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Abstract

In research related to cognitive performance, temperature is often regarded as a core influ-
encing factor and has received significant attention. However, as a key component of the
building thermal environment, solar radiation and its mechanism of action on cognitive
performance have rarely been studied. This paper conducts a laboratory study, using an
infrared radiation heater to simulate the thermal effect of solar radiation, and explores the
age-related differences between the elderly and the young in thermal comfort, electroen-
cephalogram (EEG) activity, and cognitive ability under three radiation intensities (0 W,
500 W, and 1000 W). The results show that age has a relatively small impact on subjective
thermal responses but a significant impact on mental state and cognitive performance. In
the infrared radiation environment, the alertness (ALV score) of the elderly remains more
stable, while young people show an increased sense of drowsiness. EEG analysis indicates
that the frontal lobe logarithmic power of both groups of subjects is 4.55-6.79% higher than
the average of other brain regions. High radiation (1000 W) inhibits the EEG activity of
young people but triggers compensatory activation in the elderly, thus reducing age-related
neural differences. Cognitive tests show that compared with the non-radiation condition,
high infrared radiation (1000 W) significantly improves the cognitive levels of the elderly
in terms of attention (CPT: +1.53%), response ability (DLT: +0.78%) and visual search ability
(VST: +2.04%), while these abilities decline in young people (CPT: —2.78%, DLT: —1.21%,
VST: —3.82%). The correlation analysis between EEG and cognitive tests identifies that the
right frontal electrodes (F4, F8) and the occipital O1 may be potential candidate electrodes
for evaluating the cognitive performance of the elderly and young people. This study
provides crucial objective physiological evidence for clarifying the relationship between
heat sources such as the thermal effect of solar radiation, which “acts directly on the human
body”, and human thermal comfort and cognitive performance.

Keywords: cognitive performance; age-related differences; thermal environment; EEG;
thermal comfort; thermal effects of solar radiation

1. Introduction

The indoor thermal environment is a crucial aspect of research on building environ-
mental quality. Solar radiation, as a key natural source of the indoor thermal environment,
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has infrared radiation (with a wavelength of 0.76-1000 um) accounting for 43% of its energy
composition, making it the main source of thermal effects in solar radiation [1]. This type of
infrared radiation does not require air as a medium; it can directly interact with the surface
layer of human skin, causing a rapid increase in local temperature, which in turn affects
the balance of the indoor thermal environment and human physiological responses. It has
an undeniable research value in the design of building thermal environments.

It is worth noting that traditional thermal comfort assessment mostly relies on sub-
jective voting; however, individual differences in perception can easily lead to ambiguous
results, and it is questionable whether the results of subjective evaluations can truly re-
flect human comfort [2]. The exploration of thermal comfort mechanisms should begin
with an examination of human physiological parameters. The brain serves as the central
organ regulating systemic energy supply, and electroencephalogram (EEG) technology pro-
vides an objective neurological basis for assessing thermal comfort. EEG captures voltage
fluctuations caused by ionic currents generated by brain neurons during brain activity,
which are closely related to sensation, consciousness, and cognitive behaviors. As shown
in Table 1, according to the frequency from low to high, EEG can be divided into the most
common d waves, @ waves, x waves, and 3 waves. Among them,  waves are generally
considered to be related to sleep, 6 waves are related to fatigue, x waves reflect a state of
mental relaxation, and 3 waves are considered to represent active thinking and cognitive
processes [3]. Recording the voltage fluctuations of neuronal electrical activity through
these scalp electrodes helps to understand the mechanisms of individual perception and
response to the thermal environment.

Table 1. Four typical EEG frequency bands.

Characteristics of

Wave Band Frequency/Hz Brain Activity Common Waveforms
Fatigue, a state of lethargy
Delta () 0.5~4 without dreams, hypoxia, or
brain lesions
Confusion, light sleep, deep
Theta (0) 4~8 relaxation, meditation, or high
concentration
Relax, calm down, close your
Alpha (o) §~14 eyes but stay awake
Concentration, active thinking,
Beta (B) 14~30 anxiety, logical thinking, /W\V\/\/\/\J\/WV\/\NV\/\/V\P\/\AW\/

positive mental activities

EEG captures the activity changes in characteristic bands in the cerebral cortex through
non-invasive electrodes. The text is used to measure the neural responses of the human
body to changes in the thermal environment. It demonstrates significant differences
between states of thermal comfort and discomfort. As such, it provides a physiological
basis for an objective evaluation index of human thermal comfort [4]. Shin et al. studied the
impact of different temperatures on neural responses and found that cold stimuli trigger
more delta waves and theta waves, while heat stimuli mainly activate beta waves and
alpha waves [5]. Lv et al. found that when exposed to heat stimuli, compared with the
ambient temperature of 25 °C, the proportion of delta band power in the right temporal
and parietal regions is higher at an ambient temperature of 32 °C [6]. Son et al. [7] further
explored the application of EEG signals in environments with temperature changes. By
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monitoring the dynamic changes in theta waves and delta waves, they confirmed that
temperature fluctuations can affect emotions through neural electrical activities. These
related studies have all proven that ambient temperature significantly affects EEG. It is
important to note that the thermal effect of solar radiation is primarily due to infrared
radiation. This mechanism triggers local thermal sensations through direct irradiation of
the skin, which differs fundamentally from the thermal effect caused by simple conduction
of air temperature. Existing studies mostly take the change in air temperature, a traditional
physical parameter, as the core variable, and there is a distinct lack of attention to the
thermal effect of solar radiation, a key natural heat source.

In addition to human thermal comfort, cognitive performance is another key focus
in thermal environment research. In the 1960s, Pebler et al. conducted an exploratory
experiment on the impact of indoor environments on cognitive relationships, laying the
foundation for subsequent studies [8]. Early research targeted the work efficiency of office
workers. In a subjective questionnaire study, Lan et al. [9] discovered that under three
different room temperature conditions (17 °C, 21 °C, and 28 °C), deviations from a neutral
thermal environment led to feelings of thermal discomfort among the subjects. As a result,
they experienced more negative emotions, which also correlated with decreased scores in
neurobehavioral tests. Chen et al. [10] further tested the cognitive function levels of the
subjects at four temperatures (26 °C, 30 °C, 33 °C, and 37 °C) under conditions simulating
moderate activity intensity. It was found that in a high-temperature environment of 37 °C,
the accuracy of the subjects decreased and their reaction speed increased. A study by
Yeganeh et al. [11] controlling the weighted average increase in air temperature by 4.34 °C,
10.04 °C, and 26.68 °C showed that cognitive performance decreased by approximately
0.40%, 5.37%, and 7.97%, respectively. Heat stress led to a significant decline in the per-
formance of attention tasks. Cui et al. [12] further investigated the cognitive performance
under five temperature conditions (22 °C, 24 °C, 26 °C, 29 °C, 32 °C) and found that the
learning effect is greatly influenced by temperature. In an uncomfortable environment or
one with frequent temperature changes, the learning speed slows down. When people
feel more comfortable, their enthusiasm increases and their cognitive performance also
improves. These studies affirm the impact of the thermal environment on cognitive perfor-
mance. However, as most of the subjects are non-elderly groups such as office workers and
students, whether the results can be applied to the elderly still needs further exploration.

