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Within the field of indoor environmental quality, several objective and subjective techniques have been devel-
oped to monitor conditions and provide user feedback. One such approach features occupant-centred ques-
tionnaires, indicating different aspects of comfort, including thermal, visual, acoustic or related to air quality.
This study introduces the development and validation of such a questionnaire to optimise its completion rate and
meaningfulness. Exploration and confirmatory analysis techniques were applied to identify the questionnaire’s
underlying structures, and the models’ reliability and validation secured the validity of our findings. Ques-
tionnaire factors appeared to be connected to different aspects of temperature and humidity, each accounting for
a significant portion of response variability, indicating that the questionnaire items effectively capture multiple
dimensions within these constructs. The proposed thermal comfort questionnaire was also found to be reliable,
with room for improvement through additional testing of individual elements. Overall, the questionnaire serves
its intended purpose and can be used in subsequent analysis to improve the indoor environments of building
occupants. The validation logic presented here, an essential step in the process of monitoring and building
improvements, can serve as a set of guidelines and be replicated by other studies employing subjective feedback

collection in the indoor environmental quality realm.

1. Introduction

Gathering feedback from building occupants is crucial for assessing
and improving indoor environmental quality. However, designing reli-
able questionnaires for collecting feedback on thermal comfort can be
complex due to the subjective nature of comfort perception and the in-
fluence of various environmental and individual factors. Indeed, per-
sonal factors, cultural influences, and individual preferences
significantly impact how individuals perceive and then, respond to the
thermal environment [1]. While cross-cultural survey administration is
crucial for ensuring the reliability and validity of thermal comfort
questionnaires in diverse settings [2], there can be problems associated
with administering survey instruments within specific populations (see,
e.g., [3]). Conversely, low and unrepresentative response rates can
affect the accuracy of survey results and introduce bias [4]. Various
strategies can be employed to optimise response rates, such as using
incentives and multi-mode survey techniques [4].
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Another primary challenge in survey design is ensuring that the
survey accurately captures the experiences and perceptions of the target
population because using non-probability sampling methods can intro-
duce bias and affect the representativeness of the survey results [4]. That
requires careful consideration of the use of results and the characteristics
of the target population [5]. Thus, crafting questions that capture this
variability while maintaining objectivity poses a considerable challenge.
For instance, the usage of Likert scales or semantic differential scales to
gauge thermal sensation and preference has been widely employed, and
they were included in the international standards ISO 10551 [6] and ISO
28802 [7]. However, the interpretation of these scales can be subjective,
leading to varied responses and potential ambiguity in data analysis.

Moreover, the temporal dynamics of comfort perception add another
layer of complexity. Occupants’ comfort is not static but evolves over
time due to seasonal variations, diurnal rhythms, and adaptive behav-
iours [8]. This temporal aspect demands survey instruments capable of
capturing these fluctuations while ensuring minimal respondent burden
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and fatigue. Longitudinal studies or periodic surveys can offer insights
into seasonal variations and adaptive behaviours [9,10] if they can
address the challenge of keeping target populations engaged over a long
period [11,12].

In this regard, digital surveys of thermal experience can be used for
comfort management. Clear et al. [13] shed light on the potential of
digital surveys for capturing real-time thermal experiences and prefer-
ences. Understanding the effectiveness and limitations of digital survey
tools is also essential for developing reliable questionnaires in the
context of thermal comfort assessment.

Building on this theme, the scope of this study is to introduce a
feedback questionnaire design to assess building occupant comfort and
employ widely used statistical approaches to improve its reliability. To
this end, exploratory and confirmatory factor analyses are utilised to
uncover underlying structures of a large sample of empirical data related
to personal acceptability, preference, evaluation and perception of the
building occupants. The study is a valuable addition to the literature,
providing guidelines for designing and verifying the validity of a ther-
mal comfort questionnaire. It can be used by other researchers who wish
to follow the same approach following consolidated statistical methods
to assess and validate similar surveys or expand outside the thermal
comfort field.

2. Best practices in questionnaire design and assessment

To properly formulate a statistical problem, scale development and
statistical significance must be considered with care. In psychometrics, a
measurement scale consists of a series of items used to detect a latent
variable (e.g., user satisfaction and well-being, thermal comfort etc.)
[14]. In principle, a latent variable is defined as such because it cannot
be measured directly [15]; a measurement scale can assess its intensity
through some observable variables, net of an error [16].

The measurement scale constitutes the tool the researcher uses to
learn about the construct of interest. As such, it is essential to ensure that
it is psychometrically robust, thus ensuring that the scale is a reliable
and valid tool for research and analysis purposes [17,18].

2.1. How to design a measurement scale

In this section, we present the methodology used to develop the
measurement scale of the post-occupancy evaluation (POE) question-
naire. To design scales that accurately measure latent factors through
manifest items, it is crucial to adopt a rigorous methodological process.
As the main tool capable to analyse the construct of interest, it is
important to ensure that the measurement scale is adequately con-
structed in measuring what it is designed for and in providing statisti-
cally significant answers to the relevant research questions. The
adequate measurement of abstract constructs — in fact, accuracy in the
measurement of the constructs under consideration - is, indeed, one of
the biggest challenges in questionnaire-based surveys [19].

Through the development of accessible and transparent scales, we
aim to facilitate significant progress in the understanding of complex
phenomena, such as subjective thermal comfort. According to DeVellis
[17], eight steps can be followed to develop a measurement scale. The
procedures mainly concern the definition of the construct of interest,
domain definition, reliability, validity, and dimensionality of the mea-
surement scale. The first five steps aim to construct the questionnaire,
and the remaining three steps serve to finalise the measurement scale,
ensuring that it possesses the property of reliability (Table 1).

