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Overview
Brief
The Department for Environment, Food & Rural Affairs (Defra) commissioned the University of Southampton to conduct a
systematic review of interventions aimed at improving awareness or changing behaviours in respect to indoor air quality (IAQ). The
brief included an overview of behaviour change theories, the systematic review itself, and based on the results of the systematic
review, suggestions for the design of IAQ interventions.

Research aim
The purpose of this research is to provide a focus on the sphere of influence available to building occupants themselves with respect
to IAQ, rather than on engineered solutions which are a focus for existing research. Specifically, the research aims to understand the
options, actions and behaviour change possibilities available to building occupants to affect and improve their IAQ on a day to day
basis.

Report structure
To achieve this aim, the research is presented in a two part report consisting of Part A (additional to the initial brief) and Part B:
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––

Part A (this document): Provides an overview of factors affecting IAQ in offices, applicable guidelines, effects on health, and
behavioural options available to users to improve their IAQ, based on findings from literature.

––

Part B: Based on the behavioural possibilities identified in Part A, Part B provides a systematic review of interventions seeking
to improve awareness and change behaviour with respect to actions around IAQ.
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1: Introduction
The service economy makes up over 80% of the UK’s GDP,1 thus understanding and managing environmental factors which can affect
the productivity and performance of office workers is a vital consideration. Poor indoor air quality (IAQ) can negatively affect health and
productivity.2–5 Yet in naturally ventilated buildings, where human actions such as opening doors/windows can directly influence IAQ,
occupants typically lack information on their IAQ or how to improve it.6,7 This paper provides a short desktop review of three key factors
affecting IAQ in naturally ventilated offices, specifically: (1) ventilation, (2) office fixtures and finishes, and (3) outdoor pollutants.

Scope and Limitations
This overview concentrates on the effects of air quality and does not extend to other indoor environmental factors which may affect
human performance, e.g. noise, lighting, temperature. The overview is human-centred in that it concentrates on the actions immediately
available to occupants themselves to improve air quality, rather than discussing engineering solutions or factors outside of the immediate
sphere of influence of the building occupants.

2: Indoor pollutants
Of the common environmental stressors in offices, e.g. noise, thermal comfort or lighting, IAQ is somewhat unique in that cognitive
performance can be negatively affected without any effect on personal comfort. Due to sensory fatigue (acclimatisation to a room),
cognitive performance can be negatively affected prior to the IAQ deteriorating to the point of occupant awareness of the poor IAQ or
physical discomfort.8,9
Sources of indoor air pollution vary by ventilation type, e.g. dirty air supply filters are a problem specific to mechanically ventilated,
buildings; whereas under-ventilation is typically more of an issue in naturally ventilated buildings where humans themselves achieve
ventilation through opening windows, doors or vents. This review concentrates on pollutants in naturally ventilated buildings, because
occupants of naturally ventilated offices have a greater number of behavioural affordances available to them to improve IAQ compared to
occupants in mechanically ventilated offices.
The following paragraphs provide an overview of three sources of indoor air pollution:
–
–
–

Ventilation/CO2
Office fixtures and finishes
Outdoor pollutants indoors

These pollution sources are reviewed according to:
–
–
–

Applicable guidelines/exposure limits
Effects on health/productivity
Behavioural possibilities to mitigate or improve conditions

2.1 Ventilation and carbon dioxide (CO2)

Ventilation plays a critical role in controlling the air quality of indoor spaces in terms of replacing the air and flushing indoor-sourced
pollutants including CO2, Volatile Organic Compounds (VOCs) and human bio-effluents.10,11 In naturally ventilated buildings, ventilation
is achieved through occupant operation of windows, doors or vents, with additional extraction fans typically installed in bathrooms,
kitchens or other specific-purpose rooms. 75% of the UK’s building stock was built prior to 1980,12 and natural ventilation is currently
increasing in popularity as a building typology owing to the reduced operating costs and ease of meeting energy efficiency targets.13
In naturally ventilated buildings, reduced ventilation leads to a build-up of indoor-sourced pollutants, and thus ventilation rate can be
directly proportional to IAQ. Windows are opened and closed primarily for comfort in naturally ventilated buildings,14,15 which can lead
to inadequate ventilation, particularly in winter when windows are closed for warmth.16 Carbon dioxide (CO2) is a product of human
respiration, and rises in occupied spaces when the ventilation is reduced or restricted. CO2 is far easier to measure compared to actual
ventilation rate, and is often used as a real-time indicator of ventilation.17

2.1.1 Guidelines / Exposure limits
Ventilation: European building guidelines for non-residential buildings state that buildings must be capable of achieving a minimum
ventilation rate of 8 litres/second/person (l/s/p) for acceptable air quality.18 British guidelines for schools also state ventilation systems
should be capable of achieving 8 l/s/p.10 While building regulations set minimum required ventilation rates, literature suggests ventilation
rates should be maintained as high as possible within the realistic constraints of energy efficiency,19–22 and that occupants should be
capable of lowering the CO2 concentrations below 1,000 ppm at any occupied time.10
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CO2: Due to the greater ease and lower cost of measuring CO2 compared to actual ventilation rate, CO2 concentrations are increasingly
becoming specified in operational building regulations and guidelines23–25 Current guideline values for maximum average concentrations
of CO2 in indoor spaces vary between country and room type: 1,500 ppm for school classrooms in the UK26, 1,200 ppm for offices in
Finland,27 between 860, and 1,590 ppm for different types of “comfort spaces” in Hungary28. The 8-hour workday health and safety limit for
average CO2 concentration in the UK and US is 5,000 ppm,29 however this figure relates to the known toxicity of CO2 gas rather than the
cognitive performance effects of under-ventilation.