In today’s society, the proportion of time that the elderly spend indoors can be as high
as 80-100% [13], so creating a healthy and comfortable indoor environment is crucial to
the well-being of the elderly. The aging process is accompanied by physiological decline
in thermoregulation, sensory perception, and cognitive functions. Therefore, the indoor
thermal environment, especially its interaction with solar radiation, is vital for maintaining
the health and quality of life of the elderly population. Some studies suggest that there
is no significant difference in thermal comfort between the elderly and young people,
but in recent years, more and more studies have presented different views [14]. Some
researchers have proposed that compared with young people, the elderly tend to prefer a
higher ambient temperature and have a narrower range of thermal acceptability [15,16].
Soebarto et al. [17] found that the thermal sensation of the elderly at the same temperature is
different from that of young people. At 25 °C, the Predicted Mean Vote (PMV) of the elderly
is 0.59, while that of young people is only 0.1, indicating that the elderly are more likely
to feel warm. Jin et al. [18] also pointed out that the elderly prefer a higher temperature
under constant temperature conditions. When young people prefer “cool”, the average
temperature is about 25 °C, while the temperature for the elderly with the same preference
reaches 26 °C. In addition to the perception of temperature and thermal comfort, there
are also differences in the impact of thermal stimulation on cognitive abilities. Due to
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the reduction in skin receptors and the decline in metabolic rate, the elderly often show
insensitivity to heat perception [19], and their cognitive performance is more susceptible
to environmental stressors compared with young people [20]. Wang et al. [21] found that
moderate thermal stimulation can significantly improve the cognitive flexibility of the
elderly. The elderly can still maintain short-term memory and visual recognition memory
at a high temperature of 39.5 °C, and their cognitive flexibility is even better than that under
normal temperature conditions, which indicates that heat may have a potential beneficial
effect on the elderly population. However, these studies still take temperature changes as
the main variable, and the impact of the thermal effect of solar radiation on age-related
thermal perception and cognition remains unclear.

With the advancement of EEG technology, researchers can elucidate the relationship
between the thermal environment and cognitive ability from a neuroscientific perspective.
Zhu et al. [22] investigated the relationship between changes in EEG signals and cogni-
tive task performance in 32 young people under various combinations of temperature
and humidity. They found that although the subjects subjectively reported a decrease in
alertness and greater difficulty in thinking performance, no correlation between the two
could be determined because there was no change in cognitive task performance. However,
Liu et al. [23] studied the cognitive test results of 20 young people under 5 temperature
conditions (24 °C, 26 °C, 28 °C, 30 °C, and 32 °C) and found that there was a significant
correlation between the relative power of the whole-brain (3, §, and 6 bands and the scores
of tasks focusing on attention. Among them, the O1 and P8 channels emerged as potential
candidate channels for single-channel EEG signals, providing insights into understanding
thermal comfort status and attention-related cognitive performance. Li et al. [24] confirmed
that the EEG-based concentration index is affected by indoor temperature by studying
the skin temperature, EEG activity, and task performance of subjects exposed to three
temperature environments. When subjects perform cognitive tasks, relatively hot or cold
indoor temperatures lead to longer reaction times and lower accuracy, thereby reducing the
performance index. Wang et al. [25] used EEG to study the impact of three different thermal
environments (representing slightly cool, neutral, and slightly warm thermal sensations)
on occupants’ performance. By evaluating the relationship between mental workload and
occupants’ performance, they found that in a slightly warm environment, subjects had a rel-
atively higher mental workload to achieve the same performance. Choi et al. [26] measured
the attention ability of subjects under seven Predicted Mean Vote (PMV) conditions (—3 to
+3) using EEG. They found that the attention perceived by the subjects did not match their
physiological responses. The subjects self-reported the lowest attention levels recorded at
higher temperatures (PMV +2, +3), while the lowest brain activity was recorded at lower
temperatures (PMV —2, —3). These studies fully demonstrate the potential application of
EEG in assessing the cognitive abilities of subjects, which can help mitigate the bias caused
by personal factors in subjective evaluations. However, existing studies also focus only
on air temperature, a traditional physical parameter, and research on the thermal effect of
solar radiation as an influencing factor remains insufficient. Additionally, it is evident that
the subjects of these studies are predominantly young students or workers, and there are
relatively few studies on the elderly exposed to infrared radiation, with a notable lack of
effective comparative studies.

Research findings highlight significant limitations in the study of solar radiation’s
thermal effects within building environments. Most existing studies focus on air temper-
ature, neglecting the crucial impact of solar radiation as a natural heat source and the
differences in their thermal effects. Additionally, research predominantly centers on young
people, with insufficient attention given to the thermal perception and cognition of the
elderly. This age gap in studies is notable. Based on the previous research of our team, we
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have explored the differences among different age groups in terms of thermal comfort and
electroencephalogram responses to infrared radiation [27]. Previous studies have identi-
fied the physiological adaptations to thermal radiation in different age groups but have
not addressed cognitive performance. In this new study, we introduced three cognitive
tests. Through a comprehensive task performance (TP) indicator that integrates accuracy
and reaction time, we compared the age differences in comfort, EEG characteristics, and
cognitive performance under different radiation intensities. We aimed to make up for the
deficiencies in heat source variables and research subjects in existing studies. The research
results do not set universal thermal design requirements for all buildings but provide a
scientific basis for the indoor thermal environment design of elderly care buildings.

2. Materials and Methods
2.1. Subjects

The sample size for the experiment was calculated using GPower3.1 (Heinrich Heine
University, Diisseldorf, Germany). The calculation model we selected was repeated-
measures analysis of variance. The between-subject factors included two items: young
people and the elderly. The within-subject factors included three infrared radiation in-
tensities (0 W, 500 W, 1000 W), and the effect size was set to 0.25. The results showed
that to achieve a statistical power of 0.9, at least 26 people need to be recruited in each
group. To ensure an adequate sample size, a total of 56 subjects were recruited for this
study, comprising 28 elderly subjects and 28 young subjects. Table 2 shows the detailed
information of the subjects.

Table 2. Basic information of subjects.

The Elderly Young People All
Sample 28 28 56
Age (years) 67.19 £ 291 2473 £1.22 4596 £+ 21.55
Weight (kg) 58.19 &+ 6.63 59.54 + 7.53 58.87 £ 7.06
Height (cm) 162.88 £ 5.60 165.77 £ 8.19 164.33 £7.10
BMI (kg/m?) 21.88 +1.72 21.61 £ 1.58 21.75 £ 1.64

All subjects had no professional background in neurology, hygiene, medicine, or other
related fields, to avoid bias in cognitive test results caused by prior knowledge. The young
subjects were all undergraduate or postgraduate students who had studied at Qingdao
University of Technology for at least two years, and the elderly subjects were all residents
who had lived in elderly care institutions in Qingdao for more than two years. All subjects
received training before the formal experiment and were able to independently complete
the cognitive test tasks designed in this study.

In addition, the subjects were required to refrain from behaviors that might affect
neural activity, such as consuming alcohol, coffee, and staying up late, within 24 h of the
experiment. All subjects were in good health and had no diseases that might interfere with
the experimental results, such as cardiovascular diseases and neurological diseases.

2.2. Experimental Setup

The experiment was conducted in the Climate Laboratory of Qingdao University of
Technology. To ensure consistency in thermal environment control and physiological data
collection, the core experimental setup reused the setup described in our previously pub-
lished literature. Specifically, the laboratory environment, infrared radiator specifications,
EEG equipment, and thermal comfort measurement protocol were consistent with those
described in [27]. The layout of the laboratory is shown in Figure 1. The preparation area
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is where subjects fill in basic information and experimental assistants monitor EEG data.
Experimental assistants can observe the subjects’ status through the observation window
to prevent dangerous situations. Three experimental conditions with different radiation
intensities were established in this experiment: no radiation (0 W), weak radiation (500 W),
and strong radiation (1000 W). In the experimental area, subjects sequentially completed
subjective evaluation and cognitive test tasks under the three conditions.

