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18 Abstract

19 Background: Elevated temperatures negatively impact human well-being, 

20 heighten mental health risks, and impair cognitive function, with young populations 

21 being especially vulnerable. Prolonged exposure to rising ambient temperatures 

22 further exacerbates these effects, potentially hindering student’s cognitive 

23 performance under extreme heat conditions. 

24 Objectives: This paper systematically reviews the existing knowledge on the 

25 long-term and cumulative exposure of students to heat stress, with the aim to 

26 synthesize evidence on the magnitude and mechanisms of the associated cognitive 

27 loss and on the adaptation measures and technologies to mitigate these cognitive 

28 impacts, evaluating their efficiency and potential limitations. Additionally, the paper 

29 explores the evidence provided by the existing literature on the social and economic 

30 inequalities and heterogeneities caused by prolonged heat exposure among students 

31 within and across countries and presents existing forecasts about the cognitive risks 

32 associated with future overheating. 

33 Methods: We searched PubMed, Scopus, PsycINFO, Web of Science, Science 

34 Direct, and Google Scholar for eligible studies. We included peer-reviewed articles 

35 with the following characteristics: 1. Examining the long-term impacts of indoor or 

36 outdoor temperature on students' learning capacity, the social and economic 

37 inequalities established, the adaptive measures used, the future climate’s effect on 

38 cognition, 2. Published in the last 15 years and up to December 2024, 3. Written in 

39 English. We excluded clinical trials, theses, reviews and studies on the effects of 

40 short-term exposure to heat. We mapped the effects of overheating, the adaptation 

41 strategies analysed, and the level of impact based on socioeconomic status and 

42 synthesised the results narratively. Bias was avoided by including studies with large 

43 numbers of participants and a robust analysis.

44 Results: 7 studies from 6 articles were included in the review. Collectively, 

45 these studies analyzed a dataset comprising nearly 14.5 million students from 61 

46 countries. The findings suggest that long-term heat exposure negatively impacts 

47 students' cumulative learning and that the effect appears to be greater for complex 

48 tasks, e.g., mathematics, compared to simpler tasks, such as reading. Acclimatisation 

49 to higher temperatures combined with the increased prevalence of air conditioning in 
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50 warmer regions, appears to shield students from the cognitive disruptions associated 

51 with heat exposure. Populations experiencing vulnerability, particularly those with 

52 lower socioeconomic status, face the greatest impact from heat exposure's effects. As 

53 global temperatures continue to rise, these groups are disproportionately impacted, 

54 highlighting the need for targeted measures to address inequities and protect those 

55 most at risk.

56 The study presents limitations related to the heterogeneity of the populations 

57 participating in each study and that of the methodologies used.
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58 1. Introduction

59 Heat stress is one of the most significant environmental and occupational health 

60 challenges. Prolonged exposure to high temperatures, humidity, and other severe climatic 

61 factors can result in partial or complete inability of the human body to regulate its 

62 temperature. Evidence shows that exposure to elevated temperatures, both indoors and 

63 outdoors, is strongly associated with adverse health outcomes. These include cardiovascular, 

64 respiratory, infectious, and other physical ailments [1], increased heat-related mortality and 

65 morbidity [2], and heightened risks of mental health issues, such as schizophrenia, dementia, 

66 and mood disorders [3]. Moreover, rising temperatures are associated with increased 

67 incidences of violent behaviour, including assaults [4], and higher suicide rates [5].

68 Cognition encompasses the brain's ability to perform tasks such as attention, memory, 

69 learning, action, reasoning, decision-making, planning, and communication. These processes 

70 demand considerable conscious mental effort [6]. The impact of high temperatures and heat 

71 stress on human capital productivity and cognitive performance is a well-documented area of 

72 research [7]. Most studies indicate that exposure to excessive heat detrimentally affects 

73 working memory, information processing, and knowledge retention, thereby impairing 

74 overall cognitive performance [8] [9] [10]. However, there are studies that have reported 

75 statistically non-significant effects of heat on cognitive function [11] [12].

76 Two main theoretical models explain the relationship between thermal stress and 

77 human performance: (a) the Inverted U model and (b) the Extended U model [7]. The 

78 Inverted U model is derived from the arousal theory known as the Yerkes-Dodson law [13]. 

79 According to this model, there is an optimal level of arousal at which task performance is 

80 maximized. Performance declines when arousal levels fall below or rise above this optimal 

81 level. Environmental psychologists have applied the arousal theory to understand how 

82 thermal environments influence cognitive performance. They propose an inverted 

83 relationship between cognitive performance and the intensity of environmental stress, where 

84 there is an optimal temperature that enables peak cognitive performance [14].

85 According to the Extended U model, there is a broad central plateau of acceptable 

86 temperatures, or the comfort zone, where human performance remains stable and near-

87 optimal performance is achieved. On either side of the comfort zone, there is the maximum 

88 adaptability zone, in which acceptable and improved cognitive performance can still be 

89 maintained through psychological adaptive actions [15]. Heat stress occurs outside the 
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90 maximum adaptability zone and can result in a sharp decline in cognitive function, potentially 

91 leading to life-threatening conditions

92 1.1.Heat and students’ academic performance

93 The impact of high temperatures on students’ academic performance is profoundly 

94 significant, influencing their educational, intellectual, and professional achievements. 

95 Exposure to elevated temperatures, coupled with demanding cognitive tasks, can hinder 

96 students’ performance through various physiological mechanisms. These include disruptions 

97 in body temperature regulation, temperature-sensitive brain chemistry, and alterations in the 

98 brain's electrical properties, ultimately impairing its ability to function effectively under heat 

99 stress [16].

100 Several studies have explored the association between exposure to high temperatures 

101 and students' academic performance. These studies can be broadly categorized into two 

102 groups: (a) those examining the impact of momentary exposure to high temperatures, and (b) 

103 those investigating the effects of longer-term exposure on students' cognitive performance.

104 Momentary impact studies typically rely on either experimental or statistical 

105 approaches. Experimental studies often involve short- to medium-term monitoring campaigns 

106 where students are exposed to both low and high indoor temperatures in classroom settings. 

107 Their learning performance is then assessed using specific cognitive tests [17]. Most of these 

108 experiments adhere to the Inverted U model, identifying an optimal temperature at which 

109 cognitive performance is maximized. However, these studies yield diverse and sometimes 

110 contradictory findings due to factors such as the short duration of exposure, variability in the 

111 participants' skill levels, the complexity of cognitive tasks, and the lack of consideration for 

112 confounding environmental stressors. These limitations make it difficult to generalize results 

113 systematically [18].

114 Statistical studies, on the other hand, analyze the cognitive performance of a large 

115 number of students taking national exams conducted across a wide range of ambient 

116 temperatures, often under similar indoor climate controls [19]. While these investigations 

117 provide valuable insights into the short-term effects of high temperatures on students' 

118 performance, they do not account for the cumulative impacts of prolonged exposure to heat 

119 on cognitive function, ability, and achievement.
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120 Recent research highlights that long-term exposure to high temperatures has a 

121 cumulative effect on students' cognitive function and performance [19] [20] [21] [22] [23] 

122 [24]. Unlike momentary studies, which focus on the immediate effects of temperature on 

123 cognitive performance—potentially caused by instant heat stress or other environmental 

124 stressors—long-term studies examine the sustained impacts of heat exposure across one or 

125 more school years.

126 These long-run investigations provide standardized assessments that account for the 

127 cumulative effects of prolonged heat exposure, removing the confounding influence of test-

128 taking conditions. Most studies conclude that exposure to high temperatures one to four years 

129 preceding exams significantly impairs students’ cognitive capital accumulation and has a 

130 causal, statistically significant impact on their performance. Each additional day of heat 

131 exposure above a threshold temperature in the years leading up to exams exerts a measurable 

132 negative effect on cognitive performance. The underlying mechanisms of this disruption are 

133 attributed to physiological effects on the brain, including elevated brain temperatures that 

134 impede its capacity to perform working memory tasks efficiently under heat stress [25]. For 

135 instance, Kiyatkin (2007) reported that high temperatures could increase brain temperature by 

136 up to 2.5°C [26].

137 Cumulative exposure to heat can impact students’ learning capacity in two significant 

138 ways: (a) by hindering future learning when the body is unable to adapt and self-regulate to 

139 high temperatures, and (b) by continuously and repeatedly affecting students’ learning 

140 abilities and acquired knowledge due to prolonged exposure to heat in school environments 

141 [22].

142 Long-term cognitive studies have provided strong evidence that cumulative exposure 

143 to high temperatures has a significant socioeconomic dimension both within and across 

144 countries. Disparities in heat protection measures between schools in deprived/overheated 

145 neighbourhoods and those in wealthier areas affect the magnitude of cognitive loss among 

146 students and contribute to significant racial heterogeneities. Park et.al. (2020) compared the 

147 cognitive loss of Black and Hispanic students to that of White students when exposed to heat 

148 during the previous school year and found that the impact is almost three times more severe 

149 for non-White students [24].

150 Analysis of student performance in the PISA International Exam has shown important 

151 cognitive heterogeneities across countries [19]. Cognitive losses caused by cumulative heat 
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152 exposure are significantly higher in poorer countries than in richer ones. It is estimated that 

153 due to higher heat exposure, Brazilian students may exhibit almost 6% lower cognitive 

154 performance compared to their South Korean counterparts. Additionally, the impact of 

155 similar temperature events is found to be three times lower for high-income students 

156 compared to low-income students [19].

157 1.2. Future climate and cognitive performance

158 Global and regional climate change is expected to further increase the length and 

159 frequency of extreme events, thereby raising human exposure to high temperatures [27]. 

160 Assessments indicate that a temperature increase of 2.7°C by the end of the century (2080-

161 2100) could leave one-third (22–39%) of people outside the human climate niche, which is 

162 defined as the historically conserved distribution of relative human population density with 

163 respect to mean annual temperature [28].

164 The future intensification of global warming will likely increase the proportion of the 

165 vulnerable population worldwide and potentially magnify the differences in cognitive 

166 capacity between rich and poor populations. Under the SSP2 (Shared Socioeconomic 

167 Pathways 2) scenario, it is estimated that a temperature rise of 2°C or 3°C will increase the 

168 vulnerable population in Asia to 54% and 65%, respectively, and in Europe to 20% and 42% 

169 [29].

