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Abstract 13 

A field lab study was conducted to determine how much the indoor climate parameters, ventilation and 14 

lighting, influence children’s academic abilities. The study involved 92 children, aged 10-12 years, who 15 

over four weeks answered a questionnaire and three different performance tests, which measured their 16 

processing speed, concentration, logical reasoning and math solving abilities. An experimental design 17 

was constructed to test the effect of changing the lighting from constant warm light with 2900 K and 18 

450 lux to a dynamic cool light with a maintained correlated colour temperature average of 4900 K and 19 

750 lux. The change was tested at both low (3.9 l/s per person) and high ventilation rate (10.6 l/s per 20 

person). The results showed that processing speed (6.6%, P<0.001), concentration (8.3%, P<0.001) and 21 

math skills (11.8%, P<0.006), improved the most in the combined scenario with high ventilation rate and 22 

dynamic cool lighting. The logical reasoning test did not show any significant changes. The questionnaire 23 
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results of the pupils’ perception of the indoor environment suggested that they were satisfied in 24 

general, but the indoor environmental changes had only very limited effect on how they perceived the 25 

classroom. The combination of dynamic lighting and increased ventilation rate indicated a boosted 26 

positive impact on the speed and concentration of the children which means that future renovations 27 

would benefit from a holistic design including both of these factors. 28 

Keywords: schools, ventilation, lighting, productivity, indoor climate 29 

 30 

1 Introduction 31 

The scientific evidence is growing that there are correlations between the indoor environment and 32 

people’s health, well-being and cognitive performance. In the context of the cognitive process of 33 

learning, the indoor environment plays a key role in the pupil’s abilities to absorb and process 34 

knowledge. This has sparked a number of studies trying to quantify the influence of different indoor 35 

environmental factors, like ventilation rate [1–4], natural light [5], artificial light [6,7], temperature [8] 36 

and acoustics [9–11]. 37 

Most of the body of scientific work on school children and performance is related only to one indoor 38 

climate parameter, but some researchers have taken a more holistic approach and even included 39 

classroom and school design [12–14]. The holistic approach by Barrett et al. [15] showed that pupil’s 40 

learning progress in the UK can be attributed partly to the indoor climate (49%), partly to other “softer” 41 

values like classroom design (51%). Among the indoor climate parameters, Barrett ranked the lighting 42 

conditions to be most influential, both natural and artificial, then air quality, then temperature. In this 43 

study we focused on lighting conditions and ventilation rate as temperature is not controlled in a large 44 

share of schools, except through shading and ventilation rate. Lighting and ventilation are factors that 45 
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are often targeted during refurbishment, and the planning prioritization process will benefit from a 46 

deeper understanding of the individual and combined effect of these measures. 47 

In terms of combined measures, Wargocki and Wyon [8] made a crossover study investigated the effect 48 

of raised ventilation rates and temperatures on pupils' performance in schoolwork. When increasing the 49 

ventilation rate from 5 L/(s person) to 10 L/(s person), the performance in four out of eight given tasks 50 

resembling schoolwork showed an improvement. The same result was shown for lowering the indoor air 51 

temperature from 25 °C to 20 °C. The improvement was mainly in terms of the speed at which the tasks 52 

were performed and there was almost no effect on the amount of errors made. Petersen et al. [4] made 53 

a similar study concerning only ventilation rate. It showed a significant increase in four out of four given 54 

tests in a double blind crossover intervention where the ventilation rate was increased from 1.7 to 6.6 55 

L/s per person. 56 

In terms of lighting conditions, several studies have shown that lighting affects people's health, mood, 57 

well-being and alertness. In terms of mood, Knez and Kers [16] found that young test subjects (about 23 58 

years old) were inclined to keep their negative mood when subjected to correlated colour temperature 59 

(CCT) 3000K rather than 4000K at the illuminance intensity of approx. 500 lux.  60 

Similar effects were found in a crossover experiment made by the Surrey Sleep Research Centre in 2008 61 

[17] showing the effect of blue-enriched white light. During the experiment, half of the study group was 62 

exposed to normal white light (4000 K) while the rest was exposed to blue-enriched white light (17000 63 

K). The 17000 K light source had a significant positive effect on the participants' alertness, mood, 64 

performance, evening fatigue, irritability, concentration, sleep quality and eye discomfort. A study by 65 

Mott [7] found that light qualities of illumination and colour temperature had a significant effect on 3
rd

 66 

graders' oral reading performance. The experiment involved 84 children who were exposed to either 67 

dynamic light, with an average maintained colour temperature of 6500 K and illuminance of 1000 lux, or 68 

normal light at 500 lux and with constant 3500 K. Sleegers at al. [18] found evidence that dynamic 69 
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lighting had a positive effect on the pupil’s concentration. The underlying hypothesis of dynamic lighting 70 

is that the circadian cycle of humans is influenced by the wavelengths and luminosity of the surrounding 71 

environment [19,20] and by mimicking the outdoor lighting conditions, dynamic lighting – also referred 72 

to as human-centric lighting – provides better well-being. 73 

The majority of published work related to school children and performance focuses on only one indoor 74 

climate parameter at a time, but the indoor climate is multi-faceted. Thus, the purpose of this study is to 75 

gauge, by experimental design, both the individual and combined effect of two indoor climate 76 

parameters: ventilation rate and lighting conditions. These parameters are known from previous studies 77 

to affect work performance individually, but this study will contribute to the very limited knowledge 78 

base on what happens when they work together to create the overall indoor environment. The 79 

motivation was to be able to separate the work performance effect of two essential measures in order 80 

to provide a better planning tool for indoor environmental quality in classrooms. 81 

Consequently, the hypothesis of this study was: there is a significant positive effect in the pupils' 82 

performance when undertaking tasks mimicking the cognitive processes involved in learning as well as 83 

satisfaction with the indoor environment, when their classroom indoor environment is changed from 84 

having low ventilation rates and constant warm lighting, to higher ventilation rates and dynamic cool 85 

lighting. In addition, we hypothesized that the combined effect of lighting and ventilation does not add 86 

up nor boost each other. Rather we hypothesized that a certain cancellation effect would occur in the 87 

combined test scenarios.  88 

2 Experimental design 89 

The aim of the experiment was to detect the individual and combined effect that changing ventilation 90 

and lighting have on the performance of the pupils. The experiment was designed in such a way that the 91 

effect of the variables could be gauged individually, but also as a combined effect of both variables. 92 
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Table 1 lists the scenarios that were tested and the naming convention. The tested ventilation rates 93 

reflect indoor climate category I (10 l/s person) & III (4 l/s person) [21]. The lighting conditions are 94 

determined by the physical properties and proprietary dynamic algorithms of the lighting system.  The 95 

time plan and execution order of the scenarios is detailed in . 96 

 97 

Table 1 98 

The five contrasting scenarios with naming convention. The test conditions are explained in detail in Section 3. 99 

