement, and posture, pressure,
vibration and temperature. Through mechanoreceptors in the skin, low vibrations with 5–250 Hz
frequency can be perceived [186]. For the perception of the temperature, the responsibility lies with
cold- and warm- sensitive sensory fibres in the skin, responding to changes in skin temperature,
whereas the first only respond to cooling, and the latter only to warming. The cool and cold sensitive
fibers respond to temperatures lower than 17 ◦C to a maximum of 34 ◦C, while warm receptors respond
to a range of 33 ◦C to 46 ◦C. The temperature of 32 ◦C (approximate temperature of human skin in
thermal-neutral condition) produces no sensation at all (known as physiological zero). Temperatures
above and around 43 ◦C will begin to cause skin damage if the skin contact is of prolonged duration,
and temperatures under 17 ◦C are reported as painfully cold by humans [187]. The upper limit
for thermal radiation exposure is defined at approximately 3500 W/m2 for exposure shorter than 10
seconds, before the onset of skin burn [188], Figure 7. However, the perception of thermal comfort
does not depend only on temperature (air, radiant, surface) but also on air humidity, air velocity and
individual human parameters like clothing, and metabolic rate which depends on age and activity
level [189]. It has to be mentioned that continued exposure to warm or cold stimuli, leads to a gradual
desensitization and an increase in the threshold values. The theoretical limit is in this case presented by
the core body temperature. If the body temperature exceeds 40 ◦C, an acute risk of heat stroke arises
and if the core temperature falls under 35 ◦C a person is at risk of hypothermia [190].

Several studies suggested using the thermal sensation instead of the temperature per se to ensure
the well-being of occupants [191]. A contemporary state-of-the-art on thermal comfort approaches,
physiological basis of comfort and mathematical modeling of heat exchanged between the human
body and its environment can be found in [69].
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4.3.2. Physiological Limits of Human Vision

Visual perception is the ability to interpret information from light in the visible spectrum reflected
by the objects in the environment, that reach the human eye. The optical performance of the human
eye decreases with age. The human visual system (of a young and healthy individual) perceives visible
radiation (light) in the range of wavelengths between 370 and 730 nm, with the highest sensitivity for
photopic sight at 555 nm [192]. The normal visual acuity, based on the smallest separation at which
two parallel lines can be discriminated, for human vision, corresponds to ~1 arc-minute of visual angle
(a 2 Euro coin subtends an angle of 1 arc-minute at a distance of ~10 m) [193]. The range of light levels
perceptible spans over 11 orders of magnitude from an absolute threshold of 3,10 × 10-6 cd/m2 for
“scotopic” vision, to 3 × 105 cd/m2 for “photopic” vision [194]. The flicker fusion threshold at which an
intermittent light stimulus appears to be completely steady lies between 50 and 90 Hz, but visual flicker
artifacts can be in certain cases observed at rates over 500 Hz [195]. The theoretical maximal resolution
is estimated to be approximately 15 million variable resolution pixels per eye [196]. Depending on the
bone structure, the maximum human stereoscopic field of view can be up to 180–200◦ horizontally and
up to 135◦ vertically, although objects can be seen in detail only within the central area of the visual
field (near periphery) [197].

The eye is able to refocus and sharpen the image within a certain range, through an effect known
as accommodation of the eye. Further to maintain visual acuity, the human visual system is capable to
adapt to degraded visual conditions, such as low illumination and glare. In order to adapt (or avoid
damage) to the radiant flux that reaches the retina, regulating mechanisms take place in the eye,
ranging from a variation of the pupil diameter, to neuronal and chemical processes in the pigments
within the retina. A full sensitivity adaption can take up to 20 minutes (a dark adaptation of the
rods) [192]. Adaptation can also take place through eye movement and neck rotation (change of focus
point, gaze diversion) and a change of position. Human eyes can pitch 20◦ upward and 25◦ downward,
while eye yaw is symmetric by allowing 35◦ to the left or right. Beginning in a neutral position the
normal neck range of motion equals 60◦ for neck flexion up and down, 45◦ for lateral neck flexion to
the right and left and 80◦ for neck rotation, turning head to the right and to the left [198].