2.1.2 Effects on health/performance
A large body of literature associates continuous exposure to low ventilation rates (< 3 l/s/p) with health-related symptoms such as nausea,
fatigue, headache, asthma, eye and throat irritation, poor concentration,2,30–35 sick leave,36 allergies in certain climates,33 as well as impaired
learning performance at school37,38 (see Fisk11 for a meta-review) and 6-9% lower productivity in the office2. Conversely, increasing
ventilation rates from 5 to 10 l/s/p,39 are found to improve cognitive performance. A meta-review of multiple studies finds that benefits
such as improving cognitive performance and reducing sick building syndrome (SBS) symptoms can be achieved by increasing the
ventilation rate up to 25 l/s/p.33
Indoor CO2 concentrations of 2,000 - 5,000 ppm achieved due to human occupation in under-ventiled rooms (as opposed to introduced
CO2 gas28,40), are correlated with decrements in cognitive performance,4,9,17 lower vigilance and increased sleepiness.41 In multi-classroom
studies, high mean CO2 concentrations (> 1,800 ppm) achieved due to poor ventilation are linked to worse performance on academic test
results and increased absenteeism.42–44 Table 1 and Figure 1 summarise the cognitive performance and self-reported effects of indoor CO2
concentrations caused by reduced ventilation found in recent studies.
Table 1- Overview of studies testing the effect of CO2 on cognitive performance. Only studies that measure office-realistic
concentrations of CO2 and those which report on concentrations of CO2 (as opposed to ventilation rates in litres per person per second)
are included.

No.

Paper

Exposure level
Average CO2 in
parts per million

Exposure
duration

Sample
size

Performance effects

Cognitive: K speed of addition K
attention tasks
*1

*2

*3

*4

Zhang et al. 2017 4

3,192 ± 343

Maddalena et al. 2015 9

1,800 (no ±
given)

Vehvilainen et al. 2016 41

Bako-Biro et al. 2012 42

2,756 ± 1100,
maximum 4,900

1,000 – 5,000
(pre-ventilation
improvement)

255 minutes[1]

25

Subjective: I sleepiness I fatigue
Iheadache intensity
Cognitive: K Decision making

4 hours[1]

16

Subjective: No significant effects
Cognitive: K Vigilance

3x4hr meetings[2]

School hours for
3 consecutive
weeks[3]

4

Subjective: I sleepiness I headache

332

Cognitive: I Cognitive performance
improved following ventilation
improvement which lowered mean
classroom CO2 to < 1,500 ppm
Cognitive: K Weak negative effect on
1 of the 5 cognitive performance tasks

*5

Maula et al. 2017 8

2,260 ± 141 ppm

4 hours[1]

36

Subjective: I fatigue I perceived
workload

*6

Twardella et al. 2012 45

2,115 (no ± given)

2 school days[3]

417

Cognitive: IErrors on sustained
attention task only

* Human-generated CO2 concentrations, e.g. caused by reduced/inadequate ventilation.

[1] Climate controlled laboratories
[2] Office meeting room (variable CO2 concentrations)
[3] Classrooms- effect on children (variable CO2 concentrations)
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Figure 1: Effect of CO2 concentration on human performance where CO2 is a product of human respiration and inadequate ventilation
Table 1 and Figure 1 show that when CO2 is a product of human-respiration and poor ventilation, cognitive performance decline can begin
to occur as low as 1,800 ppm. Yet median CO2 concentration in occupied rooms such as classrooms can remain consistently over 2,000
ppm throughout a school day.11 Negative cognitive performance effects have also been found to precede awareness of poor IAQ, due to
acclimatisation to a room.8,9 Together, these findings suggest high CO2 warning notifications might be beneficial in classrooms or offices.
How quickly cognitive performance is affected by poor ventilation, and how quickly it is restored when conditions improve, are imperfectly
understood in the literature to date.4,41 There is some indication that the onset of cognitive performance reductions may be gradual
over this time. One study41 found that arterial CO2 measurements remained constant for the first two hours of exposure to elevated
CO2 concentrations (mean: 2,756 ppm), owing to physiological compensatory mechanisms, but rose in the second two hours of the
experiment.41 Arterial CO2 was positively correlated to sleepiness.41 This finding suggests humans may be capable of physiologically
self-regulating against the effects of poor ventilation for up to two hours, and that performance decrements may only
present after this time. Accordingly, it seems reasonable that breaking up exposure to indoor air, e.g. regular work-breaks involving fresh
air, may be a means of limiting the cognitive performance effects of poor ventilation.

2.1.3 Behavioural possibilities to limit exposure to under-ventilation
(1) Because windows are opened/closed primarily for comfort,14,15 yet cognitive performance decline can precede awareness of
poor indoor air quality,8,9 the following may be useful:
–

Alerts based on CO2 concentrations to open windows or ventilate the room may lead to healthier ventilation behaviours.

–

Real time feedback on CO2 concentration in offices. Situated CO2 feedback has shown potential for improving ventilation
practices in schools, however has not yet been tested in terms of behaviour change in office environments.7,46
–

–

A wide range of IAQ monitors which measure and visualise CO2 concentration are available commercially for the office
and home.

