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Abstract

This study investigated the individual and interactive effects of thermal and acoustic
parameters on university students’ concentration and satisfaction in a library environ-
ment. Measurements of temperature, relative humidity (RH), and sound pressure level
(SPL), alongside questionnaire surveys assessing students’ concentration, environmen-
tal perceptions, and satisfaction, were conducted over ten continuous working days in
four library rooms. The results revealed significant interactive effects between operative
temperature (10), RH, and background noise level (LA90) on students’ concentration and
overall satisfaction, highlighting the importance of an integrated approach to managing
Indoor Environmental Quality (IEQ). Furthermore, multi-objective optimization using the
NSGA-II algorithm suggested optimal ranges for To (22.6-24.8 °C), RH (41.0-48.4%), and
LA90 (45.0-48.5 dB(A)). Existing library conditions surpassed these optimal levels, partic-
ularly on the first floor, indicating a pressing need for interventions to enhance student
well-being and academic performance. Overall, this study provides insights into the interac-
tions between thermal comfort and acoustic quality, offering recommendations for creating
more conducive learning environments that boost student satisfaction and performance.

Keywords: interactive effects; thermal comfort; acoustic quality; satisfaction; concentration;
learning environment

1. Introduction

Indoor Environmental Quality (IEQ) plays a crucial role in shaping the comfort, health,
and performance of occupants in educational settings [1]. Among the various dimensions
of IEQ, thermal comfort and acoustic quality are particularly significant for student satis-
faction and learning outcomes and, thus, are given higher weights in overall environment
evaluations [2,3]. Many studies reported that an uncomfortable thermal environment can
impair students’ health and academic performance [4,5], while poor acoustic quality often
leads to decreased cognitive function and diminished well-being [6,7]. Thus, optimizing
these environmental factors is essential for fostering enhanced educational experiences.

Apart from the individual impacts of these two aspects, recent studies have started
to examine the combined effects [8] and interactive effects [9,10] of thermal comfort and
acoustic quality, demonstrating that these components do not function in isolation. The
interplay between them can significantly influence occupants’ thermal sensation, acoustic
perceptions, and/or overall comfort [11-13]. For example, Guan et al. [14] reported a
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significant combined effect between sound levels and temperature on occupants” overall
comfort, but not on thermal comfort or acoustic comfort. This underscores the distinction
between combined and interactive effects: combined effects refer to the overall influence of
both factors, while interactive effects focus on how one factor may enhance or diminish
the influence of the other. Thus, considering the interaction between these two variables is
essential for a comprehensive understanding of their impact on occupants.

Despite the growing recognition of these interactions, several limitations still exist.
First, many studies have been conducted in controlled laboratory settings or through theo-
retical models, which leaves a gap in understanding the interactions between thermal and
acoustic quality in real-world settings [15-19]. This gap is particularly pronounced in stud-
ies focusing on learning environments. Furthermore, most previous studies on interactive
effects have mainly examined either environmental perceptions or comfort, while occupant
performance was rarely investigated [20]. Considering the individual effects of IEQ factors
on occupants’ performance and the interactions between these factors on occupants’ per-
ceptions, it is plausible to suppose that the interactive effects between acoustic quality and
thermal comfort might also influence students’ performance in learning spaces.

To address this hypothesis and identify optimal learning environments, the present
study explores the interactive effects of thermal comfort and acoustic quality on university
students’ performance and satisfaction. Focusing on a university library is particularly rele-
vant due to its critical role as a study environment where students spend extensive hours
and researchers have easy access. This setting makes it an ideal starting point for examining
the interactive effects of IEQ on occupants. Moreover, university students also tend to be
more willing to participate in academic research, allowing for direct assessment of how
these interactions impact occupants who rely heavily on effective learning environments.
By investigating this real-world setting with actual occupants, this research aims to pro-
vide valuable insights that can inform the design and management of educational spaces.
Ultimately, the goal is to enhance students” well-being and improve educational outcomes.

2. Materials and Methods

Figure 1 illustrates the overall workflow of this study, including on-site measurement,
questionnaire survey, and data analysis. A convenience sampling approach was adopted
for both the measurement and survey, which were carried out in the library of The Hong
Kong Polytechnic University, located in Hung Hom, Kowloon, Hong Kong (see Figure 2).

