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Abstract: In the past two decades, with advances in data collection and in analytical techniques and
tools, there has been a significant increase in research on indoor environmental quality (IEQ) assess-
ment. To better understand the relationships between the overall IEQ performance and individual
IEQ aspects, namely, indoor air quality, thermal comfort, acoustic quality, and visual quality, IEQ
models have been developed by many previous studies. In this paper, the IEQ models proposed
in the literature in the period from 2001 to 2022 are examined and summarized into ten questions,
including but not limited to indicator selection, data collection, analysis methods, interpretation,
and implication. The proposed answers aim to provide insight into current studies on IEQ mod-
els and identify gaps for future research. It has been found that the existing IEQ models differed
for different building types or occupants. To compare the IEQ performance of various buildings
in other countries, standardized data collection protocols are necessary, including the selection of
IEQ aspects/indicators and their corresponding objective measurement strategies and standardized
subjective survey methods. In addition, the data analysis approaches used to develop the IEQ models
must be unified. Moreover, criteria for overall IEQ performance and the individual IEQ aspects
should be provided. This study is the first comprehensive investigation of all the steps involved in
IEQ model development. The answers to these ten questions can be seen as practical instructions for
establishing an improved, standardized, and repeatable IEQ assessment model.

Keywords: indoor environmental quality (IEQ); IEQ model; thermal comfort; visual quality; acoustic
quality; IAQ

1. Introduction

Thanks to the development of numerous technologies, people’s living and working
environments have improved considerably in the past few decades. Comfort and healthy in-
door environmental quality (IEQ) have attracted much greater attention among researchers,
architects, building managers, and occupants. Since 2001, when Chiang et al. [1] developed
the first IEQ assessment system, several studies have proposed different IEQ assessment
models to evaluate IEQ in various indoor environments. It has been found that by adjust-
ing other IEQ aspects (such as indoor air quality (IAQ), thermal comfort, visual quality,
and acoustic quality), an overall satisfactory IEQ could be achieved, and this could yield
positive effects in terms of the occupants’” well-being and performance [2—4]. To better
understand the relationships between individual IEQ aspects and overall IEQ satisfaction
and to evaluate the overall IEQ performance in an indoor environment, the IEQ index has
been proposed, and its connection with different IEQ aspects has been studied.

IEQ models, as described by Heinzerling [5], comprise an evaluation system that
takes the performances of different IEQ aspects as input and provides a numerical IEQ
index as the output. This definition is applied in the current study as well. According to a
scientometric study on IEQ models, the number of publications about IEQ models keeps
increasing; however, the research themes and methods have been updated in the past two
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decades [6]. The current IEQ model has solid potential to identify the weak aspects of an in-
vestigated environment and improve the overall IEQ performance effectively. A few review
papers have summarized our knowledge of the IEQ models from different perspectives.

Frontczak and Wargocki [7] provided an overview of the ranking of the four main
IEQ aspects, in terms of their relationships with overall IEQ satisfaction and the impact of
occupant-related, building-related, and climate-related factors on overall IEQ satisfaction.
This study has summarized the results obtained from seven previous investigations. We
could not identify a clear trend regarding the ranking of these IEQ aspects because the
related studies were not comprehensive enough. Nonetheless, based on the limited studies
identified by the literature survey, this study concluded that personal characteristics, such
as gender and working position, significantly impacted occupants” IEQ satisfaction and
suggested that future research should pay more attention to this aspect.

Heinzerling [8] critically reviewed eight studies regarding IEQ evaluation in commer-
cial buildings. This review focused on subjective/objective evaluation methods (such as
measurement parameters, instruments, and survey subjects) and IEQ assessment class
schemes. Although comparing previous studies, controversial results on IEQ assessment
classes were identified, particularly regarding the interpretation of EN15251-2007. This
study proposed a new assessment class and appealed for additional research to avoid this
conflict. Another significant result of this literature study was in identifying gaps in the
research, namely, the need for consistent IEQ measurement protocols and reflections on the
interaction between the aspects of IEQ in IEQ models.

After Heinzerling’s literature survey was published, further studies on IEQ models
have been carried out, and some research gaps that were identified by Heinzerling have
been addressed. Therefore, Roumi et al. [5] recently conducted a systematic literature
study of 25 publications on IEQ models in commercial buildings to provide an updated
review. They have classified these IEQ models into three categories: subjective—objective
models, objective models, and subjective models, based on each model’s data collection
approach, and discussed the analytical methods applied in these studies. Moreover, they
have summarized five criteria for evaluating the quality of IEQ models, based on which
criteria they proposed a scoring system and ranked the 25 IEQ models accordingly.

The existing literature has developed various IEQ models. However, the included
variables and applied methods varied greatly from one study to another, and no clear
patterns emerged. Therefore, the need is still to systematically provide a theoretical basis
and practical guidance in IEQ model development and interpretation. Most studies focused
on the development of the models while lacking a discussion of the application of these
models. To address the research gaps, this study introduces the theoretical basis of the IEQ
models, summarizes the methods of data collection, data analysis, and validation used
in IEQ model developments, and provides the possible scenarios and challenges for IEQ
model applications in the form of 10 questions. Questions 1 and 2 deal with the definition
and importance of IEQ models. Questions 3 and 4 refer to the data collection methods used
for selecting indicators and the related measurement methods. Question 5 addresses the
issue of data analysis methods. Questions 6 to 9 concern the application and validation
of IEQ models. Question 10 explores the challenges and future direction for IEQ model
development and application. The answers to these questions reveal the challenges and
limitations in the current research on IEQ models, in an attempt to shed light on the future
development of IEQ models.

2. Methods

A literature study was performed in the Web of Science and Scopus databases to
answer the proposed questions. The queries used for the literature search are as follows:

Web of Science: TS = ((indoor environmental quality OR IEQ) AND (model* OR
weight* OR index*)).

Scopus: TITLE-ABS-KEY = (“indoor environmental quality” OR IEQ) AND (model*
OR weight* OR index*).
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After the first round of searches, a further screening procedure was conducted, based
on the language used (English) and the published date (within two decades). Then the
results identified in these two databases were compared, and the same published were
removed. After that, a detailed screening was conducted, based on research topics and re-
sults. Only those focusing on IEQ models in school buildings and established mathematical
models (or weighting schemes) were retained.

3. Results
3.1. Question 1: What Are IEQ Models?

An IEQ model is an evaluation tool used to assess the environmental quality of an
indoor space by considering all the aspects of IEQ [9]. It combines the values of several
indicators corresponding to different IEQ aspects into an overall index, 8;ro, which can
be a serial number (such as a score from 0 to 100) [10] or a binary number (to indicate
accepted /not accepted) [11]. The goal is to provide quantitative insights for the use of
building owners, designers, and managers to evaluate IEQ and to indicate both the weakest
IEQ aspect and the most important aspect, in order to optimize overall IEQ satisfaction.

Figure 1 illustrates the search result for the number of publications using the keywords
“(indoor environmental quality OR IEQ) AND (model* OR weight* OR index*)” in Web
of Science. As is shown, there is growing attention to the assessment of IEQ; the peak
occurred in the past four years. According to the high-frequency items used in the abstracts
of these publications (Figure 2), four research trends can be identified: (i) IAQ, thermal
comfort, visual quality, and acoustic quality were the most commonly studied IEQ aspects,
while IAQ and thermal comfort were mentioned more frequently than auditory and visual
comfort; (ii) schools (or classrooms) and offices were the most popular of the investigated
environments; (iii) occupants” comfort, productivity, performance, satisfaction, and health
were the focus of the research; (iv) field studies and surveys were the two most commonly
used research methods.
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Figure 1. The number of publications on indoor environmental quality assessments.
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Figure 2. High-frequency items occurring in the abstracts. Note: Colors indicate the cluster to which
an item was assigned by the clustering technique that is used by the VOSviewer, while the circle’s
size represents the related item’s research frequency [12].

