sustainability
Article

Do Attention and Memory Tasks Require the Same Lighting?
A Study in University Classrooms
Carmen Llinares 1 , Nuria Castilla 2, *
1

2

*



Citation: Llinares, C.; Castilla, N.;
Higuera-Trujillo, J.L. Do Attention
and Memory Tasks Require the Same

and Juan Luis Higuera-Trujillo 1

Institute for Research and Innovation in Bioengineering (i3B), Universitat Politècnica de València,
46022 València, Spain; cllinare@omp.upv.es (C.L.); jlhiguera@i3b.upv.es (J.L.H.-T.)
Centro de Investigación de Tecnología de la Edificación (CITE), Universitat Politècnica de València,
46022 València, Spain
Correspondence: ncastilla@csa.upv.es

Abstract: Lighting plays a fundamental role in learning spaces as it influences students’ performance.
Nowadays, new technologies and new teaching methods in higher education mean that very different
visual tasks are performed in the classroom, so further research is necessary to identify what lighting
is best suited to these new tasks. The objective of the study is to analyse the impact that variations in
levels of illuminance and Correlated Colour Temperature (CCT) of classrooms have on the cognitive
functions (attention and memory) of university students. The cognitive performance of 90 participants
was evaluated based on attention and memory tasks. The participants had to view nine virtual
classroom configurations, with three different illuminance settings (100 lx, 300 lx and 500 lx) and
three CCTs (3000 K, 4000 K and 6500 K). The results showed that attention and memory tasks require
different level of illumination. While attention improves with higher light levels, memory improves
with lower light levels. Higher CCTs generate better performance in both attention and memory
tasks. These results highlight the link between lighting and students’ cognitive responses. This study
and its methodology can be useful for architects and researchers as they establish lighting design
guidelines capable of improving students’ cognitive processes.
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1. Introduction
Light plays a fundamental role in learning environments [1,2] as it affects students’
performances [3] and academic achievements [4,5]. Light conditions influence task visibility,
visual performance, comfort and the visual impressions of spaces, people and objects [6].
Moreover, light may change the way we perceive a space, how much we like it and how
we feel [7].
New information and communication technologies and new learning practices have
changed higher education. Researchers have called for learning spaces that are interactive,
collaborative and that allow appropriate physical movement and social engagement among
teachers and students [8]. Indeed, new technologies and new teaching methods mean
that very different visual tasks are now performed in classrooms, so further research is
necessary to identify what is the most appropriate lighting for these new tasks [9].
An important consideration is whether modifications made to educational spaces to
adapt to new tasks, and the consequent changes made to lighting, can improve the energy
efficiency of teaching centres. Illuminance level is one of the parameters of lighting sources
with the greatest influence on energy expenditure. Illuminance, together with Correlative
Colour Temperature (CCT), is widely recognised as a key interior lighting variable [10].
Traditionally, lower levels of lighting have been associated with decreased cognitive
and academic performance [11–13], but recent research has investigated the influence of
illuminance on cognitive performance and obtained conflicting and inconclusive results.
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Two of the most important cognitive tasks associated with student learning are working
memory and attention. Nevertheless, the results of studies that have analysed the effects of
light on these two parameters have reached contradictory results.
In the case of attention, some studies have shown positive effects of bright light [14].
Smolders et al. [15], in a study with two illuminance levels (1000 lx vs. 200 lx at eye
level, 4000 K) showed effects of illuminance on subjective alertness and vitality, sustained
attention in tasks, and heart rate and heart rate variability. In another study, Smolders and
de Kort [16] investigate if the effects of a higher illuminance level benefits individuals who
suffer from mental fatigue. Like the previous study, they found that illuminance has a
positive influence on attention. However, other studies such as Huiberts et al. [17] exposed
each participant to three different light levels (1700 lux, 600 lux and 165 lux at eye level) for
approximately one hour at the same time of day and did not find significant differences
of illuminance on sustained attention. Other studies also found no significant differences [18,19]. Moreover, some such as Leichtfried et al. [20] revealed that high-intensity
illumination (5000 vs. 400 lx at eye level) even impacted negatively on sustained attention.
In the same way, the results of Öner et al. [21] and Leccese et al. [22] revealed that lower
illuminances improved cognitive performance on a test requiring sustained attention.
The same could be considered in the case of working memory. While some studies
show positive effects [17,23]; others found no significant differences, like J. Y. Park et al. [24].
They analysed the effects of two illuminance levels (700 and 150 lx) during a working
memory task and observed that high illuminance led to significantly lower frontal EEG
theta activity than did low illuminance. These differences persisted despite the fact that they
did not find significant differences in task performance between illumination conditions.
Furthermore, other studies suggest that participants even performed worse when they
were exposed to higher illuminance levels (1000 vs. 200 lux) [23].
Research into CCT has also returned no conclusive results. Some authors have observed that higher CTT values generate better cognitive processing and performance [25].
Mills et al. [26] conducted a study within a shift-working call centre. They investigated
the effect on well-being, functioning and work performance of fluorescent light sources
with a high CCT (17 000 K) compared to a control group (2900 K). The data showed improved concentration for a group of employees working in high CCT. Viola et al. [27]
exposed workers on two office floors to a change in lighting (17,000 K vs. 4000 K) for eight
weeks. They evaluated daily alertness, mood, sleep quality, performance, mental effort,
headaches and eye strain. Results showed that high CCT light improved all the tested
parameters compared to normal white light. Keis et al. [28] in their experiment changed
to blue-enriched white lighting (1400 k vs. 4000 K) to stimulate the circadian system of
students at two schools. Results showed the beneficial effects of blue-enriched white light
on students’ performance.
Despite these results, other studies have concluded that CCT has no influence on
attention or working memory. Smolders and de Kort [29] investigated the effects of CTT
(2700 K vs. 6000 K, 500 lx on the desk) on individuals’ experiences, performance and physiology during one hour of exposure in the morning versus afternoon. Results showed that
CCT and time of day had no significant main or interaction effects on sustained attention.
In the same vein, Vandewalle et al. [30] exposed participants to blue (470 nm) or green
(550 nm) monochromatic light. Even though their results implied that monochromatic blue
light could affect cognitive function, they did not find any difference in the performance in
an auditory working memory task.
In addition, other studies have found that a combination of illuminance and CCT
produces varied results. Ru et al. [31] analysed the influence of these two parameters and
observed significant differences in the performance of attention and memory tasks with
modified lighting levels, with better results for 1000 lx versus 100 lx, but not when the CCT
was modified (3000 K vs. 6500 K).
Thus, in most cases the results are inconclusive. Perhaps this is due to the complexity
of the measurement processes used since studies have varied in dose (illuminance levels),
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Figure 1.
1. General outline of the study.
Figure

