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THE RELATIONSHIP BETWEEN CLASSROOM TEMPERATURE AND
CHILDREN’'S PERFORMANCE IN SCHOOL

ABSTRACT

The present paper reports a meta-analysis of fdaigvidence on the effects of temperature in datlassrooms
on children’s performance in school. The data fad8rstudies were used to construct a relationshipd®n thermal
conditions in classrooms and children’s performancghool. Psychological tests measuring cogniviities and
skills, school tasks including mathematical andglage-based tasks, rating schemes, and tests aisaskess
progress in learning including end-of-year graded the examination results were considered as atatis of
children’s performance Due to the lack of complateasurements, thermal conditions were charactefized
measured classroom temperatures. To create thonslaip, the fractional change in performance syfghological
tests and school tasks was regressed againstehagavtemperature at which the change was recaatigujblished
data were used regardless of whether the chanlgaining outcome changed significantly with tempae For
other learning outcomes, no relationship was cdebhezause the data were insufficient. The relatipnderived in
the analysis shows that the performance of psygicab tests and school tasks can be expected tedse on
average by 20% if classroom temperatures are lalvicen 30C to 20C and that the temperature for optimal
performance is lower than 22°C. The relationshipabd only for temperate climates. It requiresifieation for
other climates and extensions to temperatures Itveer 20°C and higher than 30°C.

HIGHLIGHTS

» Acrelationship was developed between temperatudevarious indicators of learning outcomes.

» It is based on data collected mainly in temperditaates concerning the performance of psychological
tests and school tasks.

* Reducing temperature by 10 K from 30°C to 20°Cxjseeted to increase the performance of tasks neteva
for learning by 20%.

* The effects of temperature on schoolwork seem®tgrbater in magnitude than has been found foceffi
work.

» The optimal temperature for the performance of sthork seems to be lower than for office work.
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1. INTRODUCTION

Research has documented that classroom environihogmatiity in elementary schools, where childrenrgpa large
part of their waking hours, is often inadequatedddl that this may have far-reaching consequencebd learning
process [2,3]. Thermal discomfort caused by elel/atenperatures in classrooms has been shown teedtie



ability of pupils to perform typical school task$,4—14] and to reduce the results they obtain ional tests
examining progress in learning [15,16]. The heatsst caused by elevated outdoor temperatures kasshewn to
increase the number of pupils failing to pass exgisl7]. Some studies have suggested that theggine thermal
effects on performance are much greater for puyils are less able [6,11,17].

One possible reason for the effects observed tsptlfEls cannot concentrate or are distracted wbeperatures in
classrooms are too high and that this has negetimeequences for an effective learning processelailassroom
temperatures may also have negative consequencteefwork of teachers and even on parents, who lmasg to
stay at home or leave work early when their childcannot attend school because of sickness orilitigatue to

suboptimal classroom conditions. Such consequemcakl have considerable socio-economic implicati@hs

Currently, it is difficult to estimate the actuates of the effect on learning due to suboptimatried conditions in
classrooms because there is no agreed relatiogsiaiptifying the effects of the thermal environmentlearning
outcomes. Some relationships have been proposE?, 5], but they used only the results that hach lsdxained in
their own measuring campaigns. This is probablyabee many different performance metrics have beed in

studies to determine the effect on learning. Tineluided psychological tests, typical schoolworksasnd national
tests or exams. An additional complication for deping such a relationship could be that pupilstipgrating in

the studies varied regarding their age, learninlitiab, skills, and socio-economic background.