A typical IEQ model consists of the individual IEQ indexes (6;) and their correspond-
ing weights (B8;):
O1eQ = ) _ Bibi- 1)

It is worth noting that Equation (1) is just a single example of the IEQ models. There
are diverse model forms that mainly vary according to the analysis methods employed.
The individual IEQ indexes of the IEQ model are calculated using separate models that aim
to predict the performance of each IEQ aspect (e.g., [13-15]). At the same time, the weight-
ing schemes are determined through different analytical methods [16,17]. Combining the
individual IEQ indexes and the weighting schemes could help to identify the most crucial
aspect that contributes to overall IEQ satisfaction, along with the weakest aspect that needs
urgent improvement. Figure 3 shows the necessary procedures for developing an IEQ
model, including the selection of investigated subjects (namely, the measurement parame-
ters and the surveyed occupants), data collection, data analysis, and the interpretation of
the results. Each step of this process is explained in the following sections.

3.2. Question 2: Why Is the IEQ Model Needed?

It is well-known that people spend most of their time indoors, and IEQ significantly
impacts the occupants” health, comfort, and working performance [18-22]. Previous studies
identified that poor IEQ could cause sick building symptoms (such as dry eyes, stuffy nose,
and headache) [23,24] and may have a close connection with the prevalence of certain
diseases (such as rhinitis and migraine) [18,19]. These health effects would inevitably result
in uncomfortable workers and poor performance. Besides the occupants’ perspective, IEQ
in the working environment has also aroused employers’ interest since an unhealthy IEQ
might lead to leave being taken due to ill health and low productivity, thereby lowering
yields. It has been known that personal experience accounts for a large proportion of
companies’ operation and maintenance costs [25,26]. Take an employee in California as an
example; Kats and Capital [27] claimed that decreasing 1% in one employee’s productivity
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was equal to USD 665 being lost yearly. Conversely, improving workers’ performance
could result in a USD 20-160 billion increase per year [25].

__________________________________________________________________________________________________
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Figure 3. High-frequency items occurring in the various abstracts.

Additionally, the impact of IEQ on occupants also concerns the managers of schools
since children are much more sensitive to IEQ than adults [28]. Poor IEQ not only negatively
impacts children’s comfort at school [29] and their performance [30] but also might cause
health problems such as fatigue, stuffy nose, and headaches, which may impede children’s
development [31]. For example, Haverinen-Shaughnessy and Shaughnessy [32] identified
a negative relationship between classroom, temperature (within a specific range), and
students’ test scores. An EU-level project, SINPHONIE (Schools’ Indoor Pollution and
Health: Observatory Network in Europe), which investigated the IEQ in 53 schools across
12 European countries, found a significant impact in terms of visual quality, particularly
the amount of daylight, on students’ school performance [33]. Sala and Rentala [34]
reported the detrimental effect of poor classroom acoustic quality on students’ speech
communication and learning ability. Moreover, poor IAQ, such as high concentrations
of VOC (volatile organic compounds) and PM; 5 (particles that are 2.5 microns or less in
diameter) or inadequate ventilation rates in classrooms, were also detrimental to school
children’s health and performance [35-37].

All these IEQ aspects are essential to occupants” health, comfort, performance, and
overall IEQ satisfaction. However, the degree of importance of these aspects is not so clear,
and it differed among different occupants with different occupancy duration in various
types of buildings [7,38,39]. Building managers (or others with the right to control the
IEQ in the buildings) usually allocate attention and energy resources based on their own
experiences and understanding of the different IEQ aspects. Therefore, identifying how
different IEQ factors impact occupant satisfaction could help building managers to decide
what IEQ aspect should be prioritized, especially when resources are constrained [40].

Given the above, all the building’s designers, owners, and managers should be en-
couraged to invest in modifying the building designs or building operations if these
modifications could improve the occupants” health, comfort, and performance. Therefore,
to help decision-makers to better understand the quantitative relationship between the
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overall IEQ performance (or occupants’ overall satisfaction with the indoor environment)
and the performance of each IEQ factor (or occupants’ satisfaction with each factor) [14,40],
we must identify the specific IEQ aspect that has the most significant (negative/positive)
effect on the occupants’ satisfaction [1,39,41], and compare the IEQ performance between
different indoor spaces [10,42]; for this reason, the IEQ model is needed.

Apart from the impact of IEQ, the standards relating to IEQ are also worth our
attention. To date, the majority of IEQ standards and guidelines only focus on one IEQ
aspect (i.e., thermal [43], visual [44], acoustic [45], or IAQ [46] factors) or provide separate
categories for these different IEQ aspects [47]. Since no unified calculation method exists
for an integrated IEQ index, the standards seldom stipulate the types for the overall
IEQ performance. This makes evaluating and comparing the overall IEQ conditions in
different buildings difficult. To develop an integrated IEQ standard, a unified IEQ index
calculation method must be established, namely, an IEQ model. Based on this model, the
IEQ evaluation system can be confirmed, promoting work at the design stage and making
the IEQ more comfortable for the target occupants.

3.3. Question 3: Which Aspects and Indicators Should IEQ Models Include?
3.3.1. IEQ Aspects Involved in the Existing IEQ Models

Most existing IEQ models considered the four main aspects of IEQ-IAQ: thermal
quality, visual quality, and acoustic quality [1,5,8,10,13-15,17,42,48-55]. Among the other
models that did not involve all four IEQ aspects, thermal comfort was the most widely
investigated; all the reviewed models considered it, but while IAQ was not included in the
models developed by Buratti et al. [56], Huang et al. [57], and Xu et al. [58], visual quality
was not included in the models proposed by Lai and Yik [41], Huang and Liao [59], and
Mui and Chan [60], and acoustic quality was not included in the models provided by Xu
et al. [58] and Huang and Liao [59]. The reason why these aspects were excluded differed
between the studies, which might be due to the narrow range of the collected data [57,60],
the research purposes [59], or the limitations of the experiment chamber [58]. However,
according to Bluyssen et al. [61], there were significant interactions between the four IEQ
aspects; for example, they found that under the same IAQ conditions, the occupants’
assessments of smells were different with different lighting or acoustic quality. This sensory
interaction might influence the occupants’ overall IEQ assessment as well. Therefore, to
achieve accurate IEQ perception, the four aspects should be considered simultaneously.

