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Effects of classroom temperature 
and humidity on student learning 
performance: an experimental 
study using sensor-based 
monitoring

Gokhan Kirkil*

Department of Civil Engineering, Kadir Has University, Istanbul, Türkiye

This study investigates the relationship between classroom thermal environment 
and student learning performance in a controlled university setting using 
Arduino-based temperature and humidity sensors. The experiment was 
conducted over 2 weeks with 53 undergraduate students at controlled 
temperatures of 20 °C and 27 °C. Results demonstrate significant correlations 
between student thermal satisfaction, GPA, and learning outcomes. Multiple 
regression analysis reveals that thermal environment satisfaction and student 
GPA together account for 23.15% of the variance in student grades (p < 
0.001). Students reporting higher thermal satisfaction achieved better exam 
performance and maintained higher motivation levels. The study employed a 
5-point Likert scale questionnaire to assess thermal perception and learning 
motivation. While limitations include the absence of mean radiant temperature 
measurements and short study duration, findings suggest that maintaining 
optimal classroom thermal conditions (20 °C–22 °C) is crucial for academic 
performance. The sensor-based monitoring system proved effective for real-
time thermal environment assessment in educational settings.
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 1 Introduction

The thermal environment in educational facilities represents a critical intersection of 
energy efficiency, operational costs, and academic outcomes. With growing global emphasis 
on sustainable building practices and energy conservation, educational institutions face 
increasing pressure to optimize HVAC systems while maintaining conducive learning 
environments. The relationship between classroom thermal conditions and student 
performance has significant implications for both educational policy and building design 
standards.

Despite extensive research on thermal comfort in various settings, significant 
gaps remain in understanding the quantitative relationship between classroom 
thermal satisfaction and academic performance in university environments. Most 
existing studies rely on subjective assessments without real-time environmental
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FIGURE 1
Sketch of the Steelcase classroom.

monitoring or fail to establish clear correlations between 
thermal conditions and measurable learning outcomes. 
Furthermore, limited research has explored cost-effective 
monitoring solutions such as Arduino-based systems for 
continuous classroom environment assessment. This study 
addresses these gaps by providing quantitative analysis of 
the relationship between controlled thermal conditions and 
student academic performance using accessible monitoring
technology.

The thermal environment of a classroom has a significant impact 
on the learning performance and overall well-being of students. 
Numerous studies have investigated the relationship between 
indoor air temperature, thermal comfort, and students’ academic 
achievement, highlighting the need for maintaining optimal 
classroom conditions to support effective learning (Jiang et al., 2021; 
González-Lezcano, 2023; Ma et al., 2023; Ma et al., 2025). Additional 
research from Taiwan, India, and other regions has demonstrated 
the importance of thermal comfort in diverse climatic contexts 
(Cao et al., 2011; Cheng et al., 2008; Hwang et al., 2006; Kumar 
et al. 2018).

Research has shown that a comfortable thermal environment is 
crucial for students’ cognitive function and academic performance. 
Experiments conducted in controlled settings have demonstrated 
that changes in indoor air temperature can directly affect students’ 
thermal perception, satisfaction, and ultimately, their ability to focus 

and learn effectively. Specifically, studies have found that students 
perform better on cognitive tasks and exhibit higher engagement 
levels when the classroom temperature is within the recommended 
range of 20 °C–22 °C (Wargocki and Wyon, 2013; Fang et al., 2018; 
Jung et al., 2011; Singh et al., 2018).

Conversely, when classroom temperatures stray from the 
optimal range, either due to inadequate heating or cooling, students’ 
learning performance can be significantly impacted. For instance, 
a study in South Africa found that learners in classrooms with 
poor temperature regulation felt tired, had low concentration, and 
experienced drowsiness during the school day (Pule et al., 2021).