1000mm

Subject Infe

ared
radiation

ww)p8c

Figure 1. Laboratory layout.

To determine key experimental conditions such as radiation intensity and the distance
of equipment placement, this study specifically recruited 3 college students and 3 elderly
people to conduct a preliminary experiment. All subjects were matched with the core
characteristics of the formal experimental subjects and met the basic health requirements
of the study and the cooperation requirements of the experimental tasks. This study took
the verification results of the preliminary experiment as the core methodological basis, and
finally set the infrared radiator on the side of the subject, maintaining a horizontal distance
of 1 m from the subject, thus taking into account both the experimental safety of infrared
radiation stimulation and the effectiveness of experimental data. It has been verified that
this distance can prevent the subjects from experiencing extreme thermal discomfort caused
by excessive radiation intensity, meet the thermal tolerance safety thresholds of different
age groups, and at the same time ensure that under different radiation conditions, the
subjective thermal evaluations and EEG neural response data of the subjects can show
effective differentiation.

To verify the stability of the experimental environment during the operation of the
infrared radiator, 10 min after the radiator was started, a black globe thermometer was
used to measure the average radiant temperature around the subjects. The models of the
infrared radiator and the black globe thermometer used are shown in Table 3a,b. The
black globe thermometer was placed 50 cm on the opposite side of the subject, with an
installation height of 70 cm to avoid the direct radiation of the infrared radiator on the
thermometer probe. The experiment was carried out in a completely enclosed laboratory,
with an environmental wind speed of less than 0.1 m/s. The average radiant temperature
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was calculated according to the B7 formula specified in the ISO7726-2023 standard [28], as
shown in Equation (1).

0.25 X 108( |te — ta|

I 4
tr = [(tg +273)" +
r= M ) eq D

)4 x (tg —ta)]V/* — 273 (1)

t, represents the mean radiant temperature in °C, t; represents the globe temperature in °C,
t, represents the air temperature in °C, ¢4 represents the emissivity, D represents the globe
thermometer diameter in m.

Table 3. Experimental equipment.

®,/®
I

I3
@,
|

<

‘ﬁt

(a) Infrared Radiator (b) Black Globe Thermometer (c) EEG Equipment
CQ-51 AZ87785 Emotiv EPOC+
Model (Xianhe Co., Ltd., Model (AZ Instr'ument Model (Emth Inc, San
Quzhou, China) Corp., Taichung, Francisco, CA,
’ China) USA)
Temperature Number
Power 500 W/1000 W Measurement 0.1°C of channels 14
Resolution
Spectrum 2-25 pm Diameter 75 mm Bandwidth 0.2-45Hz
Frequency 50 Hz Black Globe 0~80 °C Sampling 128SPS/2565PS
Temperature Range rate

As shown in Figure 2, after the 7 min, the mean radiant temperature (MRT) around
the subjects reached a relatively stable state (with fluctuations less than £0.5 °C), at which
point the thermal environment achieved a stable state. Therefore, the duration of a single
experiment was determined to be 10 min.

2.3. Experimental Procedure

The formal experiment was conducted from April to May 2025. The experiment was
carried out in the indoor experimental area, which is a fully enclosed environment with a
wind speed of <0.1 m/s, a noise level of <40 dB, and is equipped with temperature and
humidity control equipment. During the experiment, the temperature of the entire indoor
experimental area where the subjects were located was controlled at 18 £ 0.5 °C, and the
relative humidity was controlled at 55 £ 5%. These parameters were set with reference to
the indoor temperature and humidity characteristics of typical elderly care institutions in
Qingdao from April to May, making the experimental environment more in line with the
actual target application scenarios. The specific experimental process is shown in Figure 3.
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Preparation stage

Experiment introduction -

Subjective questionnaire
EEG equipment wearing
Rest

EEG recording

Infrared radiation
Cognitive test

Task load assessment

EEG equipment removal
|

w
N

——500W —e—1000W

Mean Radiant Temperature (°C)
N N N N N w
o N R~ [<)] (=] o

[y
(-]

Time (min)

Figure 2. Average radiant temperature change.

Experimental stage
Condition I (0W) / Condition II (500W) / Condition IIT (1000W)

M Experiment introduction
M Subjective questionnaire

- - EEG equipment wearing

Rest
M EEG recording
Infrared radiation

Cognitive test
| Task load asessment

EEG equipment removal

=20

-15

]
-10 -5 0 5 10 15 20 25 30 35 40 45 (min)
Figure 3. Experimental procedure.

The subjects’ clothing complied with the requirements of the Chinese national stan-
dard GB/T 50785 [29], specifically including short-sleeved tops (0.05-0.15 clo), shorts
(0.06-0.12 clo), thin short socks (0.02-0.05 clo), and leather shoes (0.02-0.04 clo), with total
thermal resistance controlled between 0.15-0.35 clo. Subjects remained seated throughout
the experiment, with an activity level of approximately 1 MET.

In the preparation stage, the subjects need to fill in their personal information. The
experiment assistants explain the potential risks of the high-radiation condition (1000 W),
such as thermal discomfort, skin burns, and psychological stress, and emphasize the volun-
tary withdrawal mechanism. Subsequently, the subjects sign the informed consent form
for the experiment, wear the EEG equipment as required, and the experiment begins once
the EEG signals stabilize. In the experimental stage, the subjects first underwent infrared
radiation for a total of 30 min, during which their EEG data were collected simultaneously.
After 10 min of the experiment, the subjects filled out a subjective evaluation questionnaire
(5 min), then completed three cognitive tests in random order (15 min), after which the
experimental assistants turned off all instruments and assisted the subjects in completing
the task load evaluation. After each working condition, there was a 10-min rest period for
the subjects to adjust their state and for the laboratory to restore the initial parameters. The
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order of experimental conditions and cognitive tests was designed using a Latin square to
avoid errors caused by the “practice effect” and “fatigue effect”.

2.4. Data Collection and Processing
2.4.1. Questionnaires

In the experiment, three common thermal environment evaluation questionnaires and
one mental assessment scale were selected as the main basis for evaluating the subjects’
status. As shown in Figure 4, the thermal environment evaluation includes a thermal
sensation questionnaire (TSV), a thermal comfort questionnaire (TCV), and a thermal
acceptability questionnaire (TAV), all of which use the medium ASHRAE 7-point scale for
evaluation [30]. The mental state evaluation employs the Alertness Vote (ALV), which is
based on the Karolinska Sleepiness Scale [31], utilizing a 9-point Likert scale. To ensure the
elderly can easily understand it, more understandable phrases are included.

Thermal sensation vote (TSV)
-3 -2 -1 0 | 2 3

Slightly Slightly
ST Neutral S
cool warm

Cold Cool Warm Hot

Thermal comfort vote (TCV)

-3 =/ — 0 1 2 3
uncoxli'cr:table =iz uncilxilgl!:l?‘;ble R coi?él:;f{'ﬂc Confiilts uncoz;;y'tablc
Thermal acceptability vote (TAV)

—2 =2 -1 0 1 2 3
unsccepble UTICOP e Nl e | Assepable | e
Alertness level vote (ALYV)

1 2 3 4 5 6 7 8
Extremely  Very Alert Slightly Neutral Slightly Sleepy Very

alert alert alert sleepy sleepy

Figure 4. Subjective questionnaire.