2.1. Stimuli
2.1. Stimuli
A representative classroom in the Higher Technical School of Building Engineering
A representative classroom in the Higher Technical School of Building Engineering
(ETSIE) at the Polytechnic University of Valencia, Spain, was virtualised. A classroom with
(ETSIE) at the Polytechnic University of Valencia, Spain, was virtualised. A classroom
no natural lighting was represented to avoid the interference of the variables natural and
with no natural lighting was represented to avoid the interference of the variables natural
artificial lighting. A 3 × 3 matrix was configured, with 3 categories for the illuminance
and artificial lighting. A 3 × 3 matrix was configured, with 3 categories for the illuminance
variable: 100 lx, 300 lx and 500 lx, and 3 categories for the CCT: 3000 K, 4000 K and 6500 K.
variable: 100 lx, 300 lx and 500 lx, and 3 categories for the CCT: 3000 K, 4000 K and 6500
Figure 2 shows the set of configurations. Each participant was exposed to all configurations,
K.
Figure 2a shows
thecounterbalancing
set of configurations.
Each participant was exposed to all configufollowing
complete
design.
rations, following a complete counterbalancing design.
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Figure 2. Lighting environmental simulations.
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2.3. Participants
A total of 90 participants took part in the study, 55% male and 45% female
(average age = 22.75 years; σ = 2.348). Three inclusion criteria were established: (1) being
a university student between 18 and 23 years (common ages among students studying
for a university degree in Spain); (2) being Spanish (to avoid possible cultural effects);
(3) having normal vision (to avoid problems with the use of VR displays) or corrected to
normal through the use of contact lenses; and (4) not use substances (such as caffeine) or
medication that could interfere with locomotion or performance.
2.4. Data Analysis
The sense of presence experienced by the participants in the simulated environments
was assessed both by means of a questionnaire, and through their performances in attention
and memory tasks. Table 1 displays the characteristics of the variables. In the design of the
study, it was considered that task performance could depend on visual abilities and visual
comfort. Therefore, auditory and non-visual tasks were chosen as the analysis focused on
the effects of light on cognitive performance.
Table 1. Variables under study.
Presence
Objective