Scenario Test condition A Test condition B Description 

1 3.9l/s_ 

2900K 

3.9l/s_ 

4900K 

Effect of changing to dynamic cool lighting 

at low ventilation rates 

2 10.6l/s_ 

2900K 

10.6l/s_ 

4900K 

Effect of changing to dynamic lighting 

at high ventilation rates 

3 3.9l/s_ 

2900K 

10.6l/s_ 

2900K 

Effect of changing to high ventilation rate when 

lighting is constant and warm  

4 3.9l/s_ 

4900K 

10.6l/s_ 

4900K 

Effect of changing to high ventilation rate when 

lighting is cool and dynamic 

5 3.9l/s_ 

2900K 

10.6l/s_ 

4900K 

Effect of both dynamic cool lighting and high 

ventilation rate 

 100 

2.1 Cross-over design 101 

The experimental design was inspired by Petersen et al. [4] who conducted a double-blind 2x2 crossover 102 

experiment with high and low ventilation rates in four classrooms. That study took 2 weeks to execute 103 

plus one rehearsal week and one baseline week. A comparable crossover experiment with two 104 

ventilation rates and two lighting settings creates  (n!/(n-r)! =) 12 permutations requiring 12+2 weeks to 105 

execute. The temporal dimension of this experimental design poses an extra risk because it is difficult to 106 
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execute repetitive tasks to the same level of quality. Fatigue and apathy among pupils and teachers 107 

would influence the results leading to unusable or missing data and possibly overall failure of the entire 108 

experiment. Consequently, we established a compromise where the lighting level is tested in two 109 

genuine 2x2 crossover periods: one period is with high ventilation rate in all rooms, the other with low 110 

ventilation rate in all rooms. Thus, by design, the experiment counter-acted the risk of air mixing 111 

between zones and suppressed the false positives from allowing the pupils to move to well-ventilated 112 

rooms during teamwork sessions. 113 

This leads to an experimental design with a time span of 4 weeks plus 2 rehearsal weeks. Fig. 1 114 

illustrates the intervention plan. 115 

 116 

 117 

Fig. 1. Intervention plan with 2x cross-over periods, test conditions and timing of tests. The tests are described in 118 
more detail in Section 4.1- 4.4. The classes are described in Section 3. 119 

 120 

The effect of the external factors, like solar radiation and outdoor temperature, positive learning curve, 121 

fatigue, pupil-teacher relation and personal life of subjects, was minimized by taking special precautions: 122 
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• The performance tests were executed in October and November when overcast skies and stable 123 

outdoor temperature of approx. 8-12 °C are prevalent in a Danish climate. This also provided the 124 

best test conditions for the lighting system. 125 

• The learning curve is positive because the performance of the pupils will increase over time 126 

caused by an increased familiarity with the performance tests [8]. The learning curve is 127 

theoretically S-shaped, meaning that the learning progression starts slowly, then accelerates 128 

and reaches a maximum over time. To ensure that pupils were completely familiarized with the 129 

tests, a rehearsal period was added prior to the actual experiment. Each test was rehearsed at 130 

least 8 times before the actual experiment began. 131 

• Fatigue was fought by dividing the experiment into three periods, separated by two breaks, one 132 

of them coinciding with the autumn holiday week. The first period was the rehearsal weeks and 133 

subsequent periods the 2x2 crossover weeks. Also, to keep motivation high, a prize in the form 134 

of two pieces of candy were handed out to each pupil after the final test of the day. The 135 

motivation was also gauged every test week by adding motivational questions in the 136 

questionnaire, see Section 4.4. 137 

• The effect of the pupil’s personal life on the results was disclosed by adding two questions in the 138 

questionnaire (Section 4.4) regarding the overall well-being when in school and when outside 139 

school. Thus, it was then possible to filter for pupils that showed signs of distress due to 140 

personal issues. 141 

3 Field lab 142 

The school Byens Skole is from 1971 and located in the city of Valby close to Copenhagen, Denmark. The 143 

school comprises several buildings and educates children from preschool to 9
th

 grade, in total 10 grades. 144 

It is a private school which, in this context, means that approx. two-thirds of the tuition fee is subsidized 145 
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by the local government. It means that the pupils are from homes with financial ressources above 146 

average, but also that some pupils have moved to the school because they were struggling in the public 147 

school sector. The school has approx. 455 pupils and a staff of 50 people. The field lab are four side-by-148 

side classrooms on the ground floor denoted Classroom A, B, C & D. on Fig. 2. The classrooms were 149 

occupied by two classes of 4
th

 graders (class A & B) and two classes of 5
th

 graders (class C & D), in total 150 

92 children, 44 girls and 48 boys aged 10-12 years. To compensate for the age difference between 4
th

 151 

and 5
th

 graders each test condition was concurrently applied in one class of 4
th

 graders and one class of 152 

5
th

 graders. In this way the classes were grouped A+C and B+D and tested as detailed in Fig. 1, i.e. every 153 

pupil was tested under every test condition. To ensure sample sizes as big as possible, each test 154 

condition sample was constructed by merging the datasets from class A+C with B+D. 155 

The four side-by-side classrooms were particularly suited for an intervention study since they had the 156 

same dimensions and same window sizes with identical orientation towards South-East. The window 157 

dimensions and format are depicted on Fig. 2 and Fig. 3. The light transmittance of the 2-pane low-E 158 

glazing was estimated to be 82% and internal screens were manually operable. The users were strictly 159 

forbidden to open the windows during the tests and signs were placed over the window handles. 160 

Several spot visits ensured that the occupants complied with the signs and it was only necessary to 161 

enforce the ban during the rehearsal weeks. 162 

The school went through an extensive refurbishment prior to the performance experiments. The 163 

refurbishment introduced a 3-in-1 concept aereNmore
1
 specifically designed for classrooms and 164 

hallways. The concept is intended to simplify the process of refurbishing schools with mechanical 165 

balanced ventilation, LED-lighting panels as well as acoustic ceilings and wall absorbers.  166 

 167 
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 168 

Fig. 2. School façade with location of the four classrooms in the field study 169 

 170 

 171 

 172 

 173 
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 174 

Fig. 3. Cross section of classroom 175 

 176 

3.1 Diffuse ventilation 177 

The ventilation air is provided by an air handling unit capable of supplying 6000 m3/h in total to 6 178 

classrooms and hallways. Each classroom is designed with a maximum supply ventilation rate of 900 179 

m3/h. With approx. 23 pupils and one teacher in each classroom, this is enough to keep the CO2-level 180 

below 950 ppm. The inlet flow damper is controlled by a CO2-sensor in the extract and the extract 181 

damper operates as slave. The system balances the ventilation supply between classrooms and hallways 182 

to adjust for the whereabouts of the pupils. The ventilation is supplied in the void between the concrete 183 

slab and the suspended ceiling, in effect exploiting the void as a pressure chamber which distributes the 184 

ventilation air to the occupied zone through the perforations at very low velocity. This concept is often 185 

referred to in the literature as diffuse ventilation [22–25]. The ventilation supply temperature was set to 186 
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21 °C during test weeks with high ventilation rate and 19°C during weeks with low ventilation rate to 187 

compensate for reduced cooling effect.  188 

 189 

 190 

 191 

 192 

Fig. 4. Ventilation plan 193 

 194 

3.2 Dynamic lighting 195 

The lighting system in each classroom is made from 11 LED luminaires recessed in the ceiling suspension 196 

system, see Fig. 5. Through a control panel on the wall the users can choose between constant lighting 197 
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scenario with a yellowish hue and dynamic lighting scenario with a bluish hue. The corresponding 198 

correlated colour temperatures and illuminances were measured with an ELMA 1336 chromameter to 199 

be 2900±89 K and 4900±149 K. The resulting illuminances at the table height for constant and dynamic 200 

lighting mode are depicted on Fig. 6. The average values at full power are 447±15 lux and 748±24 lux, 201 

respectively. In the dynamic lighting scenario, the luminaires adjust both colour temperature and 202 

luminance based on a preset schedule depicted on Fig. 7. However, in the hours prior to the testing time 203 

slot immediately before lunch, the colour temperature and illuminance level was constant. For both 204 

lighting scenarios the maintained illuminance Em of minimum 300 lux at work plane height is met [26]. 205 

The users are normally able to override the automatic settings, but this feature was disabled during the 206 

test weeks. 207 

 208 

 209 

Fig. 5. Diffuse ventilation ceiling with luminaires 210 

 211 
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(a) Average: 447 ± 15 lux (b) Average: 748 ± 24 lux 

Fig. 6. Contour map of the illuminance of the constant warm white (a), and the dynamic cool white light (b), 

corresponding to what was present during the tests between 11:10 and 11:30. There is approx. 67% higher 

illuminance in the classrooms with dynamic lighting compared to constant lighting. 