2.4.2. EEG Signals

As shown in Table 3¢, the device used to monitor EEG signals in the experiment
was the Emotiv EPOC+ (Emotiv Systems, San Francisco, CA, USA) [32]. This device is
designed with 14-channel EEG signal acquisition, and the electrode layout follows the
international 10-20 system standard, covering key brain regions such as the frontal lobe
and parietal lobe, and the specific distribution of the electrodes is shown in Figure 5. Since
the raw data collected in the experiment contain a large amount of interfering noise that
is not EEG signals and have data quality defects, preprocessing is required to ensure the
accuracy of subsequent data analysis, the reliability of results, and the scientific validity of
research conclusions.

The EEG data were preprocessed using the EEGLAB plugin in MATLAB R2024a
(MathWorks, Inc., Natick, MA, USA), and the specific process is shown in Figure 6. After
selecting the experimental data and importing it into EEGLAB, the effective electrode
channels actually deployed in the experiment were determined through manual screening.
Subsequently, to suppress the influence of exogenous noise of non-biological origin and
endogenous artifacts generated by other human tissues (such as electrooculogram, elec-
tromyogram, electrocardiogram, etc.), the data were subjected to filtering processing. The
filtering range was set to 0.5~30 Hz, which includes four frequency bands: 5, 6, «, and (.
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Then, re-referencing was performed on the EEG data, and the average reference method
was chosen to unify the reference potential of each electrode channel, eliminate the potential
reference differences between electrodes, and improve the spatial consistency of the signals.
After re-referencing, the EEG data from the 7 to 10 min (thermal environment steady state)
were intercepted, and outliers were manually removed to facilitate further analysis. Finally,
independent component analysis (ICA) was used to separate the independent components
in the EEG signals, identify and remove artifact components (such as eye movements,
electromyography), and reconstruct pure EEG signals.

Frontal lobe

. Temporal lobe
l Parietal lobe
. Occipital lobe

Figure 5. EEG positions and brain regions.

Raw EEG signal
Data preprocessing
v
EEGLAB
@ ©)) i @ ® ®
; Importdata Data filtering ;| ;| Re-reference : i Select data ICA
. . v
j FFT
P — |X |Z Protal represents the total power of EEG, i represents the lower limit
total — n of the frequency, j represents the upper limit of the frequency, and ;
n=i Xn the fr domain
Power spectrum analysis
Occipital lobe
i0:i0:

P12

fenndd g

Logarithmic processing

'
P total = 10g10 (P mml) Pual’ represents the EEG logarithmic power, Pia represents |
the total power of EEG. :

Processed EEG signal

Figure 6. EEG data processing.
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After the preprocessing of EEG data is completed, the Fast Fourier Transform (FFT)
is used to convert the time-domain EEG signals into frequency-domain representations,
quantifying the total power of the signals within the specified frequency range. Subse-
quently, power spectrum analysis is performed to divide the frequency-domain signals into
typical EEG rhythm bands: & waves (0.5~3 Hz), 6 waves (4~7 Hz), « waves (8~13 Hz), and
3 waves (14~30 Hz). Meanwhile, for the channel signals in the frontal region (AF3, AF4),
temporal region (T7, T8), parietal region (P7, P8), and occipital region (O1, O2), the power
of each frequency band in the corresponding brain region is calculated respectively. Due to
the large magnitude of the processed data, a logarithmic transformation is performed to
facilitate analysis, and finally, the processed EEG data is obtained.

2.4.3. Cognitive Tests

This study comprehensively evaluated the cognitive performance of the subjects from
three perspectives: average accuracy, average reaction time, and standardized task perfor-
mance. During the pre-experiment phase, multiple cognitive tests were selected to analyze
the impact of task difficulty on different age groups. The types of tests and their correspond-
ing evaluation dimensions include: Mackworth clock task (focus), Cueing, Posner Task
(attention), 2-Back task (judgment), Deary-Liewald Task (reactivity), Visual Search Task
(visual search ability), and Stroop test (executive function). A comprehensive assessment of
test difficulty was conducted using task completion indicators (time consumption, accuracy
rate) and subjective questionnaires. The results showed that young participants could
complete all tests well, while the completion rate of elderly participants in all tests except
Cueing, Posner Task, Deary—Liewald Task, and Visual Search Task was lower than 70%. To
balance the ability differences between young and elderly people and ensure the rationality
and effectiveness of the experiment, 3 cognitive tests with better completion performance
were finally selected for the formal experiment, as shown in Figure 7.

TT

1Tl

“Lll
T 1

Cueing, Posner Task Deary-Liewald Task Visual Search Task

B - O

Figure 7. Types of cognitive tests.

The experimental procedure of the Cueing, Posner Task (CPT) test is as follows: The
experimental interface presents two boxes on the left and right. First, the interfering
stimulus “X” is randomly presented in one of the boxes, and then the target stimulus “GO”
is presented. Among them, “X” is the interfering stimulus, and the subjects do not need to
respond to it. When the target stimulus “GO” is presented, the subjects need to complete a
quick key-press response according to the position of the box where it is located. If “GO”
appears in the left box, the subjects need to press the “A” key as soon as possible; if “GO”
appears in the right box, they need to press the “L” key as soon as possible.

The experimental procedure of the Deary-Liewald Task (DLT) is as follows: The
first stage is a single-choice task. In the experimental interface, the target stimulus “X” is
randomly presented in a single box, and the subjects need to press the spacebar as quickly
as possible to complete the response. The second stage is a four-choice task. There are four
boxes arranged horizontally on the interface, which have a fixed corresponding relationship
with the “Z” key, “X” key, “,” key, and “.” key respectively. When “X” appears in a certain
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box, the subjects need to quickly identify its position and press the corresponding key (for
example, when “X” appears in the third box, they need to press the “,” key).

The operation of the Visual Search Task (VST) is as follows: The experimental interface
presents several letters “T” as stimuli. The stimulus parameters are set as follows: the
arrangement is irregular; the quantity is 5, 10, 15, or 20 (random); the colors are blue or
red; and the main form of the stimuli is the upside-down letter “T”. The target stimulus
of this test is the upright red letter “T”. The experiment requires subjects to monitor the
interface stimuli in real-time. When the target stimulus is detected, they need to press the
spacebar as soon as possible to respond. If the interface only contains upside-down letters
“T” (regardless of color) and blue letters “T” without the target stimulus, the subjects do
not need to respond.

2.4.4. Self-Assessment Scales

After completing the cognitive test, the subjects were required to complete a self-
evaluation. To facilitate understanding by elderly participants, the adjusted NASA Task
Load Index (NASA-TLX) was used in the self-evaluation [33]. NASA-TLX is a classic
subjective mental workload assessment tool developed by the National Aeronautics and
Space Administration (NASA), which is widely used to evaluate the cognitive, physical,
and emotional workload experienced by individuals during task performance. In this study,
task workload was comprehensively assessed using six core dimensions of NASA-TLX,
and the quantitative rating criteria for each dimension are presented in Table 4 (For the
five subscales except Performance, a higher score represents a higher perceived workload.
To unify the direction of the scoring scale, the score of the Performance dimension was
reversely coded in the present experiment.).