Measurement

Process

Metrics

Validate the degree to
which a simulation
can generate in the
participant a response
similar to that
produced by the
physical world

SUS questionnaire
[30], which consists of
six items evaluated
on a Likert-type scale,
from 1 to 7

The participant
assesses the sense of
presence of each
simulated
environment
analysed

•

Objective

Measurement

Process

Metrics

Quantify the degree
of attention of the
participants for each
of the simulated
environments

Attention task
(similar to [32]),
which consists of
reacting as soon as
possible to a specific
auditory stimulus
with a mouse click
(objective) and
avoiding doing so
with other auditory
stimuli (distractors)

The participant is
subjected to a task
with 8 objects and 32
distractors; the time
between stimuli was
800 ms to 1600 ms.
The participants had
750 ms to react to the
stimuli, after which
the episode was
considered an error

Objective

Measurement

Process

Quantify the memory
level of the
participants for each
of the simulated
environments

Memory task [31],
which consists of
remembering a set of
related words

The participant
listens to 3 audio clips
of 15 words each and
repeats them in a
maximum time of 30 s

SUS-Total

Attention task

•
•

Attention-Time
Attention-Errors

Memory task
Metrics

•

MemoryMatches

2.5. Procedure
Outliers were controlled by performing all experimental sessions following the same
protocol. Figure 4 shows the different actions performed during the sessions. In addition,
there was no daylight contribution during this experiment, and the background noise level,
the ambient temperature, the arrangement of the furniture in the room and the devices
used were kept constant for the whole sample.

Sustainability 2021, 13, 8374

The sessions were held during the university teaching timetable in Spain (8:00–21:00),
so that the results would be representative of classroom activity. Given that the control of
such a wide time slot would have required an excessively large sample, it was decided to
carry out the sessions in a randomized way. This methodology is described by Kish [44]
as a way of controlling an experiment by including variables randomly, on the basis that
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sense or
of worse
presence
(Phase 1) was
performed
by
summing the average level of six items that compose the SUS questionnaire. The analysis of

Table
2. Statistical
tests.
the incidence
of the
different configurations of illuminance and CCT on memory (Phase 2)

Phase
Phase 1
Validation of the VR
environment.

Phase 2
Memory analysis as
a function of the
classroom lighting
environment.

Phase 3
Attention analysis as
a function of the
classroom lighting
environment.

and attention (Phase 3) Analysis
was carried
out
using statistical comparison techniques (parametric
and
Data
Phase
Statistical
Treatment
Expected
Result
or non-parametric
statistical tests
depending
on
the distribution
of the data
of the variables).
Used
It was compared the response of the students to different levels of illuminance and CCT.
Phase 1
Analysis of level of
Descriptiveand,
analysis
of existed,
Sufficient
leveldesign
of
This analysis made it possible to identify differences
if they
which
Validation of the VR sense of presence.
configuration was associated with better or means.
worse performance by the
participant.
sense
of presence.
environment.
SUS-Total
ANOVA and BonferTable 2. Statistical tests.
Significant differPhase 2
roni’s post hoc analysis
ences in memory
Analysis
andanalysis
Data Used
Memory
as Analysis ofStatistical
memory Treatment
(normally distributed Expected Result
performance deAnalysis
level of of
sense
a of
function
theof performance.
data) for Memory-SucSufficient pending
level of sense
of
on classpresence.
Descriptive analysiscesses,
of means.
classroom lighting Memory-Matches
as a function
of
presence.
room lighting (illuSUS-Total
environment.
illuminance and CCT.
and
Significantminance
differences
in CCT).
Analysis of memory performance.
Memory-Matches

ANOVA and Bonferroni’s post hoc
analysis (normally distributed
data) for Memory-Successes, as a
function of illuminance and CCT.