2.2. How to assess a measurement scale

When assessing the reliability and validity of a scale, it is crucial to
ensure that generated data aligns with the research hypothesis and
accurately represents the latent constructs under investigation. Factor
analysis is an integral part of scale development and a rigorous statistical

Table 1
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Guidelines in Scale Development [17].

Step

Description

Method and technique

Definition of
construct

Generating item
set

Determining
structure

Expert review

Validation items

Administration to
subjects

Assessment of item
reliability

Optimising scale
length

Clarify the construct to be
measured

Create a diverse set of
items that capture various
aspects of the construct

Choose the structure for
the measurement scale (e.
g., Likert scales)

Have the item set reviewed
by experts to refine items

Introduce validation items
to determine the validity of
the scale

Administer the constructed
questionnaire to a
preferably large sample
Assess the reliability
through inter-correlation
and Cronbach’s Alpha

Balance between brevity
and reliability to optimise
the scale’s length

Use a well-defined theoretical
framework to ensure that scale
is appropriate to measure the
desired construct, avoiding
ambiguities

It consists of writing the items
and elaborating on the main
features. Ensure that the items
reflect the purpose for which
the scale is designed,
considering the appropriate
number of items to cover the
entire theoretical construct,
taking care not to introduce
unnecessary redundancies
Choose between various
scaling methods like Likert
scales, semantic differential
scales, etc. Consider the
number of response categories
Feedback on the item set is
obtained from a group of
experts, who can help confirm
the construct definition,
refining or eliminating items
Validation items are added to
assess the validity of the scale
to detect weaknesses (e.g.
social desirability bias) and to
assess construct validity
through relationships with
other constructs

Aim for a sufficiently large
sample size to ensure reliable
analysis (~300 participants)
Examine item-scale
correlations, variances, and
means. Utilise factor analysis to
assess dimensionality and
confirm internal consistency
with reliability coefficients,
such as Cronbach’s Alpha
Consider the effects of scale
length on reliability. Use
techniques like item analysis
and calculating Cronbach’s
Alpha excluding each item to
refine the scale

tool. It is used to confirm whether the set of test items can accurately and
consistently identify underlying factors that explain the correlation
patterns between observed variables, determining whether a question-
naire captures the concepts it is intended to measure [17,20].

Factor analysis is divided into two main techniques: exploratory and

confirmatory. Exploratory factor analysis (EFA) is mainly used to un-
cover the underlying factor structure by associating one or more latent
factors with a group of observed items [21]. We can then use EFA to
explore how many dimensions of the latent construct could be reflected
in the survey data and to examine further their reliability [17].

Confirmatory factor analysis (CFA) is a quantitative data analysis
method that belongs to the family of structural equation modelling
(SEM) techniques [22]. CFA is utilised to confirm whether the hypoth-
esised factor structure is present in the survey data and to validate the
hypothesised relationships between the observed variables and their
underlying latent constructs from a background theory [17,22]. These
analytical techniques are essential to confirm the reliability of the
measurement scale, and the validity of the questionnaire used to mea-
sure the constructs of interest.

Therefore, the emphasis on these specific techniques in the assess-
ment process is motivated by their ability to establish accuracy,
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consistency, and the theoretical alignment of the measurement scale
with the construct it intends to measure. Moreover, an integral part of
this process involves refining the scale by identifying and removing
items that do not contribute effectively to the construct measurement so
that the scale’s broadest reproducibility can be ensured in different
contexts [17].

2.2.1. Reliability of scale

Reliability is defined as the degree to which a measurement is free of
errors (e.g., responses influenced by the respondent’s mood or level of
tiredness, etc.) and, thus, able to produce statistically significant results.
A measurement scale can be said to be perfectly reliable when causal
error is absent, i.e. when reflecting the underlying construct without
being distorted by external or internal factors unrelated to the construct
itself [23]. There are three popular forms for measuring scale reliability
[17,18,24]: equivalence, internal consistency and stability (Table 2).

2.2.2. Validity of scale

Validity is a fundamental characteristic of a measurement scale,
indicating how accurately the scale succeeds in measuring the latent
construct it intends to quantify [17]. In other words, a scale is valid if the
item it measures coincides with the phenomenon of interest, that is, if
the scale measures what is intended to be measured. Table 3 presents the
main techniques for measuring the validity of a scale [17,24,25].

3. Methodology
3.1. Questionnaire design

Thermal comfort is subjective to humans; therefore, Post-Occupancy
Evaluation (POE) is used to assess the interactions between objective
data (spot-measured, monitored) and subjective data (questionnaires,
interviews, surveys). In this study, 1860 responses were collected and
analysed (including missing or NaN values). Data collection took place
in various buildings dedicated to different domains, including educa-
tional activities (1178), work (583), research (17), meetings or extra-
curricular activities (17), recreation and sports (12), health care (8) and
activities related to daily life in living spaces (45). The participants in
the study were mainly young people (children and adolescents, 1055),

Table 2
Measuring scale reliability.

Reliability Methods Description

Equivalence Inter-Rater Assesses the degree of agreement among
independent observers rating, coding, or
assessing the same measurement.

Agreement is evaluated using statistical tests
like the percentage of agreement, Cohen’s
Kappa coefficient, Pearson correlation
coefficient, and the intraclass correlation
coefficient.