170 The increase in urban ambient temperature caused by the Urban Heat Island effect 

171 and the thermal balance of cities raises heat stress levels for urban populations, leading to 

172 serious energy, environmental, and health problems, including significant mental health 

173 complications [30]. In many cities of the developing world, the magnitude of urban 

174 overheating may exceed 7-8°C [31]. The important synergies between global and regional 

175 climate change further intensify heat stress for urban residents [32].

176 Future predictions of urban climate indicate a significant increase in both night and 

177 day temperatures, causing considerable health-related effects [2]. Several analyses have 

178 shown that future overheating will cumulatively affect the cognitive function of students [24]. 

179 It is estimated that by 2050, a potential temperature increase of 1.5°C in the USA could 

180 reduce the performance of elementary school students by 9.8%, assuming no adaptation 

181 measures are taken [23].
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182 1.3.Adaptive measures to control heat exposure

183 Adaptive responses are necessary to mitigate the effects of cumulative heat exposure. 

184 Adaptation measures designed to reduce endogenous heat accumulation in the human body 

185 and environmental controls to improve classroom conditions have been developed and tested 

186 under both laboratory and real classroom settings. Most studies conclude that the use of air 

187 conditioning, advanced ventilation systems, higher airflow rates, and microclimate mitigation 

188 techniques can reduce cognitive impairment caused by overheating [17].

189 While the implementation of these adaptation measures can potentially eradicate 

190 cognitive disparities over time, several factors must be considered. These include the 

191 physiological acclimatization of people living in warm climates and their natural ability to 

192 cope with high temperatures, the adaptability of individuals accustomed to air-conditioned 

193 environments to heat shocks, increased energy consumption, the availability and affordability 

194 of air conditioning, especially for low-income populations, and the complex economic 

195 constraints related to the use of cooling technologies in hotter, poorer countries.

196 1.4.The research gap

197 Although there is a plethora of investigations on the momentary and short-term 

198 exposure of students to heat and its effects, there is a serious lack of knowledge and 

199 information on the impact of long-term exposure on the cognitive performance of young 

200 people. Given the rapid increase in temperature caused by global and regional climate 

201 change, understanding the consequences of cumulative exposure to high temperatures on the 

202 cognitive ability of students is an urgent priority.

203 1.5.Review objectives

204 The objective of this paper is to present the current state of knowledge on the 

205 mechanisms and consequences of cumulative heat exposure on young populations and 

206 students, highlighting associated deficiencies and training disparities. It also seeks to shed 

207 light on the social and economic inequalities caused within and across countries, the potential 

208 adaptive measures to counterbalance the impact of overheating, and to discuss forecasts about 

209 the cognitive risks associated with future overheating.

210 To our knowledge, this is the first systematic review article to present a holistic 

211 approach to the global spectrum of knowledge on the impact of cumulative heat exposure on 

212 the human capital of young students. We believe that the analysis and provided information 
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213 can contribute to defining proper educational and protective policies to eradicate educational 

214 disparities in a warming world, improve understanding of the future costs of climate change, 

215 and support future generations in enhancing their educational accomplishments, avoiding 

216 compromised learning achievements, and ultimately improving their overall well-being.

217 2. Methodology

218 We conducted a comprehensive search of six major scientific databases, including 

219 PubMed, Scopus, PsycINFO, Web of Science, Science Direct, and Google Scholar. 

220 Additionally, we hand-searched field-specific journals and examined the references of 

221 relevant papers over the past 15 years, up to December 2024. The search was conducted from 

222 January to December 2024. Our search terms were relevant to: 1. the cumulative impact of 

223 heat exposure on the cognitive performance of students, 2. The adaptation and heat mitigation 

224 measures and technologies used, 3. The social and economic inequalities caused within and 

225 across countries, and 4. Future projections for the effects of long-term exposure to heat to 

226 students’ cognitive abilities (Figure 1).
227 Figure 1. PRISMA diagram of study selection.

228 Two reviewers (KV and MS) searched the databases independently and screened 

229 articles based on title and abstract. After removing duplicates, the full texts were screened to 

230 identify the articles that met the inclusion criteria. We excluded any type of review articles, 

231 theses, articles on short-term exposure to heat and cognitive performance, clinical trials and 

232 general articles on cognitive performance.

233 We focussed on studies investigating the long-term impact of indoor or outdoor 

234 temperature on students' learning capacity. Our review considered all categories of students, 

235 including primary, secondary, and college students. We selected only studies that reported 

236 analysis and results from a very high number of students, typically several thousand per study 

237 to avoid bias. All types of cognitive functions and tasks were included in our review. No 

238 protocol was prepared for this review.

239 3. Results

240 Six articles reporting seven studies on the impacts of long-term exposure to heat on 

241 students’ cognitive performance were selected and assessed by both reviewers, individually 

242 and collaboratively. The studies’ characteristics are detailed in  . All studies are based on the 

243 results of national examinations and cognition tests, with each study involving between 8,000 
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244 and 10 million students. Based on the reported figures, the studies include data from 61 

245 countries, and the total number of participating students exceeded 14.5 million. The studies 

246 include results from cognition tests in various subjects: Mathematics (six studies), Reading 

247 (four studies), English Language (three studies), Science (one study), and History (one 

248 study). Seven studies reported results from high school students, while three included results 

249 from both high school and elementary school students. The effects on student cognition are 

250 reported in terms of academic achievement, i.e., test scores decrease as compared to the 

251 scores of cooler days/years/periods, per subject or as a mean of multiple subjects. There was 

252 no handling of the data of the included studies.

253 However, no articles describing adaptation measures, social and economic 

254 inequalities and future projections were based on long-term exposure of large student cohorts 

255 to heat. The respective paragraphs follow a narrative review and analysis of studies which are 

256 relevant but do not meet all the inclusion criteria for the systematic review process, followed 

257 for the first research question.
258 Table 1. The characteristics of the studies analysed in this review

ResultsNo Type of Data Period 
of Data Impact of Heat on Cognitive 

Performance
Heterogeneous Impact 
on Health

Reference

1 Twenty-one 
million scores 
were generated 
from nearly 10 
million high 
school students 
in the United 
States who took 
the PSAT exam 
in Math and 
Reading at least 
twice. The 
analysis 
examines the 
cumulative 
impact of high 
temperatures 
over the four 
years leading up 
to the exams.

2001-
2014

A school year that is 1°F hotter 
reduces academic achievement by 
0.002 standard deviations (SD) 
and decreases learning by 1% of a 
typical year’s progress.
An increase of one standard 
deviation in heat exposure—
equivalent to more than three 
additional days above 90°F—
lowers academic achievement by 
0.002 SD. Both math and reading 
scores decline by similar 
magnitudes in response to 
additional heat exposure.
A 1°F increase in the average 
temperature over the past four 
school years results in about a 
0.006 SD decrease in test scores, 
which is equivalent to 2% of the 
typical annual gain in PSAT 
scores. Experiencing an 
additional day above 90°F in each 
of the four years reduces scores 
by 0.002 to 0.003 SD, or 1% of a 
typical school year’s PSAT 
improvement.
However, the presence of school 
air-conditioning offsets 
approximately 0.0025 SD of the 

The impact of heat in 
prior years on students 
from lower-income 
ZIP codes is twice as 
significant as on 
students from higher-
income ZIP codes.
A 1°F increase in 
school-year 
temperatures over the 
past four years has a 
nearly 80% greater 
impact on Black and 
Hispanic students 
compared to White 
students. Similarly, 
experiencing one 
additional day above 
90°F in each of the 
preceding four school 
years has a 40% larger 
impact (lower scores) 
on Black and Hispanic 
students than on White 
students.

Park et al, 
2020
[24]
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learning damage caused by each 
1°F temperature increase.

2 Test results 
from over 4.5 
million primary 
school students 
in India, 
focusing on 
Maths and 
Reading, were 
analyzed based 
on the Annual 
Status of 
Education 
Report (ASER). 
Additionally, 
data from the 
Young Lives 
Survey (YLS) 
was utilized, 
including 1,008 
children born 
between January 
1994 and June 
1995, and 2,011 
children born 
between January 
2001 and June 
2002.

2006-
2014 
for 
ASER 
and
2002 to 
2011 
for 
YLS

Test performance begins to 
decline when temperatures 
exceed 17°C.
• Impact of High 

Temperatures:
o Relative to a day with an 

average temperature 
between 15°C and 17°C, 
one additional day in the 
prior year with an average 
temperature above 29°C 
reduces math and reading 
performance by 0.003 and 
0.002 standard deviations 
(SD), respectively.

o Ten extra days with an 
average temperature above 
29°C (85°F), compared to 
the 15°C–17°C range, 
decrease math and reading 
performance by 0.03 and 
0.02 SD, respectively.

• Timing of Temperature 
Effects:

o Only hot days in the 
previous calendar year 
affect current-year test 
scores; hot days during the 
current year have no 
measurable effect.

• Question-Level Insights:
o Heat impacts harder 

questions on both math and 
reading tests.

o Significant negative effects 
are observed on paragraph- 
and story-reading skills, but 
effects on word- or letter-
reading skills are 
statistically insignificant.

o Similarly, division and 
subtraction skills are 
negatively affected, while 
single- and double-digit 
number recognition shows 
no significant effects.

• Day-of-Test Effects:
o A 1°C increase in the day-

of-test temperature above 
23°C reduces within-cohort 
math performance by 0.17 
SD. However, no 
significant relationship is 
found between higher test-
day temperatures and 
reading comprehension.

• Short-Term Heat Effects:

Students from families 
receiving agricultural 
subsidies exhibited 
lower test scores.

Garg et al, 
2020 [22]
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o There is no evidence that 
heat exposure in the four 
days prior to a test affects 
performance.

• Long-Term Projections:
o By the end of the century, 

rising temperatures could 
reduce annual math and 
reading scores by 0.04 and 
0.03 SD, respectively. Over 
the course of a student's 
education, this reduction is 
equivalent to the loss of 
approximately two years of 
schooling.

• Seasonal Variations:
o Hot days during the 

agricultural growing season 
have large negative effects 
on test scores, whereas 
those in the non-growing 
season have minimal 
impact.

3 Test score data 
from 58 
developed and 
developing 
countries 
participating in 
the Programme 
for International 
Student 
Assessment 
(PISA) includes 
assessments in 
Math, Reading, 
and Science. 
The dataset 
encompasses 
over 500,000 
15-year-old 
students.