Analysis of attention performance.
Attention-Time
Attention-Errors

ANOVA and Bonferroni’s post hoc
analysis (normally distributed
data) for Attention-Time, as a
function of illuminance and CCT.
Kruskal-Wallis test and Mann
Whitney’s post hoc analysis
(non-normally distributed data)
for Attention-Errors, as a function
of illuminance and CCT.

memory performance
depending on classroom
lighting (illuminance and CCT).
Identification of the
environmental simulations
which gave the best and worst
memory performances.
Significant differences in
attention performance
depending on classroom
lighting (illuminance and CCT).
Identification of the
environmental simulations
which gave the best and worst
attention performances.
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3. Results
3.1. Validation of the VR Environment
The average levels of sense of presence experienced by each participant for each
environmental simulation were obtained. The SUS questionnaire [45] was used for this
purpose. It consists of six items, which are rated on a Likert scale from 1 (completely
disagree) to 7 (completely agree). Taken together, the six items address three aspects of
the sense of presence: being inside the simulation; regarding the simulation as real; and
remembering the simulation as a place.
Table 3 shows the results provided by the SUS questionnaire for each item. The
average of the set of items is 5.12 out of 7. The highest rated item (5.41) is “I had a sense of
“being there” in the classroom space” and on the other hand the lowest rated item (4.81) is “I
think of the classroom space as a place similar to other places that I’ve been today”.
Table 3. Average level of sense of presence for each item of the SUS questionnaire. The results are presented using the mean
and the standard deviation.
Illuminance
Item

CCT

100 lx

300 lx

500 lx

3000 K

4000 K

6500 K

1. I had a sense of “being there”
in the classroom space

4.96 (1.380)

5.62 (0.792)

5.68 (1.129)

5.25 (1.172)

5.60 (1.103)

5.36 (1.273)

2. There were times during the
experience when the classroom
space was the reality for me

4.68 (1.499)

5.29 (1.084)

5.20 (1.533)

5.04 (1.467)

5.12 (1.375)

4.95 (1.440)

3. The classroom space seems to
me to be like somewhere that I
visited before

4.84 (1.677)

6.00 (1.032)

5.20 (1.778)

5.13 (1.846)

5.60 (1.366)

5.18 (1.597)

4. During the experience you felt
you were in the classroom space

4.60 (1.305)

5.76 (0.928)

4.96 (1.289)

5.00 (1.364)

5.32 (1.129)

4.86 (1.335)

5. I think of the classroom space
as a place similar to other places
that I’ve been today

4.32 (1.839)

5.29 (1.529)

4.84 (1.816)

5.00 (1.993)

4.52 (1.663)

4.86 (1.644)

6. During the experience I often
thought that I was really in the
classroom space

4.84 (2.047)

4.62 (1.955)

5.56 (1.368)

4.92 (1.904)

4.88 (1.874)

5.32 (1.729)

The sum of the six items of the SUS questionnaire provides the SUS-Total metric.
Figure 5 shows the average value of this metric for the different simulations. They were
considered to be sufficient, taking into account the results obtained by studies using similar
technologies [46]. Thus, the simulations can be considered satisfactory.
3.2. Memory Analysis as a Function of the Classroom Lighting Environment
Memory was measured from the number of “successes” in the performance of the
memory task. The higher the score, the higher the performance in the memory task. The statistical analysis applied depended on the normality of the data, which was examined using
the Kolmogorov-Smirnov (KS) test. The illuminance and CCT results are described below.
3.2.1. Illuminance
The average performances in the memory task for each illuminance level were obtained, and a subsequent search was made to identify any significant differences. Due to
the normality of the data (KS, p > 0.05), an ANOVA was applied. Figure 6 shows a progressive reduction in memory test successes as illuminance increases. The ANOVA showed
significant differences in memory test results as a function of illuminance (p = 0.003). The
best performance in the memory task occurred in the case of the 100 lx illuminance.
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Figure 5. (a) Average level of sense of presence for environmental simulation of Illuminance (metric SUS-Total); (b) Average
level of sense of presence for environmental simulation of CCT (metric SUS-Total).