Measures the correlation among all items on a
scale to determine their collective reliability in
measuring a single concept or domain with
minimal error. High internal consistency
suggests a strong relationship between the
items and the underlying latent variable.
Assesses reliability by dividing the items into
two parts and comparing their internal
consistency. This method is often associated
with the Spearman-Brown coefficient for
adjustment.

Evaluates the consistency of results when the
same individuals are measured under identical
conditions at different times. Stability is often
assessed by the correlation coefficient
measuring the degree of association between
item pairs and between an item and the total
scale.

Cronbach’s
consistency Alpha

Internal

Split Half

Stability Test-Retest
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Table 3
Measuring validity.
Validity Methods Description
Face Expert Considered a qualitative preliminary check to ensure
validity Assessment the measurement tool appears valid to observers
(experts or target subjects). It assesses how well the
items linguistically and analytically represent what is
supposed to be measured
Content Expert Indicates the extent to which a set of items
validity Panels comprehensively covers the domain of interest. It’s
usually assessed by a group of experts reviewing the
scale’s adequacy and completeness
Construct Convergent The high observed correlation between the measure
validity to be validated and other measures of constructs
theoretically related to the investigated construct
Discriminant ~ There is little or no correlation between the measure
to be validated and other measures of other
constructs not related to the measured construct
Criterion Concurrent It involves assessing the measure’s correlation with
validity related constructs. If a scale score agrees with other
valid measures (criterion variable) of the same
construct, this is referred to as concurrent validity
Predictive It involves assessing its ability to predict future or

related outcomes (predictive). If a scale score is used
to get an estimate of the score in a criterion which is
delayed in time, this is called predictive validity

adults (756) and the elderly (32).

These data types are used to draw a comprehensive picture of the
actual use and usability of the buildings, perceived as complex and
interactive systems, including the physical building attributes, incor-
porated mechanical and other systems and equipment, and the actual
use by their occupants. The POE questionnaires have been developed
according to the standard ISO 10551 [6], which describes the subjective
judgment scales, as reported in Table 4. This standard defines numerical
grades for each subjective judgment scale. However, these numerical
grades represent ordinal and not numerical variables. It is, therefore,
important to avoid the collected data with these ordinal scales being
mistakenly treated as numbers, as shown by Favero et al. [26].

The thermal comfort questionnaire is built to collect questions about
participants’ demographic data, thermal comfort-related data, and
sources of discomfort. The demographic data section asks for info on
age, sex, perceived body dimension, where there is more than a person
in the space, metabolic activity, clothing resistance, and perceived
health state. The thermal comfort-related data section asks for infor-
mation about the right-here and right-now feelings of the participants
regarding their thermal preference (indicated as Thermal preference),
their judgment of the thermal environment (Thermal acceptability), how
they find the temperature in this precise moment (Thermal evaluation),
their perception of the thermal environment (Thermal perception), their
preference regarding the humidity level (Humidity preference), their
judgment of the humidity level (Humidity acceptability) and their eval-
uation of humidity level (Humidity evaluation). Table 5 details the ranges
for each scale used and lists the items evaluated and utilised later in
statistical analysis.

Adopting the scales presented in Table 5 and complemented by a set
of questions to characterise the occupant, the questionnaire helps to (i)
understand potential differences in thermal comfort perception and/or
use of systems, (ii) understand if personal factors may affect the thermal
response of a person, and (iii) assess the thermal indoor environment.
The questionnaires have been tailored according to the use of each space
(office or similar, health care, residence, school, sports facility).

3.2. Experimental design

To investigate the mentioned research questions, the experiment is
explicitly designed to identify the relevant study group and monitoring
variable. In the following sections, the study group design and the
monitoring design are described in detail.
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Table 4

Subjective judgment scales according to EN ISO 10551.
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Type of judgment Perception Evaluation Preference Personal acceptability Personal tolerance
Wording “How do you feel (at this ~ “Do you find “Please state how you “How do you judge this environment “Is it ...?”
precise moment)?” it.....? would prefer to be now” (local climate) on a personal level?”
Number of degrees 7 or 9 or 11 degrees 4 or 5 degrees 7 (or 3) degrees 2 category statement form or 4 5 degrees
degrees
Wording of degrees, e.g., for - Extremely hot - Comfortable - Much warmer “On a personal level, this environment - Bearable/tolerable
assessing thermal - Very hot - Slightly - Warmer is for me: - Slightly difficult to
environments - Hot uncomfortable - A little warmer - Acceptable rather than unacceptable  bear/tolerate
- Warm - Uncomfortable - Neither warmer nor - Unacceptable rather than acceptable - Fairly difficult to
- Slightly warm - Very cooler OR bear/tolerate
- Neutral uncomfortable - Slightly cooler - Clearly acceptable - Very difficult to
- Slightly cool - Extremely - Cooler - Just acceptable bear/tolerate
- Cool uncomfortable - Much cooler - Just unacceptable - Unbearable/
- Cold OR - Clearly unacceptable intolerable
- Very cold - Warmer
- Extremely cold - No change
- Cooler
3.2.1. Study population groups
Table 5

Item scales.

Items Levels

Thermal preference

Thermal
acceptability

Thermal evaluation

Lower < Without Change < Higher
Clearly Acceptable < Just Acceptable < Just Unacceptable <
Clearly Unacceptable
Comfortable < Slightly Uncomfortable < Uncomfortable <
Very Uncomfortable < Extremely Uncomfortable

Thermal perception  Cold < Cool < Slightly Cool < Neutral < Slightly Warm <
Warm < Hot

Humidity Lower < Without Change < Higher
preference

Humidity Clearly Acceptable < Just Acceptable < Just Unacceptable <
acceptability Clearly Unacceptable

Humidity Comfortable < Slightly Uncomfortable < Uncomfortable <
evaluation Very Uncomfortable < Extremely Uncomfortable

Table 6

Demographics of case study buildings.