Effect of temperature on learning in classroom environment 
is reported in several studies (Seppanen et al., 2006). One of the 
main conclusions from these studies is classroom temperature 
affects human psychology and perception. It has been shown that 
when the temperature rises above normal, the decision making 
process is affected and there is an uncomfortable environment in 
the classroom. Specifically, studies have shown that students perform 
better on cognitive tasks and exhibit higher engagement levels when 
the classroom temperature is within the recommended range of 
20 °C–22 °C.

In schools with poor temperature regulation, such as 
those with natural ventilation and inadequate insulation, 
temperature fluctuations can lead to increased student absenteeism 
(Pule et al., 2021). Similar findings have been documented in 
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FIGURE 2
Heat Index measurements in the classroom; cold case on the left, hot case on the right.

naturally ventilated classrooms in Beijing, subtropical regions, 
Taiwan, and India (Cao et al., 2011; Zhang et al., 2007; Hu et al., 2006; 
Hwang et al., 2006). A Johannesburg study found that learners felt 
tired, had low concentration, and felt sleepy when temperatures 
were hot during the school day, demonstrating the negative 
impact of poor thermal conditions on learning performance
(Pule et al., 2021).

Yang et al. (2013) found out that student perceptions of 
learning environments highly relied on spatial attributes (such 
as room layout and furniture) and ambient attributes (such 
as temperature and furniture) and ambient attributes (such as 
temperature and air quality). In general, research shows that 
students perform better and have higher attendance rates when 
classrooms have comfortable thermal conditions, indicating the 
need for maintaining optimal indoor temperatures to support 
effective learning (Pule et al., 2021; Wargocki and Wyon, 2013; 
Wang et al., 2018; Earthman, 2002). Fong et al. (2015) measured 
the thermal conditions and energy use at three ventilation levels 
and six exhaust conditions and concluded that the thermal 
comfort is not affected only by temperature and air flow supply 
but also ventilation strategies. Thermal comfort and academic 
performance are closely linked, and schools should strive to provide 
a learning environment that meets the thermal comfort needs of
students.

Krüger and Zannin (2004) concluded that there is a strong 
dependence of comfort level on indoor environmental factors, such 
as acoustic, thermal and luminous levels. They also showed that 
outdoor environment has some effect on the built environment. 
Buratti and Ricciardi (2009) measured the correlation between 
operative temperature and uniform equivalent temperature 
in university classrooms and found good agreement between 
measurements and the models in the literature. Zaki et al. (2017) 
investigated the thermal comfort in university classrooms in 
Malaysia and Japan. Mean comfort temperatures are found which 
differed between two countries in air-conditioned and no air-
conditioned modes. Mishra et al. (2017) investigated the thermal 
perception during transition to a new environment. They found out 
that besides thermal factors, non-thermal factors may also have an 
impact on how occupants evaluate indoors.

Overall, the research in this area (Kumar et al., 2018; 
Singh et al., 2018; Sudo et al., 2011; Buonocore et al., 2020) indicates 
that the thermal environment in classrooms is a critical factor 
affecting students’ cognitive performance, attendance, and overall 
academic
achievement.

We have recently conducted an experimental study in Steelcase 
Classroom of Kadir Has University, where we measured the 
effects of cold and warm classroom environments on students’ 
learning. During the experiment, we measured the temperature 
and humidity of a classroom environment with high resolution 
temperature and humidity sensors based on Arduino. In addition 
to these measurements, we received some feedback from the 
student test group on their learning experience at low and high 
temperature and humidity levels using a questionnaire. In this 
questionnaire, we asked students several questions about their 
satisfaction about the classroom’s thermal environment and their in-
class learning motivations. In addition, at the end of the lectures 
we measure their success in learning the material during the class 
and the thermal environment in the class, the motivation of the 
students and the weighted grade averages. We have investigated 
whether the student success in the classroom were affected by the 
environmental factors in the classroom, such as temperature and
humidity.