4.3.3. Physiological Limits of Human Auditory System

Hearing is the first sense to be developed in a human fetus, this takes place in the 12th week
after conception. The ears have not been formed yet at that time, but the fetus is already able to
perceive different vibrations and resonances. Sound can be perceived through air and bone conduction.
The frequency spectrum of hearing lies between 20 Hz to 20 kHz, whereas the upper hearing limit
decreases with age (most adults do not hear over 16 kHz). The human hearing system can sense a
sound pressure ranging from 10−5 Pa to 100 Pa, defined by 0 dB as the threshold of hearing and 130 dB
as the threshold of pain. Further, we are able to distinguish around 1300 tones, with the ability to
distinguish intervals, defined as the difference between two audible frequencies, such as an octave
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(factor of 2). The auditory system is capable, aside from the perception of loudness, pitch, and timbre,
to evaluate the spatial position of a sound source in terms of direction and distance [199]. Based on the
physiology of the ear and head, the ability to localize a source of sound starts at 500 Hz, corresponding
to 69 cm of wavelength, which is four times the diameter of an average human head. At 4 kHz,
with a wavelength below 10 cm, the head and especially its details (outer ear, especially pinna) start to
cast a shadow and will scatter sound waves [200].

4.3.4. Physiological Limits of Human Sensitivity to Inhalation of Pollutants

The human perception of the air quality involves two human senses: the general chemical sense
(somesthesia), located all over the mucous membranes, in the eyes and nose sensitive to irritants,
whereas the olfactory sense, located in the nose, is responsible for odor detection and pheromone
detection [201]. These senses interact, therefore substances can evoke odor and an irritating sensation,
while odor sensitivity decreases with time, discomfort from irritation will normally increase with
time [110,202]. Further, all the chemical substances that enter the nose (or mouth) while breathing then
continue further down the respiratory tract to the lungs. Olfactory receptor cells contain more than 1000
receptor proteins, making humans capable of detecting around one trillion odors [203]. Inhaled toxins
represent a health risk and can result in i.e., in chemically induced nasal lesions, sensory irritation,
olfactory and trigeminal nerve toxicity [204]. The exposure limits for substances are based on their
overall effects on health, defined as the concentration of the pollutants over time [205,206].

5. Built Environment

In Section 3 we have described the minimum performance requirements for the IEQ defined in
standards. These represent a basic framework for occupants’ well-being. In Section 4 a description of
human physical, behavioral and physiological limits for adaptation to environmental conditions were
discussed. These all have to be taken into consideration while designing an energy efficient and healthy
building environment, as the overall goal is not just the deployment of such environments but also their
overall acceptance by their occupants [207]. Design principles, initiatives, and tools that encourage
the culture of energy efficiency [208] and active engagement of occupants should be employed [209],
otherwise the potential of an innovative build environment remains largely untapped [24]. The main
purpose of more energy efficient buildings is to increase the sustainability of the built environment
while ensuring the long-term well-being of occupants. Ignorance of the before described “human factors”
and requirements for well-being can reduce the adoption and use of energy efficient measures and can
lead to disinterest and disenchantment of building occupants [40,41,210].

5.1. Sustainability of the Built Environment

Whereas the quality of the indoor environment is noticeable within a short period of time
(immediately or after a few days), its impact is not limited solely on the human sensory system.
The means with which the level of comfort has been achieved plays a significant role in the consumption
and distribution of resources. These have an impact on the overall sustainability of the built environment
as well as the resulting energy efficiency. The sustainability concept as we know it first appeared in
1987 in the Burtland Report, which was a result of a paramount need to study and identify what impact
human activity has on the environment, and was defined as [211]:

“Sustainable development is development that meets the needs of the present without compromising the
ability of future generations to meet their own needs.”

The report further continues with:
“ . . . sustainable development is not a fixed state of harmony, but rather a process of change in which

the exploitation of resources, the direction of investments, the orientation of technological development,
and institutional change are made consistent with future as well as present needs.”