Figure 6. Average successes in memory task as a function of illuminance (metric Memory-Matches).
The 6.
brackets
indicate
the comparisons
andas
the
asterisks of
theilluminance
significance(metric
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100 lx environment and the other simulated environments, that is, 300 lx (p = 0.037) and
500CCT
lx (p(Correlated
= 0.003). Colour Temperature)
3.2.2.

Figure 7 shows that memory test successes increase as CCT increases. The best sce3.2.2. CCT (Correlated Colour Temperature)
nario is 6500 K. The ANOVA test detected significant differences between the three sce7 shows
that memory
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as CCT
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between
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between the 6500 K environment and the other simulated environments, both at 4000 K (p
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(p = 0.000).post hoc analysis showed that this difference occurred between
the 6500 K environment and the other simulated environments, both at 4000 K (p = 0.003)
and 3000 K (p = 0.000).
1

3.2.2. CCT (Correlated Colour Temperature)
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Figure 7 shows that memory test successes increase as CCT increases. The best scenario is 6500 K. The ANOVA test detected significant differences between the three scenarios (p = 0.000). The Bonferroni post hoc analysis showed that this difference occurred
between the 6500 K environment and the other simulated environments, both at 4000 K9(pof 13
= 0.003) and 3000 K (p = 0.000).
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3.3.1. Illuminance
As Figure 8 shows, in both cases similar behaviour occurred. The illuminance that
produced the worst performance in the attention task was 100 lx, with longer reaction
times and more errors.
As the data follow a normal distribution, an ANOVA was applied to analyse the reFigure time
7. Average
successes
memory
tasks
a function
of CCT (metric
Memory-Matches).
The
action
variable
(KS, p in
> 0.05).
This
testasshowed
significant
differences
in reaction time
Figure
7.
Average
successes
in
memory
tasks
as
a
function
of
CCT
(metric
Memory-Matches).
The
brackets
indicate
the
comparisons
and
the
asterisks
the
significance
levels
(**
p
<
0.01).
as a function of illuminance (p = 0.000). The Bonferroni post hoc test showed that this difbrackets indicate the comparisons and the asterisks the significance levels (** p < 0.01).
ference
occurred
between
the lowest
illuminance,
lx, and
the other two cases, 300 lx
3.3. Attention
Analysis
as a Function
of the
Classroom 100
Lighting
Environment
(p = 0.000) and 500 lx (p = 0.000).
3.3. Attention
Analysis
a Function
of the Classroom
Lighting
Attention
was as
measured
through
two variables:
(a) Environment
the reaction time in the attention
A Kruskal-Wallis test was applied to the attention test errors as the data do not follow
task,
that
is,
the
longer
the
reaction
time,
the
poorer
the
task
performance;
(b) errors
made
Attention
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(a) significant
the reaction
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(KS, pthrough
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inattention
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attention
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The
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and
CCT
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below.
task,
that is,of
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longer the reaction
time,
the poorer
the task
performance;
(b) errors
function
illuminance
(p = 0.009).
A post
hoc analysis
with
Mann-Whitney
tests made
showed
in the
attention
task.
The
illuminance
and
CCT
results
are
described
below.
that
this
difference
occurred
only
between
the
cases
of
100
lx
and
300
lx
(p
=
0.004)
and 100
3.3.1. Illuminance
lx and 500 lx (p = 0.042).
As Figure 8 shows, in both cases similar behaviour occurred. The illuminance that
In both cases there were no significant differences between the 300 lx and 500 lx illuproduced the worst performance in the attention task was 100 lx, with longer reaction
minances.
times and more errors.