Given the diverse building types included in the project pilot case
studies, the population of interest is composed of:

e Adults (females and males) working in office annotated as adults;
e Residents (female and male) in a health care centre annotated as

elderly and fragile people;

Non-athletes (females and males, adults) training in sports facilities
annotated as non-minors;

Pupils (females and malescarlucci) studying in primary school within

the age range 6 to 11;

range 14 to 18;

apartments.

Pupils (females and males) studying in high school within the age

Tenants (females and males, adults and young) living in private

All participants are volunteers and have provided their consent to

participate in the survey.

Country  Building name Building type Area No. of Zone use Zone occupancy info Nominal no. zone
(mz) monitored zones occupants
Norway  Eidet Omsorgsenter Health care 7039 5 4 flats and 1 shared office Patients and staff 7
center
Norway  Ellingsgy Idrettshall Sports center 2610 2 1 main hall and 1 dance room Athletes and Dancers 20
Norway  Flisnes Barneskole Elementary 4477 2 2 classrooms Student and Teachers 40
school
Norway  Hatlane Omsorgsenter Health care 5980 5 4 flats and 1 shared office Patients and staff 7
center
Norway  Moa Helsehus Medical center 2700 6 2 Individual offices, 1 break Patients and staff 14
room, 3 shared offices
Norway  Spjelkavik High school 9700 5 4 classrooms, 1 shared office Students and teachers 125
Ungdomsskole
Norway  Tennfjord Barneskole Elementary 2490 7 6 classrooms and 1 shared office ~ Students and teachers 105
school
France Green’ER building Campus building 700 8 5 shared offices, 1 student hall, 1 Professors, Officers, Post- 45
(G2Elab) classroom, 1 laboratory Docs, PhD students
Cyprus Guy Ourisson Building Campus building 2020 9 7 individual offices, 2 shared Professors, Officers, Post- 11
(GOB) offices Docs
Cyprus Graduate School (GS) Campus building 580 6 1 classroom, 1 individual office, Officers, Post-Docs, PhD 37
3 shared offices Students
Cyprus Novel Technologies Campus building 2440 4 2 individual offices, 2 shared Professors, Officers, Post- 13
Laboratory (NTL) offices Docs, PhD Students
Italy C2 Tower Residential 1250 4 Living room, bedroom Residents 12
Apartments
Italy C3 Tower Residential 1250 4 Living room, bedroom Residents 12
Apartments
Italy C4 Tower Residential 1250 4 Living room, bedroom Residents 12
Apartments
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3.2.2. Case study

The case study involves fourteen (14) buildings that are either
public, commercial, or private and located in four (4) countries (Nor-
way, France, Cyprus, and Italy), covering a variety of climatic regions
across Europe, different building types and typologies. Table 6 presents
the demographics of the case study buildings, including type and total
area of the building, number and use of monitored zones, and infor-
mation and nominal number of zone occupants participating in this
study. The data set used for the analysis consisted of responses to POE
questionnaires distributed in different living spaces, such as classrooms,
single or shared offices, private flats, and workshops, from September
1st, 2022, to November 10th, 2023.

4. Results and discussion

A total of 1,860 observations were collected, and after filtering out
the non-numerical values (NaN), 1,769 observations were classified as
valid. Subsequently, the dataset was randomly divided into two subsets
(EFA: n = 884; CFA: n = 885). The responses were treated as ordinal
variables to recognise levels of agreement/intensity without assuming a
uniform distance between the different levels of agreement or intensity
[27,28].

Factor analysis was then conducted to identify underlying latent
factors associated with subjective thermal comfort.

4.1. Exploratory factor analysis

The Exploratory Factor Analysis (EFA) focused on thermal comfort
variables, specifically thermal acceptability, evaluations, perceptions,
preferences, and humidity-related measures. The analysis aimed to
identify underlying latent constructs related to thermal perception
through the examination of correlations between observable variables.
Variables such as body dimension, presence of multiple occupants, sex,
age, metabolic activity, clothing resistance, openings, and health state
were excluded at this stage. These variables could play a crucial role in
later stages of the analysis to control, stratify, or interpret the results
obtained from the latent factors.

4.1.1. Correlations between items

A polychoric correlation matrix was employed to handle ordinal data
[29-31] revealing relationships that might be underestimated by Pear-
son correlations [30,32]. The correlation values range from —1 to 1,
where —1 indicates a perfect negative correlation, 0 implies no
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Fig. 1. Correlations between Items.
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correlation, and 1 represents a perfect positive correlation. As shown in
Fig. 1, thermal acceptability and evaluation (0.89) as well as humidity
acceptability and evaluation (0.90) are strongly correlated, indicating
close alignment in how respondents judge these conditions. A strong
negative correlation between thermal preference and thermal percep-
tion (—0.78) suggests that individuals preferring higher temperatures
tend to perceive the environment as colder, and vice versa.

These strong correlations highlight a strong consistency between the
way people evaluate and judge (and thus perceive) both the temperature
and humidity of their living environment. That appears to be inversely
correlated with how people prefer the actual temperature of their living
environment.