The built environment dominates humanity‘s impact on climate change, results in resource
depletion, loss of biodiversity, contributes directly to health and well-being, and has socio-economical
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underlining consequences. The issues of human environmental impact and the natural footprint
are approached by two major international agreements that address climate change: United Nations
Framework Convention on Climate Change (UNFCCC), and the Kyoto Protocol, with its follow-up
agreement at COP21 in Paris 2015 which entered into force on 4 November, 2016 [212]. Based on these
agreements the signatory countries have developed their own climate and energy policies, with the
aim of holding warming well below 2 ◦C, and striving to limit warming to 1.5 ◦C [213].

5.2. Energy Efficiency of the Built Environment

The building sector accounts for approximately 19% of all global greenhouse gas (GHG) emissions
in the world, whereas most of GHG emissions belong to indirect CO2 emissions from electricity use
in buildings. These also show a dynamic growth in the last four decades (quintupled for residential,
and quadrupled for commercial), and it is estimated that the global building energy use, may double
or triple by the mid-century. Buildings embody the biggest unmet need for basic energy services and
represent a critical piece for low-carbon future [2].

The reduction of energy demand and the increase of energy efficiency is considered to be a
dominant contribution to tackle global climate change. However, caution is advised against the
oversimplification of the problematics of energy demand reduction [36]. The decoupling of energy
consumption from global economic growth is proving to be challenging, and could negatively influence
economic growth [214,215].

Energy consumption represents the total amount of energy used for a certain work during certain
time periods. In the context of the final energy consumption of countries, or sectors, their yearly
energy consumption is described in terms of million tons of oil equivalent (Mtoe). Energy consumption
can be reduced by the inference of improving the energy efficiency. Energy efficiency is a measure
that represents the amount of energy output for a given energy input, it is strongly connected to
the technological advancement. The overall goal is to reduce the amount of inputs and to maintain
the same outputs and achieve a more energy efficient state. To evaluate how efficiently an economy
consumes energy we use energy intensity. It is a measure that represents the amount of energy used to
produce a unit of output, and most commonly refers to the ratio between gross energy consumption
and gross domestic product. A reduction of energy intensity can be achieved via structural changes and
overall technological advancement. Technological advancement resulting in higher energy efficiency is
more important for countries with higher income per capita, while structural change, denoting sectoral
shifts within a country, proves to be more important for all income levels [216,217]. Despite the fact
that global energy intensity has been constantly decreasing [218], the global energy demand grew by
2% in 2017 [219].

The climate policy is in the EU represented by the “20-20-20“ climate and energy targets [220], by the
Directive 2010/31/EU [221] on the energy performance of buildings and by Directive 2012/27/EU [222]
on energy efficiency. The Directive 2010/31/EU set a strict goal of “all new buildings being nearly zero
energy buildings by 31 December 2020 (public buildings by 31 December 2018)“ [221]. To enable the delivery
of the Paris Agreement commitments [223], the European Commission has presented a new package of
measures, with milestones to ensure “a sustainable, competitive, secure and decarbonised energy system by
2050”, which introduces a necessity for long-term renovation strategies, necessity for skills development
and education in the construction and energy efficiency sectors, promotion of smart technologies,
and promotion of health and well-being of building users, defined in the revised energy performance
of buildings Directive 2018/844/EU [224]. However, even if these existing policies and announced
intentions would come to full force, the International Energy Agency (IEA) predicts that the global
energy need would expand by 30% between today and 2040. This is due to the fact that even though
the energy efficiency improves, the global floor area continues to grow, causing an increase of energy
consumption of the building sector of 0.8% a year [225]. Strict regulation of the building sector is
necessary to achieve the limit increase in the global average temperature under 2 ◦C [226].
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Energy consumption in the building sector is especially high in developed countries (up to 40% of
the total consumption, Table 3) [231]. The high potential of energy savings triggers the development of
energy conservation technologies. The global building envelope performance (its capacity to minimize
energy demand for heating and cooling) has improved by approximately 1.4% a year from 2010 [232].
The global investment in energy efficiency of buildings reached €108.5 billion in 2016 [233], but still
represents only a fraction of the total €4 trillion spent on buildings and construction globally [225].
In the EU the renewables cover, approximately 15% of energy demand for residential buildings, and 4%
for non-residential buildings [234]. Through the announced “Smart financing for smart buildings” the
EU plans to unlock €10 billion between 2018 and 2020 to fund energy efficiency and renewables in
buildings [235], to support the development of technologies to lower the final energy consumption of
buildings (Figure 8). However, to reach the 2 ◦C scenario [212,236], according to IEA, an investment
of €25 trillion in the building sector in the following 40 years (until 2050) is needed in technology
development [237], p. 43. Investment in digitalization of buildings, such as the introduction of smart
controls could lead to lowering of buildings energy consumption by as much as 10% globally [225,238].