This study aims to: 

1. Investigate the relationship between controlled classroom 
temperatures (20 °C vs. 27 °C) and student thermal satisfaction 
and learning motivation.

2. Examine the correlation between thermal comfort perception 
and learning performance measured through written 
assessments.

3. Develop a predictive model relating thermal environment 
factors to academic outcomes.

4. Evaluate the effectiveness of basic sensors for classroom 
thermal environment monitoring.
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TABLE 1  Correlations between Q1; Q2; Q3; Q4; Q5; Q6; GPA; Distance; heat index and grade.

Q1 Q2 Q3 Q4 Q5 Q6

Q2
0.199

0.152

Q3
−0.204 0.018

0.144 0.896

Q4
0.024 0.185 0.092

0.863 0.184 0.510

Q5
0.324 0.153 −0.450 −0.100

0.018 0.273 0.001 0.477

Q6
−0.377 −0.004 0.687 0.117 −0.483

0.005 0.978 0.000 0.402 0.000

GPA −0.144 −0.053 0.251 −0.139 −0.035 0.033

0.304 0.705 0.070 0.320 0.801 0.816

Distance 0.178 0.057 −0.262 0.093 0.127 0.045

0.202 0.686 0.058 0.508 0.364 0.750

Heat index
0.855 0.272 −0.356 0.038 0.462 −0.495

0.000 0.049 0.009 0.788 0.000 0.000

Grade
0.394 0.136 −0.102 0.029 0.233 −0.305

0.003 0.331 0.467 0.836 0.093 0.026

GPA Distance Heat index

Distance
−0.448

0.001

Heat index
−0.096 0.192

0.496 0.168

Grade
0.216 −0.008 0.375

0.120 0.954 0.006

2 Methods

2.1 Study setting and participants

The study was conducted in the Steelcase Smart Classroom at 
Kadir Has University over two consecutive weeks. The experimental 
group consisted of 53 undergraduate students (26 participants 
on Day 1, 27 on Day 2) aged 18–23 years with mixed gender 
distribution. Students were enrolled in the same course to 

ensure consistent academic background. No systematic screening 
for cultural background, physiological conditions, or clothing 
preferences was conducted, which may affect thermal perception 
variability.

Students were assigned to fixed seating positions within 
an 11-zone measurement grid (Figure 1). The classroom 
layout ensured consistent spatial positioning throughout the 
experiment to minimize location-based temperature variation
effects.
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FIGURE 3
Relationship between thermal environment satisfaction and student learning impact.

FIGURE 4
Thermal environment and end-of-class motivation relation.

2.2 Environmental monitoring system

Temperature and humidity measurements were conducted 
using an Arduino-based system comprising DHT11 sensor 
modules, ESP8266 WiFi modules, and Gobetwino software 
for data logging. Environmental Stability: The HVAC system 
was set to target temperatures 60 min prior to each session, 
with temperature stability confirmed within ±0.5 °C before data 
collection. External weather conditions were recorded to account 
for potential building thermal load variations. Measurement 
Limitations: Only temperature and humidity were measured; 
mean radiant temperature, air velocity, metabolic rate, and 
clothing insulation were not systematically assessed, representing 
a significant limitation in comprehensive thermal comfort
evaluation.

2.3 Experimental procedure

The experiment followed a controlled temperature protocol: 
Week 1 maintained at 20 °C, Week 2 at 27 °C. Each session lasted 2 h 
with environmental measurements taken before and after lectures. 
At session conclusion, students completed written reflection essays 
and thermal comfort questionnaires while maintaining their 
assigned seating positions. 

2.4 Data collection instruments

The impact of the thermal environment on learning and the 
state of the classroom’s thermal environment were investigated by 
asking survey questions to the participants of the experiment in 
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FIGURE 5
Linear regression analysis for number of words (Refers to GRADE) – GPA relation.

TABLE 2  Model summary of grade–Q1.