Although IAQ, thermal comfort, visual quality, and acoustic quality have been re-
garded as significant components of IEQ, the subject encompasses more conditions inside
the building. The American Society of Heating, Refrigerating, and Air-Conditioning En-
gineers (ASHRAE) defined IEQ as “a perceived indoor experience of the indoor building
environment that includes aspects of design, analysis, and operation of energy-efficient,
healthy, and comfortable buildings” [62]. Therefore, the Center for the Built Environment
(CBE) at the University of California, Berkeley, designed a web-based IEQ assessment
questionnaire that consists of an evaluation of seven indoor environmental quality aspects,
including office layout, office furnishings, thermal comfort, air quality, lighting, acoustics,
and cleaning/maintenance [63]. Many researchers later applied this questionnaire to evalu-
ate IEQ in several investigated buildings [40,64,65]. They found that apart from the four
widely studied IEQ aspects, office layout, furnishing, and cleanliness (including indicators
such as the amount of space, privacy, and the adjustability of furniture) had noticeable
impacts on the occupants’ overall satisfaction [21,40,66]. Therefore, these aspects of IEQ
are suggested for consideration in developing IEQ models. Electromagnetic fields, water
quality, and energy were investigated in some IEQ assessments, due to society’s goals at
the time and the severity of the problems that these aspects might cause [67-69]. However,
no IEQ model has involved these aspects so far.

Since IAQ, thermal comfort, visual quality, and acoustic quality were the most widely
studied factors, they are the main focus of the current study. In most previous studies, only
one indicator was selected to represent one aspect of the IEQ, such as predicted mean vote
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(PMV)/operative temperature (Top) for thermal comfort, CO, concentration for IAQ), illumi-
nance for visual quality, and sound pressure level (SPL) for acoustic quality [13,14,42,50,60].
However, more parameters could affect these aspects of IEQ. Hence, to achieve a holistic
understanding of IEQ performance, some studies have investigated more than one indica-
tor for some or each IEQ aspect(s) [48,51,55,560]. A few researchers even included 18 [64] or
23 [69] indicators in their own IEQ evaluation surveys. The most commonly used indicators
for each IEQ aspect will be discussed in the following sub-sections.

3.3.2. IEQ Indicators Involved in Existing IEQ Models
Thermal Comfort-Related Indicators

In terms of thermal comfort, air temperature, radiant temperature, humidity, and air
movement are the four fundamental indicators that define physical and thermal environ-
ments. Apart from these factors, the occupants’ metabolic heat and clothing insulation were
often also collected in previous thermal comfort-related studies. Using these six indicators
together, the occupants’ thermal sensations can be determined in an indoor environment;
furthermore, the PMV and predicted percentage of dissatisfaction (PPD) can be calculated
based on Fanger’s thermal comfort equations [70]. However, the PMV and PPD indexes are
limited in an air-conditioned environment. The Top measure was proposed and has been
widely used in previous studies to better reflect occupants’ thermal sensations in naturally
and mechanically ventilated buildings since it was closely related to the occupants’ thermal
sensation votes (TSVs) [71]. Besides these objective indicators, to collect the occupants’
thermal sensations directly, the thermal sensation vote was also investigated as a subjective
indicator of thermal comfort in many studies.

IAQ-Related Indicators

IAQ assessment can be established based on ventilation or the concentration of pol-
lutants in an indoor environment. Therefore, two indicators were used to evaluate IAQ:
ventilation rate and pollutant concentrations. Ncube and Riffat [15] proposed three ways
to calculate the IAQ index using three different indicators, i.e., ventilation rate, CO,, and
decipol (pollution perceived in the presence of an ordinary subject in an environment
with ventilation equal to 10 L/s of clean air). Similarly, Mujan et al. [48] also devel-
oped three models to evaluate the IJAQ index. Still, with the three different indicators of
CO,, PM; 5, and TVOC (total volatile organic compounds), only the minimum value of
the three indicators was used in the final IEQ model. Piasecki [52] also used three TAQ
indicators—CO,, TVOC, and formaldehyde (HCHO)—but considered them together in
one evaluation model. Among these IAQ indicators, CO, was the most widely used in-
dicator since it can be seen as a proxy for ventilation as well as the surrogate of human
bio effluents [13,14,39]. Besides, occupants’ perceptions of air quality (such as freshness
or odors) were also widely used as a subjective indicator to evaluate IAQ in previous
studies [39,71-73].

Acoustic Quality-Related Indicators

To evaluate the acoustic quality in an indoor environment, SPL-related indicators,
including the A-weighted equivalent sound pressure level, Leq(A) [13,15,74], and back-
ground noise level [5,60,75] were often used. These indicators were the same as those used
to test the presence of noise sources. In addition, there are some indicators that are used to
describe the sound insulation of an investigated environment (such as reverberation time
(RT) and sound absorption coefficient) [76] and the intelligibility of speech (such as the
signal-to-noise ratio and speech transmission index (ST1)) [56,77]. However, considering
the complexity of measurement, these indicators were not commonly used. Moreover, to
subjectively evaluate the acoustic quality in an indoor environment, occupants’ percep-
tions of acoustic quality (such as noisy/quiet or speech intelligibility ratings) were often
investigated [10,13-15,17,50,56,57,65,75].
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Visual Quality-Related Indicators

Compared to other IEQ aspects, few alternate objective indicators are used to evaluate
visual quality. In terms of visual quality, illuminance (E) was the most widely used indicator
to assess lighting performance [10,13-15,58,64]. However, more subjective visual indicators
have been used in previous studies, for example, the perception of artificial light/daylight,
the occurrence of glare, etc. [56,64,69].

3.4. Question 4: How to Collect Data

The procedure of data collection is essential for IEQ assessment. In most studies, both
subjective and objective data were collected through on-site measurements and question-
naires. However, some studies evaluated IEQ performance using objective or subjective
data alone. Additionally, few studies used the data obtained through simulations or
chamber experiments to assess IEQ performance [57,58,74,76].

3.4.1. On-Site Measurement

Technological advances have made measurement more accurate and convenient in
the past few decades since several multifunctional devices that simultaneously measure
numerous indicators have now been invented. However, the selection of measurement
tools in the literature heavily depended on the study purposes or the amount of available
funding. Moreover, measurement procedures, including time duration, time intervals, and
the number and location of sensors were also decided, mainly based on the researchers’
personal experience. It seems that no consistent guidance for IEQ-related indicators mea-
surement exists as yet. According to a comparison study between two measurement
durations—15 min and 2 h—the exposure time significantly impacted the final IEQ model,
specifically the weighting scheme [16].

Furthermore, a recently conducted full-scale laboratory study observed that CO,
concentrations varied significantly between different locations in the same room, especially
under natural ventilation conditions [78]. The same results were also expected for other
IEQ indicators. Therefore, future studies must develop a clear IEQ measurement guideline
to instruct and unify the measurement procedure.

3.4.2. Questionnaire Survey

Since occupants know the surrounding environment best, questionnaires were com-
monly used in previous studies to collect their perceptions of IEQ and determine the
combined effect of the IEQ factors. The questionnaire design was similar among these
studies. Most of them consist of questions on the occupants’ personal information, along
with their perceptions of and acceptance/satisfaction regarding the four IEQ aspects. The
perception-related questions were, in general, answered using semantic differential evalua-
tion scales (e.g., hot—warm—neutral—cool—cold), Likert scales (e.g., disagree—neither
agree nor disagree—agree), or a visual analog assessment scale (e.g., 0-100 rating scales),
while the acceptance/satisfaction-related questions were usually answered using a dichoto-
mous assessment scale (e.g., acceptable/satisfied—not acceptable /unsatisfied) [79]. Apart
from the occupants” questionnaires, some researchers also collected experts’ questionnaires
to better understand the importance of different IEQ aspects. A typical form of these ques-
tions served as a pairwise comparison. Through this process, experts” preferences could
easily be collected. Usually, a questionnaire survey was conducted simultaneously, with
the physical measurements being taken in the indoor environment. The combination of
on-site measurements and questionnaire surveys allows researchers to develop an in-depth
and comprehensive understanding of the IEQ performance in the investigated environ-
ment. However, as with on-site measurement, most questionnaires were designed by the
researcher empirically. The number of questions included for one IEQ aspect varied from
one [13] to five [56], which, according to Fassio et al. [16], might influence the weighting of
IEQ aspects concerning overall satisfaction. Therefore, a uniform set of questionnaires is
needed. Some well-designed questionnaires were either adopted or revised by later studies,



Appl. Sci. 2023,13, 3343

9 of 24

such as the CBE occupant IEQ survey [62] and the OFFICAIR questionnaire [80]. However,
these questionnaires mainly focused on office environments; standard questionnaires for
children in school and older adults in care centers are yet to be created.