Table 3. Energy consumption of the building sector.

Final Energy
Consumption Year Commercial in

Mtoe
Residential in

Mtoe
Total in

Mtoe
% Share of the
Building Sector

EU – 28 1 2016 150 285 1108 39
USA 2 2017 456 504 2467 39

China 3 2017 84 379 3052 15
India 4 2015 7.4 52 519 11.4

1: Relevant statistics for EU in [227]; 2: Relevant statistics for USA can be found in [228]; 3: Relevant statistics for
China can be found in [229]; 4: Relevant statistics for India can be found in [230].
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Energy use is considered to be the most reliable indicator of the successful implementation of a
sustainable building design [239]. Contemporary rating systems for newly built high-performance
buildings base their certification on predicted energy performance, acquired with the use of simulation
tools based on proposed design [240]. However, studies show that there is a gap between actual
and predicted energy consumption (simulated energy consumption) [105,239,241–243]. The use of
actual energy performance in certification could further stimulate the development of the building
and construction sector and result in higher energy efficiency and lower energy consumption.
Among the identified socio-technical factors influencing the gap between the predicted and actual
energy performance there are:
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• occupants, when there is more occupants than planned, and/or based on their energy-conscious
behavior [26,27,244],

• technology, failure or bad design and installation affecting energy efficiency [239,241,242],
• maintenance and management, bad management practices of the building management [245–247].

5.3. Building Design Level

Systematic approaches to building design, which account for interactions between different
building functions, have the potential to increase energy efficiency and result in an optimized
building performance [248]. This is achieved by an integrated building design process, based on the
cooperation of all the actors involved in the project, that agree on far-reaching decisions jointly, to ensure
building performance [249]. The challenges of reducing the fragmentation of the design process,
the increased complexity and necessity for the involvement of various professions during building
design, construction and operation, has resulted in the innovation of collaborative techniques for storing,
sharing and analysis of project data [250,251]. The most prominent is Building information modeling
(BIM), which in recent years has seen one of the highest increases in the engagement of architecture,
engineering, and construction (AEC) professionals, and has undergone one of the most promising
developments in the industry. BIM modeling supports the cooperation of professionals involved
in project drafting and realization and supports the development of sustainable building facilities.
The final model is data rich, representing a full virtual 3D model of the developed construction, storing
parametric data including dimensions, design, costs, physical properties of elements, description of
relationships between objects, as well as life-cycle information. BIM modeling has the potential to
minimize the fragmentation of the building design process, enabling inclusive involvement of large
groups of stakeholders ranging from design, construction, operation, and maintenance, having a
beneficial impact on clash detection, cost-effectiveness and overall sustainability [252,253].

Buildings’ energy efficiency can be achieved through the application of passive or active design
strategies. Passive building design, refers to the use of the potential available in the local climate
and site conditions, benefiting from passive use of solar radiation and natural ventilation [44,57,58],
whereas the design solution leads to energy savings [59]. Active technology solutions refer to
onsite energy generation, heat-pumps, and automated control of the indoor environment [54,254].
Maximization of passive features such as orientation, daylighting, cooling and heating, enhanced
by location-specific systems covering the remaining gap in energy loads (such as heat pumps and
solar panels) lead to more energy and emission conscious designs with higher indoor environmental
quality [39]. Further, implementation of passive design measures increases the resiliency of buildings,
where in case of a prolonged power outage during extreme weather conditions, the buildings remain
habitable and provide shelter passively [255].

The development of all these designing methods is also supported by the Energy Performance of
Building Directive (EPBD) [221] with the nZEB requirement. In the EPBD, nZEB is defined as follows:

“ . . . a building that has a very high energy performance, . . . The nearly zero or very low amount of energy
required should be covered, to a very significant extent, by energy from renewable sources, including energy from
renewable sources produced on/site or nearby.”