Several relationships between temperature and npesftce have been derived for office work [18-Zppanen
et al. [18] used the results from 24 studies, ofcWheight were performed in offices [23-30], anddisvork

performance or complex tasks as the performanammé, one was performed in a factory [31] and oremi office

[29], both of these using complex and simple taaksperformance outcome, eleven were performed én
laboratory [19,30,32—-39] and used simple taskgedl#o office work performed by adult subject, dodr were

performed in the classrooms of elementary schoblsotleges and the performance of schoolwork to suea
performance [9,40-42]. Seppéanen’s relationshipciteis that performance will decrease below 21-2#2f€Cabove
23- 24°C, and that optimal performance would beuado22°C [18]. The change in performance was abolfo

decrease for each 1°C increase in the temperatutbei range 24-32°C. Another relationship betwdrnhal

conditions and performance was derived by Lan et[22]. They regressed thermal sensation against
performance of psychological tests and tasks sitimgl@affice work using data from three experimgoésformed in

the laboratory with recruited adult subjects [22443. The relationship confirmed the relationshgveloped by
Seppéanen et al. [18] and predicted that optimunfiopeance would occur when people feel slightly cddther

relationships between thermal environment and pmidace were developed by Berglund et al. [19], Bfseh [20]

and Jensen et al. [21]. Berglund et al. [19] ubedperformance of wireless operators, Roelofsehij2éd a limited

set of data to relate loss in performance to PMKijewJensen et al. [21] used data from 12,000 efficcupants and
a Bayesian model to develop their relationship. yTtdfered only slightly from the relationships dexd by

Seppéanen et al. [18] and by Lan et al. [22], buighibuld be noted that none of the above analysempted to

estimate specifically effects on children in school

In view of the above, it is worth attempting to dmp a relationship that specifically addressesntiaé conditions
in classrooms and their impact on the performarfcecboolwork, which it is reasonable to assume paedict
learning and thus learning outcomes such as saradles and examination results. Such a relationsbigd be
particularly useful in cost-benefit analyses ofqgil ways to improve classroom conditions. It Veolie useful for
the owners and administrators of school buildingsd for the decision makers setting codes, stasgdamad



regulations. Finally, it would be useful for eduaratand professionals dealing with teaching whéfierdint methods
and approaches for optimizing and improving thehe®y process, in particular, ergonomic soluti@ssthe thermal
environment in the classroom must be consideredrasmportant ergonomic factor. The present work was
undertaken to develop such a relationship.

2. METHODS

The archival literature was surveyed to find aeticteporting studies examining the impact of théwcoaditions in
classrooms on the performance of schoolwork anteaming outcomes as defined above. The inclusidaria
were that the articles must have reported both areagents of thermal environment and measurementheof
performance of schoolwork or of learning outcom@sly studies performed with elementary school mupil
(primary, middle or secondary school pupils) wereepted, i.e. with children younger than 19 yedds Data from
college and university students, published by Regole Warner [41], Murakami et al. [45], Ito et [@6] and Sarbu
and Pacurar [47], among others, were thus notdeclu

Diverse measures of the above dependent varialdes accepted, including the performance of psydicdd tests
measuring cognitive skills and abilities to perfosthoolwork, some typical tasks encountered in cletmrk,

results of aptitude and national tests examinirggass in learning, the results of midterm andlfexams, and
end-of-year grades. Studies reporting only subjeltirated performance were not included. Proxasréduced
performance, such as the prevalence and intens$itycote health symptoms, especially fatigue, diffic in

concentrating, sleepiness or headaches were netdewad as valid predictors of learning outcomesithér were
perceived disobedience, behavioural changes, epatiscomfort in the classroom environment or dikve
statistics accepted as valid predictors of learomgomes.

From each study, the details were obtained asriditesi in Table 1 and Tables A1 and A2 in the saipgntary
material. They included the location of the stutype of the study, population, temperature measuyge of
performance metric used for estimating learningontes and the main results. The temperatures afapance
outcomes (independently of their type and of whethe thermal conditions could be shown to haveaéd them
significantly) were used to develop a relationstgscribing the effect of temperature on the peréorce of
schoolwork.

The analytical approach used to develop the relstip was the same as used by Seppanen et al8[1&é
fractional change in performance was calculatedlf@rchange in the range of temperature examigdof each
measure of performance as illustrated in Equatiorhis was done in the case when only two levelewiperatures
were examined.

Equation 1: A=P (1) -P(T) /P (Tw) 2/ (Tu-
)

where P (T) is the performance at the lower temperature,Ruftl) is the performance at the higher temperature,
T, represents the lower temperature @pdhe higher temperature.