  212 

 213 

 214 

 215 

Fig. 7. Dynamic lighting mode in relation to constant lighting mode 216 

 217 
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3.3 Acoustics 218 

The acoustic ceiling and wall absorbers installed in each classroom create together the acoustic 219 

environment. The wall absorbers were mounted on the walls opposite the blackboard. The 220 

reverberation time T20 was measured according to ISO 3382-2 [27] without pupils but with furniture. The 221 

rounded result is 0.5 seconds in all classrooms A,B,C,D hence fulfilling the Danish Building Code for 222 

classrooms which requires T20<0.6 s. The acoustic performance was not changed during the 223 

performance experiments. Ambient noise levels were negligible. 224 

3.4 Equipment  225 

The indoor environment was closely monitored throughout the experiment weeks. The main 226 

parameters, CO2-concentration (±30 ppm), air temperature (±0.3°C), relative humidity (±2%) and noise 227 

levels (n/a) were measured with wireless IC-Meters [28]. Data was logged with 5 min interval and 228 

through a GSM connection the data was accessible and online. The IC-Meter unit was placed in each 229 

classroom in the corner furthest away from the door and the façade approx. 1 m from the wall. It was 230 

placed at a height of 1.20 m from the floor representing head height for a seated person. 231 

To capture uneven temperature distribution Hobo loggers model U12-012 from Onset were placed on 232 

the pillar between the windows and on the opposite wall at the height of 1.6 m. The advertised accuracy 233 

of the air temperature measurements is ±0.35°C from 0-50°C. The IC-Meter and HOBO logger locations 234 

are depicted on Fig. 3. 235 

 236 

4 Measurements of performance 237 

Three tests were used to evaluate different cognitive processes imperative for the learning capability of 238 

school children. The tests were designed to assess cognitive performance in terms of attention, 239 

concentration, logical reasoning and math skills. During the rehearsal weeks the maximum number of 240 
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assignments was adjusted to ensure that none of the children would be able to complete them all within 241 

the given time. 242 

4.1 d2-test 243 

The d2-test is a cancellation task, where the subjects are asked to mark targets and avoid so-called 244 

distractors. It evaluates the visual scanning speed of an individual and measures how well focus can be 245 

kept on a task [29]. It has been used previously in research into the processing speed of school children 246 

[30], attention of university students [31] as well as the effect of lighting on the concentration of pupils 247 

[18]. The test consists of 14 lines each containing 57 symbols. Each symbol is either a letter d or a p with 248 

either one or two dots (‘ or ‘‘) above or below the letter as depicted on Fig. 8. The respondents were 249 

given 20 seconds per line to mark only the symbol d with two dots (targets) while avoiding the other 250 

symbols (distractors). From the d2-test we deduct two metrics: TOT CORR is calculated as the amount of 251 

letters processed minus the amount of errors, i.e. the total sum of distractors incorrectly marked and 252 

number of d2-targets that have not been marked. CONC is the total number of correctly marked d2-253 

targets minus the total number of incorrectly marked distractors. TOT CORR and CONC are 254 

complimentary metrics of processing speed and concentration. The timing is very important in this test, 255 

as the subjects scan each of the 14 test lines for a fixed duration of time. In order to facilitate correct 256 

execution, short video clips with instructions and count-down timer were played-back during the test. 257 

The total duration of the test was approx. 5 minutes. 258 

 259 

Fig. 8. Example of d2-test with 57 symbols in each line 260 
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4.2 Baddeley test 261 

In terms of logical reasoning, the Baddeley test is a short test that involves the understanding of 262 

sentences of various levels of syntactic complexity [32]. It gives a quick feedback on each individual’s 263 

ability to think logically and sensible and has been used before to evaluate student performance before 264 

[4,8]. The test used in this study is a refinement of the original and is depicted on Fig. 9. It combines a 265 

statement with a geometric figure and requires the pupils to categorize the statement as True or False. 266 

Thus, the reasoning test combines both reading, comprehension and geometric aptitude. Two metrics 267 

were generated from the test: number of correctly marked and number of incorrectly marked answers. 268 

The test was eight min long. 269 

 270 

Fig. 9. Short example of Baddeley test 271 

4.3 Math 272 

In the math test the pupils were asked to solve equations of multiplication and subtraction. The 273 

multiplication calculations were made as numbers between 2 and 5 multiplied by numbers between 10 274 

and 50. The subtraction problems were made as numbers between 10 and 40 subtracted from numbers 275 

between 50 and 80. Two metrics, number of correct answers and number of erroneous answers were 276 

deducted. Plenty of equations were given to ensure that none of the children would be able to finish the 277 

test within the given eight minutes. 278 

4.4 Questionnaires 279 

A questionnaire was handed out after the Baddeley-test in every test week to determine the pupils’ 280 

perception of the indoor environment. The questions were grouped into three overall parts. The first 281 
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part was about the individual’s overall well-being when in school and when outside school. This part was 282 

included to be able to identify and filter pupils with significant personal distress. The second part had 283 

eight questions about the perceived indoor environment in the classroom. These questions were about: 284 

Temperature, sensation of draught, air quality, noise and whether there was too much light or it was too 285 

dark in the room. The third part asked pupils to rate their motivation regarding headache, concentration 286 

difficulties, tiredness, work effort and well-being. A 5 point scale, illustrated as smileys, was used as 287 

assessment. It was only allowed to mark one smiley and if the mark was unclear or placed between two 288 

smileys it was not taken into account. 289 

All tests and questionnaires were anonymized and given a unique ID-number before being further 290 

analyzed. The d2-test and math test were executed on Thursdays, and the Baddeley test and 291 

questionnaire on Fridays. Both days immediately before lunch and under the administration of the head 292 

teacher of the class. In test week 2, the tests on Thursday were moved to Wednesday due to an 293 

excursion. 294 

4.5 Statistical analysis 295 

With the given experimental design with four test conditions, it is obvious to apply a 2x2 ANOVA analysis 296 

on the datasets to disclose the separate significance of ventilation and lighting on the pupil’s 297 

performance plus interactions. However, during the experimental design we realized that sample size 298 

and data quality in a less-controlled field study environment were big risk factors. Consequently, we 299 

took a more solid approach and compared the indoor climate condition with low ventilation rate and 300 

constant lighting, which represents the “before refurbishment” situation or reference situation, to the 301 

condition with high ventilation rate and dynamic lighting, which represents the “after refurbishment” 302 

situation (scenario 5 in Table 1). Then, four other contrasting scenarios were constructed to uncover the 303 

effect of increasing the ventilation first, then followed by dynamic lighting and vice versa. These 304 
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scenarios, we believe, aligns well with the decision process prior to a holistic refurbishment project 305 

where the order and funding of refurbishment measures is planned and prioritized.  306 