(a)

(b)

Figure 8.
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illuminance
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Attention-Time);
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average
of errors
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8. (a)
(a)Average
Averagereaction
reactiontime
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Attention-Time);
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of errors
made
in
attention
tasktask
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function
of illuminance
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Attention-Errors).
The brackets
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the comparisons
and the
asterthe attention
a function
of illuminance
(metric
Attention-Errors).
The brackets
indicate
the comparisons
and
the
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the significance
levelslevels
(* p <(*0.05,
** p <**0.01).
asterisks
the significance
p < 0.05,
p < 0.01).

3.3.2. CCT
(Correlated
Colour
Temperature)
As the
data follow
a normal
distribution, an ANOVA was applied to analyse the
reaction
time
variable
(KS,
p
>
0.05).
showed
differences
reaction
Figure 9 shows the results for the This
CCT test
variable.
Forsignificant
both variables
the bestin
result
was
time
as
a
function
of
illuminance
(p
=
0.000).
The
Bonferroni
post
hoc
test
showed
that this
obtained in the 6500 K case (shorter reaction times and fewer errors made in the attention
task). The ANOVA (KS, p > 0.05) showed significant differences in reaction times in the
attention task as a function of CCT (p = 0.003). The Bonferroni post hoc test identified
significant differences when the CCT was reduced from 6500 K to 3000 K (p = 0.006) and
to 4000 K (p = 0.015). The Kruskal-Wallis test (KS, p < 0.05) did not identify significant
differences in the errors made in the attention task as a function of CCT.
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difference occurred between the lowest illuminance, 100 lx, and the other two cases, 300 lx
(p = 0.000) and 500 lx (p = 0.000).
A Kruskal-Wallis test was applied to the attention test errors as the data do not follow
a normal distribution (KS, p < 0.05). This test showed significant differences in errors as a
function of illuminance (p = 0.009). A post hoc analysis with Mann-Whitney tests showed
that this difference occurred only between the cases of 100 lx and 300 lx (p = 0.004) and
100 lx and 500 lx (p = 0.042).
In both cases there were no significant differences between the 300 lx and 500 lx
illuminances.
3.3.2. CCT (Correlated Colour Temperature)

Sustainability 2021, 13, 8374

Figure 9 shows the results for the CCT variable. For both variables the best result was
obtained in the 6500 K case (shorter reaction times and fewer errors made in the attention
task). The ANOVA (KS, p > 0.05) showed significant differences in reaction times in the
attention task as a function of CCT (p = 0.003). The Bonferroni post hoc test identified
11 of 14
significant differences when the CCT was reduced from 6500 K to 3000 K (p = 0.006)
and
to 4000 K (p = 0.015). The Kruskal-Wallis test (KS, p < 0.05) did not identify significant
differences in the errors made in the attention task as a function of CCT.
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task
as
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function
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CCT
(metric
Attention-Errors).
The
brackets
indicate
the
comparisons
and
the
asterisks
the sigtask as a function of CCT (metric Attention-Errors). The brackets indicate the comparisons and the asterisks the significance
nificance
levels
(**
p
<0.01).
levels (** p < 0.01).