To estimaté\ at the midrange(.,q) Of temperatures in each study, Equation 2 wad,use,q giving the effect of
temperature on performance at the midpoint of dmge of temperature to which subjects had beensexjd 8]



Equation 2: Amia=A/1+(0.50) (T
T

A and) g were calculated separately for the speed at wthiehtests had been performed or the reaction time i
reaction time was reported, and for the accurageocentage of errors committed.

When subjects had been exposed to more than tvetsle¥ temperature, a linear regression was fitisidg the
reported measurements, and the slope of the régmdase was used to represent the change in pagnoce. It was
assumed that the underlying relationship was lingighin the rather narrow range of conditions fohigh the
change was calculated, as was assumed when cadgilandX g

The calculated fractional changes in learning autes at the midrange per 1°C change in temperatured) were
regressed against the average temperature estirbasstl on the range of temperatures for which these
calculated (Figure 1). In this Figure, each pointtbe developed relationship shows what would leectinge in
performance if temperature would deviate Bg.1Fractional polynomials were used to determireelbst fit [49].
The 95% confidence intervals were estimated udiegetjuation for the variance of a fitted value agppsed by
Royston and Sauerbrei [49].

Using Figure 1, the relationship presented in FégRirwas created. The performance at temperatuP€’6f was
used as a reference and then change in perfornaaracey other temperature higher thai@®as calculated using
the relationship showing the fractional change énfgrmance per°C (Figure 1). For example, starting with the
relative performance at 20°C assumed to be 1, dlaive performance at 21°C was estimated to bé 89the
fractional change in performance at this tempeeafar 1°C change in temperature according to Fidui® -0.04,
then for 22°C the fractional change in performapee 1°C is -0.04 so the relative performance a& thimperature
was estimated to be 0.92, and so on. It was aribjt@ssumed that 20°C was the temperature at witiethighest
performance would occur, as suggested by the wbkiargocki and Wyon [2]; the performance at tempees
lower than 20°C could not be estimated. Consequetiité performance at that temperature was se0®8%1 and
the performance at higher temperatures was foube tower.

To estimate the 95% confidence interval bandsHerderived relationship, a bootstrapping method wezsl [50].
Following recommendations by Field [51], 1,000 ramdsamples were created, and the curves that ittest this
samples were estimated using the functional fornthefregression line describing the relationshipwben the
fractional change in performance and the tempezatusing these curves, performance was estimatedlfo
temperatures between 20°C and 30°C with a stepedife5°C, producing 1,000 performance estimatesefich
temperature level. These data were used to catcthat 2.8 and the 978 percentile, which were used to fit the
curves that were then assumed to represent thec8Bfilence intervals.

3. RESULTS

Eighteen studies satisfied the inclusion critedathe present literature review (Table 1). Theyemgublished as
early as in 1967, and as late as in 2018, i.ey, tiower nearly half a century of research on thgctof thermal
environment and learning outcomes. Only ten studiese used to develop the relationship. The redsomot
including some studies is provided in Table 1. Galhg it was either because it was not possibleatzulate the
fractional change in learning outcome due to laicllata or the authors did not measure classroorpdestures or



because they used outdoor temperatures as the eimdiept variable and simply assumed that classroom
temperatures would be affected.

The studies that were included were performed @asmwith generally moderate rather than exceptliphégh or
extreme outdoor temperatures and relative levelsuofiidity. They reported the effects of thermal ditions in
classrooms on the performance of psychologicaktestd school tasks. Some studies had taken platieein
classrooms normally used by the children partiaigain the experiments [1,4—6], and some in climetambers
[9,14,52]. One study [13] transported the childianbuses to other classrooms where their performamas
measured.

The thermal environment in the classrooms was cheniaed by temperature measurements; daily or lyeek
average temperatures were used to derive theamsiip. Most of the studies were performed in ctamss with
temperatures between 20°C and 27°C. The thermaatien or thermal discomfort experienced by pupits
seldom reported in thesed studies, and consequentlgnalyses could be made using these metriesagé of the
pupils participating in the studies ranged betw@amd 18 years old.

