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Abstract

This study investigates the degradation of indoor environmental performance in a colonial-
era school building under current tropical climate conditions and its implications for
occupant comfort and cognitive function. A field study involving 30 students over 18 days
was conducted, integrating environmental measurements, subjective responses, and cogni-
tive tests (attention and working memory). Results indicate that indoor air temperature,
relative humidity, and illuminance exceeded recommended standards, resulting in elevated
PMV (%1.5) and PPD (>50%), reflecting thermally uncomfortable conditions. Statistical
analysis revealed significant negative relationships between thermal stress indicators (PMV
and HSSI) and cognitive performance (r up to —0.94). In contrast, lighting showed no
significant effect, likely due to the measured illuminance at the representative measure-
ment point. These findings suggest that passive design strategies in colonial buildings
are no longer sufficient under current climatic conditions and may compromise learning
performance. The study highlights the need for adaptive design interventions to maintain
indoor environmental quality in tropical educational buildings.

Keywords: colonial architecture; building performance; indoor environmental quality;
thermal comfort; passive design; tropical climate; educational building

1. Introduction

Semarang City (Indonesia) was utilized as a center of governance and trade during the
Dutch colonial period. As a result, numerous Dutch colonial buildings were constructed

throughout the city. Dutch colonial buildings were constructed with adaptations to Indone-
W) Check for updates

sia’s tropical climate to ensure both thermal and lighting comfort for their occupants [1].
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in maintaining thermal comfort is increasingly being called into question. The National
Oceanic and Atmospheric Administration (NOAA) reported a continuous increase in global
temperatures. Similarly, Meteorology, Climatology, and Geophysical Agency stated that the
average temperature in Indonesia has been increasing by 0.6 °C every 30 years [4]. Colo-
nial school buildings in tropical regions were historically designed to provide acceptable
indoor environmental conditions through passive strategies such as high ceilings, large
operable windows, verandas, and cross-ventilation. Previous studies have documented the
effectiveness of these strategies under historical climatic conditions. However, increasing
ambient temperatures associated with climate change may reduce the effectiveness of these
passive design features, potentially leading to degraded thermal performance.

Figure 1 illustrates the historical trend of annual air temperature in the study area
from 1980 to 2024 based on ERA5 reanalysis data [5]. The data indicate a long-term increase
in annual mean air temperature of approximately 1 °C between 1980 and 2024, suggesting
that colonial educational buildings currently operate under warmer climatic conditions
than those experienced during much of their service life. These findings provide additional
context for reassessing the environmental performance of colonial educational buildings
under contemporary climatic conditions.
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Figure 1. Historical trend of annual air temperature in the study area (1980-2024).

Although occupants may gradually adapt to warmer environments over time, previous
studies suggest that elevated air temperatures may still be associated with reductions in
cognitive performance even when thermal comfort is maintained [6]. This suggests that
adaptation alone may not fully mitigate the impacts of warming indoor environments on
occupants’ performance.

Despite the continued use of colonial educational buildings in tropical regions, lim-
ited studies have evaluated their current environmental performance and its implications
for occupant comfort and cognitive functioning under contemporary climatic conditions.
Previous studies have primarily focused either on thermal comfort in heritage and colonial
buildings [7,8] or on the relationship between indoor environmental conditions and cog-
nitive performance [9,10]. As a result, the combined assessment of indoor environmental
parameters, occupants’ subjective comfort responses, and cognitive performance in colonial
educational buildings remains insufficiently explored.

Thermal and lighting environments are essential factors that support occupants” ac-
tivities within a building, in this case, students’ learning activities in schools [11]. During
learning activities, a series of cognitive processes occur in the human brain, commonly
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referred to as human information processing. This process describes how individuals
perceive, think about, and respond to various stimuli in their environment [11]. Within
this process, attention helps sustain the information processing cycle by ensuring clearer
understanding, more accurate responses, and better-controlled behavior [12]. Additionally,
working memory plays a role in the formation of new concepts and the level of attentional
control [13]. Therefore, when students” attention and working memory are suboptimal
during learning, human information processing can be disrupted, leading to learning
difficulties, misinterpretations, and inappropriate responses.

A study conducted at Yonsei University found that an individual’s attention ability
is highly influenced by the room’s thermal conditions. The highest level of attention was
observed at PMV +1, while the lowest levels of attention occurred at PMV +2 and +3 [14].
Furthermore, research conducted at North Dakota State University revealed that attention
ability is influenced not only by temperature but also by lighting conditions. The study
indicates that the highest attention performance occurred at temperatures ranging from
26 to 29 °C with illuminance levels between 600 and 900 lux [15]. It was also noted that
lighting has a significant interactive effect on attention ability; brighter lighting can enhance
students’ attention across various temperature conditions [15]. In addition, previous
research found that subjects in a hyperthermic condition experienced a significant 12.22%
decrease in working memory performance (t = 4.675, p = 0.002) compared to those in a
normothermic condition [16].

Although previous studies have investigated thermal comfort in educational buildings
and the influence of indoor environmental conditions on cognitive performance, several
important gaps remain. First, limited studies have evaluated whether passive environmen-
tal strategies embedded in colonial educational buildings continue to perform effectively
under contemporary climate conditions. Second, previous studies have generally examined
thermal comfort or cognitive performance separately rather than integrating building envi-
ronmental performance, occupants’ subjective responses, and cognitive outcomes within a
single field investigation. Third, evidence from naturally ventilated colonial educational
buildings in tropical regions remains scarce. These gaps motivate the present study.

Therefore, this study aims to evaluate the environmental performance of a colonial
educational building in a tropical climate and examine its implications for occupant comfort
and cognitive performance under current environmental conditions. Specifically, the study
addresses the following research questions (RQ):

RQ1. To what extent do passive environmental design strategies in a colonial educa-
tional building maintain acceptable indoor environmental quality under current tropical
climate conditions?