3.4.3. Simulation

In addition to on-site measurement and questionnaire surveys, simulation is another
method used to collect data while developing IEQ models, especially when predicting IEQ
performance in the design stages [74,76]. According to Korsavi et al. [81], data generated
through simulations needs to be more consistent with the results collected through the
questionnaire, to a substantial extent. In simulations, more building-related indicators
that might influence IEQ performance (such as shape, window size, lighting locations, the
number of sound absorption panels, HAVC systems, etc.) could be analyzed since comput-
ers could simulate more scenarios. For instance, an extensive database with 15,800 cases
was created by Catalina and Iordache [76] using simulations, where eight input indicators
with wide ranges (e.g., the temperature range varied from —8.8 °C, representing Moscow
in January, to 42.9 °C, representing Abu Dhabi in August) were considered. Using this
database, they developed a set of individual models to predict the performance of the four
aspects of IEQ, along with an integrated model to calculate the overall IEQ index, which
was proven to be very accurate (R? > 0.9).

3.4.4. Laboratory Experiments

Laboratory experiments were also applied in the various studies on IEQ evaluation
models. Compared with field studies, environmental quality could be controlled in labora-
tory experiments, which is both advantageous and disadvantageous. In the experiment
chambers, more combinations of the various environmental settings can be tested, and
researchers could effectively collect the occupants’ responses toward different conditions.
However, it is hardly possible to control every IEQ indicator in the experiment chamber,
so previous studies conducted in the labs seldom considered all the aspects of IEQ. For
example, in the study by Xu et al. [58], only thermal, visual, and space conditions could be
changed; therefore, acoustic quality and IAQ were not examined. In the study by Huang
et al. [57], lighting, acoustic, and thermal conditions could be controlled, while IAQ could
not; therefore, their IEQ evaluation did not consider IAQ. Another possible limitation of
the laboratory experiments is the limited size of the experience chamber and the limited
number of participants. Tang et al. [82] experimented in an IEQ laboratory where all the
IEQ aspects (including temperature, airspeed, SPL, illuminance, and CO, concentration)
could be changed, yet only eight university students participated in their experiment,
which made it impossible for the results to be generalized. Besides, in this experiment,
IAQ was controlled by increasing the CO, concentration, which was irrelevant because
CO; concentration cannot be regarded directly as an indicator of IAQ. CO, concentration,
without specific intervention, can affect the ventilation performance, which could be used
to evaluate the IAQ; however, increasing CO, concentration by releasing CO, into the
chamber can hardly have any connection with the ventilation rate, hence, there is no im-
pact on IAQ. Although there are several limitations to the current laboratory experiments,
with technological progress, there is reason to believe that more advanced experimental
chambers will be designed and built. Laboratory experiments will provide a powerful way
to study IEQ models in the future.

No unified data collection methods have been developed, including both subjective
and objective investigations. The empirical data collection procedures varied from study to
study, which increased the uncertainty in the collected data and affected the trustworthiness
and credibility of the IEQ models. Therefore, one of the most basic needs when establishing
an accurate IEQ model is to define a standard, detailed, and widely applicable protocol
for data collection. A standard questionnaire (for capable adults) and interview outline
(for young children and older adults) including all the basic questions should be provided
for subjective investigation. On this basis, several customized questions for the different
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indoor environments can be added, and many examples should be included in the protocol,
while in the case of objective investigations, the procedures of on-site measurements (for
existing buildings) and simulations (for future buildings) should be introduced in detail. In
addition, the customization of objective investigations is also feasible, and possible options
should be provided, based on previous studies. Following this protocol, a global database
can be developed that will pave the way for establishing universal IEQ models.

3.5. Question 5: How to Calculate the Individual IEQ Indexes

To build an accurate IEQ model to predict the occupants” overall IEQ satisfaction
precisely, it is vital to understand the occupants’ satisfaction regarding each IEQ aspect sep-
arately in the first place. Therefore, in most existing studies on IEQ models, the individual
indexes were calculated according to thermal comfort, IAQ, acoustic quality, and visual
quality, using various models in the different studies.

3.5.1. Thermal Comfort Model

Among the thermal comfort models used in previous studies, the one developed based
on Fanger’s investigations (see Equations (2) and (3)) [68] has the most extended history
and was the one most widely used [14,15,48]:

(0.303exp(—0.036M) + 0.028)
x{(M— W) —3.05x 1073 x [5.733 — 6.99 x (M — W) — P,] — 0.42[(M — W) — 58.15]
—1.7 x 1073(5.867 — P,) — 0.0014M (34 — t,) —3.96 x 108 f, x [(tq + 273)*
_(t‘f + 273)4] - hclfcl(tcl - ta)}

ty =357 —0.028(M — W) — I,;{3.96 X 1078 £, x [(tq +273)* — (t, +273)*] — hei fui(te — ta) }

o J2.38]t — ta|*? forlty — ta|*® > 121V,
‘ 121V, forlty — ta|*% <121V,

fo = 1.00 +1.2901; forl,; < 0.078 m?-K/W )
87 11.05+0.6451, forl; < 0.078 m2-K/W

where M is the metabolic rate (W/m?2); W is the effective mechanical power (W/ m?); I is
clothing insulation (m2-K/W); f,; is the clothing surface area factor; t, is the air temperature
(°C); t; is the mean radiant temperature (°C); V; is the air velocity (m/s); P, is the water
vapor partial pressure (P,); I is the convective heat transfer coefficient (W / (mZ-K)) ; tep 1S
the clothing surface temperature (°C).

PPD = 100 — 95 x e—(0‘03353><PMV4+0.2179><PMVZ) 3)

The resulting indexes of Fanger’s thermal comfort model could be PMV or PPD.
Some studies used these indexes directly, and some developed new indexes based on
these indexes, such as Equations (4) [15,48] and (5) [14]. However, Fanger’s model has
only been developed for adults in air-conditioned environments. To accurately refine the
thermal comfort for different groups of people in various settings, adaptive models were
proposed [83,84]. Consequently, some studies developed their thermal comfort models
based on operative temperature [10,13,50] and most of them were quadratic regression
models, such as for Equation (6) [13].

07, = 100 — PPD @)
PPD
Oy =1— 7o ©)

Oy = —0.00632 + 0.287t, — 2.934 (6)
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3.5.2. IAQ Model

For IAQ models, the most popular ones were developed based on CO; concentrations.
Among them, the simplest one was the linear regression model (e.g., Equation (7) [13,50]).
Likewise, logistic regression models (e.g., Equation (8) [14,49]) and quadratic regression
models (e.g., Equation (9) [42]) were also developed. Additionally, other indicators, such
as airflow rate [10] and pollutant concentrations [15,48,52,55], were considered to be inde-
pendent variables of the IAQ models as well. Some models that were developed based
on air pollutants considered more than one indicator, as mentioned in question 4. The
IAQ index was determined by the minimum value [48] or was calculated based on another
linear regression model [52].