The overall acceptable significance level is P<0.05 (two-tailed), but when conducting several hypothesis 307 

tests, the family-wise error rate is increased. With a significance level of 0.05, we may falsely reject the 308 

null hypothesis by chance 5 in 100, i.e., it will happen, but rarely. However, when we conduct multiple 309 

hypothesis tests with the same data, the risk of a rare event increases, and therefore the likelihood of 310 

incorrectly rejecting the null hypothesis. With five tests the chance of erroneously rejecting the null 311 

hypothesis at least once among the family of analyses (the family-wise error rate) amounts to αFW = 1-(1-312 

0.05)
5
 = 22.6%. Consequently, we apply the Bonferroni correction to the overall significance level. With 313 

5 hypothesis tests, this leads to a new acceptable significance level across all comparisons of 0.05/5 = 314 

0.01.  315 

When two test conditions are compared, the Shapiro-Wilk’s test was run on each dataset to test for 316 

normality. When both datasets were normally distributed, the paired Student’s t-test was applied, 317 

otherwise the Wilcoxon matched-pair signed-rank test was used. We used the open-source software 318 

tool RStudio (2019). 319 

4.6 Filtration of responses 320 

Before each hypothesis testing the datasets were filtered for responses that did not exist in both 321 

datasets, i.e. only complete within-subject responses are included. The major cause of this was pupils 322 

being absent due to sickness or leave. The questionnaire did not disclose any reasons why some pupils 323 

should be excluded due to personal distress or bad relations. 324 

In the final test week, Class D made the Baddeley test and the questionnaire without their usual head 325 

teacher and instead with a temporary teacher. The pupils expressed afterwards that the class had been 326 

with many distractions. In addition, the analysis showed highly divergent results from the previous 327 
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weeks. Consequently, the Baddeley test data from class D in week 4 was discarded all together. The 328 

questionnaire data was not discarded. 329 

5 Results 330 

The results are presented in the following paragraphs. The physical conditions, temperature and CO2-331 

concentration during the experiment is presented first. Then follows the results of the statistical 332 

hypothesis testing of ventilation and lighting interventions separately, and lastly the combined effects of 333 

both interventions. 334 

5.1 Indoor environment conditions 335 

Table 2 summarizes the indoor environment conditions during the test experiments. The physical values 336 

are measured with IC-Meters, except the façade temperature and the outdoor temperature which were 337 

logged by HOBO loggers, see Fig. 3. The summary includes weekly values averaged over the occupied 338 

hours, and the indoor conditions specific to the performance testing periods. The ventilation flow rate 339 

was controlled by VAV dampers from CO2-sensors. Assuming perfect mixing, the low and high mean 340 

ventilation flow rate was found through CO2-decay method to be approx. 3.9 and 10.6 l/s per person, 341 

respectively. These values align with the ventilation system design values of 180-900 m3/h per 342 

classroom and 22 persons present on a daily basis (2.3 and 11.4 l/s per person). 343 

It was important during the four performance testing weeks to keep the other indoor physical 344 

conditions constant. As summarized in Table 2, the mean weekly CO2-concentration in low ventilation 345 

conditions was 1148 ppm, peaking at 1860 during tests and 753 ppm in high ventilation conditions, 346 

peaking at 966 ppm. The outdoor temperature was approx. 13 °C, dropping to 7 °C and the indoor 347 

temperature was within comfort with a weekly mean of 23 °C, dropping as low as 21.3°C and peaking as 348 

high as 25.6°C during some tests. On average the temperature during tests was approx. 24 °C in low 349 

ventilation weeks and 23 °C in high ventilation weeks. 350 
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The temperature at the façade was slightly colder, but not significantly. Weekly mean relative humidity 351 

was also well within comfort range  at 30-46%.  In this moderate environment, the effect of relative 352 

humidity on operative temperature is very modest and on par with the accuracy of the temperature 353 

measuring equipment and therefore deemed negligible. 354 

5.2 Performance tests 355 

The results of the statistical hypothesis testing are reported in Table 3, Table 4, Table 5, Table 6 and 356 

Table 7. The five tables report the statistics from the scenario comparisons that were listed in Table 1 in 357 

order to disclose the effect of individual measures as well as the combined effects. Significant effects 358 

after application of the Bonferroni correction are highlighted in bold. An overview of the most 359 

noteworthy combined effects is conveyed by the illustrations in Fig. 10, Fig. 11 and Fig. 12. 360 

Most of the performance metrics show improvement when changing to higher ventilation rate and/or 361 

changing to dynamic cool lighting. In some instances, the error metrics show decreased performance 362 

but these numbers are calculated from very small sample sizes: the total number of errors was quite 363 

small compared to the number of correctly executed tests and in most instances the mean value shifts 364 

just 1 or 2 to either positive or negative side. Consequently, we put less emphasis on the error metrics, 365 

positive or negative. 366 
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Table 2 Indoor climate in the classrooms during the test weeks and during the performance tests. 367 

  Week 1 Week 2 Week 3 Week 4 

  3.9l/s_4900K 3.9l/s_2900K 3.9l/s_2900K 3.9l/s_4900K 10.6l/s_4900K 10.6l/s_2900K 10.6l/s_2900K 10.6l/s_4900K 

Class room A C B D A C B D A C B D A C B D 

Weekly occupied conditions                                

CO2-concentration,  1175 1212 1119 1166 1094 1136 1123 1159 784 777 762 707 797 725 730 739 

mean ± SD [ppm] ± 292 ± 357 ± 323 ± 298 ± 319 ± 358 ± 325 ± 296 ± 136 ± 179 ± 114 ± 174 ± 155 ± 125 ± 102 ± 68 

Air temperature, 24.3 24.3 24.0 23.0 23.5 23.7 23.0 21.2 23.2 23.1 23.1 22.5 22.4 22.6 22.3 22.0 

mean ± SD [°C] ± 0.8 ± 0.9 ± 0.8 ± 0.5 ± 1.3 ± 1.7 ± 1.0 ± 0.8 ± 0.9 ± 0.9 ± 0.7 ± 0.7 ± 0.7 ± 1.0 ± 0.7 ± 0.6 

Air temp. at façade†, 22.1 21.9 21.9 21.7 20.8 20.7 20.3 19.8 20.7 20.5 20.7 21.5 19.9 19.5 19.7 21.0 

mean ± SD [°C] ± 1.3 ± 1.4 ± 1.5 ± 1.5 ± 1.4 ± 1.4 ± 1.5 ± 1.5 ± 1.4 ± 1.4 ± 1.5 ± 1.5 ± 1.3 ± 1.4 ± 1.5 ± 1.5 

Relative humidity, 40 40 39 42 41 41 42 46 42 43 42 43 30 30 30 32 

mean ± SD [%] ± 4 ± 5 ± 5 ± 4 ± 4 ± 5 ± 5 ± 4 ± 4 ± 4 ± 4 ± 4 ± 2 ± 2 ± 2 ± 2 

Outdoor temperature, 13.4 14.0 13.3 12.5 12.5 12.9 12.4 11.8 12.2 12.3 12.1 12.0 7.9 7.2 7.2 6.9 

mean ± SD [°C] ± 5.3 ± 6.2 ± 6.3 ± 5.3 ± 5.0 ± 5.6 ± 5.3 ± 4.3 ± 3.5 ± 3.4 ± 3.4 ± 3.8 ± 4.1 ± 3.0 ± 3.0 ± 2.9 