Table 4. NASA Task Load Index.

Items Endpoints Evaluation Criteria
Mental demand [1-20] The degree of investment in cognitive resources such as attention,
Low/High memory, and thinking required to complete a task
Physical demand [1—20] The physm?l exertion required to complete the task and the difficulty
Low/High of performing the actions
[1-20] The sense of urgency and rhythm pressure brought by the time limit
Temporal demand Low/High of the task
[1-20] Individual’s subjective evaluation of the quality and efficiency of their
Performance . . .
Low/High own task completion (reverse scoring)
[1-20] .y o .
Effort Low,/High The degree of volitional effort an individual exerts to achieve a goal
Frustration level [1-20] The intensity of negative emotions such as frustration, anxiety, and
Low/High irritability generated during the task process
3. Results

3.1. Results of Subjective Evaluations

SPSS 26.0 (IBM, SPSS Inc., Chicago, IL, USA) software was used to test the normality
of the data distribution. The results showed that none of the subjective questionnaire data
exhibited normality characteristics, so a non-parametric test method was selected for data
analysis. The results of the non-parametric test are shown in Table 5, and the experimental
conditions showed significant differences in the four subjective questionnaires between the
elderly and young people (p < 0.01).
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Table 5. Results of non-parametric tests on subjective evaluation.
Experimental Condition, Median M (P55, P75) Kruskal-Wallis Test
Subjective Evaluations
C1 (n=30) C2 (n=30) C3 (n=30) H p

TSV 0.000 (0.0, 0.0) 1.000 (1.0, 2.0) 3.000 (2.0, 3.0) 67.251 0.000 **
The elderl TCV 1.000 (0.0, 1.0) 1.000 (0.0, 1.0) ~ 0.000 (—1.0, 1.0) 17.787 0.000 **
y TAV 1.000 (0.0, 2.0) 1.000 (0.8,2.0) —1.000 (—1.0, 0.0) 27.995 0.000 **

ALV 3.000 (3.0, 4.3) 3.500 (3.0, 5.0) 5.000 (3.0, 6.0) 9.178 0.010 *
TSV —1.000 (—1.0,0.0)  1.000 (0.0, 2.0) 3.000 (2.0, 3.0) 66.753 0.000 **
Youne people TCV 1.000 (0.0, 1.0) 1.000 (0.0,1.3)  0.000 (—1.0, 0.0) 21.501 0.000 **
& peop TAV 0.000 (—1.0,1.0)  1.000 (0.0,2.0) —1.000 (—1.0, 1.0) 7.618 0.022 *
ALV 3.500 (3.0, 5.0) 5.500 (5.0, 7.0) 7.000 (6.0, 8.0) 32.484 0.000 **

Note. * p < 0.05, ** p < 0.01.

3.1.1. Evaluation of Thermal Environment

Figure 8 presents the changes in subjects’ subjective thermal evaluations under three
thermal radiation conditions. Among the three thermal evaluation results, except for TCV,
both TSV and TAV of the subjects exhibited highly significant differences (p < 0.01) under
Condition C1 (0-watt power). As shown in Figure 8a, under the initial temperature condi-
tion (18 °C), the TSV of young people showed a larger degree of dispersion, with the overall
thermal sensation score approaching —1 (slightly cool). In contrast, the TSV of the elderly
was more concentrated, and their thermal sensation approached neutrality. Under Condi-
tion C2 (500-watt power), the average thermal sensation levels of young people and the
elderly were close, with a median of 1 for both. However, young people exhibited slightly
larger individual differences, indicating that age has a minor impact on the “average trend”
of moderate radiant heat perception, while individual perceptions vary. Under Condition
C3 (1000-watt power), the boxplot morphology and median (approximately 2-3) of the two
groups were highly consistent, and the data dispersion was also similar. This suggests
that under C3 (high thermal radiation), both young people and the elderly perceived a
warm thermal sensation, with minimal age-related differences in thermal perception. High
thermal radiation dominated the thermal sensation weakening the perception differences
caused by age.

Figure 8b illustrates the variations in subjects’ TCV across different radiation intensities.
With the increase in radiation intensity, the TCV of both subject groups generally shifted
from “neutral” to “uncomfortable”. Under Conditions C1 and C2 (relatively low radiation
intensity), age had a negligible impact on the “average level” of thermal comfort. In
contrast, under Condition C3, young people exhibited significantly higher dispersion in
comfort perception than the elderly. This increased dispersion is likely due to the diversity
of their physiological regulation. The elderly, on the other hand, showed more consistent
feedback regarding discomfort, which can be attributed to their relatively stable thermal
adaptability. Notably, as the radiation intensity became stronger, the age-related differences
in thermal comfort related to age became more pronounced.

Figure 8c presents the TAV of the subjects. In Condition C1, the TAV scores of the two
groups exhibited highly significant differences (p < 0.01). In the radiation-free environment,
the thermal acceptability of the elderly was significantly higher than that of young people,
while the young people’s thermal acceptability to the baseline environment was more
prone to differentiation. Under Condition C2, both groups were exposed to relatively
low thermal radiation, leading to increased thermal acceptability in both groups. The
degree of individual variation tended to converge, and the age-related impact on thermal
acceptability was temporarily weakened. In Condition C3, characterized by high radiation,
the thermal acceptability of both groups decreased significantly; however, young people
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exhibited a greater dispersion in TAV, and their acceptability to the high-temperature
environment was higher than that of the elderly.
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Figure 8. Age differences in different subjective questionnaires. (a) TSV. (b) TCV. (c) TAV. (d) ALV.
Note: * p <0.05, ** p < 0.01.

3.1.2. Evaluation of Mental State

As shown in Figure 8d, with the increase in thermal radiation intensity, the Alertness
Level Vote (ALV) scores of both subject groups exhibited an overall upward trend, while
age-related differences gradually became more pronounced. Under Condition C1, the
ALV scores of the two groups showed a significant difference (p < 0.05), with the elderly
demonstrating slightly higher alertness than young people. In Conditions C2 and C3,
the ALV scores between the two groups exhibited highly significant differences (p < 0.01).
Notably, the magnitude of score increase in young people was significantly greater than
that in the elderly, who maintained better alertness under thermal radiation conditions.
In contrast to subjective thermal evaluations, the differences in mental states between the
two groups under different thermal radiation conditions were more pronounced: young
people reported higher drowsiness across all conditions, while the elderly maintained
better stability in alertness.

3.2. Results of EEG Features

Normality tests were performed on the EEG data of different brain regions. Since
the sample size for each test exceeded 50, the Kolmogorov-Smirnov test was employed.
As presented in Table 6, none of the four brain regions showed significant deviations
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from normality (p > 0.05), indicating that the null hypothesis (data following a normal
distribution) was accepted. Specifically, the EEG data of the frontal, temporal, parietal, and
occipital lobes of all subjects exhibited normality.

Table 6. Normality test of EEG in different brain regions.

Frontal Lobe Temporal Lobe Parietal Lobe Occipital Lobe
0.236 0.100 0.413 0.214

Subsequently, Analysis of Variance (ANOVA) was performed on the EEG data of the
four brain regions. The results indicated that except for Condition C3, the EEG data of
the four brain regions exhibited significant age-related differences under the other two
conditions (C1 and C2), as presented in Table 7.

Table 7. Age differences in EEG under different experimental conditions (ANOVA).