2000-
2015

Heat on school days prior to 
PISA exams lowers test scores, 
while heat on non-school days 
(e.g., weekends and summer 
vacations) has little impact.
Hotter temperatures in the years 
leading up to the PISA exam 
negatively affect student 
performance. Each additional day 
above 26.7°C (80°F) during the 
three years preceding an exam 
reduces scores by 0.18% of a 
standard deviation (P = 0.007; 
95% confidence interval [CI] = 
−0.22 to −0.04).
A one-standard-deviation 
increase in hot days, accounting 
for country and year fixed effects, 
is equivalent to 14 school days. 
The effect of high temperatures 
on learning is almost exclusively 
driven by hot school days. Each 
additional hot school day reduces 
scores by 0.22 standard 
deviations (P = 0.002; 95% CI = 
−0.36 to −0.08).

For lower-income 
students, the impact of 
the same temperature 
event is nearly three 
times greater.
Increased heat 
exposure during the 
school year may result 
in Brazilian students 
learning 6% less per 
year (based on 
academic 
performance) 
compared to South 
Korean students. This 
difference could 
account for roughly 
one-third of the gap in 
their PISA 
performance.

Park et al, 
2021 [19]

4 District-level 
annual test 
scores in 
English 
Language, Arts 
and 
Mathematics 
were collected 
from over 
12,000 U.S. 

2009-
2015

Exposure to high temperatures 
during the school period prior to 
exams leads to reduced learning 
outcomes. For each additional 
day with temperatures of 26.7°C 
(80°F) or higher, student 
performance decreases by 
approximately 0.04% of a 
standard deviation. Additionally, 
for each school day with 

High temperatures 
disproportionately 
affect the academic 
performance of 
disadvantaged 
students compared to 
their advantaged 
peers. Students in low-
income 
neighbourhoods are 

Park et al, 
2021 [19]
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school districts. 
These results, 
representing 
third to eighth 
graders, are 
based on data 
from the 
Stanford 
Education Data 
Archive (SEDA) 
and include over 
270 million test 
scores

temperatures of 26.7°C or higher, 
scores decline by 0.07% of a 
standard deviation.
The impact of hot days on 
mathematics performance is 
nearly three times greater than on 
English Language Arts (ELA) 
achievement. Each additional 
school day above 26.7°C reduces 
math scores by 0.11% of a 
standard deviation, while ELA 
scores decrease by less than 
0.04% of a standard deviation.

significantly more 
impacted by heat than 
those in high-income 
areas. For each 
additional school day 
with temperatures 
above 26.7°C, test 
scores in low-income 
schools decrease by 
0.12% of a standard 
deviation, while the 
impact on higher-
income schools is 
statistically 
insignificant.
Similarly, each 
additional school day 
above 26.7°C reduces 
the scores of Black 
and Hispanic students 
by 0.10–0.12% of a 
standard deviation, 
whereas the effect on 
non-Hispanic White 
students is negligible. 
One week of 
temperatures above 
26.7°C decreases the 
learning capacity of 
the average Black or 
Hispanic student by an 
amount equivalent to a 
5–6% reduction in 
teacher value-added 
effectiveness.

5 Data from 8,003 
children aged 
14–22 in the 
United States 
were analyzed 
from the 
National 
Longitudinal 
Survey of Youth 
(NLSY). The 
analysis focuses 
exclusively on 
mathematical 
test performance

1987-
2006

There is an insignificant 
relationship between climate and 
human capital. A 1-degree day 
increase in temperature across all 
days between two tests—a 
substantial change—results in a 
decrease in math performance of 
only 0.630 percentile points. This 
suggests that parents are 
offsetting more than a 6-
percentile-point accumulated 
decline in human capital caused 
by exposure to warmer 
temperatures. It is concluded that 
individuals engage in significant 
adaptation efforts to mitigate the 
impact of high-temperature days 
on the human capital 
accumulation of children

Analysis is not 
provided

Zivin et al, 
2018 [21]

6 The dataset 
from the 
Stanford 
Educational 
Data Archive 
(SEDA), USA, 

2008-
09 to 
2014-
15

In geographic regions with an 
average maximum temperature of 
55°F, a 1°F increase results in a 
reduction in average achievement 
by 0.00213, equivalent to a 
4.71% decrease in the mean. In 

The estimated effects 
for each racial group 
align with previous 
research on 
achievement gaps. 
Asian students 

Roach & 
Whitney , 
2022 [23]
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includes 
assessment 
outcomes for 
students in third 
through eighth 
grade, covering 
both English 
Language Arts 
and Math tests

warmer areas, with an average 
temperature of 75°F, the decrease 
is smaller at 0.00117, or 2.6% of 
the mean.
It is statistically significant that 
additional days with temperatures 
exceeding 100°F negatively 
impact student learning, while 
more days with temperatures 
below 60°F enhance learning 
outcomes. Specifically, for each 
additional day above 100°F, 
average student achievement 
decreases by 2.3% of the mean, 
whereas additional days below 
60°F are associated with 
increased scores

demonstrated the 
highest performance, 
followed by White, 
Hispanic, and Black 
students.
Additionally, the 
marginal effect of an 
increase in median 
income decreases 
when race controls are 
included in the 
analysis.

7 The dataset 
includes 
information 
from 1,729 high 
schools across 
164 cities in 
Korea, 
encompassing 
1.6 million 
students. The 
assessments 
cover Reading, 
Mathematics, 
and English 
Language

2009-
2013

High summer temperatures 
significantly impact math and 
English test scores. An additional 
summer day with a maximum 
temperature of 34°C or higher, 
compared to a day with a 
maximum temperature in the 28–
30°C range, reduces math and 
English test scores by 0.0042 and 
0.0064 standard deviations, 
respectively. Over ten such days, 
these reductions amount to 0.042 
and 0.064 standard deviations, 
respectively.
There is no significant impact on 
reading test scores. However, 
higher temperatures in the 
previous year negatively affect 
overall test performance
Previous summer had negative 
effects on the test scores.

High summer 
temperatures have a 
greater impact on the 
test scores of students 
residing in relatively 
cool cities, while they 
do not have a 
statistically significant 
effect on students 
living in warmer 
cities.
In cities with an 
average maximum 
daily temperature 
below 28.5°C, one 
additional day with a 
maximum temperature 
of 34°C or higher, 
compared to a day in 
the 28–30°C range, 
decreases reading, 
math, and English test 
scores by 0.0073, 
0.0124, and 0.0105 
standard deviations, 
respectively

Hyunkuk 
Cho, 
2017 [20]

259

260 Park et al. (2020) analyzed test scores of approximately 10 million American high 

261 school students who participated at least twice in the Preliminary Scholastic Aptitude Test 

262 (PSAT), a national standardized exam, between 2001 and 2014. They associated the test 

263 scores with local daily average maximum ambient temperatures and the number of days 

264 exceeding a given multiple of 10°F (~5.55°C) in the 365 days before the test. Racial, 

265 economic, and demographic data were also collected and associated with the temperature 

266 data [24].

267 The study found that exposure to high ambient temperatures during school days, up to 

268 four years prior to the test, has a significant impact on students' cognitive capacity. An 
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269 increase of 1°F (0.55°C) above 26.7 C, during school days in the year prior to the test 

270 decreases the mean learning gain of students by almost 1% over a complete year. Each 

271 additional school day with an average maximum temperature of 90°F (32.2°C) or 100°F 

272 (37.77°C), relative to a day with a temperature close to 60°F (15.55°C), lowers cognitive 

273 gains by 0.17% and 0.26% of the annual worth of learning, respectively [24].

274 Exposure to high temperatures during school days up to four years prior to the test 

275 causes a considerably higher cognitive loss than exposure during the year prior to the test. 

276 Sustained exposure to daily maximum ambient temperatures up to 2°C higher compared to 

277 the current temperatures, reduces cognitive gains by 7% compared to the average worth of 

278 learning. Exposure to high temperatures outside the school period was not found to impact 

279 students' cognitive capacity.

280 Garg et al. (2020) analyzed two sets of cognitive test results in India. The analysis 

281 included Mathematics and Reading test scores for over 4.5 million primary school students, 

282 based on the Annual Status of Education Report (ASER). It also incorporated data from the 

283 Young Lives Survey (YLS), which included 1,008 children born between January 1994 and 

284 June 1995, and 2,011 children born between January 2001 and June 2002. The test results 

285 were associated with local temperature and other climatic data from the year before the tests. 

286 Temperature data were classified into 10 different bins, with the coldest bin including 

287 average daily temperatures below 13°C and the warmest bin including temperatures above 

288 29°C. The YLS test results were also linked to local socioeconomic information [22]. A 

289 flexible econometric model was used to associate the scores with temperature, humidity, and 

290 rainfall, drawing on previous research by Deschenes and Greenstone (2011) [33] and Hsiang 

291 (2016) [34].

292 It was found that one additional day in the previous year with an average daily 

293 temperature higher than 29°C, compared to a day with a temperature between 15°C and 

294 17°C, decreases Reading and Mathematics performance by 0.002 and 0.003 standard 

295 deviations, respectively, in the present year. Ten extra days with an average daily temperature 

296 above 29°C in the previous year were found to reduce Reading scores by 0.02 and 

297 Mathematics scores by 0.03. Additionally, story reading ability and division-solving ability 

298 were reduced by 1 percentage point, while the impact on word or letter reading skills was 

299 insignificant. These results were statistically significant, with the impact of hot days being 

300 significant only for the harder questions in both reading and mathematics tests. The study did 

301 not identify any impact of short-term temperatures on test scores, and heat stress over the four 

302 days prior to the test did not have a significant impact on student performance [22].
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303 Park et al. (2021) analyzed global test score data from more than 500,000 students in 

304 58 developing and developed countries that participated in the PISA International Student 

305 Assessment between 2000 and 2015, administered by the Organisation for Economic Co-

306 operation and Development. The assessment involves representative samples of 15-year-old 

307 students taking harmonized exams in mathematics, reading, and science. The test scores were 

308 associated with country-specific temperature and income data to identify the impact of heat 

309 stress on students' cognitive performance. Data on the daily maximum temperature of each 

310 station were used, clustered into temperature bins of 5.5°C, ranging from -17.7°C to 60°C. 