S R-sq R-sq (adj)

82,6531 15.55% 13.90%

TABLE 3  Analysis of variance of grade–Q1.

Source DF SS MS F P

Regression 1 64,166 64166.1 9.39 0.003

Error 51 348,409 6831.5

Total 52 412,575

the classroom. The first group of questions contain information 
about the rates of temperature and humidity, as well as their 
level of satisfaction with the current thermal conditions in the
classroom.

The second group of questions examines their educational 
motivations before and after class.

We have asked six questions to students attending class under 
hot and cold days. 

1. How would you rate the classroom temperature?

(a) Cold (b) Slightly cold (c) Normal (d) Slightly high (e) High. 

2. How would you rate the classroom moisture?

(a) Cold (b) Slightly low (c) Normal (d) Slightly high (e) High. 

3. Are you satisfied with the current thermal environment in the 
classroom?

(a) Dissatisfied (b) Slightly dissatisfied (c) Neutral (d) Slightly 
satisfied (e) Satisfied. 

4. Before entering your classroom, how high was your motivation 
for learning?

(a) Very low (b) Below average (c) Average (d) Above average (e) 
Very high. 

5. At the beginning of the lecture, did the classroom thermal 
condition affect your learning?

(a) Not at all (b) Slightly (c) Moderately (d) Very (e) Extremely. 

6. At the end of the lecture, did the classroom thermal condition 
affect your learning?

(a) Not at all (b) Slightly (c) Moderately (d) Very (e) Extremely.

A 5-point Likert scale was based on established thermal 
comfort assessment protocols (Buratti and Ricciardi, 2009; 
Castilla et al., 2017; Corgnati et al., 2007; Mishra and Ramgopal, 
2014a; Mishra and Ramgopal, 2014b; Nico et al., 2015). 
Questions were designed to assess: (1) thermal sensation, (2) 
humidity perception, (3) thermal satisfaction, (4) pre-class 
learning motivation, (5) thermal impact on learning during 
class, and (6) post-class thermal learning effects. These question 
types have been validated in prior research examining thermal 
comfort in educational laboratories and classrooms across 
multiple countries (Mishra and Ramgopal, 2014a; Mishra and 
Ramgopal, 2014b; Nico et al., 2015).

Formal reliability and validity testing of the questionnaire 
was not conducted. Cronbach’s alpha analysis and factor analysis 
should be performed in future studies to establish instrument
reliability. 
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FIGURE 6
Regression analysis between thermal satisfaction and student grades.

2.5 Statistical analysis methods

Correlation analyses employed Pearson’s correlation coefficient 
with significance threshold set at α = 0.05. Multiple regression 
analysis examined relationships between thermal variables, GPA, 
and student grades. Model assumptions including normality, 
homoscedasticity, and independence were evaluated through 
residual analysis. All statistical analyses were performed using 
Minitab software.

Figure 2 shows the colours of the heat indexes obtained from the 
gridded Arduino measurements. The classroom’s rectangular shape 
is shown by the plotted area, and the numbers on the x and y-
axis indicate the classroom’s size in cm. The coldest regions in the 
classroom is shown as dark blue and are near the windows. The 
hottest regions, that are shown as red, are near the air conditioning 
and coldest regions are near the windows. 

2.6 Ethics statement

This study involved human participants who were 
undergraduate students enrolled at Kadir Has University. All 
participants provided written informed consent prior to the 
commencement of data collection. The study was conducted in 
accordance with the Declaration of Helsinki and local regulations 
concerning human subject research. Participant confidentiality and 
anonymity were maintained throughout the study. 

3 Results

The correlation test in Minitab was employed to determine the 
strength and direction of the associations between the variables 

we believe are related (Table 1). The value in the first row denotes 
Pearson correlation coefficient and the second row is the P-value. 
All correlation and regression analyses were conducted with α = 
0.05 significance threshold. P-values below 0.05 indicate statistical 
significance, while values between 0.05–0.10 suggest marginal 
significance.