Stage 1: On-site measurement Stage 3: Data analysis

Locations: Parameters: Time:
IF self-study To 10 days Data screening
(Ta, Tr, Va)
IF group-study 9:30-18:00 o i
RH Descriptive analysis
6F self-study Per minute
SPL

6F group-study Pearson Correlation

Two-Way ANOVA
Stage 2: Questionnaire survey

General info: IEQ evaluations: Mood states: Optimization using
NSGA- ||
Age group Perceptions PANAS-SF
(temperature,
Gender humidity, sound) Explore the impacts of thermal and

Concentration: acoustic environment on students and

BMI Satisfactions oD identify the optimal condition

(thermal,

Location acoustic, overall) Bourdon Test

Figure 1. Overview of the research methodology.

https:/ /doi.org/10.3390/buildings16030670


https://doi.org/10.3390/buildings16030670

Buildings 2026, 16, 670 3o0f 15

hinic University

Figure 2. Location of the investigated university (left) and library (right) (Satellite imagery from
Google Earth © 2026).

The field study was conducted during 10 weekdays between 19th October and the 1st
of November 2022 at four study areas, i.e., self-study on the 1st floor (1S), group study on
the 1st floor (1G), self-study on the 6th floor (6S), and group study on the 6th floor (6G), as
shown in Figure 3.

1s
N
| =
6S 6G
= ' L
16 =
1

Figure 3. Four investigated areas in the library (blue areas are self-study, while yellow areas are

group study).

For the measurement, five parameters, namely air temperature (Ta), radiant tempera-
ture (Tr), air velocity (Va), relative humidity (RH), and sound pressure level (SPL), were
monitored using an IEQ logger (EVQSense, Hong Kong, China) with accuracy and resolu-
tions shown in Table 1. In the meantime, students’ perceptions (on temperature, humidity,
and sound), satisfactions (on thermal comfort and acoustic quality), and concentrations
were collected using questionnaires. After data collection, a series of analyses, including
descriptive, correlation, and two-way ANOVA, were conducted to explore the impacts of
thermal and acoustic environments on students’ satisfaction and comfort and identify the
optimal learning condition. The following three sections introduce detailed information on

these parts.

Table 1. Specification of the IEQ logger.

Parameters Range Accuracy Resolution
Air temperature (Ta) 0to 100 °C +<1°C 0.1°C
Radiant temperature (Tr) 5to 50 °C +2°C 0.1°C
Relative humidity (RH) 0 to 100% +<2% 1%
Air velocity (Va) 0.2t020m/s +5% of reading 0.1m/s
Sound pressure level (SPL) 35 to 130 dB +3dB 0.1dB
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2.1. On-Site Measurement

The measurement of Ta, Tr, RH, Va, and SPL was continuously carried out from 9:00
to 18:00, with one-minute intervals, every weekday during the investigation weeks. In
accordance with the sampling procedure suggested by CIBSE [21], the IEQ loggers were
positioned at the centre of the designated areas on a desk with a height of 1.1 m. Before this
study, validation measurements were conducted simultaneously using the four devices at
the same location within an office setting. The results showed no significant differences in
the measured parameters among the devices.

Based on the collected parameters, the operative temperature (10), as a widely recog-
nized indicator in thermal comfort studies [22-24], can be calculated using Equation (1).
Additionally, the 15 min A-weighted equivalent sound pressure level (LAeg), commonly
used to describe environmental noise, can be calculated using Equation (2) [25]. Subse-
quently, LA90 and LA10 can be derived to represent background noise and sporadic high
noise levels, as they indicate the A-weighted sound levels exceeded for 90% or 10% of the
measurement period, respectively.

05, V, <02
Top = CopTa(1 = Cop) Ty Cop = { 06, 02 < V, < 0.6 (1)
07, V, > 0.6
12 SPL;
LAeq = 10 logy, <n ) 1010> 2)
i=1

where C,), is the coefficient; n is the number of samples in the targeted interval, which is 15
in this study.

2.2. Questionnaire Survey

The questionnaire comprises four sections. The first section gathers demographic in-
formation, including age, gender, weight, height, and location. The second section assesses
students’ perceptions of their study environments, specifically temperature, humidity, and
sound, as well as their satisfaction with thermal, acoustic, and overall environmental condi-
tions. All questions in this section utilized seven-point scales. The third section employed
the Positive and Negative Affect Schedule Short Form (PANAS-SF), a validated instrument
for evaluating mood states. Students were asked to evaluate 10 mood states (including
five positive and five negative states) using a five-point scale. The last section is a Group
Bourdon test (with a full score of 45), which was used to measure students’ concentration
level. The Bourdon test is a well-established and validated assessment tool widely used
to evaluate sustained attention and concentration in various populations [26-28]. The
questionnaires were randomly distributed to students in the selected study areas. The
researchers recorded the time at which each student began the questionnaire to align with
the measurement results.

2.3. Data Analysis

All the questionnaire data were manually entered into a database in IBM SPSS Statistics
26.0 (SPSS Inc., Chicago, IL, USA) and then merged with the measured results based on
time and location. The analyses were conducted in five steps, as shown in Figure 1.