311 The number of days in each bin over the previous 5 years was counted for each station. The 

312 study investigated the impact of all days with a daily maximum temperature above 26.7°C on 

313 student performance. The analysis concluded that school days with high temperatures during 

314 the last 3 years prior to the PISA exam impacted students' performance. Each additional 

315 school day above 26.7°C during the 3 years prior to the exam decreased exam scores by 

316 0.18% of a standard deviation, while an increase by a standard deviation of the days above 

317 26.7°C, conditional on year and station, resulted in 14 school days. Robustness tests showed 

318 that the findings were robust and not driven by false associations between long-term 

319 cognitive achievement trends and local warming patterns. School days before the exam were 

320 found to exclusively impact exam scores and human capital accumulation, while the impact 

321 of high-temperature during non-school days was insignificant, indicating that exposure to 

322 heat interferes with learning time [19].

323 Park et al. (2021) analyzed the test scores in mathematics and English Language Arts 

324 (ELA) from schools in over 12,000 US districts. The tests were administered to third and 

325 eighth graders. The data were sourced from the Stanford Education Data Archive (SEDA). In 

326 total, over 270 million test scores covering the period from 2009 to 2015 were analyzed. The 

327 test data for each district were associated with the corresponding climatic data, particularly 

328 the daily maximum temperature for school days from June 1 to February 28 in the year before 

329 the test, collected from 3,400 climatic stations [19].

330 The analysis showed that exposure to high temperatures during the school period 

331 significantly affects student performance. For each additional school day with temperatures 

332 above 27.6°C, student performance was reduced by almost 0.04% of a standard deviation. 

333 Specifically, mathematics scores were reduced by 0.11% and ELA scores by 0.04% of a 

334 standard deviation, with the average score reduction being close to 0.07% of a standard 

335 deviation [19].
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336 Zivin et al. (2018) analyzed data from 8,003 children and young people aged 14-22, 

337 participating in the National Longitudinal Survey of Youth (NLSY) in the USA. The study 

338 examined the short- and long-term exposure to high temperatures on mathematical test 

339 scores. To assess the impact of long-term exposure to high temperatures, three climatic 

340 indicators were used: a) the average of the degree days base 21°C over the relevant period, b) 

341 the percentage of days in each 2°C bin, and c) the average temperatures during January to 

342 February and July to August. All days, including school and non-school days, were 

343 considered. Two models were defined and used. The first model investigated the impact of 

344 the sum of temperature between successive tests, while the second model examined the 

345 impact of accumulated temperature from birth until the date of the test. It was found that the 

346 impact of high temperatures on mathematical scores was not significant for both models. A 1-

347 degree day increase in temperature across all days between two tests, a rather substantial 

348 change, decreased mathematics performance by only 0.630 percentile points. The lack of 

349 impact is attributed to potential adaptation measures undertaken to minimize the impact of 

350 high temperatures on students' cognitive performance [21].

351 Roach and Whitney (2022) analyzed data provided by the Stanford Educational Data 

352 Archive (SEDA), USA, including assessment outcomes from 2008-09 to 2014-15 for 

353 students in third through eighth grade for both English/language arts and mathematics tests. 

354 The test scores of each district were correlated with the corresponding median daily 

355 maximum ambient temperature. The study included data only for the school period, 

356 excluding non-school days. Daily temperature data were clustered into bins of 5.5°C (10°F), 

357 centred at 37.77°C (100°F), 32.22°C (90°F), 26.66°C (80°F), and so on. It was found that in 

358 areas with an average maximum temperature of 55°F (12.77°C), an increase in temperature 

359 by 1°F (0.55°C) decreased the average score by 4.71%, while in areas with a warmer average 

360 maximum temperature of 75°F (23.88°C), the corresponding average decrease was 2.6%. 

361 Additionally, for each additional day above 100°F (37.77°C), the mean student achievement 

362 was found to decrease by 2.3% [23].

363 Cho (2017) analyzed test data from the Korean college entrance exam in reading, 

364 mathematics, and English language from 1,729 high schools located in 164 cities in Korea. 

365 The sample included almost 1.3 million observations of tests performed in November over 

366 the period 2009-2013. The test scores were associated with the corresponding daily 

367 maximum ambient temperature data. It was observed that high ambient temperatures during 

368 the previous summer had negative effects on the scores of the current year. An additional 
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369 summer day with a maximum daily ambient temperature above 34°C, compared to a summer 

370 day with temperatures between 28-30°C, resulted in a decrease in mathematics and English 

371 language scores by 0.0042 and 0.0064 standard deviations, respectively. Ten additional warm 

372 days decreased the test scores by 0.042 and 0.064, respectively. In contrast, the impact on 

373 reading scores was insignificant [20].

374 4. Climate adaptation techniques and their impact on 

375 student cognitive performance

376 Various techniques aiming to lower indoor temperatures, improve thermal comfort 

377 and increase wellbeing have been implemented and studied.

378 4.1. Adaptation techniques to reduce endogenous heat accumulation

379 Exposure to heat causing hyperthermia can affect cognitive functions in humans, 

380 resulting in reduced performance and effectiveness. Hyperthermia may lead to elevated brain, 

381 skin, and core temperatures, which are inexorably associated with significant cognitive 

382 impairments in attention, memory, recognition, and processing speed [35] [36]. Medical 

383 research has provided some limited evidence that skin and brain cooling may modulate 

384 potential increments in cognitive function, improve thermal comfort, and reduce thermal 

385 strain, thereby supporting human physiological and psychological wellbeing [37] [38] [39].

386 Several cooling techniques aimed at reducing endogenous heat accumulation, and 

387 thus limiting core and/or skin temperature, have been explored to investigate how 

388 temperature reduction affects cognitive performance and reduces heat stress [40] [41]. 

389 Cooling techniques that decrease core temperature can reduce thermoregulatory responses 

390 caused by information received via endogenous thermoreceptors, chemoreceptors, and 

391 baroreceptors, while skin cooling aims to reduce blood flow in the skin and alleviate cardiac 

392 and brain strain [41]. Both cooling techniques aim to improve cognitive functions by 

393 increasing the attentional availability of resources. Techniques investigated include head 

394 cooling using cold packs, cooling collars, cold air exposure of the torso, ice slushies, slurries, 

395 cooling the blood in the common carotid artery, cooling vests, ice towels, cool showers, 

396 menthol mouth rinses, and water cooling of the face [42] [43].

397 Although there isn’t full agreement on the beneficial impact of localized head cooling 

398 on cognitive performance, and the corresponding literature remains equivocal, many medical 
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399 researchers agree that the potential positive effect is task-specific [44]. This is attributed to 

400 the different homeostatic temperatures of various brain areas, with a dorso-ventral 

401 temperature gradient being demonstrated in human bodies [45]. Application of head cooling 

402 to a specific brain area seems to reduce its load, thereby recovering its potential to execute 

403 the respective cognitive tasks [8]. Experiments have shown that head cooling improves the 

404 capacity of working memory but not visual recognition, mainly due to the different impacts 

405 of localized head cooling on the frontal and temporal parts of the brain responsible for 

406 specific cognitive functions [46] [47]. In general, there is agreement that cooling the frontal 

407 part of the brain presents the highest benefits compared to the occipital and temporal portions 

408 of the head [48].

409 4.2. Adaptation measures to improve operational conditions in work and 

410 learning environments

411 Engineering environmental controls designed to improve operational conditions in 

412 work environments have been proven to significantly impact cognitive components. The use 

413 of air conditioning, optimized airflow rates, personalized ventilation systems, clothing control 

414 techniques, and urban heat mitigation measures are among the most studied engineering 

415 adaptation strategies. Two relevant studies conducted in the USA have shown a significant 

416 increase in student performance following the installation of air conditioning systems [24]. 

417 The installation of a cooling system in previously non-air-conditioned schools in New Haven, 

418 Connecticut, was found to increase reading scores by 15% of a standard deviation [49]. 

419 Similarly, the use of air conditioning in the Los Angeles Unified School District increased 

420 reading and mathematics scores by 5-10% [50].

421 4.3. Use of air conditioning as an adaptation measure

422 The impact of indoor temperature levels and the potential use of air conditioning in 

423 classrooms on students' cognitive performance is typically investigated through direct or 

424 indirect experimental studies. These studies often involve short- or medium-duration 

425 exposure of students to a range of classroom temperatures, usually varying between 20°C and 

426 30°C.

427 Direct experiments assess the cognitive performance of two separate groups of 

428 students with similar characteristics, placed in air-conditioned and non-air-conditioned 

429 rooms, respectively. Indirect experiments evaluate the performance of a predefined group of 

430 students placed in the same room and exposed to a range of indoor temperatures over a short 
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431 or medium period. Finally, non-experimental assessment studies analyze a large number of 

432 test results from students participating in major national exams, conducted in various 

433 locations with different ambient temperatures. These studies consider the relative impact of 

434 local temperature levels on students' performance.

435 Numerous indirect experimental studies aim to assess the impact of indoor 

436 temperature on students' cognitive performance. These studies vary in the size of the testing 

437 panel, the duration of the experiment, the nature of the tests performed, the range of 

438 temperatures considered, the type of cognitive component assessed, local climatic conditions, 

439 and the methodology used to analyze the results.

440 An analysis of 18 indirect experimental studies concluded that in temperate climates, 

441 student performance increased by an average of 20% when the classroom temperature was 

442 lowered from 30°C to 20°C. Optimal performance is achieved at temperatures below 22°C 

443 [17]. In tropical climates, studies found that the optimal temperature for acclimatized students 

444 is a few degrees higher compared to temperate climates [51] [52].

445 Relationships between relative cognitive performance and classroom temperature 

446 have been proposed by Auliciems (1972) and Wargocki and Wyon (2013) [53], [54]. A third 

447 relationship proposed by Seppanen et al. (2006), was based on results collected from various 

448 environments, not just classrooms [55]. These relationships follow the Inverted U model, 

449 which postulates an inverted U relationship between relative cognitive performance and 

450 indoor temperature, suggesting a single optimum performance temperature varying between 

451 16.1°C and 22°C [14].

452 However, numerous other environmental, task-related, and performer-related 

453 confounding factors that are not considered by these proposed relationships can affect 

454 students' cognitive performance [55], [56]. Additionally, the suggested correlations pool 

455 together performance data from a plethora of cognitive tasks of diverse nature and 

456 complexity related to various human performance domains processed by different parts of the 

457 human brain. The impact of thermal stress on cognitive performance depends on the specific 

458 part of the brain engaged, and the influence of temperature varies for different tasks 

459 depending on their nature and complexity [57] [7].