Theoretical background on nZEB can be found in [42,256,257]. In general, passive building design
and active technology solutions can be used in an nZEB concept. A comparison of different building
design strategies and their final energy savings can be found in [254].

5.4. Building Technology Level

Building technology development is focused on increasing energy efficiency, which is done
not only by developing the technology per se, but by making the technologies more responsive to
immediate conditions. This includes local weather conditions, requirements on functionality and IEQ
as well as adaptation to individual occupant needs. Implementation of energy efficient technologies,
in particular, focused on the retrofitting of buildings, is considered to be one of the main strategies
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to address energy poverty in households. Worldwide 13% of the population lacks access to modern
electricity [258,259], and in the EU only, nearly 11% of citizens are considered energy-poor, and not able
to keep their homes adequately warm [260]. The main reasons for energy poverty are considered the
rise in prices, low income and poor energy performance of households [260–262]. To energy-efficient
building technologies belong (1) high-performance building envelopes (HPBE) [263], (2) efficient
appliances such as lighting, heating, ventilation and air-conditioning [264], (3) building automation
and control systems (BACS) [265] and more [266].

It is important to mention that contemporary building design process is strongly dependent on
information and communication technologies (ICTs) [267], depending on predictive methods and on
building simulation [266,268]. This enables a new systematic approach to building design, with increased
added value through integrated building design [248]. Because of this high technologization of building
design, the term “intelligent building” is used with contemporary building design [49]. The impact
of building design on energy consumption and IEQ can be evaluated through simulation programs
(e.g., ESPr, EnergyPlus, Comsol). This type of prediction enables quick design optimization to take
place before construction [269].

Conventional building constructions are static, and once built the adaptation to surrounding
conditions, or to current occupants’ requirements, takes place in a very limited form. The adaptation
of the whole building performance is based on a simple “on-off” switch with limited variability of the
system (e.g., ventilation, blinds and heating system), whereas no system is available to resolve and
account for the interdependence of the performance indicators. Advanced building technologies, such
as HPBE and BACS, enable real-time response to environmental conditions as they do maintain high
adaptation capabilities after construction, expanding the performance abilities of buildings [54,270].
This transformation ability can be used to maintain the IEQ, and therefore can be a part of the building
automation and climate control systems [271].

5.4.1. High-Performance Building Envelopes

An HPBE is considered an external layer of building, that is able to change its properties in order
to provide comfort, as a reaction to the change of external or internal conditions, or requirements.
HPEBs can be found under multiple names in literature, including responsive, adaptive, kinetic,
intelligent and similar. The core concept is based on the imitation of processes native to the organism,
that enable adaptation to conditions in order to provide comfort and equilibrium, whereas stress is put
on the reversibility and the ability to repeat the process of adaptation [54,263]. The changes can take
place at different scales, ranging from molecular changes to structural changes in the whole system.
The adaptation is enabled through a system of sensors, processors, and actuators, or based on the
physical properties of the materials used where changes occur at the molecular and composition level
(e.g., phase change materials) [8].

5.4.2. Efficient Appliances

Energy policies support the uptake of improved energy conservation practices as well as the
adoption of energy efficient appliances and technologies (e.g., heating systems, household appliances,
and office equipment). The changeover to energy efficient appliances leads to lower energy consumption
(reduction of up to 23% in households) and lower instantaneous electric demand [272]. Appliances
equipped with motion sensors, or connected to an automatic centralized control system based on
occupancy or utilization, bring higher reduction than conventional appliances and can result in a
10% reduction in energy consumption compared to appliances without any power control system,
or equipped with a standby mode [273,274].

5.4.3. Building Automation and Climate Control Systems

When referring to IEQ control a building can be free-running (without automated control),
with climate control, or use a mixed strategy. The IEQ of a free-running building is solely dependent
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on occupant operation. While this approach is the most innate, when comparing buildings with and
without climate control, the latter may have higher energy loses [275].

Buildings with integrated room automation (IRA) represent a technical counterpart to
free-running buildings. IRA is based on data collection and controls lighting, blinds, heating, cooling,
and ventilation [276]. This includes the use of advanced IEQ control strategies using non-predictive
control or predictive control, set-back plans and automated adaptation according to occupancy
information. The efficiency of an adaptation depends on the processed relevant data and the prediction
of the adaptation outcome. The internal microclimate of a building is then a result of the “computation of
multicriterial optimization, taking into account technical and psychological comfort and energy savings” [108].
For this, systems for the collection of data and processing have to be applied. A non-predictive control
system can lead to energy savings of 1–15% while predictive control has an energy saving potential of
16–41% [277].