Reducing sources of noise in adjacent areas enables doors to be kept open more often to maintain air flow and ventilation.

(2) Because the effects of poor ventilation/high CO2 may only be felt after prolonged exposure to poor air quality, motivating regular
fresh air breaks for office workers may additionally act to limit the cognitive performance effects, even if the air quality remains
poor. Walking is found to increase creativity both during and after exercise due to IAQ,47 and thus may offer additional cognitive
performance benefits beyond simply limiting exposure to poor IAQ. A small but growing number of commercially available wearable
air quality monitors exist which monitor personal exposure to particulate matter, e.g. AtmoTube (https://atmotube.com) and
AirBeam (http://aircasting.org) . Wearable air quality monitors may help users understand their exposure to pollutants when outside
the office on breaks or during commutes. However the accuracy of these monitors and of low cost gas and particulate matter
sensors more generally is less than that of industrial monitors and can be up to ± 10% of the actual value.
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2.2 Office fixtures, finishes and cleaning activities

2.2.3 Behavioural possibilities to limit VOCs, PM
Maintaining a sufficient ventilation rate is identified as key to controlling airborne pollutants including VOCs and PM.52,53,65 Therefore
promoting adequate ventilation in offices is vital, and the behavioural possibilities listed in Section 2.1.3 to maintain adequate ventilation
and reduce CO2 concentration are equally applicable to reducing the concentration of VOCs and PM.

Office fixtures, finishes and cleaning activities contribute to two key groups of indoor pollutants, Volatile Organic Compounds (VOCs) and
Particulate Matter (PM). Modern detection methods identify thousands of individual VOCs,48,49 with current workplace exposure limits
available for 500 individual compounds.50 Due to the large number and variety of point-sources, and difficulty in accurate measurement
of individual VOCs, guidelines and literature often generalise VOCs as a group of chemicals, or Total VOCs (TVOCs),24 rather than as
individual chemicals. The oxidation of VOCs contributes to ultra-fine particulate matter.51 Common point sources for VOCs include paints,
sealants, adhesives, carpets, floor finishes, powdered floor polishes, timbers, lacquers, certain plastics and office equipment including
personal computers, copiers and printers.52,53 VOC concentrations vary with building age, and in new or recently renovated buildings can
be an order of magnitude higher than established buildings.54 TVOC concentration has been found to drop by 67-69% in the first week
following a renovation, with the remainder taking up to two years to completely “off-gas”.54 Indoor VOC concentrations in a room can also
vary according to ventilation rate.

Providing occupants with a visual quantification of CO2 has shown potential for improving ventilation behaviour.7,46,66 Thus providing
visual information on VOC concentration specifically may increase awareness of VOCs and facilitate behaviour to reduce VOC
concentration. A number of commercially available multi-parameter IAQ monitors measure total VOC concentration (FooBot(1), Air
Mentor(2), Awair(3), Uhoo(4), Eve(5)) in addition to temperature, CO2 and/or other pollutants.
Based on the information above, additional behavioural possibilities to limit the exposure to VOCs in offices include:
–
–
–
–

Multi-function devices such as printers and copiers emit low concentrations of ultrafine particulate matter and a range VOCs including
those known to be toxic and/or carcinogenic e.g. benzene and trichloroethylene.50,53 While the emitted concentrations are low, pollution
from office equipment can still be dangerous due to long-term or continuous exposure.55,56
Cleaning solutions including detergents, bleach, window, bathroom and toilet cleaners are additional sources of VOCs. The risks
and effects of exposure to VOCs through cleaning products are heightened for occupational cleaners.57 Cleaning activities including
spraying, sweeping and dusting additionally contribute to short term elevations in indoor particulate matter, as does the use of chalk
on blackboards and dusting of blackboards- where these are present.58 In homes, cooking and smoking and spraying aerosols represent
additional sources of indoor VOCs and PM.59

–
–

2.2.1 Guidelines / Exposure limits
UK Building regulations do not cover source control emissions, e.g. PM and VOC emissions from office activities or building products.
Non-binding best practice standards stipulate total VOC concentration should be maintained below 300 µg/m3 60 or 500 µg/m3. 61
Workplace exposure limits exist for over 500 individual VOCs,50 however in practice, estimating personal exposure to any specific
pollutants is difficult, given the various point sources of VOCs indoors, and accurately measuring dispersion.53 Table 2 lists maximum
recommended indoor concentrations of PM and VOC with the corresponding International Standards Organisation (ISO) method.

–

Use liquid cleaners in preference to spray cleaners in order to limit spread of VOCs and PM.57
Work with cleaning providers to favour liquid cleaning solutions rather than sprays where applicable.
Time cleaning activities outside of peak occupation.
Printers/copiers to be moved to a separate well ventilated room where possible, otherwise maximise distance from units to office
workers as far as practicable.53,62
Limiting continuous copying/printing operations until after hours.61
Encourage participation of building occupants in building-related decisions, and where possible, advocate for:
– Low-emission paints, finishes and building materials in refurbishments/renovations.54
– Request a delay between renovation completion and building re-occupation, given TVOC concentration can drop by 67-69%
in the first week following renovation.54
– Phytoremediation using indoor plants has been found to be capable of removing VOCs, including formaldehyde from indoor
air.67
– Installing mechanical air filtration systems should be considered where acceptable IAQ cannot be achieved through natural
ventilation alone, e.g. for offices adjoining a busy road.
A range of domestic and commercial air purifiers which reduce VOCs are available, e.g. Camfil,(6) Dyson,(7) Phillips(8)