4.1.2. Assessment of the suitability of the data

The first phase of factor analysis involves assessing the adequacy of
the data through three tests: a) Kaiser-Meyer-Olkin (KMO), b) Bartlett’s
test and ¢) correlation matrix determinant [33-36]. These tests check,
respectively: the common variance between items, the deviation from
the identity matrix and the absence of multicollinearity, features
necessary for the appropriateness of factor analysis.

4.1.2.1. Test for suitability of the data. To detect the adequacy for factor
analysis of the thermal comfort dataset, the KMO test is used. Similarly,
Bartlett’s test of sphericity, correlation matrix and determinant score are
calculated. KMO (0.63) exceeded the 0.6 threshold but remains below
the optimum value of 0.8 [33,34]. This indicates that the proportion of
common variance among the variables is not extremely low and that the
data could be adequate for factor analysis.

Bartlett’s test was highly significant (p < 0.001), (Table 7), a p-value
(5.990588E—88) was obtained, which means that observed correlation
matrix is different from an identity matrix, and therefore, the data are
suitable for factor analysis [34,35].

Finally, the value of the determinant of the correlation matrix ob-
tained was 0.0068, which exceeds the threshold of 0.0001, indicating
that there is no perfect multicollinearity between the variables. Since
there is no perfect multicollinearity, factor analysis can be used [34].

Taking these results together, factor analysis seems feasible for the
POE thermal comfort questionnaire data, albeit with some reservations
due to the value just above the acceptable KMO factor adequacy analysis
threshold.

4.1.3. How many factors to extract?

Another key step for factor analysis is to determine how many sta-
tistically significant factors to extract. A method used to determine the
optimal number of factors to consider for performing a factor analysis is
the scree plot obtained from parallel analysis [17,37]. Fig. 2 shows the
eigenvalues plotted against the number of factors, representing the
variance each factor explains. The parallel analysis results suggest
extracting three statistically significant factors, as it corresponds to the
highest number of factors where the eigenvalues of the actual data
exceed the simulated ones.

4.1.4. Factor extraction

A factor analysis involves a two-stage process, initially the extraction
of factors, followed by the rotation of these factors [38]. Factors ob-
tained in the initial extraction phase are often difficult to interpret due to
significant cross-loadings, where multiple variables load on multiple
factors [34]. Consequently, factor rotation techniques are employed to

Table 7

Bartlett’s Test of Sphericity.
Parameter Value
Chi-Squared 477.92
p-value 0.00
Degrees of freedom 21
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Fig. 2. Parallel Analysis Scree Plots.

improve factor interpretability. In this study, the Minimum Rank Factor
Analysis (MRFA) was used to extract factors. MRFA was chosen for its
ability to find communality estimates that best approximate the rank r
solution, minimizing unexplained common variance and ensuring that
all eigenvalues remain nonnegative [39,40]. That is particularly rele-
vant when working with ordinal data, where polychoric correlations are
employed [32].

Factor rotation techniques are either orthogonal (uncorrelated fac-
tors) or oblique (correlated factors). Varimax (orthogonal) was used as
the rotation method, ensuring that each factor represents a specific and
distinct sub-construct in the data [41].

4.1.5. Factor results and interpretation

The results of the factor analysis are shown in Fig. 3. The three latent
factors (MRFA3, MRFA2, MRFA1) extracted via EFA are described
below:

e MRFA3, Temperature-evaluation factor. It is characterised by high
loads (0.9) for both thermal acceptability (i.e. acceptable or not) and
evaluation (i.e. comfortable or not).

e MRFA2, Temperature-preference factor. It shows a strong positive
load (1.0) for thermal preference, a negative load (—0.8) for thermal
perception. The inverse relationship between these items indicates
that individuals who prefer higher temperatures perceive the envi-
ronment as colder, and vice versa. Item humidity preference has a
positive loading to this factor, suggesting some degree of coherence
between individuals’ preference both of temperature and humidity,
but the loading is weak and requires cautious interpretation.

| Thermal evaluation | 9

| Thermal acceptability | 0.9

| Thermal preference l <\1

\

|Therma| perception l 08 -
| Humidity preference | 0 /
| Humidity evaluation ] 0.9

]Humidity acceptability | « P

Fig. 3. EFA Factor loadings diagrams.

e MRFA1, Humidity-assessment factor. It has a high loading (0.9) for
humidity evaluation and acceptability (0.8), indicating strong align-
ment between how people perceive a certain humidity level as
comfortable (or not) also tend to judge the humidity as acceptable
(or not).

4.1.6. Reliability of data gathered with the thermal comfort questionnaire

The internal consistency and stability of the items [42,44] of the
questionnaire was assessed through the split-half method (Table 8). The
split-half item is a method of assessing internal consistency in which the
scale is divided into two parts, and the total score of each part is
correlated with the other [43]. The results show a high overall reliability
(M4 = 0.93, A6 = 0.89), an acceptable internal consistency with an a of
Cronbach of 0.78, above the threshold of 0.7 [45] and appropriate inter-
item correlations (r = 0.34, optimal range 0.20-0.40) [46].

The reliability could be improved by removing the item humidity
preference (¢ would increase to 0.81). The low minimum split-half
reliability (B = 0.31) suggests possible mismatches between some of
the questionnaire items.

4.1.7. Variance explanation

To understand the importance and contribution of each factor in
representing the information contained in the original data, the variance
explained by the factors was analyzed (Table 9) [17].

SS loadings (MRFA3 = 1.89, MRFA2 = 1.80, MRFA1 = 1.73) indicate
a balanced contribution of the three factors, with a slight predominance
of MRFA3.