RQ2. What relationships exist between indoor thermal conditions, perceived heat strain,
and occupants’ cognitive performance, particularly attention and working memory?

RQ3. What implications do the findings provide for adaptive retrofitting strategies aimed
at improving the environmental performance of colonial educational buildings while
preserving their architectural character?

The study assesses indoor thermal and visual environmental parameters, occupants’
subjective comfort responses, and cognitive performance to provide a comprehensive under-
standing of the current performance of colonial educational architecture. The findings are
expected to contribute to the development of adaptive retrofitting and climate-responsive
improvement strategies for existing colonial educational buildings in tropical regions.

2. Materials and Methods

Figure 2 illustrates the overall research workflow adopted in this study. The research
began with a literature review and research planning, followed by selecting a colonial
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school building as the case study and recruiting participating students. Data collection
consisted of three parallel components: (1) environmental measurements, including air
temperature, relative humidity, air velocity, and illuminance; (2) subjective surveys as-
sessing thermal sensation, thermal comfort, and perceived heat strain; and (3) cognitive
performance assessments measuring attention and working memory. The collected data
were subsequently processed by calculating daily mean values for each measurement
period before statistical analyses, including ANOVA and Pearson correlation, were con-
ducted to examine the relationships between indoor environmental conditions, occupants’
perceptions, and cognitive performance. Finally, the findings were interpreted to evaluate
the thermal performance of the colonial school building and its implications for occupant
comfort and cognitive function under contemporary climate conditions.

Data Collection

|
Environmental 1
Measurement |
|

|

| S —

|
Literature Review & Case Study Participant Cognitive Data Statistical Interpretation
Research Planning Selection Selection Performance Test Processing Analysis & Conclusions:
J

Subjective
Survey

Figure 2. Research workflow.

2.1. Participants

A total of 30 high school students (15 students in each class) with the distribution of
16 males (53.33%) and 14 females (46.67%) participated as respondents in this study. This
field study was conducted in the classrooms of the colonial-building high school on the
first and second floors in Semarang City, Central Java (6°58'32.402" S, 110°25'7.173" E),
as shown in Figure 3. A purposive sampling technique was used to select participants
based on specific criteria. The criteria include students currently engaged in classroom
learning activities, students without Congenital Insensitivity to Pain with Anhidrosis
(CIPA), students with no prior caffeine intake, and students willing to participate and
follow the research procedures as respondents.

!
.
-

Figure 3. Colonial school building (Source: Author). The yellow dashed box indicates the location of
the classrooms where the environmental measurements and questionnaire surveys were conducted.

2.2. Instruments

Data collection involved measuring several physical environmental factors, including
air temperature, relative humidity, air velocity, mean radiant temperature, and illuminance.
The utilized instruments are shown in Table 1. Indoor air temperature (T,) and relative
humidity (Rh) were measured using an Elitech GSP-6 (Elitech Technology Inc., Milpitas, CA,
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USA), air velocity (Va) was measured using a Hot Wire Anemometer GM89003 (Benetech,
Jinan, China), and illuminance (lux) was measured using a Lux-29 Digital Light Meter with
Data Logging (Lutron Electronic Enterprise Co., Ltd., Taipei, Taiwan). In addition, outdoor
air temperature and relative humidity were recorded using a Wireless Weather Station
MISOL-2320 instrument (MISOL, Shenzhen, China). Except for the wireless weather station,
all physical parameter-measuring instruments were placed in the center of the classroom at
a height of 1.1 m [17], as shown in Figure 4. The wireless weather station was positioned
in an open outdoor area near the study building at the height of 3 m above ground level
(Figure 5). The instruments used in this study were calibrated before installation.

Table 1. Measuring instruments specifications.

Instrument Parameter Valid Range Accuracy Unit
WBGT Data Logger R
87736 AZ Globe temperature 0-80 +1 at 1540, others 1.5 C
Hot Wire . . o
Anemometer GM8903 Air velocity 0-30 +3% £ 0.1 m/s
Elitech GSP-6 Air temperature (in) —40-85 40.5 (at —20-40); others +1 °C °C
ltec i Relative humidity (in) 10-99 +3 at 25 °C, 20-80; others +5 %Rh
Lux-29 Digital Light Meter Illuminance 0-200,000 +4% (0-10,000) Lux
Air temperature (out) —20-40 +0.5 °C
MISOL-2320 Relative humidity (out) 20-90 403 %Rh
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Figure 4. Instruments and respondent layout (same layout for the first and second floor). Plain
desk-and-chair icons represent unoccupied students’ and teachers” desks and chairs.
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Figure 5. Installation of the wireless weather station. The yellow dashed box indicates the location of

the instrument.

2.3. Research Design

The classes used in this study are located in the center of the building, and each has di-
mensions of 8 x 7.5 x 5m, as shown in Figure 6. According to Putra [18], rooms situated in
the central part of a building tend to have a more uniform temperature distribution, making
them more representative of the building’s overall thermal characteristics. Therefore, these
classrooms were selected to represent the building’s indoor environmental performance.
The study was carried out from 20 January to 17 February 2025, excluding national holidays
and weekends. Prior to data collection, the purpose of this study was explained to the
participants. In this study, the students had an 8 h school time starting from 7 a.m. to
3.30 p.m.
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Figure 6. Image of the classroom: (a) 1st floor class; (b) 2nd floor class (Source: Author).