Table 2: Non-binding maximum recommended indoor concentrations of VOCs and particulate matter
Pollutant

Maximum recommended mean
indoor concentration

ISO

PM10

50 μg/m3

ISO 7708

PM2.5

15 μg/m3

ISO 7708

Total VOCs (TVOC)

500 μg/m3

ISO 16000-6

Formaldehyde

27 parts per billion

ISO 16000-3

2.3 Outdoor pollutants indoors
In naturally ventilated offices, outdoor pollutants (e.g. PM, nitrogen dioxide, sulphur dioxide, ozone) can infiltrate indoors directly through
open windows and vents, affecting indoor air quality.68 One study found ultrafine PM in naturally ventilated classrooms closely correlated
to levels measured outdoors, implying a predominantly outdoor origin of the particles measured.69,70 Outdoor factors have also been
correlated to indoor air quality in classrooms, including peak hour70 and school drop-off times, when cars and buses can remain idling
outside.71 Overall, the influence of outdoor pollutants on IAQ is a knowledge gap which requires further investigation.68–70

2.3.1 Guidelines / Exposure limits
The World Health Organisation (WHO)72 lists exposure limits for common outdoor-source pollutants:

Note: Based on LEED v4 Building Design and Construction Addenda . For details of individual exposure limits for over 500 individual VOCs
refer.50, 60
60

Table 3- Non-binding exposure limits for common outdoor pollutants. Recommended indoor exposure limits are also listed where
available.

No formal limits exist for the operation or placement of electronic equipment, however best practice guidelines suggest printers/copiers
be located in a separate, well ventilated room where possible, with the distance between units and office workers maximised as far as
practicable.53,62

Pollutant

Long term (Max recommended)

Short term (Max recommended)

Nitrogen dioxide (NO2)

40 μg/m (annual mean)

200 μg/m3 (1-hr mean)

2.2.2 Effects on health and performance

Sulphur dioxide (SO2)

50 μg/m3 (annual mean)

125 μg/m3 (24-hour mean)

Exposure to PM can irritate respiratory conditions in the short term and continuously elevated exposure (e.g. in polluted cities) is linked to
lowered life expectancy.51 Exposure to VOCs from floor polish, carpets and office equipment is associated with sick building syndrome (SBS)
symptoms such as headache, dry throat, irritated eyes, dizziness.52,56,63 In a controlled ventilation scenario, a 500 μg/m3 increase in total VOC’s
(achieved through introduced sources including: exposed packing tape, cleaning products, correction fluid and vinyl) was associated with
a 13% decrease in cognitive performance scores.64 Continuous exposure to elevated concentrations of chemical agents has been found to
increase risk of asthma and respiratory irritation short term, and reduced lung function in the long term, in the case of occupational cleaners.57

Ozone (O3)

-

100 μg/m3 (outdoor) (8-hr mean)
0.075 ppm (indoor)

Carbon Monoxide (CO)

-

9 ppm; or no more than 2 ppm above outdoor levels (indoor)
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Table 3 note: Outdoor exposure limits based on World Health Organisation72. Indoor exposure limits based on: LEED v4 Building Design
and Construction Addenda60..
1

https://foobot.io/

2

http://air-mentor.eu/#page1

3

https://getawair.com/

4

https://uhooair.com/

5

https://www.elgato.com/en/eve/eve-room

6

http://www.camfil.co.uk/Products/Air-Purifiers--Air-Cleaners1/

7

https://www.dyson.co.uk/purifiers/indoor-air-pollution.html

8

https://www.philips.co.uk/c-m-ho/air-purifier-and-air-humidifier
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2.3.2 Effects on health and performance
Long term exposure to elevated levels of outdoor pollution is positively correlated to asthma, respiratory disease and morbidity.73
Elevated indoor concentrations of common traffic pollutants (specifically NO2 and elemental carbon) concentrations indoors have been
correlated to short term negative effects on attention amongst elementary schools students, suggesting an additional short-term effect
of traffic pollution on mental concentration.74 The amount of infiltration and the specific health effects of outdoor pollutants indoors is a
knowledge gap which requires further research.

Opportunity B: Encourage short but regular active breaks from work
Research suggests that it may take up to two hours for poor IAQ to affect cognitive performance. Active work breaks to areas of fresh air
(e.g. outdoors away from busy roads, or to other areas of a building if outdoor air is known to be poor) act to break up exposure to poor
IAQ and are linked to improved health outcomes and increased ability for creative thinking during exercise.47 Therefore a second priority is
to encourage active breaks during the work day irrespective of the air quality:
–

Motivate occupants to take active breaks (at least once per hour) from work to areas with fresh air to limit continuous exposure to
poor indoor air quality and achieve the health and productivity benefits of increased workday exercise.

–

Use of office-based information campaigns or adaptation of technology such as pedometers/movement sensors to remind users to
take active breaks.

–

Wearable personal exposure monitors can provide an indication of the level of particulate matter exposure users are subjected to
during outdoor exercise or commuting, which can inform route choice for active breaks (Section 2.1.3).