The three factors explain 27 %, 26 % and 25 % of the total variance,
respectively, cumulatively reaching 77 %, which is generally considered
satisfactory and indicates that the extracted factors can effectively
capture the underlying structure of the data. The percentage of variance
explained is, more or less, equally distributed among the factors
(MRFA3: 35 %, MRFA2: 33 %, MRFA1: 32 %).

These findings suggest that all three factors (MRFA3, MRFA2, and
MRFA1) appear to be connected to different aspects of temperature and
humidity (perception, as well as evaluation, judgment and preference),
each accounting for a significant portion of response variability.

Table 8

Split-half analysis.
Measure Value
Maximum split-half reliability (A4) 0.93
Guttman A6 0.89
Average split-half reliability 0.77
Cronbach’s a 0.78
Guttman A2 0.82
Minimum split-half reliability (beta) 0.31
Average interitem r 0.34
Median interitem r 0.25
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Table 9

Variance explained.
Measure MRFA3 MRFA2 MRFA1
SS loadings 1.89 1.80 1.73
Proportion Var 0.27 0.26 0.25
Cumulative Var 0.27 0.53 0.77
Proportion Explained 0.35 0.33 0.32
Cumulative Proportion 0.35 0.68 1.00

4.2. Confirmatory factor analysis

A CFA was conducted to validate the three-factor structure identified
by the EFA. Given the ordinal nature of the data, the Diagonally
Weighted Least Squares (DWLS) estimator was used to estimate the re-
lationships between the latent constructs and the associated observed
items, for its accuracy in providing robust parameter estimates and more
accurate standard errors for ordinal data or when the normality
assumption is violated [47]. The model specifies three latent constructs:

e The temperature assessment. It includes the item’s thermal acceptability
and evaluation. This factor is related to how individuals evaluate (as
comfortable or not) and judge (as acceptable or not) the temperature.

e The temperature preference and perception. It comprises the items’
thermal preference, thermal perception and humidity preference. This
factor can be interpreted as a combination of preference and sub-
jective perception relating to temperature and humidity.

e The humidity assessment. It includes the item’s humidity acceptability
and evaluation. This factor represents the evaluative (as comfortable
or not) and judgment (as acceptable or not) about humidity.

4.2.1. Evaluation of the model

The assessment of the fit of the CFA model was initially conducted by
chi-square (Xz) test. The statistical test (X2 = 25.475,df =11, p = 0.008)
results in the rejection of the null hypothesis (p < 0.05) and suggests that
the model does not fit the data perfectly [48]. However, given the known
sensitivity of the y? to sample size [49], additional fit indices were
considered [50]. The goodness-of-fit indices of the CFA model are shown
in Table 10.

The CFI and TLI values (both 0.999) significantly exceed the
threshold of 0.95 [51,52], indicating an excellent model fit. The RMSEA
(0.039, 90 % CI = 0.019-0.058) is below the threshold of 0.05 [51,52],
confirming the goodness of fit. Similarly, the SRMR (0.027), which is
particularly relevant for ordinal data, is well below the threshold value
of 0.08 [53,54].

Overall, these indices confirm the adequate fit of the CFA model to
the observed data.

4.2.1.1. Residuals correlation matrix. Residual correlation analysis was
used to assess the adequacy of the CFA model in identifying relation-
ships between variables [51,55]. Residuals represent the differences
between observed correlations and those estimated by the model; values
close to zero indicate adequate modelling of relationships, while values
greater than 0.05 or 0.10 suggest relationships not adequately captured
by the model [51,56].

The residuals of the correlation matrix (Table 11) are generally close
to zero, confirming the goodness of fit of the model. The only exception

Table 10

The goodness of fit of the CFA model.
Metric Value
Comparative Fit Index (CFI) 0.999
Tucker-Lewis Index (TLI) 0.999
Root Mean Square Error of Approximation (RMSEA) 0.039
Standardised Root Mean Square Residual (SRMR) 0.027
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is for the item humidity preference, which shows higher residuals: an
underestimate in the relationship with thermal perception (0.07) and an
overestimate in the relationships with humidity acceptability and
evaluation (—0.06), suggesting difficulties in modelling the relation-
ships of this specific item.

The distribution of the model residuals was evaluated by the Q-Q plot
(Fig. 4), where only slight deviations from the theoretical normal line
are observed, suggesting that the CFA model has a strong goodness of fit.

This result is confirmed by the Shapiro-Wilk normality test
(Table 12), where a W-value of 0.96 and a p-value of 0.49 are returned,
confirming that there is no statistically significant reason to reject the
null hypothesis and believe that the model residuals deviate from
normality.

4.2.2. Convergent and discriminant analysis

Construct validity was assessed by convergent and discriminant
analysis [17]. Convergent analysis, based on standardized factor load-
ings [57], indicates a good representation of items in the respective
factors when beta values exceed 0.70 [58]. The standardized factor
loadings, reported in Table 13 and Fig. 5, show that:

e The Temperature-evaluation factor (T_{judge}) has strong associa-
tions for thermal acceptability (p = 0.96) and thermal evaluation (p
=0.94).

e The Temperature-perception factor (T_{perc}) has high loadings for

thermal preference (p = 0.98) and thermal perception ( = -0.73),

with the negative value indicating an inverse relationship between

preference and perception. In contrast to the humidity preference

item, which shows weak loading (p = 0.38).

The Humidity-evaluation factor (H_{judge}) has strong convergence

for acceptability (f = 0.95) and evaluation (p = 0.96).