460 There are five direct experimental studies assessing the impact of air conditioning on 

461 students' cognitive performance [58], [60], [60], [61], [62], [63].
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462 Schoer and Shaffran (1973) exposed a group of 10-12-year-old pupils to an air-

463 conditioned classroom maintained at 22.5°C, while a second similar group was assigned to a 

464 non-air-conditioned classroom kept at 26°C. The experiment lasted between six to eight 

465 weeks, during which the students performed nineteen different simple and complex tests. The 

466 performance of the students in the air-conditioned classroom was about 5.7% higher 

467 compared to the group in the warmer classroom. However, concerns were raised that the 

468 difference in performance might have been influenced by the gradual anger and 

469 discouragement of the two groups of students over the course of the experiment [58].

470 Wargocki and Wyon (2006 and 2007) conducted a crossover experiment in pairs of 

471 classrooms in a Danish school during the summer period. Different air temperatures were 

472 imposed in each classroom using split-type air conditioners for a week, and the temperatures 

473 were switched between the classrooms in the following week. The average temperatures in 

474 the air-conditioned and non-conditioned classrooms were 21.6±1.6°C and 24.9±1.7°C, 

475 respectively. During the experiments, the students completed several types of cognitive tasks. 

476 Students in the air-conditioned classrooms showed increased speed in subtraction and 

477 addition tasks and a decrease in errors in subtraction but not in addition. There was no 

478 significant effect of lower temperature on tasks related to logical thinking, acoustic proof 

479 reading, and reading comprehension [60], [60].

480 Mishra and Ramgopal (2015) compared the performance of 50 university students in 

481 India who attended courses in air-conditioned (AC) and naturally ventilated (NV) classrooms 

482 over a two-year period. The average indoor temperatures in the AC and NV classrooms 

483 during the experiments were between 24°C – 24.5°C and 28°C – 30°C, respectively. Almost 

484 similar levels of average student satisfaction were observed in both classrooms, with the 

485 satisfaction percentage differing by no more than 5%. No statistically significant difference in 

486 average task performance was observed between the students in the NV and AC classrooms. 

487 However, significant differences were noted on specific days. The lack of differences in the 

488 long-term perspective is explained by the ability of students acclimatized to higher 

489 temperatures to adapt to their environment by adjusting critical parameters according to the 

490 magnitude of thermal stress [61]. This finding aligns with the extended U model of cognitive 

491 performance proposed by Hancock et al. (2007) [64].

492 Porras-Salazar et al. (2018) conducted a comparative experiment with thirty-seven 11-

493 year-old children in two classrooms in an elementary school in Costa Rica over a period of 
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494 two weeks. During the first week, one classroom was air-conditioned using a split system, 

495 while no cooling was provided in the second classroom. In the second week, the second 

496 classroom was air-conditioned, while the first one was not, following a crossover experiment 

497 design. The indoor temperature varied between 24.5°C and 26°C in the air-conditioned 

498 classroom and around 30°C in the non-cooled classroom. Students were invited to complete 

499 specific sensation and cognition-related questionnaires and tests. About 25% of the students 

500 in the air-conditioned classroom were dissatisfied with the indoor temperature due to 

501 overcooling. Students in the air-conditioned classroom showed higher, but not statistically 

502 significant, performance on tasks related to the speed and accuracy of multiplication, and 

503 better performance in the speed of reading and comprehension, but not in accuracy. On 

504 average, students in the lower temperature classroom showed almost 7.5% better 

505 performance in speed and 0.6% in accuracy for each 1 C decrease in classroom temperature. 

506 The decrease in indoor temperature was found to improve the performance of less able 

507 students more than that of the most able ones [62].

508 Cedeno Laurent et al. (2018) evaluated the impact of air conditioning on the cognitive 

509 performance of 44 college students during heat waves in a heat-dominated climate in the 

510 USA using an observational cohort study. The experiment lasted for 12 days, and students 

511 were split into two groups. The first group lived in air-conditioned conditions, while the 

512 second group lived in a naturally ventilated, non-air-conditioned environment. Average 

513 indoor temperatures were approximately 21.4°C in the cooled environment and 26.3°C in the 

514 non-cooled environment. Comparative tests were performed to assess the cognitive speed and 

515 working memory of both groups of students. It was found that students living in air-

516 conditioned spaces presented significantly higher cognitive performance, with improvements 

517 ranging from 4.1% to 13.4% in reaction time and reduction throughput compared to those 

518 living in the non-cooled space [63].

519 Park et al. (2020) analyzed the impact of air conditioning on the cumulative exposure 

520 of students to excess heat. The study examined the scores of 10 million students participating 

521 in the PSAT standardized exam. Using an econometric model, it was estimated that the 

522 potential use of air conditioning in classrooms can almost fully offset the effects of 

523 cumulative exposure to heat. On average, the potential use of air conditioning in classrooms 

524 can offset 73% of the cognitive impact on students during hot school days. An increase in the 

525 school year temperature by 1°F in schools without air conditioning reduces students' 
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526 performance by 0.0032 standard deviations, while in fully air-conditioned schools, the impact 

527 is 0.0025 standard deviations lower [24].

528 Studies aiming to assess the association between short-term exposure to temperature 

529 and the performance of students participating in national exams, despite not directly 

530 referencing air conditioning, provide a valuable source of information due to the high number 

531 of participants and the extensive range of temperatures under which the data are collected. 

532 National exams are conducted during the same period for all students, likely under similar 

533 indoor climatic control conditions.

534 We analyzed three studies from the USA and China involving data from about 20 

535 million exam records, covering a wide range of ambient temperatures. All studies associated 

536 the score of each specific record with the corresponding local ambient temperature and 

537 assessed the impact of short-term exposure to temperature on the global cognitive 

538 performance of the students [65], [21], [66]. 

539 Park (2022) analyzed 4,509,102 exam records from 999,582 students participating in 

540 the Regents Exams in New York, USA, covering 91 different exam sessions over a 13-year 

541 period from 1998-1999 to 2010-2011. He associated the score of each record with the 

542 corresponding ambient temperature, ranging between 21.1°C and 32.2°C, collected from the 

543 closest meteorological station. Nearly 18% of the students participated in at least one exam 

544 with temperatures exceeding 32.2°C [66].

545 The study found that high temperatures significantly affect students' achievement during 

546 exams and their chances of graduating. Students' performance decreased by 0.009 standard 

547 deviations for each degree Fahrenheit increase in exam time temperature. Taking an exam at 

548 32.2°C decreased the chance of passing a particular subject by almost 10%. An increase in 

549 exam time ambient temperature by 3.4°C was found to reduce students' chances of graduating 

550 by about three percentage points [65].

551 Zivin et al. (2015) focused on analyzing the results of the National Longitudinal 

552 Survey of Youth (NLSY79) in the USA, investigating the short- and long-term impact of hot 

553 weather on students' cognitive performance. The NLSY survey involves over 12,000 young 

554 people aged 14-22 in the USA, and after 1986, the participants were surveyed in their homes. 

555 The study associated local ambient temperatures with the examination scores of each child in 

556 mathematics, reading recognition, and reading comprehension. High ambient temperatures 

557 were found to have a significant impact on children's performance. Performance in 
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558 mathematics decreased almost linearly above 21°C, with a statistically significant decline 

559 above 26°C. However, the relationship between temperature and reading assessment was not 

560 statistically significant. The study did not identify any long-term impact of ambient 

561 temperature on children's cognitive performance [21].

562 Zivin et al. (2020) investigated the impact of ambient temperature on the high-stakes 

563 cognitive performance of students participating in the National College Entrance 

564 Examination in China. They used data from 14 million records collected between 2005 and 

565 2011 from 2,227 counties in China. The performance data were correlated with the 

566 corresponding daily temperature records from 752 weather stations. The study found that 

567 high ambient temperatures affect students' cognitive performance, with most of the impact 

568 concentrated on high-performing students. An increase in ambient temperature by 2°C was 

569 found to decrease the total test scores by 0.68%, a percentage almost twice as large as the 

570 impact estimated in the USA [66].

571 4.4. Increased ventilation rates as an adaptation measure

572 It is widely agreed upon that increased air movement in buildings, whether through 

573 natural or mechanical means, can achieve thermal comfort conditions even at higher indoor 

574 temperatures [67]. While the impact of increased air movement on indoor thermal comfort is 

575 well documented, its effects on the cognitive performance of humans, particularly students, is 

576 only partially investigated.

577 Research has examined the impact of various ventilation systems and techniques on cognitive 

578 performance under higher indoor temperatures [60], [68], [69], [70], [71], [72], [73], [74]. 

579 Most studies have confirmed that higher airflow rates and lower indoor CO2 concentrations 

580 positively affect students' cognitive performance in simple tasks such as language and 

581 mathematics, contributing to higher examination scores [75].

582 The potential contributions of personalized ventilation systems [76], [77] and ceiling 

583 fans [78] have also been experimentally tested to assess their cognitive impact in non-

584 educational environments. Both systems were found to significantly improve participants' 

585 cognitive performance under increased indoor temperature conditions.

586 These studies confirm that poor air quality affects both typical schoolwork, i.e., 

587 performance in simple learning tasks like mathematics and language exercises, as well as 

588 pupils' examination grades and end-of-the-year results.
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589 Wargocki and Wyon (2006) investigated the impact of increasing outdoor air supply 

590 from 3 to 8.5 l/sec during a one-week crossover experiment in two fully mechanically 

591 ventilated classrooms in Denmark [60]. Seven different cognitive tests, including numerical 

592 and language ones, were performed by the students under the two airflow conditions. 

593 Increased airflow rates resulted in a reduction of indoor CO2 concentration from 1300 ppm to 

594 900 ppm, significantly improving indoor air quality. Under the high airflow rate, almost 70% 

595 of the tests were better accomplished compared to the low ventilation conditions. Students 

596 significantly improved the speed at which they completed two language and two numerical 

597 cognitive tasks, while the impact on the number of errors was insignificant [60].

598 Murakami et al. (2006) studied the impact of low and high classroom ventilation rates 

599 on the cognitive performance of about 70 college students in Japan. An air handling unit was 

600 installed in each classroom to vary the ventilation rate. Numerous cognitive tests were 

601 performed to evaluate the students' understanding of the given lectures. The temperature 

602 during the experiments was kept at 25°C. The high and low ventilation rates were 1,190 m³/h 

603 and 136 m³/h, respectively, while the CO2 concentration under the low and high ventilation 

604 rates was 1,000 ppm and 5,000 ppm, respectively. Higher ventilation rates were associated 

605 with a significant improvement in students' learning performance, varying between 5.4% to 

606 8.7% depending on the cognitive task, compared to performance under the low ventilation 

607 rate [68].