Current advanced IEQ control systems use different approaches: learning-based methods,
rule-based control (RBC), model-based predictive control (MPC) and agent-based control systems [50,51].
Selection of building climate control strategy is highly dependent on the available computational
capacity. Intelligent control systems, especially MPC, involve high initial investments in building
modeling, simulation, data collection, and processing.

RBC is a “condition-action” based system and belongs to the non-predictive systems. It relays on
databases of pre-set numerical thresholds of indoor environmental factors (for example temperature
threshold for cooling/heating) and corresponding reaction of building climate control technologies
(heating system, ventilation, lighting . . . ) [278–280]. Currently it is probably the most commonly used
control practice. The system reacts on ad hoc conditions and is dependable on pre-set parameters.

Progressive building climate control techniques are based on artificial intelligence,
using probabilistic models to predict the optimum control strategy [281]. They solve probabilistic
relations between variable processes represented by weather, building operation and occupant
interference and compute the probabilistic outcome of their relations. The MPC approach solves
over a finite horizon a number of optimization problems to determine optimal control outputs [265].
The process is continuously repeated over a pre-set time period (ca. 10 minutes sampling rate).
A collection of literature references can be found in the databases of the project Opti-control [282].
The MPC can be used to increase energy efficiency in building simulation [281,283–286], to create
weather forecasts [265] and for occupancy modeling [276,287,288]. All these studies show that
predictive strategies are more efficient than non-predictive conventional strategies when it comes to
building climate control, especially for thermal regulation. In a study comparing predictive control
with conventional control [289] savings of 15%, 24% and 35% were obtained for cold, mild and warm
days respectfully. It has to be mentioned that, currently, only a small fraction of buildings have
implemented this kind of building climate control.

To gather information used to operate these smart environments, sensors are used to collect
data on environmental conditions [53]. These are distributed through the monitored spaces to collect
relevant data. Currently they have to be installed in a fixed position and connected directly to the
operating computer. However, wireless sensor networks (WSNs) are a promising technology [290].
This means that currently, static nodes for data collection will become mobile. The sensors are coupled
with actuators which are responsible for the system operation (blinds, lightings and heaters).

Indoor environmental climate controls can be linked to immediate occupancy information. There is
a big potential in using occupancy information to achieve a more energy efficient and healthy building
climate control [63,288]. IRA has a savings potential of up to 34% that can be reached by adjusting
lighting and especially ventilation to instantaneous measurements [288]. Scheduled temperature
plans can lead to energy savings of up to 18% [277]. Further, artificial intelligence systems are able
to learn user preferences and also recognize and make use of space properties (time needed to heat,
energy needed) [287].
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5.5. Interactions Between Occupant and Building

The occupant preferences determine the ergonomics of designed environments, so it can be said
that user is the scale of design and the success of each design is dependable on occupant acceptance
and successful operation [61,291]. To main factors that influence energy consumption on the occupant
level scale, besides behavioral constraints discussed in Section 4.1, belong:

• the income level of building occupants [260,262],
• the age composition of occupants and their educational level [292,293],
• the available and perceived control of IEQ [21,294,295],
• the effectiveness of training on building system operation control [9,84,246,296,297].

There is a high dependency between energy consumption and criteria set for the IEQ and building
design. However, it has to be noted that reducing energy consumption while compromising the IEQ
will have an adverse impact on health and will lead to a decrease in productivity.

5.5.1. Income Level of Building Occupants

Independent surveys agree that socioeconomic characteristics such as income level and ownership
are significant drivers for energy consumption [298,299]. Low-income level is one of the factors
negatively influencing the overall energy efficiency of consumers, and these consumers are also at risk
of energy poverty [260]. Studies investigating the probability of investment of consumers in energy
efficient technologies have shown that owners of households with a high-income level are more likely
to invest in these technologies. However, for these households, other factors, such as age composition
and education, are more determining [299–301].