2.3.3 Behavioural possibilities
If measuring the concentration of outdoor pollutants (e.g. NO2, SO2, O3, CO) indoors is not practicable, publicly available air
pollution data, e.g. Met Office Air Quality Index information could be incorporated into office-situated displays of IAQ. Providing
information on both indoor and outdoor air quality may allow occupants to maintain acceptable concentrations of outdoor and
indoor sourced pollutants through ventilation actions. For example, timing the opening of windows has the potential to affect
the amount/concentration of outdoor pollutants which infiltrate indoors through windows. This might involve closing windows
during peak hours and ventilating at other times.70 Mechanical air filtration may be a necessary solution where outdoor air quality is
consistently poor, e.g. offices proximal to a busy road or industry.

Opportunity C: Reduce VOC / Indoor-source particulate matter
Human actions which can limit exposure to sources of VOCs and indoor-source particulate matter include:

3 Recommendations

–

Move printers/copiers to a separate well ventilated room where possible, otherwise maximise distance from units to office workers as
far as practicable.

–

Limit continuous copying/printing operations until after hours.

–

Use liquid cleaners instead of sprays.

Opportunity A: Improving air quality awareness: The potential role of real-time
IAQ monitoring to raise awareness and inform ventilation actions

–

Time cleaning activities outside of peak office occupation.

–

Request low-emissions paints, finishes and building materials to be prioritised in any purchases or refurbishments.

“Indoor Air Quality” is a commonly used, yet poorly understood term. IAQ is affected by various individual pollutants which can originate
from multiple sources and affect humans in different ways. Under-ventilation can lead to short term cognitive performance decrements,
increased drowsiness and minor health symptoms (Section 2.1.2), while long-term exposure to elevated levels of outdoor pollutants
including particulate matter, NO2, SO2, O3 are linked to higher rates of respiratory issues and more serious health complications (Section
2.3.2).

–

Request a delay of one week between renovation completion and building re-occupation .

–

Commercially available situated air quality monitors can detect total VOC concentration (TVOCs), refer Section 2.2.3.

–

Where VOCs cannot be adequately controlled using human actions only- Request the installation of mechanical air filtration
system(s).

This paper has provided a short desktop review of the health effects, human performance effects and behavioural possibilities to manage
three key factors affecting IAQ in offices: (1) ventilation, (2) office fixtures and finishes, and (3) outdoor pollutants. Here we summarise
the behavioural opportunities identified from this review for actions within the control of office occupants for improving IAQ. The
opportunities listed are not categorical and none are recommended as a higher priority than others.

A first step in improving general awareness of IAQ among office occupants might involve company-wide information campaigns aiming
to highlight and differentiate the main pollutants that affect IAQ in offices and actions available to reduce exposure to each. Information
campaigns might additionally involve the quantification of different aspects of air quality using commercially available monitors. Providing
occupants with real-time IAQ information also offers an opportunity to better inform occupants’ ventilation decisions in naturally
ventilated buildings. Ventilation plays the biggest role in indoor air quality, reducing human bio-effluents, odours, CO2, VOCs and indoor
point sources of PM. Low ventilation rates / high CO2 concentrations are correlated to lower cognitive performance, and cognitive
performance reductions may precede awareness of poor IAQ. Thus a key priority is to motivate users to ventilate better. This might
involve:
–

Information on the need for regular airing of offices, even in winter.

–

Install office-based feedback on real-time CO2 concentration with alerts for when CO2 concentration exceeds guideline values (e.g.
IAQ feedback monitors.7,46,66
–

–

A number of commercially available multi-parameter monitors measure CO2 and VOC concentration and other pollutants
(see Section 2.2.3).

–

A range of domestic and commercial air purifiers which reduce VOCs are available (refer Section 2.2.3).

Opportunity D: Reduce infiltration of outdoor pollution indoors (only applicable
where proximal to known sources of outdoor pollution)
–

Limit window opening during known maximum outdoor pollution events (e.g. peak hour, school drop-off ).

–

Where it is possible to quantify the presence of common outdoor pollutants indoors (e.g. particulate matter, NO2, SO2, O3, CO), and
common indoor-sourced pollutants (e.g. CO2, VOCs) simultaneously, instruct occupants to use ventilation to manage concentrations
of pollutants such that all remain within guideline values (specified in Sections 2.1.1, 2.2.1 and 2.3.1). This might involve ventilating less
during peak hours, or basing ventilation decisions on wind direction.

–

Where outdoor air quality is known to be consistently poor, i.e. offices proximal to point-source pollutants such as industry, lower
floor offices on main roads- request mechanical air filtration system(s) or commercial air purifiers.

If visual IAQ feedback is available:
–

Suggest occupants maintain CO2 concentrations below 1,500 ppm (based on the WELL Building Standard26) and total VOC
concentrations below 500 μg/m (based on60) at all times, through opening windows and doors.

–

Reduce sources of noise in adjacent areas to encourage doors to be kept open more often in order to increase air flow and ventilation.

–

Further academic work is warranted into determining whether quantification of multiple IAQ parameters, or presentation of a
single metric (i.e. CO2 only, or an overall “air quality index”) is most effective in increasing awareness and/or improving ventilation
behaviour.

12

13

References

14

1.

CIA. Field listing: GDP composition, by sector of origin. The World Fact Book. 2018. https://www.cia.gov/library/publications/theworld-factbook/fields/2012.html.

2.