First is data cleaning. The measured results (i.e., Ta, Tr, Va, RH, and SPL) were assessed
using z-scores [29]. Although a threshold of Iz| > 3 is also commonly used, a slightly
more conservative threshold of 2.5 was applied in the current study to minimize the risk
of including potentially erroneous data points that might influence the results. The cases
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where any variables’ z-scores were larger than 2.5 or lower than —2.5 were considered as
outliers and removed.

Then, a series of descriptive analyses was carried out to get a basic understanding of
the data. Specifically, the mean and standard deviation (SD) of continuous variables (e.g.,
measurement data and concentration score) and the frequency of the discrete variables (e.g.,
gender and age group) were calculated. It is important to note that although the mean and
standard deviation were calculated for the seven-point Likert-scale data to show the overall
trends and patterns among the responses, the comparisons of them between different areas
were conducted using the Kruskal-Wallis H test, in recognition of the ordinal nature of the
data. Additionally, the mood states were transferred to a mood index (MI), which was the
normalized difference between the sum of the five positive mood scores (PMS) and the
sum of the five negative mood scores (NMS), as shown in (3).

M — (MS— minMS)/

5 5
(maxM$ — minMS)’ MS = l; PMS = 1; NMS ®)

Thirdly, a series of Spearman correlations between the measured results and the ques-
tionnaire responses was conducted to examine the relationships among them. Spearman’s
rank correlation was chosen for this analysis due to its suitability to assess monotonic
relationships between variables, which is particularly relevant for ordinal data such as
Likert-scale responses.

Fourthly, a series of two-way ANOVA was executed to assess the interactive effects
of the acoustic and thermal environment on students’ satisfaction and concentration. The
independent variables regarding acoustic and thermal conditions were selected based on
the findings from the correlation analysis, and the dependent variables included students’
satisfaction with acoustic, thermal, and overall environment, and their concentration
test scores.

Fifthly, a Random Forest (RF) model was developed to establish a series of predictive
models linking the environmental parameters with students’ satisfaction (with thermal,
acoustic, and overall environment) and concentration. To optimize the performance of the
selected machine learning model, Grid Search and cross-validation with five folds were
applied to identify the best-performing hyperparameters (i.e., the number of estimators,
maximum depth and minimum samples split). Additionally, Mean Absolute Error (MAE)
was used to evaluate the performance of the models.

Lastly, these models were applied, together with Monte Carlo simulations, to generate
a new database with 8000 cases (20 To x 20 RH x 20 LA90). Building upon this, a Pareto-
optimal solution set was identified using Non-dominated Sorting Genetic Algorithm II
(NSGA-II), which is a popular evolutionary algorithm used for solving multi-objective
optimization problems. Two objectives, i.e., maximum satisfaction and concentration, were
set for this method to identify the optimal learning environments to improve both students’
satisfaction and concentration.

3. Results

This section outlines the analysis results of the data collected in the field study, which
aimed to explore the relationship between environmental factors and student satisfac-
tion and identify the optimal learning environment. Section 3.1 (i.e., descriptive results)
highlights significant patterns related to student preferences for different study areas, as
well as variations in physical parameters such as temperature, sound levels, and relative
humidity across these settings. Section 3.2 (i.e., correlation results) details the relationships
between various environmental parameters and students’ mood states and satisfaction
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levels. Section 3.3 explores the interactive effects between thermal and acoustic factors
through two-way ANOVA analysis and elucidates how the interactions influence student
experiences. Finally, Section 3.4 presents the results from optimizations through NSGA-II
and provides practical implications for creating enhanced study environments.

3.1. Descriptive Results

A total of 404 questionnaires were collected, with 381 deemed validated. Table 2 shows
the demographic characteristics of the students and their study environments. The majority
of participants were female students, under 20 years of age, maintained a normal body
mass index (BMI), and reported a positive mood. Significant differences in age distribution
and weight were observed among students across the four study areas. Younger students
(under 20 years old) tended to prefer group-study areas, whereas older students preferred
self-study areas. Additionally, students weighing over 60 kg were more likely to study on
the first floor, while those with lower weights preferred the sixth floor.

Table 2. General information about the collected data.

Al(N=381) 1G(N=57) 1S(N=64) 6G(N=169) 6S(N=91) p-Valued

Personal characteristics

Gender ?

- female 201 (53) 21 (37) 34 (53) 96 (57) 50 (55) 0.069
- male 176 (47) 35 (61) 30 (47) 70 (41) 41 (45) ’

- unknown 4(1) 1(2) 0(0) 3(2) 0(0)

Age?