Data collection procedures included the physical parameter measurements, subjective
responses, and cognitive performances. The environmental parameters were measured
continuously during school hours, from morning until dismissal, to obtain a comprehen-
sive overview of fluctuations in indoor thermal and lighting conditions in the classroom.
Meanwhile, questionnaire and cognitive test data were collected at three time intervals
periodically: morning, noon, and afternoon. This time division aimed to avoid students’
break periods, ensuring that the measurements accurately represented classroom learning
activities, and because each time interval exhibited different environmental characteristics.
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2.4. Thermal Comfort Assessment

This study used both objective and subjective parameters to evaluate thermal condi-
tions as part of the indoor environmental performance assessment. ASHRAE questionnaires
such as thermal sensation votes (TSV) (—3: cold to +3: hot), thermal comfort votes (TC)
(—3: very uncomfortable to +3: very comfortable), thermal acceptability votes (TA) (+1:
unacceptable and 0: acceptable), and thermal preference votes (TP) (—1: prefer cooler to +1:
prefer warmer) were given out to participants at the designated measurement time to eval-
uate their subjective thermal comfort levels [17]. Although the classrooms were naturally
ventilated, the Predicted Mean Vote (PMV) index was employed as an objective indicator
of the indoor thermal environment rather than as the sole criterion for assessing thermal
comfort. The PMV values were interpreted together with occupants’ subjective thermal
sensation votes (TSV), thermal comfort votes (TCV), perceived heat strain, and cognitive
performance to provide a comprehensive evaluation of indoor environmental conditions.

In addition, physical measurement results were used to further support the evaluation
of thermal comfort levels. To compare subjective responses with objective environmental
conditions, the Predicted Mean Vote (PMV) and predicted percentage of dissatisfied (PPD),
developed by Fanger [19], were calculated at the same time intervals. The PMV and PPD
equations used in this study are explained in (1) and (2). All the respondents were students
who wore the same school uniform. Therefore, for the PMV calculations, the clothing
insulation level was assumed to be 0.6 [17].

PMV = (0.303 x 10-0-036M 4 0.028) { (M — W) —3.05 x 1073 x [5733 — 6.99 (M — W) — P,] — 0.42 x {(M — W)—
58.15] — 1.7 x 107> M (5867 — P,) — 0.0014 M (34 — t,) — 3.96 x 1078 Fq x [(Tcl +273)* — (Mgr + 273)4] - (1)

1:clI_IC (Tcl 7Ta)}

PPD = 100 — 95 x 107 0333xPMV* | 3179 x PMV? 2)

where PMV is the Predicted Mean Votes which scale from cold (—3) to hot (+3), M is the
metabolic rate (W/m?), W is the effective mechanical power which is 0 for most activities
(W/m?), F, is the clothing surface area factor, T, is the air temperature (°C), TyrT is
the mean radiant temperature (°C), P, is the partial water vapor pressure (P,), H. is the
convective heat transfer (W/m?K), and T, is the clothing surface temperature (°C). Tyrr
in the PMV formula was calculated using the globe temperature formula [20] elaborated
in (3).

0.25

1.1 x 108V
Xl (Tg—Ta)|  —273.15 3)

4
TyrT = (Tg + 273.15) + eD04

where Ty is the globe temperature (°C), V, is the air velocity (m/s), ¢ is black globe emis-
sivity (0.95), D is the diameter of the black globe (0.15), and T, is the air temperature (°C).
Additionally, the heat strain score index (HSSI) questionnaires (Appendix A), developed by
Dehghan [21] to assess heat strain levels subjectively, were used in this study to determine
respondents’ heat strain levels.

2.5. Lighting Comfort Assessment

Lighting comfort level in this study was based on illuminance measurement and
perceived lighting comfort level votes. The perceived lighting comfort was evaluated using
the Lighting Comfort Vote (LCV) (—3: very uncomfortable to +3: very comfortable) and
the Lighting Sensation Vote (LSV) (—3: very dark to +3: very bright) [22]. Moreover, the
measured illuminance level would be compared to the Ministry of Health of the Indonesian
Republic standards for classrooms (200-300 lux) [23]. Illuminance was measured at the
geometric center of the occupied classroom using a lux meter placed at desk height. This lo-
cation was selected to represent the typical visual environment students experience during

https://doi.org/10.3390/architecture6030119


https://doi.org/10.3390/architecture6030119

Architecture 2026, 6, 119

8 of 26

classroom activities and to ensure consistent measurements across all observation periods.
The primary objective of the illuminance measurement was to characterize representative
lighting conditions within the occupied zone rather than to evaluate the spatial distribution
or uniformity of daylight throughout the classroom.

2.6. Cognitive Test

Learning performance in this study was evaluated based on respondents” attention and
working memory. Attention ability was evaluated using the Stroop Task. The Stroop test
measures selective visual attention, which helps individuals prioritize relevant information
while ignoring irrelevant stimuli [15]. In this test, participants are instructed to press the cor-
responding key on the keyboard that matches the color of the displayed word. The written
word itself differs from the font color, serving as a distractor or irrelevant information.

Working memory in this study was evaluated using the N-back test. The N-back test
is a reliable method for measuring working memory capacity [24]. The correct percentage
was recorded for both tests as dependent variables in this study. Additionally, cognitive
tests in this study were conducted using web-based software (Psytoolkit version 3.7.0,
https:/ /www.psytoolkit.org/, accessed on 15 July 2026) developed by Stoet [25,26].

2.7. Statistical Analysis

Environmental and cognitive data were analyzed using JASP Version 0.95.4 [27].
Descriptive statistics are presented as mean, standard deviation, minimum, and maximum
values. Since environmental conditions reflected classroom-level characteristics rather
than individual-level exposures, repeated measurements from individual students within
the same classroom and measurement period were aggregated into daily classroom-mean
values. For each of the 18 observation days, separate daily averages were calculated for the
morning, noon, and afternoon sessions for each classroom. These daily mean values were
subsequently used as the unit of analysis in all inferential statistical analyses.

Differences in environmental parameters, subjective comfort responses, and cognitive
performance across measurement times (morning, noon, and afternoon) and classroom
floors were examined using two-way analysis of variance (ANOVA). When significant main
effects were identified, Tukey’s honestly significant difference (HSD) post hoc test was ap-
plied for pairwise comparisons. Statistical significance was established at p < 0.05. Prior to
ANOVA, the assumptions of normality and homogeneity of variances were evaluated using
the Shapiro-Wilk and Levene’s tests, respectively. Simple linear regression was additionally
used to visualize the relationships between PMV and cognitive performance variables.