Frontal Lobe Temporal Lobe Parietal Lobe  Occipital Lobe

c1 0.042 * 0.045 * 0.009 ** 0.010 **
C2 0.044 * 0.024 * 0.011 * 0.010 *
C3 0.570 0.663 0.808 0.713

Note. * p < 0.05, ** p < 0.01.

It can be observed in Figure 9 that under different thermal radiation stimuli, the
average EEG logarithmic power in the frontal lobe of the subjects was higher than that
in other brain regions. This indicates that the thermal effect of solar radiation exerts a
more pronounced impact on brain activity in the frontal lobe, as it activates frontal lobe
functions more significantly and renders its EEG activity more susceptible to changes
induced by thermal radiation. Under the three experimental conditions, the logarithmic
power of EEG in the frontal lobe of the elderly was 4.55%, 5.84% and 6.79% higher than
the average values of the temporal lobe, parietal lobe and occipital lobe, respectively, and
increased with the increase in radiation intensity. For young people, the values were
6.21%, 5.16% and 6.23% higher, respectively. These results confirm that the frontal lobe
is the core brain region that responds to thermal radiation, and there are significant age-
related differences in its functional advantages. Specifically, under Conditions C1 and
C2, the EEG power of the two subject groups exhibited significant differences: in the
radiation-free and low-radiation states, the EEG power of young people was significantly
higher than that of the elderly. In contrast, under the high-radiation Condition C3, the
EEG power of the elderly increased significantly, and the EEG power levels of the two
groups became relatively close at this point. The experimental results suggest that the
elderly exhibit “compensatory EEG activation” in response to high thermal radiation. This
mechanism may buffer age-related brain function decline, providing EEG-level evidence
for understanding how “environmental stimuli and age” jointly shape brain activity and
cognitive performance.

3.3. Results of Cognitive Tests

Nonparametric tests were performed to examine whether there were differences in
cognitive test results between elderly and young adults across different conditions, with
the results presented in Table 8. Except for the accuracy rate of the visual search task, which
showed no significant difference, all other evaluation indicators of cognitive tests under
the remaining conditions exhibited significant age-related differences.
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Figure 9. Age differences in EEG. (a) Frontal lobe. (b) Temporal lobe. (c) Parietal lobe. (d) Occipital
lobe. Note: * p < 0.05, ** p < 0.01.

Table 8. Age differences in cognitive performance under different experimental conditions (non-

parametric tests).

Cueing, Posner Task (CPT)

Deary-Liewald Task (DLT)

Visual Search Task (VST)

MRT MA TP MRT MA TP MRT MA TP
C1 0.000 ** 0.047 * 0.000 ** 0.000 ** 0.024 * 0.000 ** 0.017 * 0.311 0.000 **
C2 0.000 ** 0.000 ** 0.000 ** 0.000 ** 0.000 ** 0.000 ** 0.000 ** 0.031 * 0.000 **
C3 0.000 ** 0.000 ** 0.010 * 0.000 ** 0.000 ** 0.010 * 0.007 ** 0.874 0.010 *

Note. * p < 0.05, ** p < 0.01.

Figure 10a presents age-related differences in the mean reaction time (MRT) of cog-
nitive tests under three conditions. It can be observed that regardless of the condition,
the MRT of the elderly was consistently longer than that of young people across all three
tests. Notably, with the increase in radiation intensity, the MRT of the elderly in the CPT
(sustained attention) and DLT (reaction ability) gradually decreased, whereas young people
exhibited an opposite trend. In the Visual Search Test (VST), the MRT for both groups
initially decreased and then increased. Under the low thermal radiation condition (C2),
moderate thermal radiation enhanced the subjects’ visual search ability. Although the MRT
increased under the high thermal radiation condition (C3), the magnitude of the increase
was still smaller than that of the initial decrease. This indicates that the inhibitory effect of
high thermal radiation did not fully offset the facilitatory effects of low thermal radiation.
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Figure 10. Age differences in different cognitive tests. (a) Mean reaction time (MRT). (b) Mean
accuracy (MA). (c) Task performance (TP).

Figure 10b illustrates the variations in the MA of cognitive tests among subjects. In
contrast to reaction time, despite the longer MRT of the elderly, no significant difference in
MA was observed under the initial condition (C1). With the increase in radiation intensity,
the two subject groups exhibited distinctly opposite trends in MA: the MA of the elderly in
the CPT and DLT gradually increased, while that of young people decreased significantly.
Furthermore, the MA of young people in the VST showed a symmetrical relationship with

https:/ /doi.org/10.3390 /buildings16050947


https://doi.org/10.3390/buildings16050947

Buildings 2026, 16, 947

18 of 26

their MRT: specifically, under the low-radiation condition (C2), the MRT shortened but the
MA increased, whereas the MA of the elderly maintained a slight upward trend.

Figure 10c displays the standardized task performance of the three cognitive tests. Task
performance was calculated using the method proposed by [30], with response time (ms)
and accuracy (%) as indicators, and the calculation formula is presented in Equation (2).
Due to the inherent characteristics of different cognitive test types, the MRT and MA vary
across tests, which renders it challenging to compare and analyze them under a unified
standard. Therefore, we performed standardization on the task performance results, and
the corresponding calculation method is provided in Equation (3).

2
task per formance = <\/(accumcy)/\/(reaction time)) ()

task per formance represents the standardized task performance index, which integrates
both accuracy and reaction time to provide a comprehensive measure of cognitive
performance, accuracy represents the accuracy rate of the subject in completing the cogni-
tive task, expressed as a percentage (%), reaction time represents t he average reaction time
of the subject when completing the cognitive task, measured in milliseconds (ms).
|xi — %]

Zj = S (3)
z; represents the standardized cognitive performance, x; represents the raw cognitive
performance, X represents the mean of the three cognitive performance indicators, and s
represents the standard deviation of the three cognitive performance indicators.

It can be observed that although the task performance of young people and young
adult groups did not exhibit significant differences under the same condition, their variation
trends across different conditions showed an opposite pattern. With the increase in radiation
intensity, the task performance of the elderly presented an upward trend, whereas that of
young people showed the opposite. Compared with the baseline (C1), the task performance
(TP) of the elderly showed a continuous improvement under thermal radiation. Specifically,
the TP values increased by 1.23% and 1.53% (CPT), 0.17% and 0.78% (DLT), and 0.41% and
2.04% (VST) at C2 and C3, respectively. In contrast, young adults exhibited a declining trend:
their TP values decreased by 0.15% and 2.78% (CPT), 0.09% and 1.21% (DLT), and 3.44%
and 3.82% (VST) at C2 and C3, respectively. When combined with the subjects” subjective
evaluations, although the increase in radiation intensity led the thermal evaluations of
both groups to converge to a consistent level, significant differences were observed in
the short-term stimulation of cognitive ability. Compared with young people, the elderly
maintained a better mental state (as reflected by ALV) under thermal radiation conditions,
which provides supporting evidence for the improvement in their task performance.

3.4. Self-Assessment

After completing the cognitive tests, the subjects were required to conduct a self-
assessment using the NASA Task Load Index (NASA-TLX) to comprehensively evaluate
the task load during the test from six dimensions: Mental demand, Physical demand,
Temporal demand, Performance, Effort, and Frustration level. As shown in Figure 11, a
larger radar chart area indicates a higher task load. Under the initial condition Cl1, the
task load index of young people was significantly lower than that of the elderly. However,
with the introduction and increase in thermal radiation intensity, the area of the task load
radar chart for young people increased sharply and exceeded that of the elderly under
condition C3. In contrast, the magnitude of the increase in the elderly was relatively stable.
This variation trend is consistent with the subjects’ mental state evaluations presented in
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Figure 8d, indicating that under the effect of thermal radiation, young people needed to
exert relatively more effort to complete the test tasks.
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Figure 11. Age differences in the results of self-assessment.