The detailed information concerning all of the sésdconsidered for inclusion in the present angligspresented in
Tables A.1 and A.2, while a short description @fthis included in Appendix A in the supplementaigtenial.

Figure 1 shows the estimated fractional changep@ed or reaction time per 1°C change in tempergijref the
fifty-two cases that could be used in the preseatyais. They are plotted against the average teatyre, based on
the range of temperatures for which the fracti@m@ngesX) were calculated, as described above. The figuoe/s
that there was a non-linear relationship betweantifsnal change and temperature, indicating thatetffiects on
performance were higher the lower the temperafline. shaded area in Figure 1 represents the 95%deoct
interval of the curve and indicates that at temtpees higher than 28°C no further reduction in gerfance is to be
expected.

Based on the estimated regression line in Figutkelrelationship presented in Figure 2 was credtelowing the
rationale provided in the Methods section, the ewwas extrapolated below the lowest average termyeraf
21.8°C, to 20°C. Figure 2 suggests that changiegctassroom temperature from 30°C to 20°C wouldease
performance by about 20% and that the largestteffeald occur between 26°C and 20°C.

No relationship was derived for the fractional ofpain accuracy, because data were available ooy the studies
of Johansson [9] and Wargocki and Wyon [1].

4. DISCUSSION

The relationship shown in Figure 2 was developedgudata from studies examining the effect of therinal

environment on performance outcomes. In the preaaatysis, temperature was used as a proxy fomider
environment. Many other parameters can affect thity of thermal environment and the thermal resss of
building occupants. These parameters were howewtr consistently reported in the identified literstu
Temperature was the only parameter that was alveggsted and this is why it was used. Use of teatpee can be
considered a limitation of present work but is asgguence of the limitations of the available dhtt set the
constraints for subsequent analyses. Future studiethe effects of thermal environment on humaitbee in



classrooms or in offices, should therefore enshiat the thermal environment is characterized mwattebthan in
the studies included in the present work and they fis a minimum include all six parameters thifiémce thermal
response, and if possible thermal sensation oflimgjloccupants.

The derived relationship provides crude estimatiefpossible effects of classroom temperatureesfopnance of
schoolwork. The relationship should be used talkimg account all assumptions and limitations asged with it.
The relationship is valid in the range of averagmaperatures between 21.8°C and 29.5°C. It is likedy it follows
an inverted U-shape as found by other authors 81221, although this shape could not be determinébe present
analyses. Whether the curve would inflect at 21.8f@t a lower temperature is not clear from thalable data. In
the present analysis, it has been arbitrarily assuthat it would deflect at 20°C, based on theltesibtained by
Wargocki and Wyon [2]. This assumption is furthepgorted by the following simple analysis. If tlesults of Lan
et al. [22] are valid for children, it would be eqted that maximum performance would have beenrebdet the
temperature at which pupils felt slightly cool; eet results of Porras-Salazar et al. [6] for cleifdsupport this
assumption. If the PMV-model is applied for a typisummertime school garment of 0.5 clo, air spe€dl m/s,
RH = 50%, and activity level of ca. 1.4 met, thenperature at which pupils would feel slightly cawebuld be
estimated to be around 19.5°C [53].1.4 met was uestier than 1.2 met for sedentary activity becatisdies show
that pupils in elementary schools have a metalatie that is about 15-20% higher than adults, gryblaecause of
a higher activity level [54,55]. The basic metabalate of children (BMR) is about 15-20% higherrttedults
[56,57]. The 0.5 clo was considered the insulatralue of a summertime school garment by de Deal.etnd
Porras-Salazar et al. [6,58]. Consequently, acated by this analysis, it can be inferred thattdmperature for
optimal performance of children in schools mightd&er than it is for adults,. This, as a mattefauft, agrees with
findings that suggest that there is a differendgvben the thermal perception of children and adchédren have
been found to prefer classroom temperatures up3ttCAower than those preferred by adults in offifg9-62]. For
temperatures higher than 29.5°C, the performance fundher decrease with increasing temperatureit onay
asymptotically approach a minimum value; in thesprg¢ case, the curve shown in Figure 1 suggestsatha
temperatures higher than 28°C no further decreageiformance would be expected. A plausible exlan is
that only a few studies reported any data on legroutcomes around 30°C. Another plausible expianas that
temperatures of 30°C and above cause such a highdé dissatisfaction that any further increaseéeémperature
would have an only a minor impact on performande th already low. Future studies are needed tdircon
examine these two possibilities.