5.5.2. Age Composition and Education of Building Occupants

The age of building occupants is considered to be a good indicator for energy-conscious behavior,
such as the adoption of renewable energy practices [301], energy conservation and adoption of energy
efficient technologies [292,300]. The studies suggest that younger and middle-aged building occupants
are more likely to adopt energy- and climate-conscious behavior, while older occupants place more
importance on financial savings. Elderly occupants are further less informed about energy-saving
measures available. Lastly, the level of education seems to play a significant role for energy-conscious
behavior, where better-educated occupants understand better the environmental problems and have
more knowledge how to engage in energy-conscious behaviors [292,302,303].

5.5.3. Available and Perceived Control

While occupant behavior can negatively affect energy consumption [304] and automated
control leads to significant energy savings as reported in several studies [39,51,265,283,288,305,306],
the difference between available a perceived control can have a major impact on user satisfaction.
The lack to effective IEQ control leads to dissatisfaction [15,84,154,295]. However, several studies
report higher forgiveness for IEQ factors if occupants have more access to the building
controls [28,159,165,295,307]. In line with this, a study made by de Dear and Bragger [308] suggests
that occupants in naturally-ventilated buildings are more responsive to indoor building climate
(e.g., clothing adjustment) and more satisfied than occupants of buildings with centralized HVAC.
Karjalainen and Lappalainen stated that [287]: ”the automated systems should provide conditions that satisfy
the average person but also give occupants the opportunity to alter the conditions based on personal wishes”.

5.5.4. Training on Building System Control Operation

Personal control generally refers to the possibility to manipulate blinds, lighting, open a window
or use a fan. It can also refer to the possibility to adjust the automated control. Through sensor
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data collection the user has access to a vast amount of information. This can lead to frustration and
dissatisfaction. The “rule of simplicity” should be applied in the user interface [287].

While the conventional design is based on manual operation and most adjustments are intuitive
and backed up by experience, contemporary design is highly technical, and thus demanding on user
operation. In research by Day and Gunderson [296] importance of effective training on building system
control operation (system overrule, impact on energy consumption) was studied. Users that received
effective training were more likely satisfied with their indoor environment. On the contrary users with
no, or ineffective training, reported discomfort with their working environment. This can have an
impact on their overall productivity and health performance.

Further, the technical limitations of indoor environmental controls have to be taken into
consideration. If the effective change does not take place in a notable time-period, this will also
lead to increased dissatisfaction [154]. This must be taken into consideration mainly for the heating
system [309].

One of the indicators of a good indoor environment is the perceived productivity of the
occupants. The improvement of productivity through successful design is a subject to a number
of studies [157,191,310]. This only confirms the conclusion of [311] that “the economic benefits of
energy-efficient design may be significantly greater than just the energy cost savings”. This brings the
argument of the economic feasibility of improved IEQ [312].

6. Discussion and Conclusions

A comprehensive description of the limits and adaptation opportunities regarding the relationship
between an occupant and the built environment was presented in this paper. We have defined
the factors that limit the interactions between occupants, IEQ and building design. It is crucial to
respect the interdependencies in a human-built environment system for a successful design of healthy,
energy efficient and comfortable indoor environment.

The review paper was drafted based on an analysis of more than 300 scientific publications,
published between 1960 and 2019, that dealt with the topics concerning IEQ, energy efficiency,
occupant comfort, and health, sustainability and adaptability of the built environment. A holistic
analysis of selected review papers was presented, showing an increase in publications focusing on the
technologization of the built environment, whereas in recently published papers the occurrence of
terms such as smart home and model-based predictive control is more frequent.

In this paper, we have reviewed the current requirements on IEQ performance codified in
contemporary standards. In conclusion, it can be said that in all respective fields of IEQ standardization,
there is a lack of guidelines for the design of non-static building environments. The future of the building
design is in the ability of the built environment to adapt to instant performance requirements and
environmental conditions, and this is an upcoming challenge for future standardization. A necessity
to shift the focus from measurable physical parameters used to evaluate the IEQ performance
(thermal comfort, visual comfort, indoor air quality and acoustical quality), was highlighted within
this review paper, as scientific evidence proves that other performance parameters such as type of
space, building design, and working conditions have an impact on the overall satisfaction of occupants
with the building environment.