Conditions during d2 & math   

CO2-concentration, 1525 1639 1598 1648 1173 1619 1513 1443 840 911 845 720 795 905 830 808 

min-max [ppm] 1630 1860 1704 1781 1608 1821 1623 1537 893 966 928 777 930 941 901 900 

Air temperature, 25.1 25.1 24.6 23.7 23.8 24.1 23.6 21.3 23.5 23.9 23.8 23.0 22.3 23.0 22.5 21.8 

min-max [°C] 25.6 25.2 24.9 24.0 24.5 24.7 23.9 21.5 23.9 24.1 23.8 23.0 22.7 23.1 22.7 21.9 

Number of persons 22 24 23 21 22 23 22 22 23 22 24 20 23 22 23 21 

Vent. rate* [l/s/pers] 4.0 3.5 3.7 3.6 4.7 3.5 4.0 4.3 10.1 8.6 9.5 13.5 10.6 8.9 10.1 10.4 

Conditions during Baddeley & questionnaires              

CO2-concentration, 1508 1582 1499 1394 1564 1469 1556 1404 779 847 768 718 846 827 751 734 

min-max [ppm] 1753 1807 1653 1660 1724 1685 1735 1666 918 923 856 836 926 878 833 815 

Air temperature, 24.9 24.0 24.1 22.6 24.6 24.1 23.9 21.9 24.0 23.9 24.0 23.1 22.0 22.1 21.8 21.5 

min-max [°C] 25.1 24.6 24.2 23.2 25.1 24.5 24.3 22.0 24.7 24.3 24.1 23.2 22.4 22.4 21.9 21.7 

Number of persons 22 23 23 22 23 20 22 22 22 22 23 21 24 20 20 21 

Vent. rate* [l/s/pers] 3.8 3.6 4.1 4.1 3.8 4.0 3.7 4.2 10.7 9.7 11.4 12.3 9.5 10.3 12.2 12.3 

† Temperature measured by HOBO logger mounted on façade pillar separating the window sections at the height of 1.6 m. 368 
*Estimated flow rate based in CO2-decay method assuming metabolic CO2-production of 14.4 l/h per pupil and 20.4 l/h from the teacher. Outdoor CO2-level of 400 ppm.369 
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5.2.1 Lighting 370 

The true crossover design included changing the lighting conditions at first low and then at high 371 

ventilation rate. This is reported in Table 3 and Table 4. At low ventilation rate, the math test improved 372 

significantly (12.1%, P=0.009) with smaller non-significant improvements in the d2-test when dynamic 373 

cool lighting was provided (Table 3). Then, when dynamic lighting was combined with high ventilation 374 

rate, the d2-test improved significantly with TOT CORR 5.4% (P=0.003) and CONC 6.1% (P=0.002) (Table 375 

4). Math also improved (5.7%) but without significance. The results indicate that the cognitive processes 376 

involved in the d2-test is boosted by the combination of high ventilation rate and dynamic cool lighting 377 

conditions, whereas math skills benefit from changing to dynamic lighting (12.1%, P=0.009) at low 378 

ventilation rates and less for higher ventilation rates (5.7%, P=0.147), which suggests that initial 379 

improvements from a reference situation have the biggest impact and subsequent changes a smaller 380 

impact on math skills. The significant impact of dynamic lighting on the “before” situation concurs with 381 

the claims of the producer of the LED-panels, who names the dynamic cool lighting condition “math” 382 

light. These results supplement Mott et al. [7] who found that 3
rd

 graders oral reading fluency improved 383 

36% when given 1000 lux at 6500K instead of 500 lux at 3500K but found no influence on motivation or 384 

concentration. 385 

5.2.2 Ventilation 386 

The effect of higher ventilation rate at different lighting conditions is reported in Table 5 and Table 6. 387 

The ventilation rate was increased from 3.9 l/s to 10.6 l/s per person on average, illustrated by a CO2-388 

concentration reduction from approx. 1600 ppm to 900 ppm (Table 2). While showing overall positive 389 

performance changes in all tests with negligible effect on the error rates, only the d2 metrics show 390 

significant improvement but only when given both high ventilation rate and dynamic lighting (Δ > +5.0%, 391 

P<0.003). Indeed, providing higher ventilation rate to the pupils seems to have had a smaller effect on 392 
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their performance than anticipated based on results in the literature. Wargocki and Wyon [33] found 393 

that doubling the outdoor air supply rate increased the execution speed of school-work related tasks by 394 

8% overall, and 14% in the most significantly affected tasks. Similarly in 2016, Petersen et al. [4] found 395 

statistically significant performance increases for different schoolwork tasks of 3.2% to 7.4% when 396 

increasing the ventilation rate from 1.7 to 6.6 l/s per person. The results reported in Table 5 and Table 6 397 

support that the d2-metrics are boosted by combining indoor environment improvements. The math 398 

results – though non-significant - benefit more from higher ventilation rates at warm constant lighting 399 

conditions (6.1%, P=0.108) than at dynamic cool lighting conditions (2.7%, P=0.539), which suggests 400 

some canceling effect between improvements. 401 

In Table 7 the combined effect of providing higher ventilation rate and dynamic lighting conditions is 402 

reported. Both d2-tests and math tests were significantly impacted from the combination. The metrics 403 

TOT CORR and CONC showed improvements of 6.6% and 8.3% (P=<0.001) and the math test showed 404 

11.8% (P=0.006). 405 

The Baddeley performance metrics (Correct answers and Errors) did not show any significance in any of 406 

the scenarios and the scores point in both positive, neutral, and negative direction. Thus, we disregard 407 

the Baddeley test results all together.  408 
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Table 3 409 

Scenario 1: performance by children when lighting changes from constant warm to dynamic cool at low ventilation rate 410 

Performance 

test 

Sample size 
Performance 

metric 

3.9l/s_2900K 3.9l/s_4900K 
Performance 

change†, % 

Statistical 

test P-value n (nA+nB+nC+nD) mean ± SD (median) mean ± SD (median) 

d2 82 (19+21+22+20) TOT CORR 366 ± 79 (375) 372 ± 69 (380) 1.6 t-test 0.185 

  

 

CONC 143 ± 42 (144) 146 ± 33 (152) 2.1 Wilcoxon 0.251 

Baddeley 79 (20+21+18+20) Correct answers 37 ± 15 (36) 35 ± 16 (35) -5.4 Wilcoxon 0.265 

  

 

Errors 5 ± 7 (2) 6 ± 10 (2) -20.0 Wilcoxon 0.93 

Math 80 (19+21+21+19) Correct answers 33 ± 18 (32) 37 ± 19 (38) 12.1 Wilcoxon 0.009** 

    Errors 3 ± 3 (3) 4 ± 4 (2) -33.3 Wilcoxon 0.484 

Note: Asterisks emphasize the significance: P-value ≤ 0.05 (*), ≤ 0.01 (**) and P-value ≤ 0.001 (***). 411 
†The term “change” refers to the relative change in the mean values between the scenarios. Positive values denote a performance increase, negative a 412 
decrease. 413 
 414 
 415 
Table 4 416 