Discriminant analysis was conducted using the Heterotrait-
Monotrait Ratio (HTMT) [59,60], which compares correlations be-
tween different constructs (heterotrait) and within the same construct
(monotrait). The accepted threshold value for discriminant validity is
HTMT < 0.85 [59].

The results (Table 14) confirm a good differentiation between the
constructs, specifically:

o Strong discriminant validity between thermal judgement (tmpj) and
thermal perception (tmpp) (HTMT = 0.079)

e Good validity between thermal perception (tmpp) and humidity
judgement (hmj) (HTMT = 0.350)

e Acceptable validity between thermal judgement (tmpj) and humidity
judgement (hmj) (HTMT = 0.605).

The validity and reliability of the model were further assessed
through the Average Variance Extracted (AVE) and the Composite
Reliability (CR) (Table 15). The AVE, with an acceptability threshold of
0.5, assesses the variance explained by the latent factor with respect to
measurement error, while the CR, similar to Cronbach’s Alpha, indicates
good reliability for values above 0.7 [58].

The thermal judgement (tmpj) and humidity judgement (hmj) factors
show high AVE values (0.90 and 0.91) and adequate CR values (both
0.89), confirming strong convergent validity and internal consistency.
The thermal perception factor (tmpp) shows an acceptable AVE (0.55)
but an extremely low CR (0.04), suggesting adequate convergent val-
idity but poor internal consistency.

Given the weak internal consistency observed for the humidity
preference item, the CFA was conducted separately on two sub sample.
Analysis confirming the factorial structure, although with differences in
the way the humidity preference item is interpreted or evaluated by the
participants.

In the Norwegian sample (Fig. 6), consisting mainly of children and
young subjects, the item preference of humidity is associated with the
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Table 11
Residuals correlations matrix.
Items Thermal Thermal evaluation Thermal preference Thermal perception Humidity Humidity Humidity
acceptability preference acceptability evaluation
Thermal acceptability 0,00 - - - - - -
Thermal 0,00 0,00 — — — — —
evaluation
Thermal 0,02 -0,01 0,00 - - - -
Preference
Thermal 0,00 —0,01 —-0,01 0,00 - - -
Perceptions
Humidity —-0,03 —-0,02 —-0,01 0,07 0,00 - -
Preference
Humidity 0,03 —0,02 0,07 —0,02 —0,06 0,00 -
Acceptability
Humidity —-0,03 0,02 0,03 0,01 —-0,06 0,00 0,00
evaluation

0.02 0.06

-0.02

Residuals of Correlations Matrix

-0.06

Normal Theoretical Quantiles

Fig. 4. Quantile distribution of the residuals.

Table 12

Shapiro-Wilk normality test.
Metric Value
W-value 0.96
p-value 0.49

Table 13
Standardised Factor Loadings.
Latent Items B SE Z p- Beta
Factor value
T_{judge} Thermal 1.00 0.00 - — 0.96
acceptability
T_{judge} Thermal 0.98 0.03 30.12 0.00 0.94
evaluation
T_{perc} Thermal 1.00 0.00 — — 0.98
preference
T_{perc} Thermal -0.75 0.05 —14.23 0.00 -0.73
perception
T_{perc} Humidity 0.39 0.04 10.98 0.00 0.38
preference
H_{judge} Humidity 1.00 0.00 — - 0.95
acceptability
H_{judge} Humidity 1.02 0.03 37.25 0.00 0.96
evaluation

perception of temperature, suggesting a difficulty in conceptualising
humidity as a phenomenon distinct from temperature. The response
pattern shows more simplified responses where temperature and hu-
midity preferences move in the same direction, as well as greater
randomness in the responses (evidenced by a low factor loading of 0.35
for humidity preference item).

In contrast, in the Cypriot sample (Fig. 7), composed mainly of
adults, the humidity preference item shows a more logical relationship

with the assessment of humidity. Although the factorial loading (—0.64)
is below the conventional threshold, humidity preference shows an in-
verse relationship with humidity evaluation and acceptability, sug-
gesting a greater conceptual consistency in the responses.

These results show a higher variability on humidity preference items
between those two groups compared to the remainder of the items. This
meaning that the humidity-related preferences might be influenced by
different interpretative frameworks or subjective biases of the partici-
pants, reflecting in this case the different level of cognitive development
between children and adults in understanding and evaluating thermal
comfort parameters.

4.2.3. Results summary
Exploratory factor analysis (EFA) identified a well-defined trifacto-
rial structure:

1. Thermal judgement factor (tmpj) is related to temperature
assessment.

2. Thermal perception and preference factor (tmpp) is inversely related
to the perception of room temperature.

3. Humidity judgement factor (hmj) is related to humidity assessment.

The factor structure was validated through confirmatory factor
analysis (CFA), which showed a good fit to the data (CFI and TLI > 0.95;
RMSEA < 0.05; SRMR < 0.08).

Convergent validity analysis showed good convergence of the items
with their respective factors (loading > 0.7), with the exception of the
humidity preference item. Separate analyses by sub-sample revealed
that this criticality is particularly evident in the Norwegian sample
(predominantly children), where the item is associated with the
perception of temperature at low loadings, whereas in the Cypriot
sample (predominantly adults) it shows a more consistent, although still
below threshold (—0.64), relationship with the assessment of humidity.
AVE values exceed the threshold of 0.5 for all factors, with particularly
high values for tmpj and hmj, while tmpp shows a barely sufficient
value.

The discriminant validity is confirmed by the moderate correlations
between the factors (<0.85), although the correlation between tmpj and
hmj deserves further investigation, considering the natural interaction.