608 Bakó-Biró et al. (2012) analyzed the impact of increased ventilation rates in 16 

609 classrooms across 8 primary schools in the UK. A mechanical ventilation system was 

610 installed, increasing the air ventilation rate from 1 l/sec to 8 l/sec. The experiment lasted for 

611 at least 3 weeks, involving about 200 pupils. The indoor temperature during the experiments 

612 varied between 18°C and 26°C. Several computerized performance tests were conducted to 

613 assess the impact of increased ventilation on students' cognitive performance. Before the 

614 intervention, indoor air quality levels were quite poor. Increased ventilation rates 

615 significantly reduced indoor CO2 levels below the accepted threshold. Higher ventilation 

616 rates significantly improved pupils' cognitive performance in attention and vigilance tasks. 

617 Compared to low ventilation rates, higher airflow contributed to increased scores in word 

618 recognition by 15%, picture memory by 8%, colour word vigilance by 2.7%, and choice 

619 reaction by 2.2% [72]. 
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620 Haverinen-Shaughnessy et al. (2010) analyzed the association between ventilation 

621 rates and students’ performance in one hundred elementary schools in the southwest United 

622 States. During the monitoring period, ventilation rates in the classrooms varied between 0.9 

623 l/sec and 7.1 l/sec, while indoor CO2 concentrations ranged from 661 to 6000 ppm. A linear 

624 association between classroom airflow rate and students' academic achievement was 

625 observed. An increase in the ventilation rate by 1 l/sec corresponded to an increase in 

626 mathematics and reading performance by 2.9% and 2.7%, respectively [70].

627 Two other studies with similar characteristics were performed by Haverinen-

628 Shaughnessy and Shaughnessy (2015) and Mendell et al. (2016) [71], [74]. The first study, 

629 conducted in Southwestern USA, involved 3,109 students from 70 elementary school 

630 districts. It was observed that for each increase in the ventilation rate by 1 l/sec in the range 

631 between 0.9 – 7.1 l/sec/p, the average mathematics scores of the students increased by 0.5% 

632 [71]. The second study, conducted in California, used data from 150 classrooms in 28 

633 schools. In most cases, a positive association between ventilation rates and test scores was 

634 observed. A statistically significant increase of 0.6 points was observed in English tests for 

635 each 10% increase in prior ventilation rates, while the impact of increased ventilation rates on 

636 mathematics tests was not statistically significant [74].

637 Coley et al. (2016) investigated the impact of higher ventilation rates on the cognitive 

638 performance of eighteen pupils aged ten to eleven in the UK. The range of airflow in the 

639 classroom was controlled by opening and closing windows. Temperature was maintained 

640 between 22.5°C and 24.5°C using a split air conditioner. CO2 levels varied between 500 ppm 

641 and 4,000 ppm, depending on the ventilation rate. Students performed several computerized 

642 cognitive tests from the Cognitive Drug Research assessment, split into four test sessions 

643 under low CO2 levels (below 1,000 ppm) with a ventilation rate close to 13 l/sec per pupil, 

644 and another four sessions under high CO2 concentrations (2,000 ppm to 4,000 ppm) 

645 corresponding to 1.5 l/sec per pupil. Higher ventilation rates were found to significantly 

646 decrease the reaction time of the pupils, while the impact on accuracy scores, digit vigilance, 

647 memory, and continuity of attention was insignificant [69].

648 Petersen et al. (2016) investigated the impact of increased airflow rates on the 

649 cognitive performance of 10-12-year-old students in a crossover experiment conducted in 

650 four classrooms across two different schools in Denmark. Four different cognitive 

651 performance tests, focusing on logical thinking and short-term concentration, were 
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652 performed. The indoor CO2 levels in the low and high concentration classrooms were 

653 approximately 900 ppm and 1,500 ppm, respectively, over a period of 3.5 hours. Indoor 

654 temperatures were kept almost constant during the experiment, ranging between 19°C and 

655 21°C. For all types of tests performed, students exposed to higher ventilation rates (6.6 l/sec) 

656 and lower CO2 levels showed better performance compared to those exposed to higher CO2 

657 concentrations and lower ventilation rates (1.7 l/sec). Specifically, performance improved by 

658 7.4% in reading and comprehension, 6.3% in the addition test, 4.8% in number comparison, 

659 and 3.2% in grammatical reasoning [73].

660 4.5. Other adaptation and heat mitigation measures and technologies

661 Several efficient adaptation measures and heat mitigation technologies capable of 

662 counterbalancing the impacts of overheating have recently been developed and implemented 

663 in large-scale projects [79]. Available technologies and techniques include the use of 

664 advanced materials for building and city fabric, increasing greenery coverage, solar control 

665 devices, evaporation systems, and cooling systems based on the use of low-temperature 

666 natural heat sinks [80]. Advanced reflective, photonic, and fluorescent materials for building 

667 envelopes and urban fabrics exhibit very high reflectance to solar radiation and high thermal 

668 emittance in the atmospheric window [81]. When combined with well-irrigated greenery and 

669 solar control systems, these materials can decrease peak ambient temperatures by up to 4.5°C 

670 and improve the local microclimate [83], [84]. Further studies are necessary to investigate the 

671 impact of these natural and artificial mitigation and adaptation techniques on students' 

672 cognitive performance.

673 5. Social heterogeneities in cognitive performance 

674 caused by overheating

675 Existing studies have identified significant racial and geographic heterogeneities in 

676 the cognitive performance of students caused by cumulative exposure to heat. Differences in 

677 access to air conditioning and higher ambient temperatures in deprived geographic areas are 

678 considered the main reasons for these disparities

679 Past research has shown that fewer schools in disadvantaged areas in the USA have 

680 air conditioning compared to those in wealthier areas [84], [85]. According to Park et al. 

681 (2020), lower-income students in the USA are 6.2% more likely to attend schools with 

682 inadequate air conditioning compared to higher-income students [24]. Additionally, previous 
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683 research has shown that disadvantaged households in the USA, Australia, and Europe live in 

684 warmer neighbourhoods where the urban heat island effect can be up to 6°C higher than in 

685 areas where wealthier people live. These disadvantaged areas also have a lower density of 

686 green spaces, public goods, and environmental amenities [86], [87], [82], [88], [90].

687 Racial inequalities in educational outcomes are well-documented and are primarily 

688 attributed to social discrimination, racial bias, and cultural differences [89], [90]. 

689 Additionally, cumulative exposure to heat can have varied impacts based on income, race, 

690 and geographic location. Studies by Park et al. (2020), Garg et al. (2020), Park et al. (2021), 

691 Roach and Whitney (2022), and Cho (2017) have shown that cumulative heat exposure 

692 significantly affects the cognitive performance of minorities and disadvantaged low-income 

693 students more than their advantaged counterparts [20], [24], [22], [19], [23], [20]. The 

694 reasons for these disparities include: a) Substantially lower access to school and home air 

695 conditioning for minorities and low-income students. b) Higher ambient temperatures in 

696 neighbourhoods where minorities and low-income students live. c) The lack of capacity for 

697 disadvantaged families to compensate for cognitive loss due to overheating, such as through 

698 private tutoring. d) Advantaged students may attend schools where teachers can compensate 

699 for lost learning [24].

700 Several studies have documented that cumulative exposure to excess heat 

701 significantly contributes to racial disparities in educational outcomes. According to Park et al. 

702 (2020), the cognitive performance of Black and Hispanic students in the USA is almost three 

703 times more inhibited by potential heat exposure during the previous school year compared to 

704 white students. The impact of heat exposure from the previous year was nearly twice as high 

705 for students living in low-income zones compared to those in high-income zones [24].

706 Exposure to a 1°F , (0.55 C), warmer school year over the past four years has been 

707 found to cause an almost 80% larger impact on Black and Hispanic students than on white 

708 students. Additionally, one extra day above 90°F (32.2°C) in each of the four previous school 

709 years has a nearly 40% higher impact on Black and Hispanic students compared to white 

710 students. These performance differences are due to discrepancies in heat exposure during the 

711 school period, caused by the partial lack of air conditioning in schools in the poorest 

712 geographic zones, as well as significant differences in ambient temperatures between the 

713 zones where various racial groups live. Cognitive losses due to cumulative heat exposure 

714 seem to explain between 3% and 7% of the gap in PSAT scores between white, Black, and 
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715 Hispanic students. The authors estimate that heat exposure accounts for up to 13% of the 

716 racial achievement gap in the USA.

717 Garg et al. (2020), in their analysis of the cumulative impact of heat on the cognitive 

718 performance of students in India, found that students from the poorest families receiving state 

719 subsidies had lower test scores compared to students from wealthier families [22].

720 Park et al. (2021) analyzed the performance of students in PISA exams and concluded 

721 that the impact of heat exposure on cognitive performance is higher in poorer countries 

722 compared to richer ones. The effect of the same temperature event was almost three times 

723 greater for low-income students than for high-income students. Based on their analysis, it was 

724 concluded that Brazilian students may learn 6% less than their South Korean counterparts due 

725 to much higher heat exposure, which accounts for almost 33% of the differences in exam 

726 performance [19].

727 Park et al. (2021) analyzed the impact of cumulative heat exposure on students in 

728 grades three to eight in the USA and concluded that low-income and disadvantaged students 

729 living in deprived neighbourhoods are more affected than their advantaged counterparts. Each 

730 additional school day above 26.7°C results in a 0.12% decrease in test scores for low-income 

731 schools, while no significant impact is observed in higher-income schools. For each week 

732 above 26.7°C, the average cognitive performance of Black and Hispanic minorities is 

733 reduced by an amount equivalent to reducing teacher value-added by 5-6% of a standard 

734 deviation. This disparity is explained by significant differences in the availability of air 

735 conditioning in schools and homes between the White population and other minorities [19].

736 Roach and Whitney (2022), in their study on the impact of cumulative heat exposure 

737 on elementary and middle school students in the USA, found that their data aligns with 

738 previous research on the impact of heat on different racial groups. Asian students were found 

739 to perform better than White, Hispanic, and Black students [23].