Scenario 2: performance by children when lighting changes from constant warm to dynamic cool at high ventilation rate 417 

Performance 

test 

Sample size 
Performance 

metric 

10.6l/s_2900K 10.6l/s_4900K 
Performance 

change†, % 

Statistical 

test P-value n (nA+nB+nC+nD) mean ± SD (median) mean ± SD (median) 

d2 80 (21+22+19+18) TOT CORR 371 ± 91 (382) 391 ± 86 (391) 5.4 t-test 0.003** 

  

 

CONC 148 ± 42 (146) 157 ± 40 (156) 6.1 t-test 0.002** 

Baddeley
#
 57 (21+19+17+0) Correct answers 39 ± 15 (40) 39 ± 15 (39) 0.0 t-test 0.822 

  

 

Errors 9 ± 13 (2) 7 ± 10 (2) 22.2 Wilcoxon 0.079 

Math 79 (21+22+19+17) Correct answers 35 ± 21 (33) 37 ± 20 (38) 5.7 Wilcoxon 0.147 

    Errors 3 ± 6 (2) 4 ± 5 (3) -33.3 Wilcoxon 0.168 

Note: Asterisks emphasize the significance: P-value ≤ 0.05 (*), ≤ 0.01 (**) and P-value ≤ 0.001 (***). 418 
#
The results from class D in test week 4 are not included due to badly executed Baddeley test by temporary teacher. 419 

†The term “change” refers to the relative change in the mean values between the scenarios. Positive values denote a performance increase, negative a 420 
decrease. 421 

 422 
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Table 5 423 

Scenario 3: performance by children when ventilation rate changes from low to high in constant warm lighting conditions 424 

Performance 

test 

Sample size 
Performance 

metric 

3.9l/s_2900K 10.6l/s_2900K 
Performance 

change†, % 

Statistical 

test P-value n (nA+nB+nC+nD) mean ± SD (median) mean ± SD (median) 

d2 82 (20+22+21+19) TOT CORR 366 ± 80 (375) 371 ± 91 (382) 1.4 t-test 0.391 

  

 

CONC 142 ± 43 (144) 146 ± 43 (146) 2.8 Wilcoxon 0.053 

Baddeley 79 (22+21+16+20) Correct answers 37 ± 16 (38) 39 ± 16 (39) 5.4 t-test 0.398 

  

 

Errors 5 ± 7 (2) 8 ± 12 (2) -60.0 Wilcoxon 0.375 

Math 79 (20+22+20+17) Correct answers 33 ± 19 (32) 35 ± 21 (33) 6.1 Wilcoxon 0.108 

    Errors 4 ± 3 (3) 3 ± 6 (2) 25.0 Wilcoxon 0.022* 

Note: Asterisks emphasize the significance: P-value ≤ 0.05 (*), ≤ 0.01 (**) and P-value ≤ 0.001 (***). 425 
†The term “change” refers to the relative change in the mean values between the scenarios. Positive values denote a performance increase, negative a 426 
decrease. 427 
 428 

Table 6 429 

Scenario 4: performance by children when ventilation rate changes from low to high in dynamic cool lighting conditions 430 

Performance 

test 

Sample size 
Performance 

metric 

Scenario 3.9l/s_4900K Scenario 10.6l/s_4900K 
Performance 

change†, % 

Statistical 

test P-value n (nA+nB+nC+nD) mean ± SD (median) mean ± SD (median) 

d2 81 (20+21+21+19) TOT CORR 374 ± 66 (380) 393 ± 83 (396) 5.1 t-test 0.003** 

  

 

CONC 149 ± 32 (152) 158 ± 39 (158) 6.0 t-test <0.001*** 

Baddeley
#
 57 (19+19+19+0) Correct answers 38 ± 16 (40) 39 ± 15 (39) 2.6 t-test 0.76 

  

 

Errors 7 ± 11 (2) 6 ± 10 (2) 14.3 Wilcoxon 0.474 

Math 81 (20+21+21+19) Correct answers 37 ± 19 (39) 38 ± 20 (39) 2.7 Wilcoxon 0.539 

    Errors 4 ± 4 (2) 4 ± 5 (3) 0.0 Wilcoxon 0.342 

Note: Asterisks emphasize the significance: P-value ≤ 0.05 (*), ≤ 0.01 (**) and P-value ≤ 0.001 (***). 431 
#
The results from class D in test week 4 are not included due to badly executed Baddeley test by temporary teacher. 432 

†The term “change” refers to the relative change in the mean values between the scenarios. Positive values denote a performance increase, negative a 433 
decrease. 434 

 435 
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 436 

Table 7 437 

Scenario 5: performance by children when ventilation rate changes from low to high and lighting conditions changes from constant warm to dynamic cool 438 

Performance 

test 

Sample size 
Performance 

metric 

Scenario 3.9l/s_2900K Scenario 10.6l/s_4900K 
Performance 

change†, % 

Statistical 

test P-value n (nA+nB+nC+nD) mean ± SD (median) mean ± SD (median) 

d2 81 (20+22+20+19) TOT CORR 366 ± 77 (375) 390 ± 86 (396) 6.6 t-test <0.001*** 

  

 

CONC 145 ± 39 (145) 157 ± 40 (158) 8.3 Wilcoxon <0.001*** 

Baddeley
#
 56 (20+19+17+0) Correct answers 37 ± 16 (38) 39 ± 15 (39) 5.4 t-test 0.49 

  

 

Errors 5 ± 8 (2) 6 ± 10 (2) -20.0 Wilcoxon 0.932 

Math 80 (20+22+20+18) Correct answers 34 ± 19 (32) 38 ± 20 (39) 11.8 Wilcoxon 0.006** 

    Errors 4 ± 3 (3) 4 ± 5 (3) 0.0 Wilcoxon 0.984 

Note: Asterisks emphasize the significance: P-value ≤ 0.05 (*), ≤ 0.01 (**) and P-value ≤ 0.001 (***). 439 
#
The results from class D in test week 4 are not included due to badly executed Baddeley test by temporary teacher. 440 

†The term “change” refers to the relative change in the mean values between the scenarios. Positive values denote a performance increase, negative a 441 
decrease. 442 



27 

 

5.2.3 Combined effect of ventilation and lighting 443 

The most noteworthy performance changes from Table 3-Table 7 are put into the graphs in Fig. 10 (TOT 444 

CORR), Fig. 11 (CONC) and Fig. 12 (Math). The graphs show the combined effect of higher ventilation 445 

rate and dynamic lighting with high statistical significance (dashed horizontal line). For the metrics TOT 446 

CORR (Fig. 10) and CONC (Fig. 11) the total performance increase coincides very closely to the added 447 

effect of introducing first one improvement, then another. The P-values are included to indicate the 448 

trustworthiness of each individual measure. 449 

The graphs show that the cognitive processes involved in the d2-test is boosted by the combination of 450 

high ventilation rate and dynamic cool lighting conditions irrespective of the initial measure. The math 451 

results (Fig. 12) show 50-50 attribution when ventilation is applied first whereas dynamic lighting as a 452 

first measure seems to have a big stand-alone effect making any subsequent improvements from 453 

ventilation very uncertain.The graphs underpin the importance of refurbishing holistically as the major 454 

impact comes from a combination of improvements and not from any stand-alone measures with the 455 

sole exception of dynamic lighting from a reference situation on math skills.  456 