Wyon DP. The effects of indoor air quality on performance and productivity. Indoor Air. 2004;14 Suppl 7:92–101.

3.

Zhang X, Wargocki P, Lian Z. Human responses to carbon dioxide, a follow-up study at recommended exposure limits in nonindustrial environments. Build Environ. 2016;100:162–171. 2016.

4.

Zhang X, Wargocki P, Lian Z, Thyregod C. Effects of exposure to carbon dioxide and bioeffluents on perceived air quality, selfassessed acute health symptoms, and cognitive performance. Indoor Air. 2017;27:47–64.

5.

Bakó-Biró Z, Wargocki P, Wyon DP, Fanger PO. Poor indoor air quality slows down metabolic rate of office workers. Proc Indoor
Air 2005. 2005;1:78–80.

6.

Nicol JF, Humphreys MA. New standards for comfort and energy use in buildings. Build Res Inf. 2009;37:68–73.

7.

Wargocki P, Da Silva NAF. Use of visual CO2 feedback as a retrofit solution for improving classroom air quality. Indoor Air.
2015;25:105–114.

8.

Maula H, Hongisto V, Naatula V, Haapakangas A, Koskela H. The effect of low ventilation rate with elevated bioeffluent
concentration on work performance, perceived indoor air quality, and health symptoms. Indoor Air. 2017;27:1141–1153.

9.

Maddalena R, Mendell MJ, Eliseeva K, et al. Effects of ventilation rate per person and per floor area on perceived air quality, sick
building syndrome symptoms, and decision-making. Indoor Air. 2015;25:362–370.

10.

Department for Education. Ventilation and indoor air quality in schools - Building Bulletin 101. BRE Environ. 2006. http://media.
education.gov.uk/assets/files/pdf/b/building bulletin 101.doc.

11.

Fisk WJ. The ventilation problem in schools: literature review. Indoor Air. 2017;27:1039–1051.

12.

Buildings D. Conservation Wiki: English Housing Stock Age. 2018. www.designingbuildings.co.uk/wiki/English_housing_stock_
age.

13.

Martin A, Fitzsimmons J. Making Natural Ventilation Work (GN 7/2000). Bracknell, UK; 2000. 2000. https://www.bsria.co.uk/
information-membership/bookshop/publication/making-natural-ventilation-work/.

14.

Haldi F, Robinson D. On the behaviour and adaptation of office occupants. Build Environ. 2008;43:2163–2177. December 2008.

15.

Rijal HB, Tuohy P, Humphreys MA, Nicol JF, Samuel A, Clarke J. Using results from field surveys to predict the effect of open
windows on thermal comfort and energy use in buildings. Energy Build. 2007;39:823–836.

16.

Bourikas L, Costanza E, Gauthier S, et al. Camera-based window-opening estimation in a naturally ventilated office. Build Res Inf.
2018;46:148–163.

17.

Zhang X, Wargocki P, Lian Z. Effects of Exposure to Carbon Dioxide and Human Bioeffluents on Cognitive Performance. Procedia
Eng. 2015;121:138–142.

18.

CEN (European Committee for Standardization). DIN,EN.13779. Ventilation for non-residential buildings - Performance
requirements for ventilation and room conditioning systems. Ital Stand. 2005.

19.

Wargocki P. The effects of outdoor air supply rate in an office on perceived air quality, sick building syndrome (SBS) symptoms
and productivity. Indoor Air. 2000;10:222–236.

20.

Tanabe S, Nishihara N. Productivity and fatigue. Indoor Air, Suppl. 2004;14:126–133.

21.

Federspiel CC, Fisk WJ, Price PN, et al. Worker performance and ventilation in a call center: analyses of work performance data
for registered nurses. Indoor Air. 2004;14:41–50. 2004.

22.

Tham KW. Effects of temperature and outdoor air supply rate on the performance of call center operators in the tropics. Indoor
Air, Suppl. 2004;14:119–125.

23.

Finnish Ministry of the Environment. D3 Indoor Climate and Ventilation of Buildings, National Building Code of Finland. 2012.
https://www.edilex.fi/data/rakentamismaaraykset/d2e.pdf.

24.

International WELL Building Institute. WELL Building Standard® v1.0. Int WELL Build Inst. 2015:220. 2015. www.wellcertified.com.

15

25.

Close, d’Ambrosio Alfano, F.R. (ed.), Bellia, L., Boerstra, A., van Dijken, F., Ianniello, E., Lopardo, G., Minichiello, F., Romagnoni, P.,
Gameiro da Silva MC. Environment and Energy Efficiency in Schools (Part 1), REHVA Guidebook, Vol 13. 2010. https://www.rehva.
eu/fileadmin/Promotional_material/PPTs/Nr_13_Indoor_Environment_and_energy_efficiency_in_Schools.pdf.

26.

Bb101. Building Bulletin 101 Ventilation of School Buildings.; 2006. 2006. https://consult.education.gov.uk/capital/bb101-schooldesign-iaq-comfort-and-ventilation/supporting_documents/DfE Ventilation guide consultation draft 29 06 2016.pdf.

27.

Varjo J, Hongisto V, Haapakangas A, Maula H, Koskela H, Hyönä J. Simultaneous effects of irrelevant speech, temperature and
ventilation rate on performance and satisfaction in open-plan offices. J Environ Psychol. 2015;44:16–33.

28.

Kajtár L, Herczeg L. Influence of carbon-dioxide concentration on human well-being and intensity of mental work. Idojaras.
2012;116:145–169.