0,4; = —0.0002CO, + 0.244 ?)
04 =1 1 8

AT ST ] o(45.24-0.257c0y) ®)

04; = 6 x 1077CO3 — 0.0025CO, + 1.9416 )

3.5.3. Acoustic Quality Model

In terms of acoustic quality models, almost all of them were developed based on SPL; one
of the most popular models is Equation (10), which was used in several studies [15,48,52,55].
Besides this, some studies developed their acoustic models based on their own collected
data, for which the linear regression model was the most common one [10,13,60,75,76], such
as in Equation (11) [76]. Additionally, several logistic regression models were developed
for evaluating acoustic quality [14,49,85], such as Equation (12) [14]. Another attractive
acoustic-quality model that is worth mentioning is the one developed by Buratti et al. [56].
To achieve a holistic evaluation of acoustic quality in an indoor environment, the authors
included five acoustic indicators in their model (see Equation (13)), namely, the index of
background noise (IBN), the effect of noise (IEN), sound quality (ISQ), voice perception
(IVP), and listening quality (ILQ), respectively. Unlike the thermal comfort or IAQ models,
no quadratic regression model was developed to evaluate acoustic quality, indicating a
monotonic relationship between SPL and acoustic quality—the lesser the SPL, the better
the acoustic quality in the tested range:

04. = 100 — 2( Actualsp; — Designgpr) (10)
6,4, = —3.33SPL + 200 (11)
1
Oac =1- 1+ ¢(23.75-029865PL) (12)
0.3IBN 4 0.3IEN 4+ 0.2I1SQ 4+ 0.11VP + 0.1ILQ
04 = 10 . (13)

3.5.4. Visual Quality Model

For the visual quality models, almost all of them used illuminance as an independent
variable but in various forms, such as the linear regression model (e.g., Equation (14) [10,42]),
logistic regression model (e.g., Equation (15) [14]), quadratic regression model (e.g.,
Equation (16) [13]), and complex logistic quadratic regression model (e.g., Equation (17) [15]).
Likewise, similar to the acoustic quality model that involved five indicators, Buratti et al. [56]
also used five lighting-related indicators to develop a holistic visual comfort model (see
Equation (18)), wherein ALQ, ALS, ALG, NLR, and NLQ represented the indexes of arti-
ficial lighting quality, artificial lighting sources, artificial lighting glares, natural lighting
quality, and natural lighting reflection, respectively.

0y = 0.0013Lux — 0.0409 (14)
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Ovi=1- 1+ e(—14.13+0.9058E) (1)

By; = —5 x 10~7E? + 0.0011E — 0.106 (16)

Oyi = —176.16[In(In(E)))* + 738.4In(In(E)) — 690.29 17)

,, — 02ALQ+01ALS + 0.2(10 — ALG) 4 0.3(10 — NLR) + 0.3NLQ (18)

10

3.6. Question 6: What Is the Combined Effect of Individual IEQ Aspects on Overall
IEQ Satisfaction?

Usually, weighting schemes were applied in the previous studies to combine the
individual index into an overall IEQ satisfaction model. Table 1 lists a summary of the
weighting schemes used in the existing IEQ models. To ensure comparability, the weight-
ings were normalized into a new array with a sum equal to one (those with the highest
weightings were marked in bold). Among them, the most straightforward weighting
scheme is a set of equal weights, namely, 0.25 for each factor [54,55,76]. This weighting
scheme was officially proposed and justified by Piasecki et al. [54].

Table 1. Summary of normalized weighting schemes used in the existing models.

Reference Building Type Thermal Air Acoustic Visual

Mui and Chan (2005) [60] Office 0.53 0.11 0.35 /
Wong et al. (2008) [14] Office 0.31 0.25 0.24 0.19
Humphreys (2005) [51] Office 0.42 0.39 0.14 0.05
Lai and Yik (2009) [39] Residents 0.34 0.22 0.22 0.22
Lai et al. (2009) [38] Residents 0.38 0.03 0.38 0.21
Cao etal. (2012) [13] Office and education 0.39 0.14 0.27 0.20
Ncube and Riffat (2012) [15] Office 0.30 0.36 0.18 0.16
Catalina and Iordache (2012) [76] Education 0.25 0.25 0.25 0.25
Heinzerling et al. (2013) [8] Commercial 0.12 0.20 0.39 0.29
Fassio et al. (2014) [16] Education 0.31 0.25 0.24 0.19
Mihai and Iordache (2016) [10] Education 0.25 0.26 0.24 0.24
Piaseck et al. (2017) [54] Office 0.25 0.25 0.25 0.25
Pontip Stephen Nimlyat (2018) [72] Hospital 0.31 0.21 0.25 0.24
Tahsildoost and Zomorodia (2018) [42] Education 0.31 0.16 0.24 0.29
Buratti et al. (2018) [56] Education 0.35 / 0.35 0.30
Mui et al. (2019) [85] Residents 0.17 0.01 0.27 0.56
Yang and Mak (2020) [50] Education 0.32 0.16 0.28 0.24
Piasecki et al. (2020) [55] Education 0.25 0.25 0.25 0.25
Mujan et al. (2021) [48] Office 0.29 0.35 0.20 0.17
Stefano Riffelli (2022) [71] Education 0.37 0.30 0.16 0.17

However, IEQ is a complex system, wherein multiple interaction effects among the
individual IEQ aspects might occur [82,86], and the contributions of these aspects on the
overall IEQ satisfaction might not equal (e.g., [14,60]). For example, Bluyssen et al. [61]
conducted a laboratory study on the occupants’ perceptions of four IEQ aspects under
different environmental configurations. They found that different background sound
types could significantly affect the occupants” perception of acoustic quality and IAQ.
Therefore, to accurately predict the occupants’ IEQ satisfaction, the four IEQ aspects
identified earlier should be investigated together. An integrated analysis approach that
considers the combined effect of the individual IEQ aspects on the overall IEQ satisfaction
should be applied.

The most commonly used integrated analysis methods were linear regression analysis,
logistic regression analysis, the analytical hierarchy process (AHP), and structural equation
modeling (SEM) to determine the weightings of the individual indexes. Leccese et al. [17]
compared three different weighting schemes and found that different analytical approaches
resulted in the different weightings of individual IEQ indexes. For example, the importance
ranking of acoustic comfort and visual comfort on the overall IEQ performance obtained
by linear regression analysis was opposite to that obtained by AHP. The difference in
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the weighting schemes obtained between linear and logistic regression methods was also
identified by Fassio et al. [16]; they concluded that logistic regression analysis tended to
generate more stable results than linear regression analysis. Some of the previously used
methods addressing the weighting schemes are noted in the following paragraphs.

3.6.1. Linear Regression Analysis

Multiple linear regression is the most widely used approach for establishing the
relationship between the over-IEQ index (8;rp) and individual indexes. Most previous
studies on IEQ model development have applied this method to determine the weightings
of individual IEQ indexes [60]. A typical linear regression IEQ model that consists of four
main IEQ aspects is shown in Equation (19) [13,15,54]:

O1eQ = Baibai + Bribrh + Bacbac + Bvibvi (19)

where 84;, 01y, 04c, Oy; represent the IAQ index, thermal comfort index, acoustic quality
index, and visual quality index separately, and S 4;, Bri, BAac, Bvi were their corresponding
weightings, indicating the significance of each index to the overall IEQ performance.