 457 

 458 
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Fig. 10. TOT CORR as a metric for processing speed. Expected performance increase based on higher ventilation 459 

rate or changing to dynamic lighting or doing both. Significance level 0.01 (two-tailed). 460 

 461 

 462 

 463 

Fig. 11. CONC as a metric for concentration. Expected performance increase based on higher ventilation rate or 464 

changing to dynamic lighting or doing both. Significance level 0.01 (two-tailed). 465 

 466 

 467 
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Fig. 12. Subtraction and multiplication tests as a metric for math abilities. Expected performance increase based on 468 

higher ventilation rate or changing to dynamic lighting or doing both. Significance level 0.01 (two-tailed). 469 

 470 

 471 

 472 

5.3 Questionnaires 473 

At the end of each test week, the pupils gave feedback on the perceived indoor climate. Table 8 474 

summarizes the results for each test condition. In general, the feedback shows little impact from the 475 

four test conditions, which renders the results largely inconclusive. The classrooms were assessed to be 476 

too warm, which corresponds well with the verbal feedback from the teachers and the measured air 477 

temperatures, which started at +24°C and trending towards 22°C in the final week. The pupils seem to 478 

be indifferent to the change in ventilation flow rate, which is positive in terms of both draught and noise 479 

and may be due to the diffuse ceiling ventilation concept. The noise score is towards the negative side, 480 

but this is probably due to the pedagogic approach with a large share of work in teams and therefore a 481 

lot of human background noise. In terms of perceived air quality, lighting conditions and motivation 482 

there were no changes to be detected. 483 

 484 

Table 8 485 

Questionnaire feedback from pupils from each test week merged into four test conditions 486 

 

Week 1 Week 2 Week 3 Week 4 

 

3.9l/s_2900K 3.9l/s_4900K 10.6l/s_2900K 10.6l/s_4900K 

 

Mean ± SD Mean ± SD Mean ± SD Mean ± SD 

Wellbeing in school: bad(1) - great(5) 3.8 ± 0.7 3.8 ± 0.7 3.7 ± 0.8 3.9 ± 0.9 

Wellbeing outside school: bad(1) - great(5) 4.3 ± 0.7 4.2 ± 0.8 4.1 ± 0.9 4.2 ± 0.8 

Classroom was: bad(1) - great(5) 3.4 ± 0.9 3.2 ± 0.9 3.3 ± 0.9 3.4 ± 0.8 

Too warm(1) - Not too warm(5) 2.7 ± 1.2 2.5 ± 1.2 2.9 ± 1.3 3.1 ± 1.4 

Too cold(1) - Not too cold(5) 4.3 ± 0.8 4.4 ± 0.8 4.3 ± 0.9 4.2 ± 0.9 
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Draught(1) - No draught(5) 4.3 ± 1.0 4.3 ± 1.0 4.2 ± 1.0 4.3 ± 0.9 

Air was stuffy(1) - Air was fresh(5) 3.0 ± 1.2 2.8 ± 1.3 2.8 ± 1.2 2.9 ± 1.2 

Too noisy(1) - Quiet(5) 2.6 ± 1.1 2.7 ± 1.1 2.8 ± 1.0 2.8 ± 1.1 

Too bright(1) - Not too bright(5) 3.8 ± 1.2 3.6 ± 1.2 3.9 ± 1.0 3.7 ± 1.1 

Too dark(1) - Not too dark(5) 4.4 ± 0.9 4.3 ± 0.8 4.1 ± 0.9 4.2 ± 1.0 

Headache(1) - No headache(5) 3.5 ± 1.5 3.3 ± 1.4 3.3 ± 1.3 3.3 ± 1.3 

Concentration was: difficult(1) - easy(5) 3.6 ± 1.0 3.3 ± 1.0 3.2 ± 1.0 3.4 ± 1.1 

Sleepy(1) - Awake(5) 3.7 ± 1.1 3.6 ± 1.2 3.6 ± 1.3 3.7 ± 1.2 

Feeling like: not working(1) - working(5) 3.8 ± 1.1 3.8 ± 1.1 3.8 ± 1.0 3.9 ± 1.1 

Feeling not well(1) - Feeling well(5)  4.1 ± 0.9 3.8 ± 1.0 4.0 ± 1.0 4.0 ± 1.0 

 487 

6 Discussion 488 

6.1 Main findings 489 

The aim of the study was to examine the effect in the pupils’ cognitive performance and satisfaction 490 

with the indoor environment by changing their classrooms from having low ventilation rates and 491 

constant warm lighting to higher ventilation rates and dynamic cool lighting. 492 

Out of the five contrasting scenarios, the move to higher ventilation rates and dynamic cool lighting was 493 

especially interesting, as both d2-test (TOT ERR and CONC) and math test improved significantly 494 

(P<0.001, P<0.006), even considering the Bonferroni correction. The results of the individual measures, 495 

higher ventilation rates or dynamic lighting, point in the same positive direction, but was not statistically 496 

significant in all cases. Application of the Bonferroni correction changed significance of only one 497 

performance metric in one scenario, as denoted by the single asterisk (*) in Table 5, and we did not put 498 

emphasis on this metric anyway due to the extremely small sample size. 499 

The individual effect of higher ventilation rate was overall lower than expected and not always 500 

significant. For each 1 l/s per person ventilation increase the effect amounted to an overall average of 501 

0.6%. In comparison, others have published significant performance increases of 0.5% (math scores, 502 

range 0.9-7.1 l/s per person) [34], 1.1% (math and language tasks, range 1.7-6.6 l/s per person) [4] and 503 
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about 2% (math and language tasks, range 3-9.5 l/s per person) [33]. The low effect is probably due to 504 

the relatively satisfactory ventilation rate in the reference condition (3.9 l/s person, approx. cat III [21]). 505 

The effect of dynamic lighting is low and insignificant for low ventilation rate, but increases to 6.1% 506 

(CONC) during higher ventilation rates and CO2-levels of approx. 800-900 ppm. This result concurs with 507 

a published study, where schoolchildren’s concentration performance also increased significantly when 508 

given 1000 lx at 6500 K rather than 300 lux at 3000 K [18]. 509 

The Baddeley-test did not show any significant difference throughout the experiment. This is consistent 510 

with Wargocki & Wyon [8], who used the same type of test in a similar study concerning ventilation flow 511 

rate and temperature. One reason could be that the test was too difficult for the age group or the eight 512 

minute period was too short. Petersen et al. [4] did find a significant (P=0.04) improvement by the use of 513 

a Baddeley-test when pupils were given higher ventilation flow rate. But we noticed a major difference 514 

in the average score of ’Correct answers’, being 62 in the study by Petersen and only 37 in this study. 515 

The higher score might be caused by age difference because in Petersen’s study the population only 516 

consisted of 5
th

 graders. Furthermore, two more minutes were given compared to this experiment. 517 