2.8. Ethical Considerations

All the research procedures were approved by the Health Research Ethics Committee,
Faculty of Public Health, Diponegoro University (Ethics Code: 76/EA /KEPK-FKM/2025). Be-
fore the study began, the necessary explanations were given to the teaching staff and students.
The students were also assured that their personal information would be kept confidential.

3. Results
3.1. Physical Environment

A total of 18 observation days were included in the statistical analyses after excluding
days with incomplete measurements caused by unexpected events (e.g., power outages).
For inferential analyses, daily mean values for each classroom and each measurement
period (morning, noon, and afternoon) were calculated and used as the analytical obser-
vations. This is due to missing data and an unpredictable event, such as an electricity
blackout, that occurred during the research duration. During the measurement period, the
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maximum and minimum values of air temperature, relative humidity, and air velocity are
shown in Table 2. Outdoor physical measurement was affected by unpredictable weather,
hence the wide gap between the maximum and minimum values.

Table 2. Outdoor physical environment.

T, Out (°C) Rh Out (%) V, Out (m/s)
Morning Noon Afternoon Morning Noon Afternoon Morning Noon Afternoon
Max 28.86 32.22 30.87 96.49 95.52 95.37 0.9 1.5 1.37
Mean 26.72 29.40 28.92 83.83 75.20 77.67 0.40 0.83 0.85
Min 23.19 24.54 23.88 73.00 60.33 69.67 0.06 0.28 0.18
SD 1.685 2.409 2.437 7.349 10.827 8.616 0.254 0.327 0.329

Abbreviations: T, out, outdoor air temperature; Rh out, outdoor relative humidity; V, out, outdoor air velocity.

The indoor environment measurement results are shown in Figure 7. The indoor
physical measurement results indicate that the average air temperature, relative humidity,
and illuminance exceeded the regulatory thresholds. The air temperature threshold is set at
23-26 °C; relative humidity is set at 40-60% [28]; and illuminance is set at 200-300 lux [21].

In contrast, the air velocity measurement results remained within the government-regulated
threshold of 0.15-0.5 m/s [29].
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Figure 7. Physical environment condition: (a) indoor air temperature (T, in); (b) relative humidity
(Rh in); (c) air velocity (V, in); and (d) illuminance (lux).

Prior to inferential analyses, all variables were examined for normality and homogene-
ity of variance. No substantial violations of Analysis of variance (ANOVA) assumptions
were identified. ANOVA performed on the daily mean values collected over the 18-day
observation period revealed a significant effect of time of day on air temperature (F (2,
48) = 3.515, p < 0.05), indicating that temperature varied across different periods. However,
no significant differences were observed between floors (p > 0.05). Similar patterns were
found for relative humidity, where time of day had a significant effect (F (2, 48) = 4.839,
p < 0.05), but floor level did not (p > 0.05). Post hoc comparisons test indicated that rela-
tive humidity at noon and in the afternoon was significantly lower than in the morning
(p <0.05). In contrast, air velocity showed no significant variation across times of day
(p > 0.05), but there was a significant difference between floors (F (1, 48) = 6.628, p < 0.05),
suggesting spatial rather than temporal variation. Finally, illuminance differed significantly
between floors (F (1, 48) = 6.670, p < 0.05), whereas no significant differences were detected
across times of day (p > 0.05).

This study found that the sample classrooms in this colonial building, based on
physical measurements, were unable to provide adequate thermal and lighting comfort.
However, this finding still needs to be compared with respondents’ subjective responses,
as acclimatization factors could affect occupants’ perceived thermal comfort.
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The calculation of PMV and PPD in this study is represented by the scatter plot points
in Figure 8. PMV calculations showed that the average of PMV of the respondents on the
first and second floors is 1.493 and 1.593, respectively. Additionally, the average PPD of the
respondents on the first and second floors is 51.71% and 54.05%, respectively. Although
the differences in PMV and PPD values between the two floors were not statistically
significant (p > 0.05), the obtained values indicate a deviation from the thermal comfort
range defined by ASHRAE Standard 55. According to this standard, thermal comfort is
achieved when PMV values range between —0.5 and +0.5 and PPD values remain below
10% [18]. Therefore, the findings suggest that the occupants were likely to feel warm and
dissatisfied with the classroom’s thermal environment.

100
90
80
70
60
50

PPD (%)

40

30 ——PPD (%)

20 ¢ Observed (Lt. 1)

10

O Observed (Lt. 2)

-3 -2 =1 0 1 2 3

Figure 8. PMV and PPD distribution.

3.2. Subjective Thermal Comfort

Subjective thermal comfort in this study was evaluated using TSV, TA, TC, and TP
based on ASHRAE scales. A total of 810 data points were collected for this study. The
mean value for each parameter on each floor can be seen in Figure 9. When compared, the
TSV values for respondents on the first floor in the morning indicate a higher percentage
feeling warm (39.34%) than for respondents on the second floor (30.84%). A similar pattern
is observed at noon, where 78% of first-floor respondents tend to feel warm compared
to 70.84% on the second floor. In the afternoon, 86.67% of respondents on the first floor
also tend to feel warmer than those on the second floor (65.01%). Respondents on the first
floor generally perceived the thermal condition to become hotter over time, in line with
the increasing temperature (morning temperature: 27.48 °C; noon: 28.69 °C; afternoon:
29.06 °C). Meanwhile, respondents on the second floor felt that the thermal condition
became warmer until noon but tended to feel cooler in the afternoon relative to their TSV
at noon.