3.6.2. Logistic Regression Analysis

According to the literature survey, logistic regression analysis is another popular
method used to determine the weightings of individual indexes. Wong et al. proposed
logistic regression for the IEQ models [14]. As with linear regression analysis, the overall
IEQ satisfaction value was calculated based on the occupants’ satisfaction with specific IEQ
aspects. A typical logistic regression IEQ model that consists of four main IEQ aspects is
shown in Equation (20) [14,49]. Usually, studies that used logistic regression analysis to
determine the weights of individual IEQ indexes also preferred to use logistic regression
analysis to calculate the unique IEQ indexes.

ePotP A A tBTIOTH TP AP AcHPVIOVI)
1+eBo+BaibaitBTibTn+BAcOAcHPVifVi) (20)

O1Q =

_ 1
1+elPotPaibai tBTnOTn P A AcHPVifVi)

3.6.3. Analytical Hierarchy Process (AHP)

The analytical hierarchy process (AHP) is a basic approach for decision-making; it
applies simple pairwise comparisons to rank the aspects of IEQ regarding their importance
to the overall IEQ performance. Usually, to conduct an AHP, experts in the related fields are
generally invited to participate in a questionnaire survey consisting of a set of comparisons
between every two of the investigated indicators, with a 9-symmetric point scale. Based
on these experts’ perceptions, a numerical weighting system can be derived for each
investigated indicator. However, previous studies show that experts from different fields or
countries might hold different opinions. For example, an online survey showed that Chinese
engineers believed that all the IEQ aspects were equally important, while Chinese building
designers and planners believed that IAQ was more important than other IEQ aspects.

In contrast, English experts, no matter their fields, believed that thermal quality was
the most critical IEQ aspect. Therefore, a careful selection of expert panels is required when
applying this method. Besides, by using AHP alone, researchers can only understand the
rankings of IEQ aspects. To achieve a final model for quantitative evaluation, AHP must be
combined with other statistical analysis methods, such as fuzzy comprehensive evaluation
(FCE) [50].

3.6.4. Structural Equation Modeling (SEM)

In addition, structural equation modeling (SEM) was also used to investigate the
relationship between overall IEQ satisfaction and the IEQ indicators [72,87,88]. SEM is a
combination of regression analysis and exploratory factor analysis [87]. Using this method,
Nimlyat et al. [87] identified the latent constructs between the IEQ performance, the four
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IEQ aspects, and their corresponding indicators. Based on their results, they developed
a weighting scheme for the four IEQ aspects in the context of hospital environments. By
applying SEM, one could determine the ranking importance of different IEQ aspects to
the overall IEQ performance. However, an equation that results in an IEQ index must
still be developed. To evaluate and compare the IEQ performance of different buildings,
Nimlyat [72] developed a second-order model incorporating occupants’ satisfaction and
established a relationship between the overall IEQ performance and occupants’ satisfaction.
Then, he proposed a comprehensive occupants’ satisfaction index, namely, the percentage
of variance in the occupants’ overall IEQ satisfaction that can be explained by the IEQ
performance, using this as the final output of the model to rate the IEQ performance in
healthcare facilities.

3.6.5. Other Analytical Methods

Apart from two-step analysis methods, Kano’s satisfaction model (usually used in the
marketing field) was also applied to test the relationships between overall IEQ satisfaction
and the IEQ indicators by Kim and de Dear [40]. They first developed a linear regression
model to prepare for the deviation between overall IEQ satisfaction and 30 dummy vari-
ables that were converted by 15 IEQ indicators. As a result, each IEQ indicator had two
regression coefficients representing their impacts on overall satisfaction and dissatisfaction,
respectively. Based on these regression coefficients, the 15 IEQ indicators were divided into
three categories: primary factors, proportional factors, and bonus factors. Although no
IEQ indicators were identified as bonus factors in their study, they did prove that Kano’s
satisfaction model could be used in the field of IEQ. It could help researchers to understand
the influence of different IEQ indicators on overall IEQ satisfaction from a different per-
spective. Another exciting analytical method is artificial neural network (ANN) modeling;
by employing this method, Sofoglu [89] analyzed eight different network structures and
found one model with one hidden layer with 10 neurons that could successfully reflect the
relationship between the occupants’ symptom prevalence and the measured IEQ indicators.

Humphreys [51] stated that developing an IEQ model that works in all countries is
impossible. The comparison results between linear and non-linear regression analyses
indicated that the selection of research approaches significantly influenced the assessment
results [16]. Thus, it is necessary to set a unified analysis procedure that includes the
individual index calculation and the weighting approach. If the same data analysis methods
are applied in future studies, then the IEQ performance in different indoor environments
can be compared, and a global database can be built. By that time, for those studies
where subjective data are difficult to collect, the researchers could select suitable weighting
schemes from the database, based on the building type, outdoor climate, etc.

3.7. Question 7: Where Do IEQ Models Apply?

In theory, IEQ models could assess the quality of any indoor environment. However,
current IEQ models were mainly built to evaluate IEQ in public buildings, especially in
offices and schools. In contrast, IEQ models for residential buildings were relatively few.
There are two reasons for this. First, the benefit obtained by improving IEQ in public
buildings is straightforward and considerable. Many studies indicated that IEQ in office
buildings directly impacted workers” health and productivity, whereby better IEQ could
yield economic benefits [25-27,90]. For example, a Lawrence Berkeley National Labora-
tory study found that improving thermal comfort and visual quality in office buildings
could reduce sick building syndrome symptoms and absence due to illness, yielding the
equivalent of USD 16-44 billion in annual savings [25]. Besides this, it also could increase
employees’ productivity and gain an additional USD 20-160 billion per year in the US [25].
Similar impacts of IEQ were also observed in educational buildings [32,91,92]. For instance,
increasing the amount of daylight in classrooms could improve THE students’ performance
by 20% [93], while reducing traffic noise by 15 dB (A) could improve children’s listening
tests by almost 30% [94].
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To monetize these impacts, Shan et al. [95] first tried to use the LCA (life cycle assess-
ment) approach to investigate the effects of two different ventilation systems on students’
well-being and performance, and found that passive displacement ventilation could reduce
the number of students taking sick leave. In contrast, mixing ventilation could improve
students” marks and offer more net benefits. However, because residential buildings are
non-profit, the benefits of strengthening IEQ in living spaces were relatively less attractive,
although people spend most of their time there. The second reason is that researchers
have relatively easy access to public facilities, compared to residential buildings, and the
measurements conducted in public buildings seem less intrusive. In addition, occupant
density in public buildings, especially in office buildings and schools, is more extensive
than in residential buildings, making collecting questionnaires easier. This also explains
why the sample sizes in studies carried out in residential buildings were smaller than in
public buildings. Therefore, fewer financial benefits and difficulty collecting data result in
fewer studies on IEQ models in residential buildings. For the same reasons, the research
attention paid to elderly care centers and day-care facilities was even more sparse.

3.8. Question 8: How Do We Update the IEQ Models?

Despite the many IEQ models that have been developed, hardly any were employed
again in later studies because the models, especially in terms of the weighting values of
different IEQ factors, varied with the building types, occupants’ professions, the purposes
of occupation, etc. However, the process will be prolonged and laborious if a new model
is needed every time the IEQ in a building is evaluated. Besides, as mentioned in the
above section, sometimes it is difficult to collect enough data to develop a model with
sufficient accuracy. Langevin et al. [96] first proposed a Bayes theorem-based method to
update existing models, using limited data to deal with these issues. They established a
new relationship between PMV and PPD, contemporizing the PMV model with their newly
collected data.