The performance of psychological and school tagksdifferent temperature was used to develop thesgmte
relationship, as there were insufficient data fidreo learning outcomes. Each of them measureséiffespects of
cognitive performance that are important for effiti learning. No information was found which wowtiow
weighting of how important they are for learningaames and how well they reflect the educationatli¢hat has
been attained. It was therefore decided not to htetitgem against each other. This differed from dpproach of
Seppéanen et al. [18], who applied arbitrary weigtcoefficients to different performance tests. Beerall work
performance, a coefficient of 1 was used, for sintdsks simulating work the coefficient was 0.5 dod
psychological tests the coefficient was 0.25. Theas, however, no justification in the scientifietature for the
selected coefficients and they were based onlyherekpert judgment of the authors. These coeffisiarned out
not to have a significant impact on the relatiopsteveloped by Seppénen et al. [18].



Present analysis focused only on the relationsbipiden classroom temperature and performance obbebrk.
The latter can be affected by many factors inclgdatigue, difficulty to concentrate and think algaheadaches
and sleepiness that were shown to be affected hpdeature and are related to performance [22].|Aticaship
between changes in objectively measured performandenentioned symptoms would be useful but it m@isthe
objective of the present work. Many studies predidhe results on performance of schoolwork onlvat levels
of temperatures. This is why the linear relatiopshias assumed to determine the fractional changeriormance
per 1°C change. The same assumption was made antigsis made by Seppénen et al. [18,48]; thethotkwas
followed in the present analyses. With the infoiioratetrieved from the studies it is not possildethe authors to
corroborate if the linearity assumption is true.

Changes in performance were calculated for all detarted by the studies, independently of whetherchange in
performance was statistically significant or not &valuation of the quality of reported results weede. This can
be considered as a significant limitation of thegent approach. However, it was adopted to enbatedata from
all studies were treated equally and to avoid @prasentation of the results of performance téstt dre more
sensitive to changes in classroom conditions. Nonabzation or weighting of the effects was madedshon the
number of pupils taking the test. Taking the abiowe account, it is fair to say that the relatioipsthat was derived
provides a conservative and crude estimate offfeets of classroom temperature on performance.

The present relationship reflects mainly acute atffeof temperature on performance, as they aredbase
intervention studies observing and changing thepgrature in classrooms while monitoring pupil parfance; the
change was mainly a decrease in temperature fromt wdas normal, although in a few studies classroom
temperatures were also increased. It would be Lisefitkamine whether these acute effects influertber learning
outcomes such as the end-of-year grades, natiestatesults or examination results. Such an arsalyas made by
Park [17]. He showed that both acute and chronposure to heat indoors due to elevated outdoor eesyres
(assumed to affect conditions indoors) negativéfigcss learning outcomes. Future experiments shpuldue this
avenue of validation more quantitatively.

Three cross-sectional studies reported other legroutcomes than the ones used to develop thdoredhtp
presented in Figure 1, namely standard test scares examination results; an important differencemfr
intervention studies is that they did not performeasurements of classroom conditions concurrentlth wi
measurements of learning outcomes. Even thoughdbwelg not be used when developing the preseniae&hip,
for the reasons given earlier, it is still worthting the observed effects and comparing them wétimates made
using the present relationship. Haverinen-Shaugiynasd Shaughnessy [15] reported a 0.6% decreake store
of a standard test assessing proficiency in mattiesnper 1°C change in classroom temperature, theerange of
temperatures between 20°C and 25°C, which yield8%aper 5°C. This is lower than is predicted by gresent
relationship.