The review highlights the necessity of a human-centric design of the built environment, where the
efficiency of technology can be measured only if it is successfully implemented and used by the building
occupants. In here the limiting human factors, defining the boundaries of occupants’ physical actions,
behavioral adjustment, and physiological adaptation, while interacting with the built environment
have to be taken into account.
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Energy consumption, conservation, and the impact of climate change are the upcoming challenges
for the future IEQ research. The importance of flexibility and adaptability is highlighted by these
issues, both of which can be achieved through an automated adaptive building climate control.
However, substantial uncertainties when it comes to the set-up, operation, ease of use, maintenance
and security still exist. There is a need to create a structure enabling continuous training in the field
of building technology and operation for users. The future building environment will be highly
automated, based on artificial intelligence and prediction methods. To ensure occupant comfort the
basic operational knowledge, opportunity to overrule the system has to be provided, and attention has
to be drawn to the user interface and simplicity.

The development of the built environment towards sustainability with the development of energy
efficient and healthy technologies has to be broadly recognized, while cost-effectiveness of these
technologies has to be preserved. This review can be used as a guide while preparing campaigns
to improve the information provided to stakeholders, to raise awareness about energy-efficient
building technologies and popularize conservation practices among occupants. We believe that these
recommendations will be relevant, especially concerning the emerging markets when it comes to building
automatization and that they will contribute to more human-centric and environmentally-conscious
building initiatives.

Author Contributions: Conceptualization P.S.; methodology and formal analysis, P.S. and A.H.; writing—original
draft preparation, P.S. and A.H.; writing—review and editing, M.R., T.S.M. and A.H.; supervision, M.R. and T.S.M.;
funding acquisition, M.R.

Funding: This work was carried out in the framework of the “PaPaBuild” project under the action
H2020-MSCA-RISE-2015–grant 690970, COST Action TU1303: Novel Structural Skins and VEGA 1/0050/18:
Photovoltaic facades of nearly zero energy buildings.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

CABS climate adaptive building shell
IEQ indoor environment quality
HOPE Health Optimization Protocol for Energy-efficient building
WHO World Health Organization
LARES Large Analysis and Review of Housing and Health
QS questionnaire survey
SBS sick building syndrome
UNFCCC United Nations Framework Convention on Climate Change
GHG greenhouse gas
IEA International Energy Agency
HPBE high-performance building envelopes
BACS building automation and control systems
ICT information and communication technologies
IRA integrated room automation
RBC rule-based control
MPC model-based predictive control
WSN wireless sensor networks
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260. Pye, S.; Dobbins, A.; Baffert, C.; Brajković, J.; Grgurev, I.; De Miglio, R.; Deane, P. Energy poverty and
vulnerable consumers in the energy sector across the EU: Analysis of policies and measures. Policy Rep.
2015, 2, 91. [CrossRef]

261. Scarpellini, S.; Alexia Sanz Hernández, M.; Moneva, J.M.; Portillo-Tarragona, P.; Rodríguez, M.E.L.
Measurement of spatial socioeconomic impact of energy poverty. Energy Policy 2019, 124, 320–331. [CrossRef]

262. Schleich, J. Energy efficient technology adoption in low-income households in the European Union—What is
the evidence? Energy Policy 2019, 125, 196–206. [CrossRef]

263. Capeluto, G.; Ochoa, C. Intelligent Envelopes for High-Performance Buildings: Design and Strategy. In
Green Energy and Technology; Springer International Publishing: Cham, Germany, 2017; pp. 1–134.

264. Bilton, M.; Woolf, M.; Djapic, P.; Aunedi, M.; Carmichael, R.; Strbac, G.; Woolf, M.; Djapic, P.; Aunedi, M.;
Carmichael, R.; et al. Impact of Energy Efficient Appliances on Network Utilisation; Imperial College London:
London, UK, 2014.

265. Oldewurtel, F.; Parisio, A.; Jones, C.N.; Gyalistras, D.; Gwerder, M.; Stauch, V.; Lehmann, B.; Morari, M. Use
of model predictive control and weather forecasts for energy efficient building climate control. Energy Build.
2012, 45, 15–27. [CrossRef]
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