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Many service jobs are carried out in modern offices, with individual offices being increasingly replaced by open- 
plan settings. The high number of adult people working in office buildings, in most situations sharing the work- 
place with many others during a considerable part of their daily time, highlights the importance of providing 
adequate guidance to ensure the quality of office environments. This paper aims to summarize existing data 
on modern offices’ indoor environmental quality (IEQ) conditions in terms of air pollution (volatile organic 
compounds (VOC), particulate matter and inorganic pollutants), thermal comfort, lighting and acoustics and 
the respective associations with health and productivity-related outcomes in workers. Evidence shows that al- 
though many offices present acceptable IEQ, some office settings can have levels of air pollutants, hygrothermal 
conditions/thermal comfort and illuminance that do not comply with the existing international standards and 
recommendations. In addition, findings suggest the existence of significant associations between the assessed IEQ 

indicators and the risk of detrimental effects on health and productivity of office workers. In particular, airborne 
particles, CO 2 , O 3 and thermal comfort were linked with the prevalence of sick building syndrome symptoms. 
Poor lighting and acoustical quality have also been associated with malaise and physiological stress among office 
workers. Similarly, better productivity levels have been registered for good indoor air quality conditions, in terms 
of VOC, airborne particles and CO 2 . Overall, the evidence revised in this work suggests that for promoting health 
and productivity recommendations for office building managers include actions to ensure that: i) all relevant IEQ 

indicators are periodically controlled to ensure that levels comply with recommended limit values; ii) declared in- 
door pollution sources are avoided; iii) adequate ventilation and acclimatization strategies are implemented; and 
iv) there is the possibility of conduct personalized adjustments to environmental conditions (following workers’ 
preferences). 
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. Introduction 

Services are the sector that employs more people, followed by indus-
ry, manufacturing, construction, and agriculture ( OECD, 2021 ). Cur-
ently, many service jobs are carried out in modern office buildings,
hich are often characterized by sealed facades, increased use of air con-
itioning and mechanical ventilation systems and equipped with several
orts of electronic devices, such as computers, monitors, printers, and
udiovisua conference equipment ( Sakellaris et al., 2016 ). For instance,
ffice design has been changing throughout the last decades, with indi-
idual offices being increasingly replaced by open-plan settings. The fact
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hat workers share the workplace with many others during an important
ercentage of their daily time highlights the importance of providing
ood indoor conditions for everyone in office environments. 

The importance of indoor environmental quality (IEQ) on occupants’
onditions is well recognized, representing an essential factor that can
ffect health and well-being ( Bluyssen et al., 2011 ). Occupational health
omplaints have been reported among office workers, frequently related
o sick building syndrome (SBS) symptoms, which prevalence might
e dependent on building-related factors, as high indoor temperature
nd light intensity, low fresh air ventilation, higher than desirable air
ollutants levels and poor cleaning ( Burge, 2004 ). Additionally, IEQ
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epresents a critical aspect of promoting office workers’ productivity
nd decision-making capacity ( Bartzis et al., 2013 ; Kang et al., 2017 ;
atish et al., 2013 ; Wargocki et al., 2000 ; Wyon, 2004 ). 

Multiple factors characterize IEQ, including indoor air quality (IAQ,
.e., indoor air pollution levels), ventilation, thermal comfort, lighting,
nd acoustic conditions ( Olesen, 2012 ; Sarbu and Sebarchievici, 2013 ).
n particular, IAQ is considered acceptable when no chemical and bio-
ogical pollutants are present at harmful levels in the indoor air, and the
ajority of occupants do not express dissatisfaction ( ASHRAE, 2019 ).
evertheless, several air pollutants can occur at exceptionally high con-
entrations in indoor settings, originating from distinct sources that can
e located inside the building and in the surrounding outdoor envi-
onment. Focusing on indoor contributions in offices, electronic equip-
ent, building materials and furnishings, occupants’ activity and clean-

ng products can constitute sources of hazardous air pollutants, such
s ozone (O 3 ), volatile organic compounds (VOC), aldehydes, parti-
les (PM 2.5 and PM 10 ) and ultrafine particles (UFP) ( Kagi et al., 2007 ;
ee et al., 2001 ; Spinazzè et al., 2020 ). 