- 16-20 176 (46) 36 (63) 21 (33) 84 (50) 35(39)

- 21-25 168 (44) 19 (33) 31 (48) 77 (46) 41 (45) 0.001
- 26-30 30 (8) 1(Q2) 11 (17) 7 (4) 11 (3)

- 30+ 7 (2) 1(2) 1(2) 1(1) 4(4)

Height (cm) b 169 (8) 171 (8) 169 (9) 168 (8) 168 (8) 0.224
Weight (kg) b 59 (10) 62 (11) 60 (12) 58 (10) 58 (9) 0.037
BMI P 21 (3) 21 (3) 21 (4) 20 (2) 21 (3) 0.107
Mood Index (/)® 0.9 (0.2) 0.8 (0.2) 0.9 (0.3) 0.9 (0.2) 0.9 (0.2) 0.179
Physical measurement b

Ta (°C) 25.7 (1.1) 27.1(0.6) 26.2 (0.7) 25.7 (0.7) 24.4 (0.3) <0.001
To (°C) 24.4(1.2) 26.0 (0.6) 25.3(0.7) 24.3 (0.7) 22.8 (0.3) <0.001
RH (%) 44.3 (3.0) 429 (3.0) 45.4 (3.7) 42.8 (1.7) 47.0 (1.8) <0.001
LAeq dB(A) 49.9 (6.3) 53.2(2.5) 55.2 (1.8) 479 (5.7) 48.0 (7.8) <0.001
LA10 dB(A) 49.7 (6.2) 52.6 (2.2) 54.9 (1.8) 47.7 (5.8) 479 (7.8) <0.001
LA90 dB(A) 50.3 (6.3) 54.0 (2.3) 55.5(1.8) 48.1 (5.6) 48.2 (7.8) <0.001
Evaluations and concentration

P_Temperature®  —0.4(1.1) 0.1(1.1) —-0.3(1.1) —-0.5(1.1) —0.7 (1.0) 0.001
P_Humidity ¢ 0.2 (0.6) 0.4 (0.8) 0.2 (0.6) 0.2(0.7) 0.1 (0.4) 0.062
S_Thermal € 0.7 (1.2) 0.5(1.2) 0.5(1.2) 0.8(1.1) 0.6 (1.2) 0.232
P_Sound ¢ —0.2(1.4) —0.6 (1.3) 0.2 (1.5) —0.5(1.1) 0.2 (1.5) <0.001
S_Acoustic © 0.7 (1.1) 0.5(1.1) 0.4(1.1) 0.8 (1.0) 0.8 (1.3) 0.005
S_Environment ¢ 1.4 (1.0) 0.9 (1.0 1.1 (1.0) 1.5 (1.0) 1.6 (0.9) <0.001
Concentration P 34.3 (8.4) 43.0 (9.3) 32.9(9.2) 32.6 (6.0) 33.1(7.9) <0.001

Note: 2. The numbers are n (%) in each group, and p-values were obtained from chi-square tests b The numbers
are the mean (standard deviation) values over the measurement period, and p-values were obtained from the
one-way ANOVA tests . The numbers are the mean (standard deviation) values over the measurement period,

and p-values were obtained from the Kruskal-Wallis tests 4. p-values less than 0.05 are significant and marked
in bold.

Regarding the measurement results, there were statistically significant differences in
all the examined parameters among the four study areas, which demonstrated the diversity
of the environments investigated in this study. Specifically, both temperatures and sound
levels were higher on the first floor than the sixth floor, while RH in 65 was substantially
higher than it was in the other areas.
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Consistent with the measurement results, students perceived higher temperatures on
the first floor and reported greater satisfaction with the acoustic and overall environment
on the sixth floor. These findings suggest a general preference for cooler and quieter
environments. However, students” perceptions of sound did not fully correspond with
the measured sound levels, as group study areas were perceived as noisier than self-study
areas. This discrepancy indicates that factors beyond sound level, such as the type of
sounds present, may significantly influence students” sound perception.

3.2. Correlation Results

Figure 4 presents the Spearman correlation coefficients among the investigated param-
eters, which include physical variables (12, RH, To, LAeq, LA10, and LA90), students” mood
states, concentration levels, and their environmental assessments (such as perceptions
of temperature, humidity, and sound, as well as satisfaction with thermal, acoustic, and
overall environmental conditions. Both Tz and To, representing thermal-related parameters,
were positively correlated with sound-related parameters and temperature perceptions,
but negatively correlated with RH, sound perception, acoustic satisfaction, and overall
satisfaction. In contrast, RH showed positive correlations with sound perception, acoustic
satisfaction, and overall satisfaction. For the sound-related parameters, they exhibited
strong and positive correlations with each other but had negative impacts on students’
acoustic satisfaction and overall satisfaction.