29.

Harper P, Wilday J, Bilio M. Assessment of the major hazard potential of carbon dioxide (CO2). Heal Saf Exec. 2011:1–28. 2011.
http://www.hse.gov.uk/carboncapture/assets/docs/major-hazard-potential-carbon-dioxide.pdf.

30.

Daisey JM, Angell WJ, Apte MG. Indoor air quality, ventilation and health symptoms in schools: An analysis of existing information.
Indoor Air. 2003;13:53–64.

31.

Fisk WJ, Mirer AG, Mendell MJ. Quantitative relationship of sick building syndrome symptoms with ventilation rates. Indoor Air.
2009;19:159–165.

32.

Mendell MJ, Heath GA. Do indoor pollutants and thermal conditions in schools influence student performance? A critical review
of the literature. Indoor Air. 2005;15:27–52.

33.

Sundell J, Levin H, Nazaroff WW, et al. Ventilation rates and health: Multidisciplinary review of the scientific literature. Indoor Air.
2011;21:191–204.

34.

Wargocki P, Sundell J, Bischof W, et al. Ventilation and health in non-industrial indoor environments: Report from a European
Multidisciplinary Scientific Consensus Meeting (EUROVEN). Indoor Air. 2002;12:113–128.

35.

Wargocki P, Wyon DP, Sundell J, Clausen G, Fanger PO. The Effects of Outdoor Air Supply Rate in an Office on Perceived Air
Quality, Sick Building Syndrome (SBS) Symptoms and Productivity. Indoor Air. 2000;10:222–236.

36.

Milton DK, P.Mark G, Walters MD. Risk of Sick Leave Associated with Outdoor Air Supply Rate, Humidification, and Occupant
Complaints. Indoor Air. 2000;10:212–221.

37.

Haverinen-Shaughnessy U, Shaughnessy RJ. Effects of classroom ventilation rate and temperature on students’ test scores. PLoS
One. 2015;10.

38.

Norbäck D, Nordström K. An experimental study on effects of increased ventilation flow on students’ perception of indoor
environment in computer classrooms. Indoor Air. 2008;18:293–300.

39.

Wargocki P, Wyon DP. The effects of moderately raised classroom temperatures and classroom ventilation rate on the
performance of schoolwork by children (RP-1257). HVAC R Res. 2007;13:193–220.

40.

Satish U, Mendell MJ, Shekhar K, et al. Is CO2 an indoor pollutant? Direct effects of low-to-moderate CO2 concentrations on
human decision-making performance. Environ Health Perspect. 2012;120:1671–1677.

41.

Vehviläinen T, Lindholm H, Rintamäki H, et al. High indoor CO 2 concentrations in an office environment increases the
transcutaneous CO 2 level and sleepiness during cognitive work. J Occup Environ Hyg. 2016;13:19–29.

42.

Bakó-Biró Z, Clements-Croome DJ, Kochhar N, Awbi HB, Williams MJ. Ventilation rates in schools and pupils’ performance. Build
Environ. 2012;48:215–223. February 1, 2012.

43.

47.

Oppezzo M, Schwartz DL. Give your ideas some legs: The positive effect of walking on creative thinking. J Exp Psychol Learn Mem
Cogn. 2014;40:1142–1152.

48.

Mazzone PJ. Analysis of volatile organic compounds in the exhaled breath for the diagnosis of lung cancer. J Thorac Oncol.
2008;3:774–780.

49.

Alves C, Nunes T, Silva J, Duarte M. Comfort parameters and particulate matter (PM10 and PM2.5) in school classrooms and
outdoor air. Aerosol Air Qual Res. 2013;13:1521–1535.

50.

Health and Safety Executive. EH4O / 2005 Workplace exposure limits EH4O / 2005 Workplace exposure limits. Eh40/2005. 2011.

51.

Air Quality Expert Group. Fine Particulate Matter in the United Kingdom. http://uk-air.defra.gov.uk/assets/documents/reports/
cat11/1212141150_AQEG_Fine_Particulate_Matter_in_the_UK.pdf. 2012.

52.

Bakó-biró Z. Human Perception , SBS Symptoms and Performance of Office Work during Exposure to Air Polluted by Building
Materials and Personal Computers Human Perception , SBS Symptoms and Performance of Office Work during Exposure to Air
Polluted by Building Material. 2004. 2004. http://orbit.dtu.dk/files/5141267/ZsBB.pdf.

53.

Kowalska J, Szewczyńska M, Pośniak M. Measurements of chlorinated volatile organic compounds emitted from office printers
and photocopiers. Environ Sci Pollut Res. 2015;22:5241–5252.

54.

Holøs SB, Yang A, Lind M, Thunshelle K, Schild P, Mysen M. VOC emission rates in newly built and renovated buildings, and the
influence of ventilation – a review and meta-analysis. Int J Vent. 2018;February:1–14.

55.

Salonen H, Pasanen AL, Lappalainen S, et al. Volatile organic compounds and formaldehyde as explaining factors for sensory
irritation in office environments. J Occup Environ Hyg. 2009;6:239–247.

56.

Bakó-Biró Z, Wargocki P, Weschler CJ, Fanger PO. Effects of pollution from personal computers on perceived air quality, SBS
symptoms and productivity in offices. Indoor Air. 2004;14:178–187.

57.