It was observed that the student’s grade is closely correlated 
with student’s GPA (grade point average). Moreover, environmental 
variables such as classroom temperature (Q1) and whether the 
classroom temperature affect students’ learning (Q6) positively 
correlate with student’s grades.

The cross-tabulation of responses to questions 3 and 5 
is given in Figure 3. Students’ learning was impacted by their 
satisfaction with the thermal environment.

The students who said their learning level were highly affected 
by the thermal environment were dissatisfied with the thermal 
environment of the class. The effect of thermal environment 
on learning decreases when thermal environment satisfaction 
increases.

It has been observed that the temperature in the classroom has 
a positive impact on students’ motivation levels (Figure 4).

Students who are dissatisfied with the thermal environment 
in the classroom are less motivated at the end of class. Students 
who are not affected by the thermal environment of the class 
have not seen any significant changes in their motivation. At 
the end of class, students who are content with the classroom’s 
thermal environment show a high level of motivation. Students 
who are satisfied with the thermal environment of the class can 
better focus on the topic and complete the lecture with high
motivation.

Next, we investigated the correlation between the number of 
words in student’s essays and the student’s GPA (Figure 5). Students 
were graded on the number of words in their submitted essays.
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TABLE 4  Multiple regression analysis: Grade versus Q1; Q2; Q3; Q4; Q5; Q6; GPA; distance; heat index analysis of variance.

Source DF Adj SS Adj MS F-value P-value

Regression 9 115,090 12787,8 1.85 0.087

Q1 1 14,271 14271,5 2.06 0.158

Q2 1 1,688 1687.8 0.24 0.624

Q3 1 1,321 1321.5 0.19 0.664

Q4 1 1966 1966.1 0.28 0.597

Q5 1 941 941.4 0.14 0.714

Q6 1 10,267 10267,3 1.48 0.230

GPA 1 28,524 28524,2 4.12 0.049

Distance 1 2,501 2500.8 0.36 0.551

H.Index 1 545 545.4 0.08 0.780

Error 43 297,485 6918.3

Total 52 412,575

Model summary

S R-sq R-sq (adj) R-sq (pred)

83,1760 27.90% 12.80% 0.00%

Coefficients

Term Coef SE coef T-value P-value VIF

Constant 20 365 0.06 0.956

Q1 24.0 16.7 1.44 0.158 4.12

Q2 6.6 13.3 0.49 0.624 1.16

Q3 5.0 11.4 0.44 0.664 2.55

Q4 7.5 14.2 0.53 0.597 1.09

Q5 4.0 11.0 0.37 0.714 1.53

Q6 −17.5 14.3 −1.22 0.230 2.71

GPA 68.4 33.7 2.03 0.049 1.36

Distance 9.5 15.7 0.60 0.551 1.49

H.Index −1.62 5.77 −0.28 0.780 5.06

We can see a slight upward trend, consistent with the moderate 
positive (but not statistically significant) correlation—students with 
higher GPAs generally tend to write somewhat longer essays, though 
the variation is considerable (Figure 5). The correlation coefficient 
(r ≈ 0.31) indicates a moderate positive relationship, however, the 
p-value (≈0.11) is greater than 0.05, meaning this correlation is not 
statistically significant at the 95% confidence level.

The correlation test we have performed above indicated that 
students’ grades closely correlated with their answers for questions 
1 and 6. Therefore, we wanted to conduct a multiple regression 
analysis to lay out this relationship. We have chosen the grade as the 
dependent variable (Tables 2, 3).

We have first performed a linear regression analysis between 
student’s grade and their answers to Question 1.
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TABLE 5  Analysis variance of regression analysis: Grade versus Q1; Q2; 
Q3; Q4; Q5; Q6; GPA; distance; heat index.