4. Discussion

4.1. Discussion of Subjective Evaluations
4.1.1. Thermal Environment

As shown in Figure 8a, the age-related difference in Thermal Sensation Vote (TSV) was
most significant under the radiation-free condition (C1): the TSV scores of young people ex-
hibited a larger degree of dispersion, with an overall trend approaching —1 (slightly cool),
while the scores of the elderly were more concentrated, and their thermal sensation was
close to neutrality. This is consistent with previous findings—aging reduces human sensi-
tivity to thermal stimuli, especially mild cold stimuli, which is associated with a decrease
in cutaneous temperature receptors and metabolic rate [34]. Due to the decline in phys-
iological functions such as changes in skin structure and slowdown of metabolism, the
elderly are more sensitive to cold environments. In contrast, young people have an ac-
tive metabolism and may dissipate heat more quickly at the same temperature, resulting
in a slightly cool feeling. This leads to a lower Thermal Sensation Vote (TSV) score for
young people at lower temperatures. In contrast, age-related differences in Thermal Sen-
sation Vote (TSV) narrowed under moderate radiation (Condition C2) and high radiation
(Condition C3). For Condition C2, the average TSV of the two groups was comparable, but
young people exhibited a slightly higher degree of dispersion—indicating that moderate
thermal input may mask age-related differences in baseline thermal sensitivity. Increasing
the intensity of experimental conditions will reduce the differences between physiological
parameters, and under thermal stimulation of higher intensity, inter-individual differences
may decrease [35]. At Condition C3, the boxplot morphology, median, and data dispersion
of the two groups were highly consistent, demonstrating that intense thermal radiation
dominates thermal sensation while diminishing age-induced perceptual differences.

Figure 8b shows the changes in the subjects” Thermal Comfort Vote (TCV). As the
radiation intensity increases, the overall TCV of both groups of subjects shifts from “neutral”
to “uncomfortable”, but the age effect is most significant under high radiation. At this time,
the dispersion of comfort perception among young people is significantly higher than that
among the elderly, which may be related to age-related differences in thermoregulatory
abilities. The elderly have decreased cardiovascular and sweat gland functions, leading to
limited heat dissipation capacity, thus making them more likely to experience consistent
discomfort under strong radiation [36]. In contrast, young people have a higher sweating
rate and more sensitive thermoregulatory reflexes. This efficient physiological response
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system means that the bodies of young people may lead to more diversified subjective
thermal perceptions when coping with a hot environment [37]. It is worth noting that under
low-radiation conditions (C1 and C2), age has little impact on the average level of TCV. This
suggests that within the range of thermal loads in typical indoor environments, age-related
differences in comfort may not be significant. It indicates that under relatively broad
thermal environment conditions, age itself is not a major predictor of thermal sensation,
and thermal sensation is more susceptible to other environmental parameters.

4.1.2. Mental State

This study further explored age-related differences in mental states among subjects
under thermal radiation environments. The results demonstrated that the interaction effect
between thermal radiation intensity and age significantly influences alertness, providing
novel experimental evidence for deciphering the regulatory mechanisms through which
thermal environments modulate cognitive performance across distinct age groups. As
depicted in Figure 8d, with increasing thermal radiation intensity, the ALV scores of both
young people and the elderly exhibited an upward trend; however, the magnitude of
increase in young people was significantly greater than that in the elderly. This finding
indicates that under thermal radiation exposure, young people experienced stronger sub-
jective drowsiness, whereas the elderly maintained a more stable mental state. Consistent
with the research conclusions of Robison et al. [38], in a suitable environment, the elderly
can maintain better attention, although their overall level is not as good as that of young
people. From a physiological perspective, the elderly typically have a lower basal metabolic
rate (BMR) and weaker heat production capacity compared to young people, thus being
more prone to maintaining comfort in warm environments [39]. Although some studies
suggest that the elderly’s temperature perception may be similar to that of young people,
the overall trend indicates that the elderly require a higher temperature to achieve a com-
fortable thermal state [40]. This also provides an indirect explanation for the relatively
stable alertness observed in the elderly under thermal radiation conditions.

4.2. Discussion of EEG

Under all infrared radiation conditions, the average EEG logarithmic power in the
frontal lobe was consistently higher than that in other brain regions. This aligns with the
frontal lobe’s core role in higher-order cognitive functions [41]. As a thermal environmen-
tal stimulus, infrared radiation selectively activates frontal neural networks, rendering
their EEG activity more susceptible to interference from thermal radiation. This may be
associated with the frontal lobe’s function in integrating sensory inputs related to thermal
comfort, initiating adaptive behaviors, and regulating physiological responses [42].

Under low-radiation conditions (C1, C2), the EEG power of young adults was signifi-
cantly higher than that of older adults. This finding likely reflects an age-related decline
in baseline neural activation and sensory processing efficiency in the elderly population.
Consistent with previous research, individuals with greater cognitive reserve exhibit in-
creased amplitudes or oscillatory magnitudes of event-related potentials [43]. In the context
of this study, young adults presumably possess stronger neural reserves, which were
manifested as higher levels of spontaneous or stimulus-evoked neural activity. This is
further supported by the observation that older adults exhibited significantly reduced
aperiodic activity indices and offsets across the whole brain, whereas young adults main-
tained relatively high EEG power [44]. While the existing literature has proposed that older
adults may compensate for cognitive decline through neural overactivation or network
reorganization, these studies have not specifically addressed neural activity in the context
of thermal stimulation. The compensatory EEG activation observed in older adults under
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high thermal load in the present study thus provides novel physiological evidence for the
brain’s adaptive mechanisms. Specifically, this activation may represent an attempt to
recruit additional neural resources to counteract age-related neural functional decline. No-
tably, this neurophysiological explanation aligns with our behavioral observations, wherein
older adults were able to maintain thermal-related cognitive performance despite exposure
to high stimulation levels.

4.3. Discussion of Cognitive Tests

In the cognitive tests (as shown in Figure 10), significant age-related differences were
observed between the two subject groups under different thermal radiation conditions.
Although young people outperformed the elderly across all tests, the two groups exhib-
ited distinct variation trends. With increasing thermal radiation intensity, the elderly
showed a gradual reduction in mean reaction time and a gradual increase in mean accu-
racy in the CPT (sustained attention) and DLT (reaction ability), whereas young people
displayed the opposite trend. This phenomenon is consistent with the findings reported by
Wang et al. [21]: under the thermal stimulation of a warm water bath, the cognitive flexibil-
ity of the elderly was significantly improved. Specifically, elderly participants identified
more figures and exhibited shorter reaction times in the forced-choice recognition memory
test, while young adults showed the opposite trend. Figure 10c presents the standardized
average task performance, which intuitively indicates that the elderly achieved an over-
all improvement in cognitive ability following exposure to thermal stimulation, whereas
young people experienced a slight decline. This result exhibits a consistent correlation with
the self-assessed workload levels illustrated in Figure 11: as thermal radiation intensity
increased, the workload reported by young people rose at a much faster rate than that by
the elderly, who maintained relatively stable workload perceptions. This also aligns highly
with the subjective evaluations of subjects’ mental states presented in Section 4.1.2.