Svanes Ø, Bertelsen RJ, Lygre SHL, et al. Cleaning at home and at work in relation to lung function decline and airway obstruction.
Am J Respir Crit Care Med. 2018;197:1157–1163.

58.

Madureira J, Paciência I, De Oliveira Fernandes E. Levels and indoor-outdoor relationships of size-specific particulate matter in
naturally ventilated portuguese schools. J Toxicol Environ Heal - Part A Curr Issues. 2012;75:1423–1436.

59.

Fang B, Xu Q, Park T, Zhang M. AirSense: An intelligent home-based sensing system for indoor air quality analytics. In: UbiComp
2016 - Proceedings of the 2016 ACM International Joint Conference on Pervasive and Ubiquitous Computing. ; 2016:109–119.

60.

BREEAM. BREEAM International New Construction 2016. Technical Manual. SD 233 1.0. 2018. https://www.breeam.com/
BREEAMIntNDR2016SchemeDocument/content/resources/output/nc_pdf_printing/nc_int_2016_print.pdf

61.

USGBC. LEED v4 for Building Design and Construction - current version | U.S. Green Building Council. 2017. https://www.usgbc.
org/sites/default/files/LEED%20v4%20BDC_07.2.18_current.pdf

62.

London-Hazards-Centre. Photocopier and laser printer hazards. 2007. http://www.lhc.org.uk/wp-content/uploads/2012/10/
Factsheet-Photocopiers-laser-printers.pdf

63.

Wargocki P, Wyon DP, Baik YK, Clausen G, Fanger PO. Perceived Air Quality, Sick Building Syndrome (SBS) Symptoms and
Productivity in an Office with Two Different Pollution Loads. Indoor Air. 1999;9:165–179. September 1, 1999.

64.

Allen JG, MacNaughton P, Satish U, Santanam S, Vallarino J, Spengler JD. Associations of cognitive function scores with carbon
dioxide, ventilation, and volatile organic compound exposures in office workers: A controlled exposure study of green and
conventional office environments. Environ Health Perspect. 2016;124:805–812.

Haverinen-Shaughnessy U, Moschandreas DJ, Shaughnessy RJ. Association between substandard classroom ventilation rates
and students’ academic achievement. Indoor Air. 2011;21:121–131.

65.

Cacho C, Ventura Silva G, Martins AO, et al. Air pollutants in office environments and emissions from electronic equipment: A
review. Fresenius Environ Bull. 2013;22:2488–2497.

44.

Shendell DG, Prill R, Fisk WJ, Apte MG, Blake D, Faulkner D. Associations between classroom CO2concentrations and student
attendance in Washington and Idaho. Indoor Air. 2004;14:333–341.

66.

45.

Twardella D, Matzen W, Lahrz T, et al. Effect of classroom air quality on students’ concentration: Results of a cluster-randomized
cross-over experimental study. Indoor Air. 2012;22:378–387.

Rigger P, Wortmann F, Dahlinger A. Design Science in Practice: Design and Evaluation of an Art Based Information System
to Improve Indoor Air Quality at Schools. In: International Conference on Design Science Research in Information Systems.
Springer International Publishing; 2015:71–86.

67.

Geelen LMJ, Huijbregts MAJ, Ragas AMJ, et al. Comparing the effectiveness of interventions to improve ventilation behavior in
primary schools. Indoor Air. 2008;18:416–424.

Teiri H, Pourzamani H, Hajizadeh Y. Phytoremediation of VOCs from indoor air by ornamental potted plants: A pilot study using a
palm species under the controlled environment. Chemosphere. 2018;197:375–381.

68.

Rivas I, Viana M, Moreno T, et al. Child exposure to indoor and outdoor air pollutants in schools in Barcelona, Spain. Environ Int.
2014;69:200–212.

46.

16

17

69.

Raysoni AU, Sarnat JA, Sarnat SE, et al. Binational school-based monitoring of traffic-related air pollutants in El Paso, Texas (USA)
and Ciudad Juárez, Chihuahua (México). Environ Pollut. 2011;159:2476–2486.

70.

Fuoco FC, Stabile L, Buonanno G, et al. Indoor air quality in naturally ventilated Italian classrooms. Atmosphere (Basel).
2015;6:1652–1675.

71.

Hochstetler HA, Yermakov M, Reponen T, Ryan PH, Grinshpun SA. Aerosol particles generated by diesel-powered school buses at
urban schools as a source of children’s exposure. Atmos Environ. 2011;45:1444–1453.

72.

World Health Organization. WHO Air quality guidelines for particulate matter, ozone, nitrogen dioxide and sulfur dioxide: global
update 2005: summary of risk assessment. Geneva World Heal Organ. 2006.

73.

World Health Organization. Health Effects of Particulate Matter: Policy implications for countries in eastern Europe, Caucasus
and central Asia. J Korean Med Assoc. 2013. http://www.euro.who.int/__data/assets/pdf_file/0006/189051/Health-effects-ofparticulate-matter-final-Eng.pdf

74.

Sunyer J, Esnaola M, Alvarez-Pedrerol M, et al. Association between Traffic-Related Air Pollution in Schools and Cognitive
Development in Primary School Children: A Prospective Cohort Study. PLoS Med. 2015;12:e1001792. 2015.

18

19

Contact
Dr Stephen Snow
Agents, Interactions and Complexity
University of Southampton
Email: s.snow@soton.ac.uk