Park [17] and Goodman et al. [16] estimated theat$f of elevated temperature on learning outcothey; did not
use the measurements of classroom temperaturessbdt measurements (observations) of outdoor temupera
Park [17] estimated that there had been a 4.5%ctieduin the performance of year-end school exatiina when
outdoor temperature had increased from 22°C to 3Zt® corresponded to a 10.9% lower chance ofipgsn
exam. Goodman et al. [16] showed that high schinoleits scored lower after hotter days relativéhéir scores in
cooler days. A school year with a 0.55°C (1°F) leigtemperature (on average) was estimated to reattaemic
achievements by 0.002 standard deviations, implglaut 1% lower performance.



In the present analysis, the data were analysed) tise method that Seppénen et al. [18] had apfdielédvelop the
a relationship between temperature and office vperformance. Cohen’s effect size is usually catealan a meta-
analysis and provides a standardized differencealfavs comparison of effects obtained in diffdrstudies with
diverse populations, having different size and ewdren the measuring scales were different. It cowdt be
calculated in the present analysis as only a fewias$ included in Table 1 provided data on standindations
necessary to derive Cohen’s d. For the availalia [d3 the effect size was calculated and is showhable A.1 in
the supplementary material. Median Cohen'’s d feespvas 0.19 meaning that in a group of 100 pejmist would
perform less well. For accuracy, the median of @&hd was very low (0.04).

Using data from tropically acclimatized childrergrRas-Salazar et al. [6] found that pupils perfadnsehool tasks
better at 25°C than at 30°C. This temperature ghdt than predicted by the present relationshims€quently,
another metric to describe the thermal environniemassrooms would be pertinent. This metric stidake into
account all other parameters that influence themesponse of children. Pupil’s thermal sensaticyuld be a
useful metric, as in the study reported by Lanl.gR&]. Present analysis does not make any digtindetween any
potential seasonal differences in the performaricgcloolwork. It should be treated as an estimétenoaverage
performance of schoolwork throughout the school yleat is independent of the season.

The relationship derived in the present study wasigared with some relationships between temperatnce
performance developed previously. The comparisoshiswvn in Figure 3. The figure shows the relatigosh
developed by Auliciems [12], Wargocki and Wyon [#2]hich both used data on performance of schooldmild
while Seppanen et al. [18] mainly used the perforeeaof office work, and Lan et al. [22] used datanf adults
performing tasks relevant for office work. The |agb reports integrated results from many studib8enthe three
first used only their own data. Auliciems [12] dexdl two relationships between classroom temperaocethe
performance of schoolwork. The performance of ¢kifdon continuous addition and cancellation testiewised to
derive the relationships. As shown on Figure 3dcbn achieved maximum performance on the contiaualdition
test at a temperature of about 16.1°C and on theetlation test at 17.2°C, the latter curve beiangda only on data
from boys. The polynomial curves suggest that perémce changed by 0.38 and 0.32 per degree Celghidh is
lower than in the relationship derived in the presstudy. This change is similar to the curve gbf&men et al. [18]
and Lan et al. [22]. Wargocki and Wyon [2] foundhtttthe relationship between temperature and pedooa of
schoolwork exhibits a linear shape that extendsndtma20°C, at which temperature performance wagmes to
be highest. However, it is worth mentioning thathdid not extend their studies to temperaturesetawan 20°C
and thus it is difficult to predict where the optim would have occurred. Nevertheless, their resatisther with
results of Auliciems [12] justify that optimum teematures for learning are lower than optimum terapges for
office work and support rightfulness of selectiegnperature lower than 22® as temperature that is optimal for
performance of schoolwork. Seppanen et al. [18ppsed a relationship between temperature and offisk
performance with an inverted u-shape in which oatiperformance would be achieved around 22°C. Alaim
curve and optimal performance temperature wereveldity Lan et al. [22]. The difference betweenrtiationship
developed in the present work compared with theseldped previously by Seppéanen et al. [18] anddtaal. [22]
is that the effects of temperature on school wadns to be stronger in magnitude than for officeknamnd that
optimal performance would be expected at lower emaipires. Whether these lower temperatures comesfmn
thermal sensation slightly lower than neutral iiclilt to predict as no data have been reportedhisaspect, not
even when the PMV model of Fanger was developell [8re studies are needed to permit predictiorthef
thermal sensation of children of school age asatfon of the thermal conditions in classrooms [64]