A total of 40.67% of respondents on the first floor reported feeling thermally uncomfort-
able in the morning, while 38.33% of those on the second floor felt the same. At noon, 54%
of respondents on the first floor and 60% on the second floor tended to feel uncomfortable.
In the afternoon, 71.33% of respondents on the first floor and 52.51% on the second floor
reported feeling thermally uncomfortable. The number of respondents on the first floor
who felt thermally uncomfortable continued to increase with the rise in average indoor air
temperature. Although the majority of respondents on the second floor also tended to feel
uncomfortable, their number decreased by 7.49%.

The TP values of respondents on both the first and second floors, whether it is in
the morning, noon, or afternoon, show that the majority preferred a cooler temperature
inside the classroom. In the morning, 70.67% of first-floor respondents and 52.5% of second-
floor respondents preferred a cooler temperature. At noon, 64% of first-floor respondents
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and 58.33% of second-floor respondents expressed the same preference. In the afternoon,
74% of respondents on the first floor and 58.33% on the second floor preferred a cooler
temperature. It can be observed that, on both floors, the number of respondents preferring
a cooler temperature increased over time.

The TA values of respondents on both floors generally indicate that most participants
could still tolerate the thermal environment. However, it can be observed that the number
of respondents who could tolerate the thermal condition decreased as the indoor air
temperature increased.

In addition to subjective thermal comfort responses, data on perceived heat strain
levels were collected in this study. Perceived heat strain level data in this study were
evaluated using HSSI questionnaires. The results can be seen in Figure 10. An HSSI final
score below 13.5 indicates a very minimal or no risk of heat strain. Scores ranging from 13.6
to 18 suggest a potential risk of heat strain that may lead to heat-related illnesses (HRIs)
and require immedjiate further assessment. Meanwhile, an HSSI score above 18 indicates a
high likelihood of an ongoing HRI, necessitating prompt action to reduce the level of heat
strain [21]. Analysis of variance (ANOVA) results show a significant difference in HSSI
across times of day (F(2, 48) = 7.301; p < 0.05), but none was found between floors. Post hoc
comparisons test indicated that HSSI at noon and in the afternoon was significantly higher
than in the morning (p < 0.05). Thus, the finding shows that there was no potential risk of
heat strain experienced by the classroom occupants during the study period. It can also
be noted that the HSSI values for both floors showed an increasing trend, except for the
occupants on the second floor in the afternoon.
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Figure 9. Subjective thermal comfort response: (a) thermal sensation vote; (b) thermal acceptability;

(c) thermal comfort; (d) thermal preference.
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Figure 10. HSSI results.
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3.3. Subjective Lighting Comfort

As shown in Figure 11, the analysis of subjective responses through the LSV and
LCV questionnaires revealed that students on the second floor perceived the classroom as
darker and less comfortable compared to those on the first floor. This contrasts with the
measured illuminance results, which show that the second floor had higher light intensity.
This perception mismatch may be attributed to visual adaptation, where occupants’ eyes
adjust to dim environments and thus maintain a lower brightness perception even under
increased illuminance [30]. Overall, both classrooms exhibited illuminance levels below the
recommended standard, which likely contributed to reduced visual sensation and comfort
among the respondents.

Morning Noon Afternoon
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>
°
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-1 A
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® Ist floor A 2nd floor
(a)
Morning Noon Afternoon
3
2
1
2 0
g s 2 °
=] A
2
-3

® [st floor A 2nd floor

(b)
Figure 11. Subjective lighting comfort: (a) Lighting Sensation Vote; (b) Lighting Comfort Vote.

3.4. Learning Performance

The learning performance evaluated in this study consisted of attention and working
memory abilities, with the accuracy level used as the main performance parameter. A
total of 810 data points were collected, with the measurement results of each learning
performance parameter in each room shown in Figures 12 and 13. For attention ability,
accuracy in both classrooms declined as indoor temperature increased throughout the day.
In the morning, both classrooms showed the highest level of attention, with an average
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accuracy of 95.13%. At noon, the first floor recorded a slightly higher accuracy (94.48%)
compared to the second floor (94.17%). In the afternoon, attention accuracy was higher on
the second floor (94.33%) than on the first floor (94.22%). However, the overall average
showed that the first floor achieved a slightly higher accuracy (94.61%) than the second
floor (94.54%).
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92:50% ] 2nd Floor
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Figure 12. Attention performance results.
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Figure 13. Working memory performance results.

The analysis of variance for attention performance indicated no significant differences
between floors. In contrast, a significant effect of time of day was observed (F (2, 48) = 6.031,
p <0.05), suggesting that attention performance varied across different times of the day. Post
hoc analysis further revealed that attention performance in the morning was significantly
higher than during both noon and afternoon sessions (p < 0.05), while no significant
difference was found between the noon and afternoon results. In addition to that, the
working memory performance results show that the respondents” average accuracy in
the morning was the highest across the times of day at 86.99% and 86.69% for the first-
and second-floor classrooms, respectively. Additionally, the first-floor classroom shows
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higher accuracy (84.26%) than the second floor (83.39%) at noon. However, the first-floor
classroom shows lower accuracy (83.31%) than the second (84.68%) in the afternoon. The
analysis of working memory performance revealed no significant differences between
floors. In contrast, a significant effect of time of day was observed (F (2, 48) = 13.264,
p < 0.001). Post hoc comparisons further showed that performance in the morning was
significantly higher than in both noon and afternoon sessions (p < 0.001), whereas no
significant difference was found between the noon and afternoon results. The classroom
with higher air temperature and relative humidity, which also resulted in higher PMV
values, showed lower attention and working memory ability. These results are supported
by the correlation analysis presented in Table 3.

Table 3. Pearson correlation coefficients between environmental parameters and cognitive perfor-
mance based on daily classroom mean values.