4.4.Discussion
Discussionand
andConclusions
Conclusions
In
the
present
study
In the present studywe
weanalyse
analysewhether
whetherattention
attentionand
andmemory
memorytasks
tasksrequire
requiresimilar
similar
lighting,
in
terms
of
illuminance
and
CCT.
The
performance
of
students
in
attention
lighting, in terms of illuminance and CCT. The performance of students in attentionand
and
memory
through
VRVR
while
classroom
lighting
conditions
were
modified
memorytasks
taskswas
wasanalysed
analysed
through
while
classroom
lighting
conditions
were
modi(illuminance
and CCT)
usingusing
an HMD
VR tool.
fied (illuminance
and CCT)
an HMD
VR tool.
The fundamental methodological contribution of this work lies in the use of VR for
The fundamental methodological contribution of this work lies in the use of VR for
the simulation of different scenarios and the performance of tasks in these environments.
the simulation of different scenarios and the performance of tasks in these environments.
In general, works undertaken on this subject have hitherto used physical spaces [23,28,31].
In general, works undertaken on this subject have hitherto used physical spaces [23,28,31].
Through VR, researchers can control lighting characteristics without the interference of
Through VR, researchers can control lighting characteristics without the interference of
other environmental visual variables such as natural light or the observer’s position with
other environmental visual variables such as natural light or the observer’s position with
respect to the object being observed. It is important to note that, although virtual classrooms
respect to the object being observed. It is important to note that, although virtual classhave been used, and validated, to measure levels of attention, memory and even student
rooms have been used, and validated, to measure levels of attention, memory and even
performance [47], very few studies have been undertaken to identify lighting design
student performance [47], very few studies have been undertaken to identify lighting deguidelines that optimise students’ cognitive performance. This paper proposes that VR be
sign guidelines that optimise students’ cognitive performance. This paper proposes that
VR be used to simulate lighting environments and be incorporated into the performance
of tasks that can evaluate participants’ cognitive performance (attention and memory).
The results of the present study allow interesting conclusions to be drawn about
classrooms’ lighting environments:
It was observed that lower levels of illumination (100 lx) generated different results
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used to simulate lighting environments and be incorporated into the performance of tasks
that can evaluate participants’ cognitive performance (attention and memory).
The results of the present study allow interesting conclusions to be drawn about
classrooms’ lighting environments:
It was observed that lower levels of illumination (100 lx) generated different results
in the performance of the attention and memory tests. On the one hand, the results of the
attention test were poorer (longer reaction times and more errors) and, on the other hand,
performance in the memory task improved. It was observed, therefore, that there was a
significant change in the performance of both tasks when illuminance was reduced to 100 lx.
These results are of great interest because they indicate that each cognitive function requires
a different level of illuminance. In this sense, several authors have observed that a positive
relationship exists between levels of attention and illuminance. For example, Smolders and
Kort [16] observed improvements in attention levels and a reduction in mental fatigue when
illuminance increased from 200 lx to 1000 lx. Other studies have found similar results, for
example, when increasing from 5 lx to 1000 lx [48], and from 100 lx to 1000 lx [31]. However,
other authors have observed that higher performance is not always associated with higher
illuminance but depends on the complexity of the task [23]. These last authors observed
that task complexity was a determining factor in the illuminance-performance relationship;
they found that simple tasks were executed more successfully with less illuminance, while
complex tasks were performed more successfully with increased lighting levels. This may
explain the discrepancy found between the performance of the attention and memory task
in this study. A result similar to one found in the present study was obtained by Smolders
et al., that is, when illumination level was increased from 200 lx to 1000 lx, sustained
attention levels improved, but performance in some memory tasks decreased, such that
the best memory performance was produced with the lowest lighting level (200 lx).
These results demonstrate it is possible to adapt lighting levels to optimise performance in the different cognitive tasks that students undertake in classrooms. This, given
the possibilities offered by dynamic lighting and lighting sources such as LEDs, can have
significant repercussions for educational centres’ energy expenditure, and help improve
student performance. It would be interesting, therefore, to extend the present study by
assessing performance in different tasks (related to attention, memory and motivation)
to contrast the results. However, it is essential that, to make valid comparisons with the
results obtained in other studies, that similar lighting levels, light wavelengths, timing and
duration of exposure, task types and difficulty are analysed.
It was observed that higher CCTs generated significantly better results both in the
attention and memory tasks. The best performances in both tasks being obtained in the
6500 K scenario, that is, when increasing from 3000 K and 4000 K to 6500 K. Increasing from
3000 K to 4000 K generated performance improvement in both tests, but not significantly.
This result is consistent with most of the studies carried out, that is, they have found that
higher levels of CCT are associated with improved concentration [26–28].
Finally, two limitations of the study should be highlighted. On the one hand, the
time of day was not controlled for in this study. This would have required a very large
sample of participants, given that teaching activities at Spanish universities cover a very
wide time slot (8:00–21:00). In future studies, it would be interesting to study the different
time intervals in more detail to verify that the presented results are consistent. On the
other hand, the possibility of unexplored synergistic effects between lighting variables and
classroom design should be discussed. In the present study, to avoid this effect, all variables
were kept constant, apart from illuminance and CCT. It would be interesting to see if the
results of the study are maintained when other lighting design variables were modified,
such as uniformity, and to analyse the joint effect of the combination of these variables.
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