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Healthy Indoor
Climate in Schools

: How to achieve optimal learning environment and low
health risk and energy use?

Q2: How to reduce the infection risk from exposure to airborne
pathogens?

Healthy Indoor
Climate in Schools
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Main theses from my 2014 presentation

» A good education system constitutes one of the fundaments of a modern society because
poor learning can have lifelong consequences for a student and for society

Early childhood experiences impact behaviour later on in a life

Buildings must promote health, reduce energy and be sustainable, health being a

sustainability component

» The primary purpose of school building is to provide an optimal conditions for learning and
then to conserve energy

« |[EQ in many schools worldwide is inadequate

» Poor I[EQ in schools is linked not only to health problems but also to decreased

concentration and poor test results

All children and teachers, independent of the socio-economic status, have the right to
breathe healthy air (also in schools)
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Health definitions

= WHO: Health is a state of complete physical, mental and social well-being and not merely
the absence of disease or infirmity

= Merriam Webster’s Dictionary: The condition of being sound in bady, mind, or spirit, esp.
freedom from physical disease or pain

= American Thoracic Society: An adverse health effect of air pollution is constituted by any
of these: biomarker response, decreased (health-related) quality of life, permanent
detectable adverse physiological impact, symptoms-associated with diminished quality of
life or change in clinical status, detectable effects on clinical measures, effects on
mortality, increased risk of health even in the absence of frank iliness




=]
=
=

M

Healthy indoor
climate in schools=
promoting learning,
avoiding absence
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Research-based
recommendations for
achieving high indoor

environmental quality
In classrooms to
promote learning
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- Thermal environment in classrooms
Raised classroom temperatures have progressively
negatl\re effects on children
DTU
=3 Thermal environment — research based evidence

and the need for new research

Meta-analysis of all available data shows that children’s performance of tasks
typical of schoolwork is reduced by 20% as the classroom air temperature is
increased by 10K

Raised temperatures have twice the negative effect on schoolwork as on office
work

The optimum temperature for schoolwork is 2-3K lower than it is for office work,
and children in school subjectively prefer lower temperatures than are preferred in
offices

In Denmark, the optimum classroom temperature appears to be below 23°C
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The relationship between classroom temperature and children’s )
performance in school =
Pawel Wargocki®”, Jose Ali Porras-Salazar™™", Sergio Contreras-Espinoza®

* International Centre for Indoor Environment and Energy, DTU Civil Engineering, Technical Universicy of Denmark, Kongens Lynghy, Denmark
* School of Architecaure, University of Costa Rica, San Pedro de Montes de Oca, Costa Rica

© Department of Design and Theory of Architecture, University of Bio-Bio, Bio-Bio, Chile

< Department of Statistics, University of Bio- Bio, Bio-Bio, Chile

ARTICLE INFO ABSTRACT

Keywords: The present paper reports a meta-analysis of published evidence on the effects of temperature in school class-
Children rooms on children's performance in school. The data from 18 studies were used to construct a relationship
Learning between thermal conditions in classrooms and children's p in school. Psy tests i
Cogitive performance cognitive abilities and skills, school tasks including mathematical and language-based tasks, rating schemes, and

Elementary schools
Temperature
Thermal environment

tests used to assess progress in learning including end-of-year grades and the examination results were con-
sidered as indicators of children's performance Due to the lack of complete measurements, thermal conditions
were characterized by measured classroom temperatures. To create the relationship, the fractional change in
performance of psychological tests and school tasks was regressed against the average temperature at which the
change was recorded; all published data were used regardless of whether the change in learning outcome
changed significantly with temperature. For other learning outcomes, no relationship was created because the
data were insufficient. The relationship derived in the analysis shows that the performance of psychological tests
and school tasks can be expected to increase on average by 20% if classroom temperatures are lowered from
30°C to 20°C and that the temperature for optimal performance is lower than 22 °C. The relationship is valid
only for temperate climates. It requires verification for other climates and extensions to temperatures lower than
20°C and higher than 30 °C.
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Performance of schoolwork as a function of
classroom temperature
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Comparison of the relationships
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SD of the score on math and langauge exit exam (US)
as as function of overheating (ambient temperature)
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Thermal environment — research based evidence
and the need for new research

* What is NOT yet known: The optimum classroom temperature range for each
climatic zone, whether thermal effects on teachers affect teaching quality (since
they are known to affect adults performing office work), the mechanism for thermal
effects on cognition and learning, and whether IEQ factors such as noise or air
quality interact with thermal effects
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Classroom air quality

i

Poor classroom air quality has progressively negative
effects on children
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Air quality — research based evidence and the need
for new research

Children perform schoolwork 12% faster and 2% more accurately when the outdoor air supply rate is such
that the resulting CO, concentration in a typical classroom is 900 ppm instead of 2100 ppm