The present results show that the impact of tentperaon cognitive performance is not negligible d@hdt the
effect on learning outcomes (on the schoolwork gfils) is much higher than for office work. The sea for the
differences should be examined further in fututedigts, but it is likely that fewer opportunities adapt and the
increased vulnerability of children to increasethperature, due to a lower ability to sweat [65Fk atausible
explanations.

The socio-economic consequences of the observedigfire expected to be high, but there is vettg Evidence
on this matter in the published literature. A hymical analysis of socio-economic benefits resgltirom
improving classroom air quality in Danish schoolsowed that increasing ventilation rates could iasee
Denmark’s Gross Domestic Product (GDP) by €173ionillper annum and increase the public finances 3% €
million per annum [66]. The relationship developedhe present work could form the basis of simidast-benefit
analyses in the future.

The present results provide a powerful argumendision-makers and regulators to revise the rements in
codes and standards so that providing an optinahileg environment will remain in focus, indepentierof
whether the aim is to design, renovate or operdied buildings.

5. CONCLUSIONS

» Avrelationship between classroom temperature azchileg outcomes was developed. It predicts thectsffe
of changing the classroom temperature on the speadhich schoolwork and psychological tests are
performed. The relationship predicts that redudiegperature by 10 K, from 30°C to 20°C, would
increase the performance of schoolwork by 20%. Bleisefit is larger in magnitude than for office Wwor
performed by adults.

* The relationship shows that the temperature forogitémal performance of schoolwork is lower than fo
optimal performance of office work.

» Future studies are needed to identify the optiraiperature for schoolwork in different climatic zsn
Such studies should develop a relationship betwheethermal sensation of children and their perforoe
of schoolwork. This will require more informatiom ¢he relationship between classroom temperaturés a

the thermal sensation of children, which currerglglmost non-existent. [67]
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Table 1. Summary of the data from studies examitiiegeffect of temperature on learning outcomes

Temperature range .
. . . . Studies used to develo
. Population Population ) examined/reported Learning . .
Study Year Location Type ) Age of pupils the relationship
(schools) (pupils) temperature levels outcomes o
A presented in Figure 1
%)
Field intervention: .
Holmberg and 3 classrooms in ar
1967 Sweden Classroom was 50 9 20, 27, 30 School tasks Included
Wyon [4] elementary school
heated
Field Intervention; .
Holmberg and 4 classrooms in al
1967 Sweden Classroom was 80 11 20, 30 School tasks Included
Wyon [4] elementary school|
heated
A controlled
Wyon [5] 1969 England laboratory study in N/A 48 11 20, 23.5, 27 School tasks Not included
a climate chamber
A controlled study | 2 classrooms in al )
Ryd and Wyon [9] 1970 Sweden . 34 13 20, 27 School tasks Not included
in a language elementary school|
X 4 classrooms in al .
Ryd and Wyon [9] 1970 Sweden Field study 89 13 23, 25, 27 School tasks Not includkd
elementary school
o 23 classrooms in
o Longitudinal 2- )
Auliciems [10] 1972 England . 19 elementary 600 11-16 12- 25 School tasks Not included
year field study
schools
o . . Psychological
Schoer & Shaffran Field intervention: | 2 classrooms in ai
1973 USA (lowa) ) . 44 9 22.4,24.9 tests and Schoo Included
[11] Air conditioners elementary school
tasks
Schoer & Shaffran Fieldintervention: | 2 classrooms in ar
1973 USA (lowa) . . 22 10 22.6,26.1 School tasks Included
[11] Air conditioners elementary school|
o . . Psychological
Schoer & Shaffran Field intervention: | 2 classrooms in ai
1973 USA (lowa) ) - 40 11-12 22.3,254 tests and Schoo Included
[11] Air conditioners elementary school|
tasks
School tasks
A controlled g
an
Johansson [7] 1975 Sweden laboratory study in N/A 36 10 23, 30, 36 . Included
. Psychological
a climate chamber
tests
Wyon. Andersen A controlled
and Lundqvist 1979 Denmark laboratory study in N/A 72 17 20-29 School tasks Included
[12] a climate chamber