Source DF Adj SS Adj MS F-value P-value

Regression 9 115,090 12787.8 1.85 0.087

Error 43 297,485 6918.3

Total 52 412,575

The regression equation is found as

GRADE = 122,2+ 25,03Q1

As the p–value was found as 0.003 < 0.05, our result is significant.
The results indicate that students’ grades are positively related to 

their satisfaction with classroom temperature (Figure 6).
We then performed a multiple regression analysis using Minitab. 

The data set we have is as follows.

• Input (Independent variables):

Q1(C1), Q2(C2), Q3(C3), Q4(C4), Q5(C5), Q6(C6), GPA (C7), 
Distance (C8), Heat Index (C9).

• Output (Dependent variables):

Grades (C10).
The result of the multiple regression analysis is given in 

Tables 4, 5.
Regression equation

Grade = 20+ 24,0Q1+ 6,6Q2+ 5,0Q3+ 7,5Q4+ 4,0Q5 ‐17,5Q6

+ 68,4GPA+ 9,5Distance ‐1,62H.Index

With p-value is very close to 0.05. it can be said the relationship 
is close to being significant.

Since we have high p values for Q2, Q3, Q4, Q5, Distance and HI 
in our table, we can neglect them in our next regression test because 
they are not statistically significant.

Based on the R2-value criterion, the “best” model was found as 
the model with the four predictors Q1, Q4, Q6 and GPA. Based on 
the adjusted R2-value and the smallest MSE criteria, the model that 
includes Q1, Q6 and GPA was found as the best model (Table 6).

The P-value for the independent variables in this regression test 
is less than or equal to 0.05. Our test is now more reliable since the 
p value has dropped to 0.002 from 0.087 in this equation.

Regression equation

Grade = 3,7+ 23,33Q1 ‐11,82Q6+ 61,3GPA

The general regression showed an R-squared value of 27.90% 
before. Now it is 25.8%. Here, 25.80% of the variance over Grades 
is actually GPA, Q1, and Q6 (Table 6).

In the coefficient section we see that Q6 is actually has negative 
coefficient and its p-values are higher than 0.05, indicating that the 
new regression will be much better for us if we discard Q6. In the 
survey, the Q6 variable concerns the motivation of students at the 
end of the course.

We removed the dependent variable Q6 from the list due to its 
high p-value and ran the test again (Table 7).

Regression equation

Grade = −43,7+ 27,57Q1+ 62,2GPA

We see that the p-value of the regression equation drops to 0.001 
from 0.002, indicating that our test is now more reliable.

Our initial regression showed a R-square value of 27.90%. When 
we looked at Q1, Q6, and GPA, it was 25.8%. Now the R-square value 
of the Q1 and GPA sets is 23.15%. The loss of 2% represents the effect 
of Q6 on Grade. We understand that 23.15% of the variance between 
grades is actually explained by GPA and Q1.

At this point, we can see that the p-values remain below 0.05. It 
can be concluded that the effects on the Grade are getting stronger.

We have discovered the best mathematical multiple 
regression equation. The students’s grades positively depend on 
student’s GPA and how they feel about classroom temperature 
(Q1). Model assumptions were tested through residual plots 
confirming normality and homoscedasticity. The final model
(Grade = −43.7 + 27.57 Q1 + 62.2 GPA) demonstrates statistical 
significance (p = 0.001) with R2 = 23.15%, indicating that thermal 
satisfaction (Q1) and student GPA together explain 23.15% of 
grade variance. 

4 Discussion and conclusions

Based on these findings, several spatial design strategies are 
recommended.

• HVAC Zoning: Implement uniform temperature 
distribution systems to minimize thermal gradients across 
classroom zones.

• Seating Arrangements: Consider thermal comfort zones when 
designing classroom layouts, avoiding placement of students 
in areas with poor air circulation.

• Smart Building Integration: Incorporate real-time thermal 
monitoring systems for dynamic climate control based on 
occupancy and external conditions.