4.4. Relationship Between EEG and Task Performance Limitations

Correlation analysis was performed to explore the relationship between cognitive
performance and EEG characteristics, with the results presented in Figure 12. This figure
lists the electrodes that exhibited significant correlations with cognitive metrics, including
mean reaction time (MRT), mean accuracy (MA), and task performance (TP) across all
tasks. The electrodes associated with cognitive performance were primarily located in the
right frontal lobe (F4, AF4, F8, FC6) and occipital lobe (O1, O2), indicating that these brain
regions played crucial roles in the cognitive tests conducted in this study. This aligns with
the findings of McCurdy et al. [45], who reported that the prefrontal cortex is associated
with visual metacognition, while the occipital cortex is linked to memory metacognition.
Notably, the right frontal electrodes F4 and F8 showed consistent correlations with multiple
cognitive metrics, highlighting the stable and strong influence of their corresponding
brain regions on complex cognitive tasks. According to Sinha et al. [46], the F4 electrode
is involved in the planning of complex movements, and the F8 electrode—located in
the triangular part of the frontal lobe—is active during semantic tasks such as semantic
decision-making and generation. This directly validates the applicability of the F4 and F8
electrodes for evaluating subjects’ cognitive abilities.
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Figure 12. Electrodes significantly correlated with cognitive performance (* p < 0.05, ** p < 0.01).

The present study further demonstrates that the occipital region corresponding to
the O1 electrode is highly sensitive to specific tasks requiring visual-cognitive integration.
Its prominent negative correlation with cognitive performance suggests that the occipital
lobe may influence cognitive outcomes through specialized mechanisms such as inhibitory
regulation during these tasks. Furthermore, except for the occipital O2 electrode, the
four frontal electrodes (F4, AF4, F8, FC6) and the O1 electrode all correlated with task
performance (TP). Specifically, these electrodes showed a positive correlation with CPT
(sustained attention) and negative correlations with DLT (reaction ability) and VST (visual
search ability), confirming that the frontal and occipital lobes are the primary brain regions
involved in processing cognitive tasks. Nevertheless, due to the limitations in the elderly’s
ability to accept cognitive tests in this study, future research should select more cognitive
tasks that are suitable for subjects of different age groups simultaneously to expand the
diversity of the research.

4.5. Limitations

Through systematic analysis of differences in subjective evaluations, EEG character-
istics, and cognitive performance among different age groups under thermal radiation
environments, this study provides multidimensional evidence for understanding age-
related thermal adaptation mechanisms and cognitive regulation rules. Its findings hold
practical implications for optimizing the thermal environment of elderly care buildings and
protecting the cognitive function of special populations.

However, this study still has certain limitations. The findings are derived from short-
term, laboratory-controlled infrared radiation exposure, which, although effective for
isolating and identifying specific effects, limits their direct applicability to real-world elderly
care buildings. In actual built environments, solar radiation conditions, behavioral patterns
of elderly occupants, and individual thermal adaptation capacities vary considerably.
Therefore, the applicability of the present findings to dynamic real-world building scenarios
remains uncertain. The sample size is relatively limited and focused on healthy populations,
excluding elderly individuals with chronic comorbidities or cognitive impairments, which
may restrict the generalizability of the conclusions. This study did not include gender as
a factor in the analysis. As a potential confounding variable, the influence of gender on
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human physiological and cognitive responses under solar radiation heat effects remains
unclear. In future work, gender will be incorporated as a variable to further improve
the universality of the research conclusions. In addition, limited by the acceptability of
cognitive tasks among the elderly, the ecological validity of cognitive tests needs to be
improved. In subsequent research, efforts should be made to rationally design cognitive
tasks, expand test categories, and diversify experimental media. These limitations point
to directions for future studies, such as increasing sample heterogeneity and introducing
diverse cognitive tests.

5. Conclusions

In terms of subjective evaluations, the elderly’s scores for Thermal Sensation Vote
(TSV), Thermal Comfort Vote (TCV), and Thermal Acceptability Vote (TAV) remained rela-
tively stable across different radiation conditions, exhibiting smaller individual variability
compared to young people. Notably, under high radiation (1000 W) conditions, as intense
thermal stimulation dominated perceptual responses, age-related differences in thermal
sensation were minimized. Therefore, thermal environment design should avoid areas
with excessive solar radiation. Regarding mental state (Alertness Level Vote, ALV), the
elderly maintained a more stable level of alertness, whereas the subjective drowsiness of
young people increased significantly with increasing radiation intensity.

Analysis of EEG data shows that the frontal lobe, a key region for advanced cog-
nitive and thermoregulatory functions, exhibited the highest level of activity under all
conditions. For the elderly, under conditions C1, C2, and C3, the frontal lobe power was
4.55%, 5.84%, and 6.79% higher than the average of the temporal, parietal, and occipital
lobes, respectively. From a neurophysiological perspective, the frontal lobe is a key region
responsible for advanced cognitive functions such as attention, working memory and
executive control [47]. It is also involved in central thermoregulatory processing via interac-
tions with hypothalamic temperature-regulation centers. Under low-radiation conditions
(0 W and 500 W), young people had higher EEG power, reflecting a higher level of basic
neural activation. However, under high-radiation conditions (1000 W), the elderly showed
compensatory neural activation, narrowing the age-related gap in brain activity, and this
activation pattern was significantly correlated with improved cognitive performance. This
provides direct physiological evidence for understanding how thermal stimulation buffers
“age-related decline in relevant brain functions”. In addition, through correlation analysis,
we identified that the F4 and F8 electrodes in the right frontal lobe and the O1 electrode in
the occipital lobe play a key role in cognitive responses to thermal stimulation and can be
used as preferred electrodes for simultaneous assessment of the elderly and young people.

In terms of cognitive ability performance assessment, the thermal effect of infrared
radiation can play a positive role in promoting the cognitive ability level of the elderly.
Results from tasks including attention, reaction time, and visual search indicate that,
contrary to the decline in performance among young people, the elderly showed shorter
reaction times and higher accuracy as radiation increased. Quantitative analysis indicators
of task performance further confirm this obvious trend. The task performance (TP) of
the elderly improves with the increase in radiation intensity. Under high radiation (C3)
conditions, compared with the baseline level, the scores of the Cueing, Posner Task (CPT,
attention), Deary-Liewald Task (DLT, reactivity), and Visual Search Task (VST, visual search
ability) have increased by 1.53%, 0.78%, and 2.04%, respectively. In contrast, under the
same conditions, the task performance (TP) of young adults has decreased by 2.78% (CPT),
1.21% (DLT), and 3.82% (VST), indicating that moderate-to-high-intensity infrared radiation
may improve the cognitive function of the elderly to a certain extent. Moreover, when the
elderly were exposed to thermal radiation stimulation of varying degrees, their alertness
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level (ALV) and self-assessment of workload were better than those of young people. This
experimental result also proves that the elderly can maintain better mental stability under
the thermal effect of radiation.

Overall, these results highlight age-specific adaptive mechanisms in thermal percep-
tion and cognitive regulation under infrared radiation, providing objective physiological
evidence for optimizing the thermal environment in elderly care institutions and designing
targeted cognitive protection strategies for vulnerable groups. In the future, it is necessary
to conduct studies with larger sample sizes and more diverse types and increase the variety
of cognitive tasks to promote the generalization of these research results.
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