» School test and examination results are 5% better when the outdoor air supply rate is such that the resulting
CO, concentration in a typical classroom is 900 ppm instead of 2400 ppm

National test results are 5% better with a 7.5 L/s/p than with a 2 L/s/p outdoor air supply rate in classrooms
» Absenteeismis 1.5% higher with a 2 L/s/p outdoor air supply rate than with 7.5 I/s/p

» This suggests an increased outdoor air supply rate can reduce cross-infection between children or mitigate
pre-existing conditions
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CO, effects on humans — marker of outdoor air
supply rate (air quality)
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The relationships between classroom air quality and children’s s

performance in school

Pawel Wargocki™ , Jose Ali Porras-Salazar®, Sergio Contreras-Espinoza ©, William Bahnfleth

* International Gentre for Indoor Environment and Energy, DTU Civil Engineering, Technical University of Denmark, Kongens Lynghy, Denmark

® School of Architeenure, University of Casta Rica, San Pedro de Montes de Oca, Costa Riza

© Department of Statistics, University of Bio- Bio, Bio-Bio, Chile

d Department of Architectural Engineering, Pennsylvania Stare University, PA, United States

ARTICLEINFO ABSTRACT

Keywords: The data from published studies were used to derive systematic relaionships between learning outcomes and air

Children quality in classrooms. Psychological tests measuring cognitive abilities and skills, school tasks including math-

Leazning ematical and language-based tasks, rating schemes, and tests used to assess progress in learning including end-of-

:l‘m““:w"“i‘;“‘““ year grades and exam scores were used to quantify learning outcomes. Short-term sick leave was also included
ementary schools

because it may influence progress in leaming. Classroom indoor air quality was characterized by the concen-
tration of carbon dioxide (COp). For psychological tests and school tasks, fractional changes in performance were
regressed against the average concentrations of €O; at which they occurred:; all data reported in studies meeting
the inclusion criteria were used to derive the relationship, regardless of whether the change in performance was
statistically significant at the examined levels of classroom air quality. The analysis predicts that reducing €Oz
concentration from 2,100 ppm to 900 ppm would improve the performance of psychologieal tests and school
tasks by 12% with respect to the speed at which the tasks are performed and by 2% with respect to errors made.
For other learning outcomes and short-term sick leave, only the relationships published n the original studies
were available. They were therefore used to make predictions. These relationships show that reducing the GO2
concentration from 2,300 ppm to 900 ppm would improve performance on the tests used to assess progress in
learning by 5% and that reducing CO; from 4,100 ppn: to 1,000 ppm would increase daily artendance by 2.5%.
These results suggest that inereasing the ventilation rate in classrooms in the range from 2 L/s-person to 10 L/s-
person can bring significant benefits in terms of learning performance and pupil attendance; no data are available
for higher rates. The results provide a swong incentive for improving classroom air quality and can be used in
cost-benefit analyses.

Carbon dioxide
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Performance of schoolwork (speed or reation
time) as a function of classroom CO, concentration
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Performance of schoolwork (accuracy) as a
function of classroom CO, concentration
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Pupils’ daily attendance as a function of classroom
CO, concentration
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Air quality — research based evidence and the need
for new research

» Whatis NOT yet known: The extent to which classroom occupant density and a low outdoor air supply rate
affect cross-infection, whether there are any negative indoor air quality effects on teachers that affect
teaching quality, whether thermal effects interact with the effects of air quality, and the mechanism for the
negative effects of air quality on cognition: although it has been shown that lung capacity is temporarily
reduced by exposure to poor indoor air quality, the physiological processes by which this occurs and how
this affects cognition are not known. If they were known, they might make it possible to identify the airborne
molecules responsible for these negative effects and somehow eliminate them from indoor air.
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= Classro_om noise and
acoustic treatment
Classroom noise has progressively negative effects on
speech intelligibility
oy
= Acoustic environment — research based evidence

and the need for new research

» Classroom noise negatively affects speech intelligibility, comprehension, and memory, but
there is little evidence that it affects non-verbal tasks such as reading, writing, or mathematics

* Younger children are more affected than older children or adults

» Children with hearing or attentional difficulties and children being taught in their second
language are more negatively affected

» Longer reverberation times exacerbate the negative effects of classroom noise.
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g TABLE 4 | Results from the multivariate regression model (N = 178) with acoustic
hand metrics as predictors, classroom demographic variables as covariates, and
math test scores as outcomes. Grade results shown are against grade 3.
Estimate B Standard error B
%FRL -0.26% 0.03 -0.52
%Gifted 0.58% 0.05 0.54
%SPED -0.31% 0.09 -0.19
G5v@G3 8.01 10.35 0.25
G8 v G3 -3.39 10.52 -0.08
G11vG3 18.63° 7.28 0.49
_ Lacgn -0.87° 0.35 -017
SNR -0.42 0.30 -0.09
T20,, -0.22 7.65 -0.00
SNR x (G5 v G3) -0.64 0.55 -0.36
SNR x (G8 v G3) 0.22 0.67 0.09
SNR x (G11 v G3) -1.35% 0.41 -0.58
*p < 0.01.
bp < 0.05.
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Acoustic environment — research based evidence
and the need for new research