Wargocki and

Field intervention:

2 classrooms in ai

2007 Denmark ) . 44 10-12 20, 23.6 School tasks Included
Wyon [1] Air conditioners elementary school
Wargocki and Field intervention: | 2 classrooms in ar
2007 Denmark . . 44 10-12 21.6,24.9 School tasks Included
Wyon [1] Air conditioners elementary school|
Field intervention:
slightly cool
outdoor air was .
o . . 2 classrooms in .
Bako-Bir6 et al. introduced into the Psychological
2012 England an elementary 36 9-10 23.1,25.3 Included
[13] classrooms through tests
. school
a mobile
ventilation
equipment
. . National tests
Haverinen- . 140 classrooms in .
US.A Cross-sectional examining .
Shaughnessy and 2015 70 elementary 3019 10 20-25 ) Not included®
(Southwest) study progress in
Shaughnessy [15] schools .
learning
National tests
U.S.A. (New Cross-sectional . . ) examining )
Park [17] 2016 947 high schools 1 million 17-18 15.5-35 ) Not included®
York) study progress in
learning
National tests
Goodman et al. Cross-sectional . examining .
2018 US.A. N.A. 10 million 14-17 N.AY ) Not included®
[16] study progress in
learning
Porras-Salazar et . Field intervention: | 2 classrooms in ar .
2018 Costa Rica 37 10-12 25.0, 30.0 School tasks Not incluffed

al. [14]

Air conditioners

elementary school|

1 Used outdoor air temperatures from nearby weattagions instead of classroom temperatures
2 No change in performance was seen, thereforevelnot reported by authors

3 No numerical results were provided
4 No significant effects were observed, therefatadvere not reported by authors
5 Proposed his own relationships

5 Learning outcomes were retrieved from nationaktes
" Schoolwork was performed by tropically acclimatizubjects

All temperatures are air temperatures except fooyAndersen and Lundqvist [12] that reported tlit@etic mean ofthe air and radiation temperature and Porras-Saédzd. [14] that reported operative temperature
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FIGURE 1. The fractional change in performance per 1°C changtemperature at the midrange (q4)
plotted against average temperature for the ramge/iich the fractional change was calculated. d&g is

for speed at which the tests were performed. Negatalues indicate reduced performance with inagas
temperature. The lines show the regression (siolg) With 95% confidence bands (dashed lines). Bbtav

the estimated\q for individual tests or tasks (see Table A.1 in @amentary Material). The function
describing relationship between % change in perdoree and temperature is as follows: y = 0.4596 t —
14.086; where t is the air temperaturé=R.19; P< 0.001.
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FIGURE 2. Performance of schoolwork as a function of classréemperature. Performance is the speed at
which tasks or tests were performed. The lines sth@welationship derived from the curve in Figliresolid
line), with the ¥ (top) and the 95 (bottom) percentiles (dashed line) considered eprasent the 95
confidence interval. 100% has been set arbitraitili20°C (see text) and is considered optimal perémrce.
The function describing relationship between re&aperformance and temperature is as follows y22@D

2 — 13.441 t + 277.84; where t is the air temperature.
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FIGURE 3. Comparison of the relationship developed in thislg with the relationships proposed by Auliciems
[12], Wargocki and Wyon [2], Seppanen et al.[18]] &an et al.[22]. Dashed lines show relationslidps
schoolwork while continuous lines for adults dommgstly office work. Optimal conditions for performee are
considered to occur when performance is 100%. Eiald of these relationships can be found in tippEementary
material Table A3.
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