Variables Coefficient p n

PMV: Attention (1st floor) —0.944 <0.01 54

PMV: Attention (2nd floor) —0.936 <0.01 54

PMYV: Working memory (1st floor) —0.764 <0.01 54
PMYV: Working memory (2nd floor) —0.770 <0.01 54
[luminance: Attention (1st floor) 0.048 >0.05 54
Iluminance: Attention (2nd floor) 0.271 >0.05 54
INluminance: Working memory (1st floor) 0.311 >0.05 54
[lluminance: Working memory (2nd floor) 0.300 >0.05 54
HSSI: Attention (1st floor) —0.571 <0.01 54

HSSI: Attention (2nd floor) —0.608 <0.01 54

HSSI: Working memory (1st floor) —0.959 <0.01 54
HSSI: Working memory (2nd floor) —0.907 <0.01 54

Abbreviations: PMV, Predicted Mean Votes; n, sample size. Note: Correlation coefficients were calculated using
daily mean values obtained from 18 observation days for each classroom and measurement period.

Figure 14 further illustrates the overall relationship between PMV and cognitive
performance across all respondents. The regression plots demonstrate a consistent decline
in both attention and working memory accuracy as PMV values increased. The negative
regression trends indicate that warmer thermal conditions were associated with reduced
cognitive accuracy, supporting the correlation analysis results presented in Figure 13.
Compared to attention performance, working memory showed a steeper decline as PMV
increased, suggesting that working memory may be more sensitive to thermal discomfort
under classroom conditions.
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Figure 14. Correlation between Predicted Mean Votes (PMV), (a) attention, and (b) working mem-
ory performance.

4. Discussion

This study assessed the indoor environmental performance of a colonial-era educa-
tional building and examined its implications for occupant comfort and cognitive perfor-
mance under current climatic conditions. The findings indicate that the environmental
performance of the building under current climatic conditions may no longer fully reflect
the effectiveness originally intended by its historical passive design strategies. The phys-
ical measurements provide strong evidence of this inadequacy. Both the classroom air
temperature (T,) and relative humidity (Rh) were considerably higher than the regulated
thresholds for classroom environments. Additionally, although the building’s colonial de-
sign features such as high ceilings and large openings were originally intended to enhance
natural ventilation, the measured air velocity (V,) remained low and did not approach the
upper limit of the recommended range. This indicates that the existing passive ventilation
system was insufficient to provide effective air circulation and convective heat removal. As
a result, the average PMV values on the first and second floors classified both classrooms
as thermally warm, falling outside the recommended comfort range. Furthermore, the PPD
values were extremely high, suggesting that more than half of the occupants were likely to
feel thermally dissatisfied.

The objective thermal assessments were further validated by the students’ subjective
responses. Most respondents perceived the indoor environment as warm and reported
feeling uncomfortable. This discomfort intensified throughout the day, corresponding
to the gradual increase in indoor temperature. Consequently, many students expressed
a preference for a cooler indoor environment. Similar results were found in previous
studies. A study examining the influence of environmental conditions on students’ thermal
comfort in three primary schools in Brazil [31] reported that at the first school, with an
average temperature of 26.79 °C, most respondents (31.25%) felt thermally neutral. In the
second school, where the average temperature was 26.49 °C, most respondents (38.65%)
reported feeling slightly cool. Meanwhile, at the third school, with a slightly higher
average temperature of 26.9 °C, most respondents (33.46%) also reported feeling neutral.
Interestingly, although most students still considered the classroom conditions tolerable,
their acceptance declined as temperatures continued to rise. Similarly, a study conducted
in an underground railway station in China reported that 91.69% of respondents found the
thermal environment acceptable at a temperature of 25 °C, 86.46% at 27 °C, and 70.10% at
29 °C [22]. This difference between discomfort and tolerance suggests a notable degree
of thermal acclimatization among students accustomed to warm—humid climates. These
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responses further reinforce the building’s limitations in maintaining acceptable indoor
environmental performance during classroom occupancy.

However, such adaptation does not necessarily imply the absence of physiological
strain or cognitive consequences. The statistical analysis revealed a strong and signifi-
cant negative relationship between PMV and HSSI and students’ cognitive performance,
specifically in attention and working memory. This finding indicates that warmer thermal
conditions and higher perceived heat strain were associated with lower cognitive accuracy.
The correlation analysis showed that higher PMV and HSSI values were associated with
lower attention and working memory scores, supporting previous evidence that thermal
discomfort is associated with poorer concentration and short-term information processing.
These results are consistent with previous studies reporting that thermal discomfort and
physiological heat stress can reduce cognitive performance. This finding is consistent with
previous research, which reported that working memory performance increases as ther-
mal conditions approach the neutral range (—0.5 < PMV < 0.5), with the highest working
memory accuracy observed at PMV 0 (p < 0.05) [32]. Another study found that working
memory performance decreases with rising air temperature and humidity within the range
of 26.88 °C to 31.92 °C [33]. The strong correlations observed in this study suggest that
even mild heat strain in classroom environments may be associated with poorer short-term
cognitive performance.

As a secondary environmental parameter, lighting conditions analysis showed a posi-
tive but statistically insignificant relationship with cognitive performance. Although higher
illuminance tended to correspond with slightly better attention and memory accuracy, the
effect was too weak to reach statistical significance. This finding differs from [15] which
has reported a statistically significant effect of illuminance on both attention and working
memory ability. This may be due to the measured illuminance levels at the representative
measurement points in both classrooms, which limited the variation necessary to detect
an effect, or because the influence of thermal discomfort dominated the contribution of
lighting. Although illuminance was not significantly associated with attention or working
memory performance in the present study, this finding should be interpreted with caution.
The relatively limited range of illuminance levels observed across the classrooms may have
reduced the statistical variability required to detect meaningful relationships. Therefore, the
absence of statistical significance should not be interpreted as evidence that lighting has no
influence on cognitive performance. Rather, it indicates that no measurable association was
detected within the range of lighting conditions observed during this field study. Previous
studies have reported that inadequate daylighting or low illuminance may negatively
influence attention, alertness, and learning performance. However, these effects are often
observed under broader variations in lighting conditions than those encountered in the
present study [34,35].