« What is NOT yet known: The negative effects of different kinds and levels of classroom noise
on non-verbal tasks and educational attainment, how and how much it affects teachers’ health
and well-being, how noise can best be mitigated by acoustic engineering measures, whether it
affects teaching quality, whether windows can be opened for ventilation without admitting too
much external noise, whether installation noise such as fan noise has any negative effects and
whether thermal or air quality effects interact with the negative effects of noise. The sensitivity
of different pedagogical methods to noise was beyond the scope of this review.
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Classroom daylighting, view-out,
and artificial lighting

Daylight, a green view-out, and good artificial lighting
can improve children's performance

15
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Visual environment — research based evidence and
the need for new research

+ Daylight in itself has beneficial effects on children in classrooms

+ A green view-out has measurably beneficial effects on the performance of
schoolwork

+ Bright artificial lighting of good quality can improve concentration (1,000 vs. 300 lux)
* Reading speed is only decreased by extremely dim lighting

DTU
>
>
>
Table 3. Strength and significance of the association between the continuous lighting indicators and
the performance test mean score. The coefficient represents the strength of association.
Variable Coefficient SE t p CI (95%)
— Window /Floor Area Ratio 2351 362 65 <001 1641 30.60
Type of Shading 6.64 0.52 12.88  <0.01 5.63 7.65
Latitude 1.18 0.08 1511 <0.01 1.03 1.34
Percentage of Windows facing South 0.04 0.01 351  <0.01 0.02 0.06
Daylight Index —0.25 0.16 -157 012 —-057  0.06
Direct Sunlight —0.002 0.87 0 1.00 —1.70 1.70
) Glazing 341 050 684 <001 244 439
Open-able Windows 0.57 0.38 1.49 0.14 —-018 132
Adjusted on age, gender, race, and maternal education.

16
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Visual environment — research based evidence and
the need for new research

* What is NOT yet known: Whether improving the daylight, view-out, or lighting quality
of classrooms would lead to decreased absence rates, increased learning and
improved end-of-year examination results, their relative importance in achieving
these goals, the magnitude of the improvements, whether such effects interact with
temperature, air quality or noise, how they affect teachers’ health and performance
and whether learning would be further enhanced if lighting could be changed by
teachers to be more appropriate for different classroom activities and times of the
day.
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Energy conservation and
cognitive performance

i

Securing cognitive performance will secure energy
conservation in classrooms so both goals can be achieved at
the same time in classrooms

I(WiII
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Energy and cognitive performance

» Gains in energy efficiency increase energy consumption
 Energy efficiency causes a rebound in energy use
» Thermal convenience can use up half the energy that could have been

saved

+ Classrooms should be cool, not warm, to optimize cognitive performance
« Maintaining temperatures that are optimal for cognitive performance will

avoid rebound effect in energy
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Research-based
recommends*

achievin~ (Qa,uoor

envi- 0(0 ' al quality

{ 6 soms to
P\ .aote learning
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Classroom conditions securing optimal performance
of schoolwork (and conservation of energy)

Thermal Acoustic

*  Low background noise level
in classrooms and adjoining
[a0MS.

*  Acoustic design avoiding
long reverberation times.

M

+  21-23C
*  Operable windows

Insulated
Optimal performance acoustically
of schoolwork from outdoors,
Conserving energy
+ (0,<900ppm +  Daylit, green view out
+ (0, sensors to open + Noglare and sun
and close windows penetration

s Adust 300-1000 Lux

IAQ Luminous
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Priorities for future research

i
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Future research and development needs

Interaction Effects on Reducing
effects teachers crossinfection
Energy-
efficient
technical
solutions
IAQ and IEQ Effect of sleep
Mechanisms metric for quality and
classrooms beedroom IEQ
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Necessity for IAQ/IEQ metric

* Lack of IAQ metric or disagreement
what should constitute IAQ metric is a
significant barrier holding back _
innovation of IAQ conducive
technologies, emergence of
undocumented methods of
measurements of IAQ claiming theil
high efficiency and authenticity, this all 77—
resulting in undervaluing the ' \1
importance of IAQ in different credit v
schemes and compliance metrics
related to built environment

20



(=}
—_
=

M

Development of a new method for IEQ rating using
TAIL index

Four components:

» Thermal environment

» Acoustic environment

* Indoor air quality

 Light — Luminous (visual) environment

Overall IEQ:

OCOOO

Contents lists available at ScienceDirect

Energy & Buildings

journal home page: www.alsevier.com/locate/enb

TAIL, a new scheme for rating indoor environmental quality in offices
and hotels undergoing deep energy renovation (EU ALDREN project) =

Pawel Wargocki **, Wenjuan Wei®, Jana BendZalovd®, Carlos Espigares-Correa®, Christophe Gerard |,
Olivier {Ijreslou !, Mathieu Rivallain ", Marta Maria Sesana®, Bjarne W. Olesen *, Johann Zirngibl ", Corinne
Mandin "

*ingemational Centre for Indoor Envirawment and Energy, Deparsment of Civil Engineering. Technical University of Denmark (D10} Denmark

“University of Paris-kst, Scientfic and Yechnical Grntre for ihilding (CSTH), Henlth and Gamfort Department, Franch Indoor Air Quality Obcervatory (DAL, Franz
“ Politerien di Milans, Poio Territariale o lecro, haly

Valencia Inssiture of b ing (1VE), Spain

* Emvirenment and Buibding Energy Efficiency (ENBEE ) Simvabia

“Gertiven, Scientific and Technical Direction, Franc

ARTICLE INFO ABSTRACT
Article histary: To avoid health risks and discomfit, the European Energy Performance for Building Directive (EPED)
Rereived 14 Febmary 2021

mandates that “Member States should sup port energy performance upgrades of existing bulkings that
contribute to achieving a healthy indoor envirnment ~ There is, however, no widely accepted method
for rating the overall level of indoor envirenmental quality (IEQ). although several different appraaches
are proposed by standands, gukdelines, and certification schemes. To fill this void. a new classification rat-
ing scheme called TAIL was developed to rmte IEQ in offices and hotels undergoing deep energy renova-

Revised 7 April 2021
Aepted 13 Aprl 221
Available aniine 19 April 2021

"‘:’d::‘r“‘ﬂ'ﬁm i uality tion during their normal wse; the scheme i 3 part of the energy certification methad developed by the EU
e ALDREN preject. The TAIL scheme standardizes rating of the quality of the themmal (T) environ ment,
i acoustic (A) emvironment, indoor air (1), and lumineus (L) emdronment, and by using these ratings, it pro-
Energy renavation vides a rating of the overall level of 1EQ. Twelve parameters are rated by measurements, modelling. and
Public buikdings observation to provide the input to the overall rating of IEQ. Their quality levels are detemmined primarily

wsing Standard EN-16798-1 and Workd Health Drganization (WHO) air quality guidelines and are
expressed by colours and ROman numeraks 1o iMprove communieation. The TAIL rating was shown todis-
criminate 1EQ levels when its feasibility was examined in eleven bulkdings acress Europe to provide sup-
pont for its applicability and input for further modifications. Dpportunities for using the scheme in other
types of bulldings and for its further development and application are discused.

2021 Elevier BV. All rights reserved.
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Selected parameters defining TAIL components

. IEQparameter MOdeIIEd
inspection

Indoor temperature (°C)

1>
*

Noise level (dB(A))

CO, (ppm)

Ventilation rate (L/s)
Formaldehyde (ug/m3)
Benzene (pg/m3)
PM, 5 (ug/m?)

Radon (Bg/m3)

Indoor air relative humidity (%) (%)

Visible mold (cm?) x

()
()

X X X X X X %

L  Daylight factor (%) x
Illuminance (lux) x
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WHAT ABOUT TEACHERS?

Performance

Reduction in performance

Thermal sensation vote

Outdoor air supply rate (L/s per person)
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COVID-19 and other respiratory infections with
airborne pathogens
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Two seminal papers

POLICY FORUM

INFECTIOUS DISEASE

A paradigm shift to combat
indoor respiratory infection

Building ventilation systems must get much better
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Airbome transmission of respiratory viruses
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Clinical Infectious Diseases

MAJOR ARTICLE

Viral Load of Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) in Respiratory Aerosols
Emitted by Patients With Coronavirus Disease 2019
(COVID-19) While Breathing, Talking, and Singing
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Current recommendations — non-infectious air
delivery rate equivalent or outdoor air and CO,

» Ventilate with outdoor air (5-6 ach)

« Use particle air cleaners with the similar effect . Ideal (6 ACH)

Excellent (5-6 ACH)
* Keep CO, levels below 800 ppm (900 ppm)

Good (4-5 ACH)

* Reduce the length of the lesson (intermittent occupation)

Bare minimum (3-4 ACH)
* Nothing in relation to RH/T . Low (<3 ACH)
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Impact of RH and air cleaning

RH O020% O37% B53% BM70% M83.5%

Cumulative primary energy cost of risk reduction - Pand R
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Questions?
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Thank you

Pawel Wargocki
paw@byg.dtu.dk
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