-100

RH (%) -—0.403**

.t o
© (°C) JEHER-0.396 075

Laeq (dB(A)) - 0.317** 0036 0348**

-0.50
LA10 (dB(A)) - 0.296** 0038 0.326** EUEEEL

LA90 (dB(A)) - 0.328** 0046 0357** JUELELS
-025

P_Temperature (/) - 0.203** -0.058 0236** 0061 0046 0071

P_Humidity (/)- 0061 0.039 0.07 0.004 -0.005 0009 0.151** -0.00

S _Thermal (/)- —0.067 0085 -0.079 -0.0112 -0.012 -0.012 0173** 0026

--0.25

P_Sound (/) --0.135** 0.245** -0.121* -0.018 -0.019 -0.02 -0.036 -0.027 0.096

S_Acoustic (/) -—0.178* 0.132* —0.175**-0.151**-0.158* —153** 0024 0034 0301** 0240**

--0.50

S_Environment (/) -—0.223** 0.139** —0.258**-0.133** -0.124* —-136** -0.149** -0.008 0.296** 0.147** 0.345**

Mood (/) - 0.005 01 -0.015 -0.017 -0.01 -0.013 -0.094 -005 0038 00521 0118* 0196** =205

Concentration (/) - 0.228* -0.068 0225* 0.170** 0.151** 0206* 0062 0067 -0.024 -0.118* -0.008 -0.024 -0.004

--1.00

B(*C) -
RH (%) -
°(°C) -

y () -
Mood (/) -

S_Acoustic (/) -

Laeq (dB(A)) -
LA10 (dB(A)) -
LA90 (dB(A)) -
S_Thermal (/) -
P_Sound (/) -

P_Humidit

P_Temperature (/) -

S_Environment (/) -

Figure 4. Correlations between the investigated variables (Note: * the correlation is significant at the
0.05 level; ** the correlation is significant at the 0.01 level).

https://doi.org/10.3390 /buildings16030670


https://doi.org/10.3390/buildings16030670

Buildings 2026, 16, 670

8 of 15

Almost all the parameters were significantly correlated with students’ overall environ-
ment satisfaction, except for their humidity perception. Given the significant correlations
among these parameters, only To (as the temperature parameter), LA90 (as the sound
parameter), and RH (as the humidity parameter) were selected for further analysis. This
decision was based on the observation that To had stronger correlations with students’
thermal perception and overall satisfaction than Tz, and LA90 had stronger correlations
with students” acoustic satisfaction and overall satisfaction compared to LAeq and LA10.

Additionally, mood states exhibited significantly negative impacts on students’ tem-
perature perceptions, and positive impacts on students’ acoustic satisfaction and overall
environment satisfaction. In other words, students in positive moods were more likely
to feel cool and satisfied with the acoustic and overall environment, while students in
relatively negative moods were more likely to feel warm and dissatisfied with the acoustic
and the overall learning environment. However, no impact of mood on concentration
was identified.

Lastly, a series of independent t-tests and one-way ANOVA tests were conducted to
examine the impacts of gender and age on students’ IEQ assessments and concentrations.
As presented in Table 3, gender had a significant impact only on students’ temperature
perceptions, with female students reporting feeling cooler than their male counterparts,
consistent with findings from previous studies. Additionally, age significantly influenced
students’ temperature perceptions and acoustic satisfaction. Specifically, as students” ages
increased, they reported feeling cooler and expressed lower satisfaction with the acous-
tic environment. However, since neither age nor gender showed a significant impact
on students’ overall IEQ satisfaction and concentration, they were not included in the
subsequent analyses.

Table 3. Impacts of gender on students” IEQ assessments and concentration.

Gender Age

Variables Female Male t() 16-20 21-25 >26 F

P_Temperature —-054 —0.26 —2.45 (0.015) —-022 —-056 —059  4.58(0.011)
P_Humidity 0.24 0.14 1.53 (0.126) 0.19 0.18 0.19 0.01 (0.992)
S_Thermal 0.64 0.69 —0.42 (0.672) 0.70 0.63 0.59 0.23 (0.793)
P_Sound -029 -0.14 —1.08 (0.282) —-0.15 —-0.33 —-0.16 0.86(0.424)
S_Acoustic 0.67 0.71 —0.33 (0.740) 0.82 0.63 0.35 3.17 (0.043)
S_Environment 1.42 1.31 1.03 (0.304) 1.32 1.42 1.32 0.51 (0.600)
Concentration 4.45 418 —0.49 (0.624) 33.77 3481 3419  0.65(0.524)

Note: p-values less than 0.05 are significant and marked in bold.