• Window Management: Strategic window placement and 
automated shading systems can help maintain consistent 
thermal conditions.

Results should be interpreted as correlational rather than strictly 
causal. Multiple factors influence academic performance including 
student preparation, topic difficulty, time of day, and individual 
learning preferences. The thermal environment represents one 
contributing factor among many affecting student outcomes.

Several limitations of this study should be noted. First, the 
lack of a randomized control group and short duration of 
2 weeks limit the ability to draw causal inferences from the 
observed associations between thermal environment satisfaction 
and academic performance. Second, the study was conducted in 
a single classroom setting, which restricts generalizability of the 
findings to other educational contexts or building types.

Importantly, the measurement of thermal environmental 
parameters was limited to temperature and relative humidity. 
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TABLE 6  Regression analysis: Grade versus Q1; Q6; GPA analysis of variance.

Source DF Adj SS Adj MS F-value P-value

Regression 3 106,448 35,483 5.68 0.002

Error 49 306,126 6,247

Lack-of-Fit 48 292,014 6,084 0.43 0.866

Pure error 1 14,112 14,112

Total 52 412,575

Model summary

S R-sq R-sq (adj) R-sq (pred)

79,0410 25.80% 21.26% 12.48%

Coefficients

Term Coef SE coef T-value P-value VIF

Constant 3.7 87.7 0.04 0.967

Q1 23.33 8.52 2.74 0.009 1.19

Q6 −11.82 8.94 −1.32 0.192 1.17

GPA 61.3 27.8 2.21 0.032 1.02

TABLE 7  Regression analysis: Grade versus Q1; GPA analysis of variance.

Source DF Adj SS Adj MS F-value P-value

Regression 2 95,529 47,764 7.53 0.001

Q1 1 76,267 76,267 12.03 0.001

GPA 1 31,363 31,363 4.95 0.031

Error 50 317,046 6,341

Lack-of-Fit 46 278,676 6,058 0.63 0.805

Pure error 4 38,371 9,593

Total 52 412,575

Model summary

S R-sq R-sq (adj) R-sq (pred)

79,6299 23.15% 20.08% 14.01%

Coefficients

Term Coef SE coef T-value P-value VIF

Constant −43.7 80.6 −0.54 0.590

Q1 27.57 7.95 3.47 0.001 1.02

GPA 62.2 28.0 2.22 0.031 1.02
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Key thermal comfort factors such as mean radiant temperature, 
air velocity, occupants’ metabolic rate, and clothing insulation 
were not measured, constraining comprehensive assessment of 
the indoor thermal environment in accordance with ASHRAE 
Standard 55 (ASHRAE, 2020).

Furthermore, the thermal comfort questionnaire utilized in 
this study was not subjected to rigorous psychometric validation; 
reliability and validity analyses such as Cronbach’s alpha were not 
performed. This limitation restricts the interpretability of subjective 
thermal perception results and highlights the need for improved 
instrument development in future research.

Lastly, the potential confounding influence of other factors 
on student academic performance, such as study habits, prior 
knowledge, and psychological states, was not controlled for in this 
exploratory study. These elements should be integrated into more 
comprehensive future investigations.

This study explored the effects of classroom thermal 
environments on students’ learning performance, motivation, and 
comfort in a university setting. Using an Arduino-based sensor 
system, the thermal conditions in a Steelcase classroom were closely 
monitored, and students’ perceptions and learning outcomes under 
controlled cold (20 °C) and warm (27 °C) conditions were analyzed. 
The findings revealed key insights into the relationship between the 
thermal environment and academic performance.

Students’ satisfaction with the thermal environment was found 
to significantly impact their motivation and cognitive performance. 
Specifically, students who were satisfied with the classroom’s thermal 
conditions reported higher learning motivation and achieved 
better exam grades. This aligns with prior studies, such as those 
by Pule et al. (2021) and Wargocki and Wyon (2013), which 
have emphasized the importance of maintaining optimal thermal 
conditions for effective learning and engagement. The negative 
correlation between dissatisfaction with the thermal environment 
and end-of-class motivation further underscores the detrimental 
effects of suboptimal thermal conditions on student focus and 
energy levels.