Thus, no conclusions can be drawn from the Baddeley test results. 518 

Prior to the study, we hypothesized that the combined effect of lighting and ventilation would not add 519 

up or boost the final results. Rather we hypothesized that a certain cancellation effect would occur, 520 

making it hard to find statistically significant results when lighting was combined with ventilation or vice 521 

versa. In Fig. 10, Fig. 11 and Fig. 12 the incremental positive performance changes due to either higher 522 

ventilation rate or dynamic cool lighting or combinations hereof are depicted. The figures illustrate that 523 

the total positive performance change from combined measures matches the summed up effect of 524 

individual measures. The exact contribution of the individual measures is uncertain due to the statistical 525 

significance level, but the d2-test results in Fig. 10 and Fig. 11 show that higher ventilation rate or 526 

dynamic lighting individually cause approx. the same effect on the pupil’s cognitive performance, but in 527 
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combination they boost one-another. In the math test results in Fig. 12 the measures seems to add up 528 

or even have some canceling effect, but the statistical significance here is low. Thus, the hypothesis is 529 

partly contradicted and partly supported by the results. 530 

The results indicate that neither higher ventilation rate nor dynamic lighting as individual measures 531 

provide the full potential performance increase. Rather the results support the notion that the indoor 532 

climate parameters support one-another, and to gain the full potential of a refurbishment, it is 533 

imperative to consider the indoor climate from a holistic perspective. 534 

6.2 Limitations 535 

The data was pooled to create sample sizes as big as possible. Considering the physical adjacency, 536 

orientation and resemblance of the classrooms, we consider this statistically acceptable, but the effect 537 

of the teacher-pupil relation was obscured. Very light filtration of the test responses was implemented 538 

and only for obvious reasons: pupils showing signs of being deeply un-motivated with only very few 539 

responses or with tests badly doodled or with expressions of strong dislike of the whole situation. Thus, 540 

only 1-3 pupils in each dataset was discarded. Another filter was applied to the first and last line in every 541 

d2-test because many tests showed signs of premature start or delayed finish. 542 

Great care was taken to avoid positive learning effects by rehearsing each test at least eight times 543 

before the real performance tests began. The cross-over periods were designed to eliminate the effect 544 

but we cannot completely disregard that some of the effect, especially in scenario 5 with data from early 545 

and late test weeks, is due to a positive learning curve. But we argue that the initial comprehensive and 546 

repetitive rehearsals should have made the students reach their maximum proficiency prior to the real 547 

tests and minimized the effect..On the opposite, fatigue caused by repetition was a bigger concern. 548 

Fatigue would be partly evident by the last four questions in the questionnaire relating to motivation 549 

but no trend of decreasing motivation could be observed. Thus, we did not find evidence of fatigue. 550 
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The pupils knew they were being tested – in some respects the rigorous test regime collided with the 551 

pedagogic teaching methods that the pupils were used to – so it was impossible to hide the fact from 552 

them. Neither pupils, nor teachers knew which test condition they had a given week, but the colour 553 

temperature of the lighting fixtures and to some extent the perceived air quality was impossible to 554 

disguise. The 2x cross-over experimental design, however, helped in obscuring any patterns to the test 555 

subjects and by running each test condition for at least three full school days prior to the first 556 

performance test the pupils acclimatized and minimized any carry-over effect. The questionnaire did not 557 

reveal either that the pupils noticed any changes to the air quality or lighting conditions. 558 

We sacrificed the double-blind test regime even though it would have carried more power, because we 559 

deemed the risk of jeopardizing the entire experimental operation too high if we as researchers did not 560 

keep a close record of everything. 561 

The questionnaire did not seem to capture the real feeling of the pupils. This is, however, in alignment 562 

with literature [4,8,35] where very little evidence was found that the pupil’s self-evaluation reflects the 563 

actual indoor climate conditions. 564 

One important source of error was the daylight entering from the windows. The dynamic cool lighting 565 

was designed to mimic daylight and was therefore not as affected by additional daylight as the constant 566 

warm lighting was. We tried to minimize the effect by conducting the experiment in October and 567 

November where it is quite dark and overcast in Denmark, but the reported findings with the two 568 

lighting conditions might have been even more clear if the warm lighting conditions had not been 569 

’contaminated’ by daylight. Using the shading was not a viable option because it would substantially 570 

aggravate the learning environment. We do not have reliable daylight data to compensate for the effect, 571 

but in real schools the lighting system is also “contaminated” with daylight. Consequently, we regard the 572 

test results to be conservative and to be reflecting the effect that will be observable in real schools. 573 
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The temperature was not constant during all the tests in all classes and this may have influenced the 574 

result as temperature is a key factor for work performance. But by the process of aggregating tests from 575 

different classes from different days into scenarios, the temperature differences are leveled out. Thus, in 576 

the scenarios where ventilation rate was increased (scenario 3-5) the temperature dropped by approx. 577 

1°C. 578 

According to the thermal comfort model by Seppanen et al. [36], this amounts to a relative performance 579 

increase of 0.6% which concurs closely to Haverinen-Shaughnessy’s study [34] who found 0.5% per 1 °C 580 

decrement. 2% was found by Wargocki & Wyon [33]. Thus, a minor part of the performance increment 581 

found in the scenarios with higher ventilation rate is probably due to increased thermal comfort. In 582 

temperate climates, this inter-dependency is most often positive, but in warmer climates care should be 583 

taken to avoid that higher ventilation rates negatively affect thermal summer comfort and cannibalizes 584 

the performance improvement from higher ventilation rates. 585 

  586 

6.3 Future research 587 

This study focuses only on the inter-relations of two indoor environmental quality parameters: 588 

ventilation and lighting and only at specific levels. Future research should aim at determining the critical 589 

levels of these IEQ parameters where further improvement does not reflect in the student’s 590 

performance; also because improved ventilation and lighting consumes more energy. Acoustics might 591 

also be included as an important IEQ aspect that is often considered when refurbishments are planned. 592 

Also further evidence for the conclusions should be gained by increasing the sample size and extent the 593 

investigation to include other academic skills, such as creative thinking and project work. 594 
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7 Conclusion 595 

This article reports on a field study where 92 pupils between the age of 10 and 12 years have been 596 

tested in processing speed, concentration, logical reasoning and math skills while they were subjected to 597 

different ventilation rates and lighting conditions. The tests were selected to measure the performance 598 

of various cognitive processes in the pupils. The experiment was designed as two 2x2 crossovers where 599 

the lighting was changed from constant warm light with a correlated colour temperature of 2900 K and 600 

illuminance 450 lux to a dynamic cool light with a maintained average of CCT 4900 K and 750 lux. Each 601 

2x2 crossover was tested at both low (3.9 l/s per person) and high ventilation rate (10.6 l/s per person),.  602 

Five statistical scenarios were constructed to contrast the different indoor climate test conditions. The 603 

scenarios showed that processing speed (6.6%, P<0.001), concentration (8.3%, P<0.001) and math skills 604 

(11.8%, P<0.006), improved the most in the combined scenario with high ventilation rate and dynamic 605 

cool lighting. The logical reasoning test did not show significant changes in any of the scenarios. The 606 

scenarios also indicated that the processing speed and concentration metrics were boosted when both 607 

ventilation and lighting was improved. The math test indicated a more equal  balance between the 608 

effect of lighting and ventilation, perhaps even some canceling effect. The weekly questionnaires 609 

showed a general satisfaction with the environmental conditions, but dissatisfaction concerning 610 

overheating, air quality and noise was persistent irrespective of the actual indoor conditions. However, 611 

this is most likely due to the formulation of the questions and the pupils having difficulty reflecting on 612 

their indoor environment. 613 
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• Schoolchildren’s performance is affected by ventilation rate and lighting conditions 

• The effect of individual measures was small compared to combined effect 

• Neither improved ventilation rate, nor lighting conditions should be individual measures 

• Combine improved ventilation rate and lighting conditions to boost performance 

• The results support a holistic view on indoor environmental refurbishment  
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