Similarly, Wong et al. [97] used the Bayesian approach to update Fanger’s PMV-PPD
model to better fit the occupants’ thermal sensations, as collected in offices, classrooms,
apartments, and elderly care centers. In these cases, the PPD calculated using Fanger’s
model was the prior probability P(A) used in Bayes’ theorem. The dissatisfaction percent-
ages that were calculated based on the survey data were represented by P(B) in Bayes’
theorem. According to Bayes’ theorem, the updated dissatisfied percentage (namely, the
posterior probability) can be calculated using the following equations:

P(A|B) = p(BP‘?I);;(A) (21)
P(B|A) = CEP(A)*(1 - P(A))" (22)

where k is the number of dissatisfaction cases and 7 is the number of collected instances.
Applying the same approach, Tsang et al. [98] updated two IEQ models (one was a linear
regression model, where four IEQ factors were equally weighted, and the other was a
logistic regression model that referred to a previous study), using only 52 cases collected in
residential buildings. With the Bayesian approach, the IEQ models developed by previous
studies could be used as prior information for future IEQ performance models, offering
material closer to the newly collected field data. This way, more accurate IEQ assessment
models could be developed using minor amounts of data.

Besides the additional data, additional IEQ factors, apart from the four main aspects,
were also suggested for inclusion in the IEQ model. It has been found that privacy, office
layout, cleaning, and maintenance might influence occupants’ satisfaction with IEQ [99].
However, almost none of the existing IEQ models considered the impact of these factors
on the overall IEQ performance, which might lead to discrepancies between the predicted
and actual IEQ performances. To address this limitation, Wong et al. [11] first proposed
an open IEQ acceptance model, which was more inclusive and accurate than ‘traditional
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IEQ models’ based on regression analyses. This open acceptance model adopted frequency
distribution functions; the overall IEQ acceptance is calculated using Equation (23):

i2
P=) . 9P (23)

where ¢; is the occurrence probability of each condition; p; is the acceptance probability
with each condition, determined by the collected data; 7 is the number of IEQ factors that
influence the overall IEQ satisfaction. For each factor, there are two possibilities: acceptable
and unacceptable (the acceptance probability with each IEQ factor is J;); therefore, the
investigated environments can be classified into i> conditions. If we take the model with
four IEQ factors (i = 4) as an example, the related information is shown in Table 2.

Table 2. IEQ acceptance model.

Conditions Acceptance of Each IEQ Factor i * Occurrence Probability ?:;;E{iﬁ:;
j i=1 i=2 i=3 i=4 9] 0;
1 0 0 0 0 (1-0)A-05)1-&)1-&) @
2 0 0 0 1 (1=61)(1=02)(1—03) da P2
3 0 0 1 0 (1—61) (1—32) 83 (1—64) P
4 0 0 1 1 (1*51)(1*52)5354 04
5 0 1 0 0 (1-61) 21— 63) (1—65) ps
6 0 1 0 1 (1—61)6,(1—83) b4 06
7 0 1 1 0 (1—51)(52(53(1—(54) 07
8 0 1 1 1 (1 — 51 ) 52 5354 08
9 1 0 0 0 S1(1=02)(1—03) (1—44) P9
10 1 0 0 1 (51(1—(52)(1—53)(54 P10
11 1 0 1 0 51 (1*52)53 (1*(54) P11
12 1 0 1 1 (51 (1 — (52) (53 (54 P12
13 1 1 0 0 51 52(1753) (1754) P13
14 1 1 0 1 5152(1 — (53 ) (54 P14
15 1 1 1 0 5152 53 (1 - 54) P15
16 1 1 1 1 (5](52 (53(54 P16

Note: * 0 indicates that acceptance is unsatisfied; 1 indicates that acceptance is satisfied.

This open IEQ model is flexible to allow for the inclusion of additional IEQ factors
and is feasible for revising previous models with newly collected data. Moreover, applying
this open model is more straightforward because no regression analysis is needed.

Both Bayes’ theorem and the open acceptance model can be used to update previous
models, given limited sets of new or additional data. By adopting these approaches, IEQ
models can be updated globally using field data from different countries, to generate a
model incorporating the field settings” influence on IEQ performance.

3.9. Question 9: How do we Interpret the IEQ Models?

Although many IEQ models have been proposed and updated, not all provided a
matched interpretation method (i.e., appropriate benchmarks) to indicate the significance
of their final IEQ index. Some studies merely compared their results with previous, similar
studies [15]. The European standard EN15251 (2007) [100] is commonly used among those
studies that mentioned comparing the data with the benchmarks. This standard could
be seen as the catalyst of studies on the IEQ assessment models since it first advocated
an overall index to represent IEQ performance and then provided clear IEQ assessment
categories (see Table 3). The determination of classes in this standard is based on occupants’
subjective expectations. Therefore, many indexes of the resulting IEQ models involved the
occupants’ acceptance or satisfaction [14,39]. Based on this standard, some studies further
developed their classification methods. For example, Ncube and Riffat [15] proposed an
IEQ classification with five categories for rating office buildings, while Marino et al. [74]
drew up an indoor quality classification with seven scales. However, the researchers’
opinions did not coincide with standard EN15251-2007. Olesen [101] pointed out several
issues regarding this standard, such as its non-applicability to personalized environments
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due to its lacking different categories for light and acoustic requirements. Considering the
weaknesses of this standard, it was withdrawn and then replaced by EN 16798-1:2019 [47].

Table 3. The IEQ categories proposed in EN15251-2007.

Category Explanation

A high level of expectation, used for spaces occupied by very sensitive and

! fragile persons

II A normal level of expectation, used for new buildings and renovations

III An acceptable and moderate level of expectation, used for existing buildings

v \flues outside the criteria for the above categories, used for a limited part of
the year

Although the new standard provided more categories for the different indicators,
the main IEQ categories did not change greatly; they still have four levels and are based
on the occupants’ expectations. However, according to Niclo and Wilson [102], using
occupants’ expectations as a classification basis might encourage closer control, which
usually consumes more energy. Additionally, more categories mean narrower ranges.
Arens et al. [103] believed that occupants” acceptance was broader than the range defined
by EN15251 (similar to EN16798-1), which will also cause unnecessary energy consumption.
Therefore, to avoid these problems, Heinzerling et al. [8] proposed a straightforward
classification system with only two categories: compliance and non-compliance.

Other studies also invented IEQ assessment categories to interpret the results of their
IEQ models. For example, based on the percentage of dissatisfaction with total IEQ (i.e.,
the final index of their model), Mui and Chan [60] proposed a classification with three
categories to divide the investigated offices into ‘above average’, ‘average’, and ‘below
average’ levels. Mihai and lordache [10] divided the measured classrooms into five classes,
based on the IEQ indexes calculated using their IEQ model. Ncube and Riffat [15] also
applied a five-category IEQ classification to assess the investigated office buildings with
different boundary levels. However, most existing assessment criteria only focused on the
overall IEQ index and seldom considered the assessment of individual IEQ aspects (except
in the case of [74]). Moreover, almost none of these studies mentioned the reason or offered
theoretical support to explain each class’s boundary settings, making these classifications
appear groundless. Since it is impossible to compare the IEQ performance in a different
building without a scientific classification methodology, a set of unified benchmarks with a
theoretical basis and a clear definition of boundaries is still needed.