Regression analysis indicated that students’ grades were most 
strongly influenced by their GPA and their perceptions of classroom 
temperature (Q1). The predictive model derived from the data 
demonstrated that thermal environment satisfaction and academic 
preparedness (as reflected by GPA) accounted for 23.15% of 
the variance in students’ grades. These findings support the 
argument that both environmental and personal factors are critical 
determinants of learning outcomes.

Interestingly, the results also highlighted the spatial variability of 
thermal conditions within the classroom. Students seated in regions 
with higher thermal comfort reported greater satisfaction and better 
learning outcomes, emphasizing the need for uniform thermal 
distribution. This echoes findings from studies (Zaki et al., 2017; 
Mishra et al., 2017; Vittal, 2016; Serghides et al., 2015), which 
highlighted the interplay between thermal comfort, spatial 
attributes, and learning.

This research underscores the critical role of the thermal 
environment in enhancing or impeding students’ academic 
performance. The findings highlight that maintaining optimal 
classroom temperatures can significantly boost students’ motivation, 
satisfaction, and cognitive performance. As the data show, thermal 

comfort is not merely a matter of physical wellbeing but also a crucial 
factor in fostering an environment conducive to learning. 

4.1 Key findings

• Classroom temperature significantly affects student thermal 
satisfaction and learning motivation (p < 0.001).

• Students with higher thermal satisfaction achieved measurably 
better learning outcomes.

• GPA and thermal satisfaction together predict 23.15% of 
variance in student grades.

• Optimal temperature range appears to be 20 °C–22 °C for this 
student population.

• Arduino-based monitoring systems provide cost-effective 
solutions for classroom thermal assessment.

While our multiple regression model demonstrated significant 
predictive power (R2 = 23.15%, p < 0.001) for student grades based 
on thermal satisfaction and GPA, it is important to recognize 
the relatively modest proportion of explained variance. This 
indicates that while thermal comfort plays a meaningful role 
in academic performance, student achievement is inherently 
multifactorial. Other influential factors such as individual 
study behaviors, cognitive abilities, instructional quality, and 
psychological variables likely contribute substantially to learning
outcomes.

Our findings support the value of maintaining classroom 
thermal conditions within an optimal range (approximately 
20 °C–22 °C) to promote student comfort and motivation, which 
in turn may enhance performance. However, generalization should 
be cautious given the exploratory nature and design limitations of 
this study. Future research incorporating larger, diverse samples and 
broader environmental and psychological measures is warranted to 
elucidate the complex interactions influencing academic success, 
following models and frameworks established in international 
thermal comfort research (Wang et al., 2014; Wang et al., 2017; 
Yang et al., 2013; Yao et al., 2010).

In conclusion, by highlighting the interplay between thermal 
conditions and academic performance, this study calls for a 
more holistic approach to classroom design and operation, where 
environmental and pedagogical factors are harmonized to support 
students’ success.

The study’s implications extend beyond the classroom, offering 
valuable insights for the design and operation of educational 
facilities. Universities and schools should prioritize HVAC systems 
capable of maintaining stable and uniform thermal conditions while 
considering students’ spatial preferences and seating arrangements.

While this study provides valuable insights, it has certain 
limitations. The sample size was limited to a single classroom 
setting and a short duration, which may limit the generalizability 
of the findings. Future studies should explore a larger and more 
diverse sample, as well as other environmental factors such as 
lighting and noise, to develop a more comprehensive understanding 
of the optimal learning environment. Furthermore, incorporating 
advanced thermal comfort models and longitudinal data could yield 
deeper insights into the long-term effects of thermal environments 
on learning. 
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