Future studies should therefore include classrooms with a wider range of lighting
conditions or implement controlled illumination interventions to isolate the effect of light on
cognition under tropical conditions. In addition, this study has several limitations. First, it
was conducted in a single colonial school building with a relatively small sample size, which
may limit the generalizability of the findings to other building types, climatic contexts,
or occupant populations. Second, the observational field design allows the identification
of statistical associations rather than causal relationships between indoor environmental
conditions and cognitive performance. Finally, the 18-day observation period may not
fully capture seasonal variations in indoor environmental conditions. Future studies
involving multiple buildings, larger participant samples, and longer observation periods
are recommended to strengthen the generalizability of the findings.
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The lack of statistical significance between illuminance and cognitive performance
may be further explained by the occupants’ subjective perceptions. Based on the Lighting
Sensation Vote (LSV) and Lighting Comfort Vote (LCV), the lighting conditions in the
colonial building of SMA Negeri 1 Semarang were generally perceived as neutral to slightly
bright, despite the recorded intensity being relatively low. In the morning, respondents on
the first floor reported a slightly brighter sensation (+1) at 28.966 lux, while the second-floor
majority remained neutral (0) at 33.869 lux. Interestingly, a temporal divergence was ob-
served where first-floor occupants reported a decreasing sensation of brightness toward the
evening, while those on the second floor felt the environment became increasingly bright as
the day progressed. This finding presents a notable contrast with prior research in subway
environments, where significant portions of respondents perceived the environment as
dark even at much higher illuminance (100-300 lux) [22]. This suggests that the building’s
specific architectural features or the occupants’ adaptation to natural light may lower the
threshold for neutral brightness sensations.

Furthermore, the Lighting Comfort Vote (LCV) data indicates that comfort levels did
not consistently align with higher illuminance. On the first floor, comfort significantly
declined throughout the day, with slight discomfort (—1) peaking in the evening at 46.67%.
Conversely, the second floor exhibited an inverse trend, where comfort peaked during
midday and the percentage of uncomfortable occupants gradually decreased toward the
afternoon. This suggests that the optimal lighting comfort for the first floor is achieved
in the morning, while the second floor reaches its peak comfort during midday. The
prevalence of neutral to uncomfortable votes at these low illuminance levels might explain
why lighting did not serve as a strong catalyst for cognitive improvement. Although
the lighting sensation was adequate for basic tasks, the physiological comfort remained
insufficient to significantly boost mental performance.

These constraints may reduce the generalizability of the results and highlight the need
for larger-scale and longitudinal studies to confirm the observed relationships between ther-
mal comfort, lighting, and cognitive performance. Furthermore, the HSSI measurements
in this field study did not include quantitative assessments of participants’ physiological
responses. Therefore, future studies should incorporate quantitative physiological mea-
surements to capture the phenomenon more objectively and strengthen the interpretation
of heat strain effects on learning performance.

From a building engineering perspective, the findings highlight the need for adaptive
retrofitting strategies in colonial educational buildings operating in tropical climates. While
preserving historical architectural identity remains important, passive design systems may
require enhancement to maintain acceptable indoor environmental quality under future cli-
mate conditions. Potential interventions include improving cross-ventilation effectiveness,
integrating hybrid ventilation systems, optimizing shading strategies, reducing internal
heat accumulation, and improving daylight distribution without increasing solar heat gain.
Such interventions may help preserve the functional relevance of colonial educational
buildings while improving occupant comfort and cognitive performance.

5. Conclusions

This research found that a colonial-era school building demonstrates limited capa-
bility in maintaining acceptable indoor environmental conditions under current climatic
conditions to support effective learning. Findings suggest a decline in the effectiveness
of the building’s passive environmental control strategies. Both objective measurements
and students’ subjective perceptions consistently indicated thermal discomfort and inade-
quate illumination levels. Although no direct heat strain risks were detected, the observed
rise in HSSI values alongside increasing PMV points to accumulating physiological stress
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under warmer indoor conditions. Statistical analysis further revealed significant negative
correlations between PMV, HSSI, and students’ cognitive performance, particularly in
attention and working memory, showing that higher thermal discomfort and perceived
heat strain were significantly associated with lower cognitive accuracy. In contrast, light-
ing conditions showed a positive but nonsignificant effect on cognitive outcomes, likely
due to the measured illuminance levels at the representative measurement point across
both classrooms.

In summary, the findings highlight that even moderate but continuous heat exposure
in tropical learning environments may contribute to poorer learning performance. While
the findings highlight the importance of maintaining appropriate indoor thermal condi-
tions, learning performance is also influenced by multiple physiological, psychological,
and educational factors. Therefore, improving classroom environmental quality should
be considered as one component of a broader strategy to support students” academic
performance. The results also highlight the need to re-evaluate passive environmental
control performance in existing colonial educational buildings and consider adaptive im-
provement strategies to maintain acceptable indoor environmental quality. Future research
should incorporate quantitative physiological indicators and controlled lighting experi-
ments to better understand these interactions. Expanding the study to include a larger
sample size, longer observation period, and diverse building types would also improve the
generalizability and robustness of the conclusions.
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Abbreviations

The following abbreviations are used in this manuscript:

PMV
PPD
HSSI

Predicted Mean Vote
Predicted Percentage of Dissatisfied
Heat Strain Score Index

ASHRAE  American Society of Heating, Refrigerating and Air-Conditioning Engineers

Ta Air temperature

Va Air velocity

TMRT Mean radiant temperature
TSV Thermal Sensation Vote
TC Thermal Comfort

TA Thermal Acceptability

TP Thermal Preference

LCV Lighting Comfort Vote
LSV Lighting Sensation Vote
Appendix A

Appendix A.1. Scale of Heat Strain Score Index (HSSI)
Appendix A.1.1. Instruction for Use of Heat Strain Score Index

1.
2.