740 The impact of heat and the corresponding differences in performance seem to be more 

741 significant in cooler geographic regions than in warmer ones. Goodman et al. (2020) found 

742 that cognitive losses in the USA are more significant in heating-dominated zones compared 

743 to cooling-dominated zones. Similarly, Cho (2017) found that exposure to high summer 

744 temperatures in Korea mainly affects students living in cooler parts of the country, while the 

745 impact on students living in relatively warm cities was not statistically significant. In cities 

746 with an average maximum daily temperature below 28.5°C, one additional day at or above 
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747 34°C, compared to a day with a maximum daily temperature between 28°C and 30°C, 

748 decreased students' scores in reading, mathematics, and English by 0.0073, 0.0124, and 

749 0.0105 standard deviations, respectively [20].

750 6. Expected Impact of Climate Change on the Future 

751 Cognitive Performance of Students

752 Considering the significant impact of cumulative exposure to excess heat on the 

753 cognitive performance of students, three studies have assessed the potential future cognitive 

754 losses due to global warming [22], [23], [24].

755 Garg et al. (2020), using a longitudinal study from Southern India and future climatic 

756 projections for the years 2075-2099 obtained from the Community Climate System Model 

757 (CCSM v4, Gent et al., 2011), reported that the expected temperature increase would 

758 decrease reading and mathematics scores by 0.03 and 0.04 standard deviations (SD) each 

759 year, respectively [91]. Over the course of a student's education, this corresponds to a 

760 schooling loss equivalent of nearly two years. Using the assumptions and methodology 

761 proposed by Evans and Yuan (2019) [92], and assuming that an increase in literacy skills by 

762 one standard deviation corresponds to a 51% increase in wages, it was estimated that a 

763 potential rise in hot days by 10 could result in a 3% decrease in wages [22].

764 Park et al. (2020) estimated the magnitude of heat-related learning disruptions caused 

765 by global warming for an average high school student by 2050, relative to a student attending 

766 school in 2010. Considering climatic model predictions that foresee an average increase in 

767 ambient temperature in the USA by 5°F (~2.8°C) and a 10-year cumulative impact of heat on 

768 students' lives before the PSAT exams, it is estimated that future overheating would reduce 

769 the 2050 cognitive achievement of students by 0.1 standard deviations, assuming no 

770 additional penetration of A/C systems in schools and homes and neglecting potential non-

771 linearities in the association between temperature and cognitive losses for temperatures 

772 outside the range of historical values. If A/C use in schools increases according to the 

773 existing trend, the loss in cognitive performance could be less than 0.05 standard deviations. 

774 If all schools are air-conditioned by 2050, the damage would be less than 0.025 standard 

775 deviations. The impact of overheating on cognitive performance is found to be higher in the 

776 Northeast and other cooler geographic zones of the country, where the cognitive impact per 

777 degree of temperature increase is greater [24].
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778 Additionally, the damage will be considerably higher for poorer populations in the 

779 USA and globally due to reduced penetration of air conditioning, especially among low-

780 income groups. As reported by Pavanello et al. (2021), air conditioning penetration in 

781 developing countries is unevenly distributed across various income groups, with very low 

782 penetration figures for the poorest people [93]. Despite a significant increase in air 

783 conditioning penetration by 2050 [94], it is estimated that between 64 to 100 million families 

784 with electricity access in countries like India, Mexico, Indonesia, and Brazil will not be able 

785 to adequately satisfy their cooling needs.

786 Roach and Whitney (2022) have also assessed the potential cognitive loss caused by 

787 global warming in the USA by 2050. Using the IPCC forecast for a temperature increase of 

788 1.5°C, they estimated that the average performance of elementary school students may 

789 decrease by about 9.8%, assuming no adaptation measures are taken. Similar to Park et al. 

790 (2020), they found that in geographic zones with average temperatures below 65°F (18.3°C), 

791 cognitive loss will be significantly higher than in warmer zones. An increase in temperature 

792 by one degree in cooler parts (<18.3°C) may significantly reduce students' cognitive 

793 performance, while the impact in warmer areas (>84°F or 28.9°C) is not expected to be 

794 statistically significant [23].

795 7. Discussion and conclusions

796 We reviewed seven existing studies that investigated the effects of prolonged heat 

797 exposure on students' cumulative cognitive performance. Collectively, these studies analyzed 

798 an extensive dataset comprising nearly 14.5 million students from 61 countries, linking 

799 individual learning outcomes to heat exposure. The findings suggest that long-term heat 

800 exposure negatively impacts students' cumulative learning. Six of the seven studies identified 

801 a statistically significant negative relationship between extended heat exposure and cognitive 

802 performance, while one study found the impact to be minimal [21].

803 The studies examined the influence of heat exposure over periods ranging from one to 

804 five years prior to the tests. However, the estimated timeframes during which heat exposure 

805 affected cognitive performance varied across the studies. Two studies focusing on the PISA 

806 exam concluded that high temperatures influenced cognitive performance up to three and four 

807 years before the tests, respectively [19], [24]. Meanwhile, two studies observed the impact as 

808 limited to the previous school year [22], [20], and another two studies restricted the effects to 

809 the current school year [19], [23].
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810 Significant differences in the modelling approaches adopted by these studies may 

811 explain the observed discrepancies. The choice of temperature data used as a proxy appears 

812 to have a substantial impact on the results of the analyses. Two studies linked cognitive 

813 performance to the average daily temperature, while the remaining studies used the daily 

814 maximum temperature as a proxy [22], [21]. The use of daily maximum temperature seems to 

815 be a more appropriate choice, as schooling typically takes place during the hours when 

816 maximum temperatures occur. In contrast, the average daily temperature includes nighttime 

817 data, which is unlikely to influence cognitive performance significantly.

818 The effect of the selected temperature proxy becomes particularly evident in analyses 

819 of the same dataset of Brazilian students. Melo and Suzuki (2021), who based their analysis 

820 on temperature during the exam, found a pronounced impact of heat on students' performance 

821 [95]. Conversely, Li and Patel (2021), who used the average daily temperature, arrived at 

822 opposite conclusions [96]. A further analysis of the dataset by Melo and Suzuki (2021), 

823 employing both temperature proxies, demonstrated that using the average daily temperature 

824 significantly reduces the effect estimates [95].

825 There remains an open question as to whether cognitive loss occurs primarily during 

826 the school period or if exposure to high temperatures during non-school days in previous 

827 periods affects students' cognitive performance. Four studies have excluded weekends and 

828 non-school days from their analysis of the relationship between temperature exposure and 

829 learning performance [24], [66], [23], while the others have included them. Park et al. (2020, 

830 2021) investigated the impact of weekends and holidays on student performance using 

831 econometric models and found no evidence of diminished achievements among students [24], 

832 [19]. None of the studies concluded that the impact of non-school days is significant. 

833 Although further research is required, it appears that time spent in school plays a decisive role 

834 in human capital loss and accumulation.

835 The characteristics of cognitive tasks performed and assessed determine the 

836 magnitude of the loss associated with heat exposure. Cognitive tasks of varying types and 

837 complexities activate different regions of the brain. Heat stress affects the temperature of 

838 different brain regions in distinct ways, and potential cognitive loss depends on the specific 

839 thermal load experienced by the brain areas involved [57], [97]. According to Ayres and Paas 

840 (2012), the Cognitive Load Theory of instructional design posits that the cognitive system 

841 consists of Working Memory (WM) and Long-Term Memory (LTM) [98].Working Memory 
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842 has limited capacity and duration and is utilized to hold and process information needed for 

843 immediate tasks, such as problem-solving, decision-making, and learning [99]. In contrast, 

844 Long-Term Memory is theoretically limitless in capacity and serves as a repository for 

845 informative knowledge stored indefinitely. Under conditions of heat stress, the limited 

846 resources of Working Memory may struggle to handle demanding cognitive tasks, such as 

847 complex mathematical operations. In contrast, cognitive tasks like reading comprehension 

848 and proofreading, which rely on the participants' skills and are primarily based in Long-Term 

849 Memory [100], require less attention since the information is already assimilated. As a result, 

850 these tasks may be less sensitive to temperature compared to more complex tasks [36].

851 The conclusions from long-term exposure studies appear to align with the previous 

852 findings. Four studies have separately analyzed the impact of cumulative heat stress on 

853 mathematics and reading. Three of these studies found that the effect of prolonged heat 

854 exposure was significantly greater for mathematical tasks compared to reading tasks [19], 

855 [20], [22]. In contrast, one study reported that the cognitive loss for both tasks was nearly 

856 identical [24]. Park et al. (2021) observed that the long-term exposure to heat had 

857 approximately three times the impact on mathematics as it did on reading and verbal tasks 

858 [19]. Meanwhile, Cho (2017) found that during days with maximum temperatures between 

859 28°C and 30°C, mathematics and reading scores decreased by 0.0105 and 0.0073 standard 

860 deviations, respectively [20].

861 Besides temperature, a wide range of factors—environmental, task-related, and 

862 performer-related—may influence students' cognitive performance [7]. Environmental 

863 confounding factors include climatic variables such as humidity, precipitation, wind speed, 

864 and solar radiation, which can affect the body's thermoregulation system. Additionally, 

865 perceived indoor environmental elements—such as lighting quality, acoustics, indoor 

866 pollution, spatial layout, decoration, furniture, and cleanliness—impact students' mental well-

867 being and satisfaction [3].

868 Numerous studies have investigated the impact of humidity on thermal comfort [101]; 

869 however, little is known about its effect on human cognitive performance [102]. Laboratory 

870 research on short-term reductions in cognition under humid conditions revealed that humidity 

871 negatively impacts mean skin temperature, as well as the accuracy and response time of 

872 participants during cognitive tests [102]. Additionally, three studies on long-term heat 

873 exposure examined the influence of humidity, wind speed, and pressure on students' 
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874 cognitive performance [24], [22], [20]. All these studies concluded that humidity and other 

875 climatic parameters have minimal effects on point estimates.

876 The impact of non-temperature-related Perceived Indoor Environmental 

877 Characteristics (PIEC) on cognition has been extensively studied among office workers [9]. 

878 Research highlights that factors such as improved visual quality, spatial layout, furniture, and 

879 privacy positively influence occupants' mental well-being and satisfaction. However, limited 

880 research exists on the effects of PIEC on students' cognitive performance, despite evidence 

881 showing that children are more susceptible to environmental conditions than adults. 

882 Comparative studies suggest that indoor environmental conditions in classrooms have a 

883 greater impact on students' performance than on office workers' productivity [103], [104]. 