5. Guidelines on thermal comfort questionnaire design and
validation

This study presents a set of guidelines on the design and validation of
a questionnaire investigating thermal comfort in indoor environments.
Designing the survey with appropriate observable variables, constructs
and measurement scales marks the first step; here the questions (in this
case, on humidity and temperature) should reflect the scope of the study
(thermal comfort assessment) while considering previous research and
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Fig. 5. CFA Diagram — Standardised Factor Loadings.

questionnaire items effectively capture multiple dimensions within
these constructs.
The next step is running the Confirmatory Factor Analysis (CFA),

which can be seen as a hypothesis test in which the theoretical model is
compared with the observed data. The CFA employs further consoli-
dated statistical approaches, such as the Comparative Fit Index (CFI),

Table 14
Heterotrait-Monotrait ratio of correlations (HTMT).
Latent Factor Thermal Thermal Humidity
judgment perception judgment
(tmpj) (tmpp) (hmyj)
Thermal judgment 1.000 - -
(empj)
Thermal perception 0.079 1.000 -
(tmpp)
Humidity judgment 0.605 0.350 1.000
(hmj)
Table 15
Average Variance Extracted (AVE) and Composite Reliability (CR).
Index Thermal judgment Thermal perception Humidity judgment
(tmpj) (tmpp) (hmj)
AVE 0.90 0.55 0.91
CR 0.89 0.04 0.89

international standards. Administration of the questionnaires in the case
study population groups is the next step, providing enough time to
collect an adequate number of responses, which are filtered and checked
for completeness.

Starting with exploratory factor analysis (EFA), we test whether the
questionnaire measures latent constructs related to the observable var-
iables defined earlier. The EFA is completed through robust statistical
examinations of common variance, differences between the observed
correlation matrix and an identity matrix and multicollinearity. When
testing confirms the suitability of data, factors are extracted, and further
testing of internal consistency and stability of items takes place. To
complete the EFA, variance among the extracted factors should show
that factors are connected to different aspects of the investigated do-
mains (in this case, temperature and humidity), each accounting for a
significant portion of response variability. This confirms that the

Tucker-Lewis Index (TLI), Root Mean Square Error of Approximation
(RMSEA) and Standardized Root Mean Square Residual (SRMR). When
all indices conclude that the CFA model accurately represents the con-
nections between the observed variables, residual correlation analysis
determines the goodness of fit for the model. The last part of the CFA
considers construct validity through convergent and discriminant
analysis, which examine factor loadings and apply further indices to
assess the extent to which items measure the same concept (convergent
analysis), or the extent to which different latent factors represent
distinct concepts (discriminant analysis).

Satisfactory statistical significance throughout this process de-
termines the validity of the questionnaire, while less-than satisfactory
significance highlights aspects that can be further improved. When time
allows it, the observable variables can be re-designed to increase the
statistical robustness of the survey, and special attention should be paid
to acknowledging study limitations and mitigating them in subsequent
research works.

6. Limitations

Exploratory factor analysis (EFA) and confirmatory factor analysis
(CFA) validated the questionnaire’s ability to measure different aspects
of thermal comfort (judgements, evaluations, preferences and percep-
tions), confirming a consistent multifactorial structure. The results also
revealed areas for improvement, particularly in the convergent and
discriminant validity of some items, such as humidity preference.

However, the study has two main limitations. The first concerns the
time dimension: despite the longitudinal nature of the data, the re-
sponses were treated as independent for pragmatic reasons related to the
complexity of the data. A more in-depth analysis of factor variations
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over time would require specific approaches for longitudinal data
[61,62].

The second limitation concerns the invariance of the factor structure:
while the analysis tested the overall validity of the questionnaire, it did
not systematically examine how the structure of the latent constructs
may vary as a function of key demographic characteristics such as age,
gender, etc.

7. Conclusions

This study offers a few insights into the statistical approaches
required to design an effective questionnaire on the topic of thermal
comfort, which can allow the use of building occupants as consistent and
reliable “sensors” of the thermal environment. Indeed, by means of
exploratory and confirmatory factor analyses applied to a validated
questionnaire, we have shown that the proposed survey represents the
subjective opinions of building occupants in a scientifically sound way,
showing its replicability. The Exploratory Factor Analysis showed that
factors appeared to be connected to different aspects of temperature and
humidity (judgment, evaluation, perception and preference), each ac-
counting for a significant portion of response variability, indicating that
the questionnaire items effectively capture multiple dimensions within
these constructs. The Confirmatory Factor Analysis confirm and vali-
dates these latent factors, showing that some areas of this questionnaire
need attention to improve convergent and discriminant validity.

The overall reliability of the thermal comfort questionnaire was
adequate, with potential for improvement through in-depth evaluation
of the individual items and implementation of the necessary adjustments
where necessary. In particular, the humidity preference item showed
critical convergent validity, with significantly different response pat-
terns between the Norwegian (predominantly children) and Cypriot
(predominantly adults) samples. This variability suggests that the
interpretation of the humidity preference item may be influenced by
specific subjective characteristics and support the importance of vali-
dating the questionnaire through pre-tests or pilot surveys, which allow
the comprehensibility and effectiveness of the items and scales to be
assessed in the target population.

In any case, the factorial model developed and specified seems to
have a strong structure and good reliability in measuring the properties
it is intended to measure. This work can serve as a set of guidelines in
designing surveys to capture user feedback on the topic of thermal
comfort, while future studies adopting similar methodological tools
could benefit by using analytical approaches that can address longitu-
dinal data, incorporating the temporal dimension in their analysis.
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