3.3. Interactive Effects Examination

A series of two-way ANOVA analyses were conducted to further understand the
interactive effects of thermal and acoustic environments on the students’ satisfaction and
concentration.

Before the two-way ANOVA, To, RH, and LA90 were divided into three groups based
on their distributions, as shown in Table 4. Specifically, the two demarcation points were
around the 33rd and 67th percentiles. Slight adjustments were made considering the
relationship between them and students’ satisfaction.

Table 5 shows the results of the two-way ANOVA tests. Significant interactive effects
between the acoustic and thermal environments were identified on students’ concentration
and their satisfaction with the acoustic and overall environments. Specifically, a signifi-
cant interaction effect between LA90 and To was found on students” acoustic satisfaction
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(p =0.009). Additionally, To showed a significant main effect (p = 0.023). As illustrated
in Figure 5a, To negatively influenced students” acoustic satisfaction in a relatively quiet
environment (i.e., LA90 < 50 dB(A)). Although LA90 alone did not have any significant
impact, it showed significant and different impacts on students” acoustic satisfaction under

extreme thermal conditions, i.e., when To was lower than 23.8 °C or higher than 25.3 °C, as

shown in Figure 5a.

Table 4. Groups of the three physical parameters.

Parameters Low Middle High
To (°C) <238 23.8-25.3 >25.3
RH (%) <42.5 42.5-46.5 >46.5
LA90 (dB(A)) <50 50-53.2 >53.2

Table 5. Interactive effects between acoustic and thermal environments on students’ satisfaction

and concentration.

Dependent Variables Source df F p-Value
LA90 2 1.413 0.245
Acoustic satisfaction To 2 3.820 0.023
LA90*To 4 3.409 0.009
LA90 2 8.094 <0.001
Concentration RH 2 1.176 0.310
LA90*RH 4 3.103 0.016
LA90 2 1.562 0.211
Concentration To 2 8.859 <0.001
LA90*To 4 2.242 0.064 *
LA90 2 4416 0.013
Overall environmental satisfaction RH 2 5.351 0.005

LA90*RH

I

3.324 0.011

Note: p-values less than 0.05 are significant and marked in bold. * The interactive effect between sound level and
operative temperature on students’ concentration is not significant at the 0.05 level, but there is a noticeable trend
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Figure 5. Interactive effects between the acoustic and thermal parameters.
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Additionally, there were also significant interactive effects between LA90 and RH on
students” concentration (p = 0.016) and overall environmental satisfaction (p = 0.011). For
concentration, LA90 showed a significant positive effect only when RH was lower than
42.5% (p < 0.001), as shown in Figure 5b. For students’ overall environmental satisfaction,
both LA90 and RH showed significant main effects, and LA90 displayed a significant
negative impact when RH was between 42.5% and 46.5%, as shown in Figure 5d.

Furthermore, it is worth noting that there was a trend of the interactive effect between
LA90 and To on students’ concentration (p = 0.064). Again, a significant and positive impact
of LA90 was found when To was between 23.8 °C and 25.3 °C (p = 0.029), as shown in
Figure 5c.

3.4. Optimization of the Study Environment

Regarding the RF models, the optimal hyperparameters identified through grid search
were a maximum depth of 10, a minimum samples split of 10, and a number of estima-
tors set to 50. The MAEs for predictions on Concentration, S_Acoustic, S_Thermal, and
S_Environment were 6.48, 0.90, 1.06, and 0.80, respectively, representing about 11% to 15%
of the total range. These results suggest reasonably accurate predictions.

For the NSGA-II, the optimization was executed for 100 generations, iterating through
5000 populations, which resulted in 82 Pareto-optimal solutions, as shown in Figure 6. The
range of To, RH, and LA90 was 22.5-26.6 °C, 40.6-48.4%, and 36-56.9 dB(A), respectively.

25

2.0

1.5

1.0

Satisfaction (/)

0.5 3 / Qo

0.0

28 30 32 34 36 38 40 42 4 46
Concentration (/)

Figure 6. The Pareto frontier solutions (Note: the dash lines represent the average levels of satisfaction
and concentration; the hollow circles represent the identified solutions; the solid circles represent the
optimal solutions that can achieve higher satisfaction and concentration levels).