4.

Mark each question based on the subject and your observation of the appropriate condition
When completed, for each question, write your score in the “primary score” column
in Total Scores Calculation Sheet

Primary Score: each question is multiplied by the effect coefficient and the final score
is recorded

Add the final scores of the Calculation Sheet for the total score result

Appendix A.1.2. Questions

Q1—How do you feel about your workplace air temperature?

Very cold (—3)
Cold (—2)
Slightly Cool (—1)
Normal (0)
Slightly warm (1)
Warm (2)

Very warm (3)

Q2—How do you feel about the humidity level of your workplace?

Dry (a feeling of dryness in the mouth and throat) (—2)
Appropriate and desirable (0)

Wet skin (1)

Clothes sticking to the skin surface (2)

Fully wet skin (3)

Sweat loss from the skin surface (4)

Q3—How do you feel about the temperature of adjacent surfaces due to the contact with

your

hands?

I feel too cold (—3)

I feel cold (—2)

I feel cool (—1)

I do not feel cold or hot (0)
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I feel hot (1)
Their heat cannot be tolerable (2)
If my skin is in touch with them, I will be burnt (3)

Q4—How do you feel about the flow of air in your workplace?

Cold weather circulation exists (—3)

Cold weather current exists (—2)

Gentle stream of pleasing air (—1)

Sense of stability in the gentle flow of air or warm air (1)
Moderate flow of warm air (2)

Extreme current of hot weather (3)

Q5—While you are working, the intensity of physical activity you do is like which of
the following conditions?

—— "
EKSO hard I am going

to s[op

5 :

e Sl o
%-( Starting to \3

get hard s

g

P EiSyJ o

ery, very easy } =
% et -,

o
()

Q6—How much is the amount of sweating throughout your workday?

I do not feel like sweating (0)

I feel the sweat on my armpit and inguinal (1)

I feel the sweat on my chest and back (2)

Sweating is so severe that my underwear gets wet (3)
Sweating is so severe that I feel it on my face (4)

Sweating is so severe that it is flowing all over my body (5)

Q7—How fatigued are you at work?

I'm not tired at all (0)

I'm a little tired (1)

I'm tired (2)

I'm exhausted (3)

I'm so exhausted that I desire to have a break (4)

Q8—How strong is the intensity of your thirst when you are at work?

Idon’t get thirsty (0)
I get a little thirsty (1)
I get thirsty (2)
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I get very thirsty (3)
I get so thirsty that my mouth and throat get dry and they can’t be wet with saliva (4)

Q9—How much are you suffering from heat?

I'm not annoyed (0)

I'm a little annoyed (1)

I'm annoyed (2)

I'm very annoyed (3)

I'm so annoyed that I want to quit my job posts (4)

Q10—How do you feel about the size of your working space within the building?

Spacious (0)
Appropriate common space (1)
Limited cramped space (2)

Q11—How is the ventilation system in your workplace?

Active and high ventilation (—1)

Appropriate ventilation, ventilation is not needed (0)
Inadequate ventilation (1)

Despite the lack of air conditioning, there is no ventilation (2)

Q12—In which environments below are you doing your own tasks now?

Outdoors (0)
Indoor (2)
Both (1)

Q13—What kind of clothes do you use while you work out?

T-shirts and jeans (no work clothing) (0)

Normal work clothing (underwear+ shirts and pants) (1)

Full suits (underwear+ work clothing coverall) (2)

Heavy or wool clothing or winter work clothing (underwear + double cloth coveralls) (3)
Water-proof clothing (chemical protective clothing, wind visor, leather) (5)

Fully enclosed suit with hood and gloves (7)

Q14—What color is your work clothing?

Light colors (e.g., white, cream, yellow, light blue, orange, etc.) (0)
Dark colors (e.g., black, dark brown, dark red and dark blue) (1)

Q15—What material is your work clothing made of?

Cotton (1)
Cotton and synthetic fibers (2)
Fireproof and water proof (3)

Q16—During work, which equipment do you use including the following personal
protection equipment?

Self-contained breathing apparatus (2)
Full-face respirator (1.5)

Half-face respirator (1)

Water-proof boot (1)

Leather apron (1)

Anti-dust mask (0.5)

Face shield (0.5)

Non-cotton glove (0.5)
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Helmet (0.5)
Ear muff (0.5)

Q17—What is your most often body posture when you are at work?

Usually sitting (1)

Usually standing with low mobility (2)
Standing with high mobility (3)

I am usually walking (4)

Q18—Which of the following symptoms do you have while you are working?

Mild headache (0.5)
Dizziness (0.5)

Weakness (0.5)

Muscle pain (0.5)

Red acne appearance (0.5)
Lower concentration (0.5)
None (0)

Table A1l. Calculation of heat strain score index total scores calculation sheet.

Number of Questions Primary Score  Effect Coefficient Final Score
Q1 0.73
Q2 0.67
Q3 0.65
Q4 0.61
Q5 0.63
Q6 0.67
Q7 0.57
Q8 0.84
Q9 0.81
Q10 0.28
Q11 0.68
Q12 0.31
Q13 0.36
Q14 0.29
Q15 0.33
Q16 0.50
Q17 0.37
Q18 0.57

Total Score

Appendix A.1.3. Evaluation Result

1. A total score which is less than 13.5 indicates that the person has no or low heat strain
(Green Zone or safe level).

2. Atotal score between 13.6 and 18 indicates that there is a potential of heat-induced
illnesses occurring and further evaluation of heat stress is needed (Yellow Zone or
alarm level).
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3. A total score greater than 18 indicates that heat-induced illnesses are very likely and
appropriate control measures should be taken as soon as possible to reduce heat strain
(Red Zone or danger level).
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