3.10. Question 10: Is One IEQ Model Enough for One Investigated Building/Space?

The occupants’ perceptions and preferences for IEQ differed greatly, depending on
their characteristics (such as gender, profession, and nationality) and building-related
factors (such as the type of building and area). Occupants in different countries had
different opinions on the importance of varying IEQ indicators/aspects. For example, air
movement was the second most important IEQ indicator to the French but was the least
essential IEQ indicator to the Greeks; conversely, noise was significant to the Swedish
but hardly mattered to the Portuguese [51]. In the same country, the importance ranking
of different IEQ aspects regarding overall IEQ performance might also differ in other
buildings [17], even when using the same model-build methods [48]. Mujan et al. [48]
found that IAQ was the primary aspect of overall IEQ satisfaction in office buildings,
followed by thermal, acoustic, and visual comfort. In contrast, thermal comfort was the
primary aspect in education buildings, followed by IAQ, acoustic comfort, and visual
comfort. Besides this, occupants in private residential buildings thought that air quality
was more important than noise, while the opposite opinion was found among the occupants
of public residential buildings [39].

Moreover, occupants” opinions on IEQ aspects might also change with the area, even
within the same types of buildings in the same city. For example, thermal comfort was
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identified as the dominant aspect determining the occupants” IEQ acceptances in typical
residential buildings in Hong Kong [49]. At the same time, visual quality was the most
critical aspect for the occupants of tiny residential units [85]. Furthermore, even in the
same building, the IEQ models developed might also be different; the hierarchy of the
IEQ aspects depended on the occupants’ gender, the task performed by the occupants, the
duration of their stay, and the location of the investigated area [41,74]. For example, end-
users perceived odor as the most critical factor and thermal comfort as the least important
factor. At the same time, the noise factor was considered essential to the professional group,
and air cleanliness was the least important factor [41]. Occupants who sat in the interior
zone thought that lighting conditions were more critical than thermal conditions, compared
with those who sat in the perimeter zone who thought that thermal conditions were more
important than lighting [38]. To sum up, it seems impossible to propose a universal IEQ
model that applies to all occupants or all locations in one building, let alone to different
types of buildings.

4. Discussion

As mentioned in several of the previous literature surveys [8], one limitation of the
current IEQ model development is the need for more unified data collection and analysis
methods. To increase the accuracy and applicability of the IEQ models, a standardized IEQ
measurement and analysis procedure is needed. The final models might be different for
the different types of occupants and the various kinds of buildings. However, the data
collection techniques and analysis methods used should be integrated and standardized
to build a universal scientific database that can continuously expand. A series of compre-
hensive weighting schemes can be developed for all types of buildings. Then, targeted
and specific measures could be suggested to improve IEQ accordingly. Consistent data
collection protocols are needed to achieve this goal, whereby IEQ indicators and the related
temporal and spatial measurement strategies are clearly stated. A standardized question-
naire should also be provided. A widely applicable data analysis process with step-by-step
instructions is also necessary. Moreover, considering the interaction effects between the
IEQ aspects/indicators, all the potential IEQ influencing factors should be investigated
together, and a unified, integrated data analysis method should be used.

Furthermore, previous studies found that different occupants respond differently to
the same indoor environment because people differ; therefore, not all are satisfied by the
same conditions. A field study conducted among more than 1000 Dutch schoolchildren
identified six different types of schoolchildren, based on their different perceptions, needs,
and preferences for IEQ in classrooms: ‘concerned with sound’, ‘concerned with smell- and
sound’, ‘concerned with thermal temperatures and drafts’, ‘concerned with light levels’,
‘all concerned cluster’, and ‘nothing concerning’ [28]. Additionally, the subjects’ perceived
importance of IEQ aspects changed according to the occupants’ gender [38], profession [41],
education level [7], and the type of building wherein they were occupied [17]. Therefore,
further work is needed to identify the different types of occupants, employing clustering
analysis, then to build the IEQ models for other groups of occupants for various kinds
of buildings. Such an analysis could identify the specific requirements or expectations
of different types of occupants; based on these models, personalized working/studying
environments can be provided.

The answers to the ten proposed questions in this study provided an overall picture of
the current state of IEQ models and indicated that there are still research gaps in this field.
Therefore, future studies are suggested, to be conducted focusing on the following issues:

e  The research methods used to develop IEQ models varied greatly in previous studies
and were rarely repeated. A standardized research framework needs to be set up to
benchmark IEQ performance on a large scale, including a data measurement protocol,
a questionnaire survey, and a data analysis approach targeted at the different data
types. The framework should include the core structure and optional branches, which
can be customized based on the different investigated building types. In addition to
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developing the framework, validation tests under other conditions are also necessary
for future studies.

e  Earlier studies discussed the controversial assessment criteria for IEQ performance
and indicated a lack of guidance regarding defining the boundaries of IEQ assessment
categories. Thus, a set of IEQ assessment criteria with clear definitions of boundary
values and the rationales behind the descriptions is demanded. These criteria should
be able to be applied to both individual IEQ aspects and the overall IEQ performance.

e  Considering the differences between occupants, future studies are suggested to de-
velop an IEQ model profile wherein occupants are classified into clusters, based on
their IEQ perceptions, and different IEQ models are established for the other occupants.
By making this happen, more targeted and effective IEQ-improving approaches can
be provided, and energy can be managed rationally inside the building.

5. Conclusions

Many IEQ evaluation models have been developed over the past two decades. They
have varied greatly, including IEQ aspects and indicators, data collection and analysis
methods, etc. Most consider the four main elements of IEQ: IAQ, thermal comfort, visual
quality, and acoustic quality. However, more IEQ aspects (such as layout and furnishing)
were also relevant to the overall IEQ performance, suggesting that they should be consid-
ered in future studies. The IEQ model is an effective and valuable tool with which to merge
all the IEQ aspects into one summative index, which could assist building designers and
managers in designing and maintaining a comfortable indoor environment. Several studies
mainly used data collection (such as on-site measurement, questionnaire surveys, and
simulation) and data analysis methods (such as regression analysis, AHP, and SEM) were
summarized in the current study, which showed a need for a more uniform methodology.
Moreover, two IEQ model-updating methods—the Bayesian approach and the open IEQ
acceptance model—were presented, which could incorporate quantitative data (such as
cleanliness and layout) and continuously revise the existing model with new data. Hence,
they are potential methods for future IEQ model development.

This study summarized all the procedures involved in developing IEQ models in ten
questions. The answers to these questions will help to promote IEQ model development
and eventually integrate the IEQ models into a comprehensive profile that provides a
reference for building operation, maintenance, and design.
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Abbreviations
The following abbreviations are used in this manuscript:
IEQ Indoor environmental quality

IAQ Indoor air quality

vOoC Volatile organic compounds

PM;5 Particles that are 2.5 microns or less in diameter
CBE Center for the Built Environment

PMV Predicted mean vote

Top Operative temperature

SPL Sound pressure level

PPD Percentage of dissatisfied

TSV Thermal sensation vote

TVOC  Total volatile organic compounds
HCHO Formaldehyde

RT Reverberation time
STI Speech transmission index
E Illuminance
AHP Analytical hierarchy process
FCE Fuzzy comprehensive evaluation
SEM Structural equation modeling
ANN Artificial neural networks
LCA Life cycle assessment
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