884 This is because children sweat rate is less than in adults while absorb more heat because of 

885 their smaller body and the higher ratio of surface area to body mass [105].  

886 Most short-term classroom studies examining the effects of PIEC on students' 

887 cognitive function have focused on indoor temperature and thermal comfort [106]. Only a 

888 few, however, have explored the role of lighting [107], [108]. Notably, classroom lighting 

889 conditions significantly affect cognitive performance, particularly attention span, working 

890 speed, and accuracy. Strategies such as utilizing LED lighting, balancing artificial and natural 

891 light, and implementing high Correlated Colour Temperature (Cool White light) systems 

892 appear to enhance students' cognitive and psychological processes [108].

893 The confounding impact of perceived indoor environmental characteristics (PIEC) on 

894 students' cumulative cognitive performance remains unaddressed in existing long-term heat 

895 exposure studies. These studies rely on macro-level statistical data provided by national 

896 authorities, which lack detailed, classroom-specific information. However, findings from 

897 short-term studies suggest that PIEC may significantly influence students' cognitive 

898 performance over time. Therefore, it is crucial to design and implement long-term heat 

899 exposure studies that combine experimental data on perceived indoor environmental 

900 conditions and other mediating factors with statistical insights into students' cognitive 

901 outcomes. Such studies would help uncover the relative impact of key confounding variables.

902 Performer related factors influencing the cognitive performance of young people 

903 primarily include thermal acclimatization, gender, hydration levels, emotional state, and skill 

904 level [7]. Individuals living in warmer climates are better acclimatized to heat compared to 

905 those in colder regions, making them more adept at managing heat exposure [109]. This 
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906 adaptation arises from behavioural, cultural, and environmental responses to heat stimuli, 

907 such as enhanced sweating efficiency, improved blood circulation, and other cardiovascular 

908 adjustments [110], [111]. The degree of heat acclimatization depends on the intensity of heat 

909 exposure and individual characteristics. 

910 Limited research exists regarding the effects of heat acclimatisation on cognitive 

911 performance. A study examining the impact of acclimatisation on soldiers' performance 

912 under heat-stress conditions found that non-acclimatised participants demonstrated reduced 

913 response accuracy on complex tasks. However, no significant effects were observed on 

914 attention-related tasks [112].

915 Three studies on the long-term effects of heat exposure on students' cognitive 

916 performance found that students living in cooler regions experience greater cognitive 

917 disruption per unit of temperature increase compared to those in warmer areas [20], [23], 

918 [24]. Park et al. (2020) reported that an additional day with temperatures exceeding 32.2°C 

919 impairs cognitive performance in students from cooler regions three times more than in those 

920 from warmer regions in the U.S. Furthermore, the cumulative impact of a 1°F, (0.55C), rise 

921 in temperature throughout the school year is nearly twice as significant in cooler areas. 

922 Similarly, the cumulative effect of each extra day above 32.2°C per year is five times greater 

923 in cooler regions [24]. Roach & Whitney, (2022), found that increase of the ambient 

924 temperature by 1F, decreases the performance of students in the cooler and warmer areas of 

925 the country by 4.71 % and 2.6 % respectively [23]. Additionally, Cho (2017) found that an 

926 extra school day with a maximum daily temperature of 34°C or higher impairs reading scores 

927 by 0.0073 standard deviations in cooler regions and 0.000 standard deviations in warmer 

928 regions. For maths, the corresponding decreases were 0.0124 and 0.0011 standard deviations, 

929 respectively [20]. The pronounced differences in cognitive loss between students living in 

930 cooler and warmer geographic areas, attributed to cumulative heat exposure, may result from 

931 a combination of long-term heat acclimatisation among students and the more extensive use 

932 of air conditioning in households located in warmer regions.

933 Long-term exposure to heat appears to have a greater impact on the cognitive 

934 performance of younger students compared to older ones. Park et al. (2021) found that each 

935 additional hot day at school reduces the performance of third to fifth graders by 0.08-0.13% 

936 of a standard deviation, while the effect on students in grades six to eight was negligible [19]. 

937 This aligns with earlier findings indicating that children have a reduced capacity to adapt to 
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938 heat due to their less developed and less efficient biological systems for regulating body 

939 temperature, as well as their limited ability to sweat effectively [113].

940 Limited knowledge exists regarding the impact of heat exposure on the performance 

941 distribution of students. Zivin et al. (2020) found that short-term heat exposure during exams 

942 disproportionately affects the success rates of high-performing students, while low-

943 performing students remain largely unaffected by environmental conditions. Given the 

944 already low expected success rates of low-performing students, the relative decrease due to 

945 heat exposure may be statistically negligible. In contrast, for high-performing students, the 

946 absolute reduction in success rates can be significantly higher in absolute terms [66]. Adverse 

947 conclusions are drawn from short term studies assessing the impact of heat exposure during 

948 normal courses period. Porras Salazar et. al. (2018), found that higher exposure to heat 

949 disproportionally affected the less able 11-year old pupils while decrease of the classroom 

950 temperature had more beneficial impact for them compared to the high-performance pupils 

951 [62].

952 Considering the reduced adaptability of children to heat, as well as findings from 

953 several short-term school experiments on students' temperature preferences, it has been 

954 suggested that indoor classroom temperatures should be 2–3°C lower than those 

955 recommended for adults [17]. However, while implementing such lower indoor temperature 

956 conditions poses significant energy challenges, further research is required to thoroughly 

957 assess the physiological and cognitive benefits of these measures across varying climatic 

958 conditions.

959 Research on the physiological responses and heat adaptability of individuals working 

960 under natural ventilation (NV) and air conditioning (AC) conditions has demonstrated that 

961 those in NV environments exhibit superior physiological acclimatisation and a greater ability 

962 to cope with heat compared to their AC counterparts [114]. This raises questions about 

963 whether reliance on AC is the most effective adaptation strategy for climate change. 

964 Consequently, the potential risks and negative impacts of prolonged AC usage in 

965 classrooms—particularly when not accompanied by substantial improvements in students' 

966 cognitive performance—should be thoroughly evaluated and documented.

967 The penetration of air conditioning in poorer developing countries is low and 

968 unevenly distributed among various income groups [93]. In low-income groups, the 

969 availability of air conditioning is severely limited due to reduced economic affordability 
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970 [115]. Systemic cooling poverty, driven by economic and social deficiencies alongside a lack 

971 of supporting infrastructure, restricts the ability of lower-income households and 

972 neighbourhoods to maintain comfortable living temperatures.

973 In developed countries, the adoption of air conditioning among low-income and 

974 ethnic minority households is significantly lower compared to middle- and high-income 

975 households. In regions of the USA with above-average temperatures, the percentage of 

976 households without air conditioning is 12% for the low-income group (less than $25,000 per 

977 year), 7% for the middle-income group (less than $80,000 per year), and 3% for the high-

978 income group [119].

979 Additionally, ethnic minority households —namely Black, Hispanic, and Asian-led 

980 households — are less likely to have air conditioning compared to white households. In these 

981 warm regions, 14% of Asian-led, 13% of Black-led, 9% of Hispanic-led, and 4% of white-led 

982 households do not have air conditioning [119]. Furthermore, financial challenges prevent 

983 12% of Black-led and 10% of Hispanic-led households from using air conditioning, 

984 compared to 5% of white-led households. In these areas, approximately 22% of low-income 

985 households experience unhealthy indoor temperatures, and 42% report reducing or foregoing 

986 necessities due to high energy bills. By comparison, these issues affect only 3% and 7% of 

987 upper-income households, respectively [119].

988 The additional energy consumption and costs associated with air conditioning usage 

989 reveal significant disparities between countries and income groups. The electricity 

990 consumption penalty for air conditioning is notably higher in developing nations compared to 

991 developed ones [116]. For example, De Cian et al. (2025) reported that, on average, 

992 households in Indonesia and the U.S. allocate approximately 1.6% and 3.5% of their 

993 expenditures to electricity, respectively. However, air conditioning usage increases electricity 

994 consumption by 66% in Indonesian households and by 29% in U.S. households, placing a 

995 significantly greater economic burden on Indonesian households [116].

996 Predictions regarding the penetration of air conditioning in developing countries 

997 indicate that cooling devices will remain largely inaccessible to low-income groups [93]. 

998 Given the anticipated significant rise in temperatures in almost all parts of the world, along 

999 with the increasing frequency and duration of extreme heat events, serious concerns emerge 

1000 about the potential cognitive losses among younger generations due to overheating. The 

1001 development and implementation of zero- or low-energy heat mitigation and adaptation 
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1002 technologies for educational premises appear to be essential strategies to prevent a decline in 

1003 learning capacity and to avert substantial societal and developmental consequences for low-

1004 income population in developing and developed countries. 

1005 8. Limitations

1006 There are several limitations of this study that need to be mentioned and considered. 

1007 Firstly, direct comparison of the results of the seven reported long-term heat exposure studies 

1008 is not possible. This is due to the use of populations with varying characteristics, such as age, 

1009 heat acclimatization, knowledge, and cultural backgrounds. Additionally, the methodologies 

1010 employed in these studies differ significantly, including variations in the proxy temperatures 

1011 considered and the statistical approaches used.

1012 Moreover, the absence of data on indoor classroom climatic conditions limits the 

1013 analysis of how indoor environmental quality may affect cognitive performance.

1014 Finally, none of the studies address the magnitude or characteristics of other 

1015 environmental stressors beyond temperature, such as indoor pollution, lighting quality, and 

1016 their impact on cognitive decline in students. As a result, these factors cannot be adequately 

1017 assessed.

1018 Further research is essential to fully understand the magnitude and impact of key 

1019 environmental stressors on the long-term cognitive performance of students.

1020 9. Conclusions

1021 Impairments related to cognitive and human capital loss of the young generation may 

1022 affect the future progress of nations because of the associated dramatic economic, social and 

1023 cultural implications caused by persistent disruptions to the learning process. The social cost 

1024 of global overheating on human capital associated to the potential reduced capacity of young 

1025 people to undertake intensive cognitive activities, will unfortunately affect equity and quality 

1026 of life of vulnerable and low-income population unable to be protected from the climatic 

1027 phenomena. It will accelerate societal discrepancies and will impede economic progress in 

1028 less developed countries suffering from excessive heat exposure. There is an urgent need to 

1029 adopt a new perspective on the cognitive implications of climate change by advancing 

1030 technologies and implementing robust, targeted policies to safeguard both current and future 

1031 human capital.
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