To achieve more effective solutions, two thresholds of satisfaction and concentration
were selected (i.e., the average levels, as shown by the dashed lines marked in Figure 6) to
ensure improvement in both students’ satisfaction and concentration compared to the orig-
inal average levels. In total, 24 solutions fulfil these requirements, which were considered
as the optimal solution in the current studies (see the solid points in Figure 6). The ranges
of To, RH, and LA90 among these optimal solutions were 22.6-24.8 °C, 41.0-48.4%, and
45.0-48.5 dB(A), respectively. While these ranges reflect certain variability in the data, the
calculated 95% confidence intervals (CIs) for the mean values were much narrower, which
were 23.9-24.3 °C, 43.9-45.5%, and 47.4-48.1 dB(A), respectively. This indicates that the
mean values could be effective indicators of optimal conditions. Under these conditions,
students” average satisfaction and concentration were 1.7 and 36.3, representing 22% and
6% improvement compared with the average levels of the original collected data.
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4. Discussion

The findings of this study provide valuable insights into the influence of thermal
and acoustic parameters on student concentration and satisfaction in academic settings.
The interactions between these environmental factors identified by this study contribute
to the optimization of learning environments. This discussion section will explore the
implications of these findings, address the limitations inherent in the study, and propose
directions for future research to further investigate the complexities of IEQ and its effects
on student well-being and academic performance.

4.1. Individual Impacts of Thermal or Acoustic Parameters

Temperature, RH, and sound levels were found to significantly affect students” concen-
tration and their satisfaction with thermal, acoustic, and overall environmental conditions.
Specifically, students” sound perceptions and acoustic satisfaction were influenced by
both sound levels and temperature, consistent with the laboratory findings of Yang and
Moon [10]. However, in contrast to their results that occupants’ thermal comfort decreased
with increased noise level, the current research did not observe a significant effect of sound
level on students’ thermal satisfaction. This difference may result from two reasons. First,
the range of noise levels in this study was narrower than that in the study conducted by
Yang and Moon [10]. Although they only tested two noise levels, the difference between
these levels was greater than in the current study, potentially leading to a more pronounced
effect. Second, occupants’ thermal comfort might be distinct from their thermal sensation.
While Yang and Moon [10] focused on thermal comfort, the current study focused on ther-
mal satisfaction. Wu et al. [30] reported that occupants’” comfort and satisfaction ratings for
the same environment can differ due to individual preferences. Similarly, Chen et al. [31]
identified varying effects of sound level on occupants’ thermal sensation, thermal comfort,
and thermal acceptance.

This situation highlights a research gap in IEQ-related studies. Over the past few
decades, numerous studies have investigated the impact of IEQ on occupants, yet there
is no officially endorsed uniform terminology. Various terms have been used in these
studies, including perceptions [32], comfort [33], satisfaction [34], and acceptance [35],
among others. Given the differing results associated with these terms, a standardized set
of evaluation terms should be developed, and careful consideration should be given to
parameter selection during study design. Zhang et al. [36] distinguished between acoustic
acceptance and acoustic satisfaction, recommending the use of thermal satisfaction due to
its stronger correlations with measured acoustic parameters.

4.2. Interactive Effect Between Thermal and Acoustic Parameters

Regarding the interactive effects, this study exhibits significant interactions between
temperature and sound level on students” acoustic satisfaction, while not on their ther-
mal satisfaction or overall satisfaction. These results are consistent with the findings
of Seyedrezaei et al. [37]. Furthermore, both studies identified a similar interactive trend
between noise level and temperature affecting occupants’ concentration (i.e., 0.05 < p < 0.1).

Few studies have examined the interactions between humidity and sound level, as
most previous laboratory studies maintained consistent humidity while investigating the
interactive effects between thermal and acoustic parameters [38,39]. Nevertheless, previous
studies have identified the individual impact of RH on acoustic perceptions [40] and the
interactive effect between temperature and RH on perceptions of noise annoyance and
loudness [13]. All of these studies highlighted the importance of the overall consideration
of the IEQ aspects when designing learning environments.
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4.3. Optimization of Thermal and Acoustic Parameters

Given the interactive effects between acoustic and thermal parameters, especially
the negative correlation between students” concentration and overall environmental sat-
isfaction, a multi-objective optimization method, NSGA-II, was applied to identify the
optimal environmental conditions for both concentration and satisfaction. The optimization
results indicated that the optimal settings are as follows: To should be maintained around
24.1 °C (95% CI: 23.9-24.3), RH should be around 44.7% (95% CI: 43.9-45.5), and the back-
ground noise level, measured as LA90, should be around 47.7 dB(A) (95% CI: 47.4-48.1).
According to the model outputs, these optimal conditions are projected to yield improve-
ments of approximately 22% in overall IEQ satisfaction and 6% in concentration among
students. However, it is important to recognize that these values represent theoretical and
ideal scenarios. A rigorous field investigation is recommended to validate these inferred
improvements and ensure their applicability in real-world settings.

These findings indicate a significant concern within the library, as the average tem-
perature and noise levels in the studied areas were consistently outside the recommended
optimal ranges. The first floor, in particular, frequently exceeded these thresholds, indicat-
ing an urgent need for environmental adjustments. Reducing temperature and background
noise levels, especially on the first floor, is recommended to enhance student satisfaction.
Implementing strategies such as upgrading HVAC systems and installing acoustic pan-
els may help achieve optimal environmental conditions and promote improved student
satisfaction and academic performance.

It is important to note that although this study was conducted from October 19 to
November 1, these recommendations can be implemented year-round in Hong Kong. This
is due to the fact that the indoor thermal environment is predominantly controlled by air
conditioning systems that operate continuously throughout the year in nearly all public
learning spaces in Hong Kong.

4.4. Limitations and Future Directions

This study has two primary limitations that should be noted. First, only three IEQ
parameters, i.e., To, RH, and LA90, were considered for the interactive effects analysis.
Apart from the interactions between these parameters, previous studies also identified
interactive effects among other environmental parameters. For example, research has
explored the combined influence of sound types and sound levels on students” sound
perceptions and performance [41], the interaction between light colour and temperature
on occupants’ thermal responses and overall comfort [42], and the effects of brightness
and sound level on noise annoyance [43]. Moreover, several studies have even identified
interactive effects among three or more IEQ factors [37,44], which indicated the need for
more comprehensive research. The second limitation of this study is that it was conducted
in a single building and during one season. While there are four distinct outdoor seasons in
Hong Kong;, it is important to note that nearly all enclosed public buildings (including the
library investigated in this study) are maintained by year-round mechanical ventilation and
air conditioning systems. Thus, despite the narrow scope of measurements, the derived
optimal ranges for indoor environmental quality are deemed applicable to mechanically
controlled indoor spaces in Hong Kong throughout the year. Future studies could validate
these findings by extending measurements across different seasons and buildings.

Considering the above-mentioned limitations and the terminology issues highlighted
in Section 4.1, future research should aim to develop a comprehensive framework for
investigating IEQ. This framework should encompass indicator selection, measurement
settings, questionnaire design, and data analysis procedures to guide subsequent IEQ-
related studies and facilitate the establishment of a global IEQ database. Additionally,
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the interactive effects between the four IEQ aspects and occupants’ characteristics remain
insufficiently explored and require further study. Field studies in real-life environments
that focus on actual performance are also recommended.

5. Conclusions

This study investigated the effects of thermal and acoustic parameters, specifically
operative temperature (10), relative humidity (RH), and background noise level (LA90),
on university students” performance and satisfaction. Measurement and questionnaire
surveys were conducted in four rooms of a university library over ten consecutive working
days. These findings highlight significant individual and interactive effects of To, RH, and
LA90 on students’ satisfaction and concentration. Specifically, significant interactions were
observed between To and LA90 on students’ acoustic satisfaction (p = 0.009) and between
RH and LA90 on students’ concentration (p = 0.016) and overall satisfaction (p = 0.011).
These interactions emphasize the importance of considering multiple aspects of IEQ in an
integrated manner.

Furthermore, the multi-objective optimization conducted using NSGA-II identified
optimal ranges for To, RH, and LA90 in the library. The mean values with 95% confidence
intervals are 24.1 (23.9-24.3) °C, 44.7 (43.9-45.5)%, and 47.7 (47.4-48.1) dB(A), respectively.
In comparison, the measured results indicate that the library currently exceeds the optimal
ranges for temperature and noise levels, particularly on the first floor. These findings
indicate an urgent need for intervention to enhance the environment and better support
student well-being and academic performance.

In conclusion, the application of two-way ANOVA and NSGA-II revealed multiple
interactive effects between thermal comfort and acoustic quality on students’ satisfaction
and concentration. This study also identified optimal environmental settings that have the
potential to improve both students’ satisfaction and academic performance.
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Abbreviations

The following abbreviations are used in this manuscript:

IEQ Indoor environmental quality
Ta Air temperature (°C)

Tr Radiant temperature (°C)

Va Air velocity (m/s)

RH Relative humidity (%)

https:/ /doi.org/10.3390/buildings16030670


https://doi.org/10.3390/buildings16030670

Buildings 2026, 16, 670 14 of 15

SPL Sound pressure level (dB)
To Operative temperature (°C)
LAeq A-weighted equivalent sound pressure level (dB(A))
LA90 A-weighted sound levels exceeded for 90% of the measurement period (dB(A))
LA10 A-weighted sound levels exceeded for 10% of the measurement period(dB(A))
PANAS-SF Positive and Negative Affect Schedule Short Form
SD Standard deviation
MI Mood index
PMSs Positive mood scores
NMSs Negative mood scores
RFE Random forest
MAE Mean absolute error
NSGA-II Non-dominated sorting genetic algorithm II
BMI Body mass index
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