Although poor IAQ can result in exposures that may significantly
mpact workers’ health, thermal comfort is identified as the most criti-
al factor influencing overall satisfaction with IEQ ( Frontczak and War-
ocki, 2011 ), representing the "condition of mind which expresses sat-
sfaction with the thermal environment" ( ISO 7730, 2005 ). Air tem-
erature, mean radiant temperature, air velocity, turbulence intensity,
nd relative humidity are the meters typically used to determine indoor
hermal conditions ( Bluyssen, 2009 ). Two indices have been developed
o characterize thermal comfort conditions in spaces served by heat-
ng, ventilation and air conditioning (HVAC) systems: predicted mean
ote (PMV) and predicted percentage dissatisfied (PPD) ( ISO 7730,
005 ). Predicted mean vote is calculated considering both environ-
ental and personal parameters, including workers’ clothing and ac-

ivity level, and indicates the mean value of the votes of a group of
eople on the thermal sensation scale. In comparison, PPD is a func-
ion of PMV and shows the number of dissatisfied people for a given
riterion. 

Lighting conditions are also essential in occupational health
 Boyce, 2010 ; van Duijnhoven et al., 2019 ). Good lighting quality of
 room entails the creation of "a visual environment that enables peo-
le to see, to move about safely and to perform visual tasks efficiently,
ccurately and safely without causing undue visual fatigue and discom-
ort" ( ISO 8995-1, 2002 ). For indoor workplaces are established light-
ng requirements for people to conduct visual tasks efficiently, which
an be achieved with practical energy-efficient solutions. The assess-
ent of lighting conditions has been mainly based on the measurement

f illuminance, defined as luminous flux striking a given surface and
ts distribution on task area and surroundings are important parame-
ers due to the influence on safety and comfort of workers perform-
ng a visual task. Another related parameter commonly studied is color
emperature. 

Acoustics represents a vital building characteristic, particularly in of-
ces, where noise has been identified as a source of annoyance among
orkers ( Evans and Johnson, 2000 ). The acoustical quality of a given

ndoor space is characterized by sound properties and physical parame-
ers of the room, including sound level, frequency, duration, absorption,
nsulation and reverberation time ( Bluyssen, 2009 ). 

Considering all the above, this paper aims to revisit the existing lit-
rature to answer the following questions: "Are the current IEQ condi-
ions in modern offices acceptable, based on the existing standards?",
What are the well-established associations between IEQ in offices and
ealth effects among workers?" and "What are the associations between
EQ conditions and productivity at office work?". Thus, the ultimate
oal of this work is to summarize the primary evidence on IAQ, ther-
al comfort, lighting and acoustic conditions found in modern offices
orldwide to derive evidence-based recommendation for further re-

earch and policies targeting health, comfort, and productivity in office
orkplaces. 
2 
. Method 

A literature search was carried out in order to select studies assess-
ng IEQ conditions in office settings, in particular physical and chemi-
al factors: air pollutant levels (VOC, semi-VOC (SVOC), PM 2.5 , PM 10 ,
FP, carbon dioxide and monoxide (CO 2 , CO), O 3 , and nitrogen dioxide

NO 2 )), thermal comfort, lighting and acoustics conditions. Therefore,
arameters such as asbestos, mold, and bacteria were excluded from
his review. Additionally, studies establishing associations between IEQ
n offices with workers’ health and productivity were also searched. For
hat purpose, studies published in the last 2 decades (from 2003 to the
ime of writing (April 2023)) were searched in the Scopus database using
he following search strings: offices AND (VOC or “volatile organic com-
ounds ”), offices AND (SVOC or “semi volatile organic compounds ”),
ffices AND (PM2.5 or PM10 or UFP or “ultrafine particles ” or particles
r “particle matter ”), offices AND (CO2 or “carbon dioxide ”), offices
ND (CO or “carbon monoxide ”), offices AND (O3 or ozone), offices
ND (NO2 or “nitrogen dioxide ”), offices AND “thermal comfort ”, of-
ces AND illuminance, offices AND noise, offices AND (IAQ or IEQ)
ND (health or productivity). Only studies assessing IEQ conditions in
eal office buildings were considered for the discussion of IEQ levels.
ther typology of works, such as experimental and intervention studies,
ere only included for discussion of the effects on health and produc-

ivity. For CO 2 and PM parameters, only studies included in the review
f Felgueiras et al. (2022) and publications published after this review
ere considered. In order to prioritize outcomes from assessments con-
ucted in the occupants of the surveyed offices, studies conducting risk
ssessment based on the measured pollutant levels were excluded from
he discussion of health effects. Overall, it was found 22 studies report-
ng data on IAQ parameters, 9 for thermal comfort and hygrothermal
onditions, 3 studies for lighting, and 4 for noise. In terms of health
nd productivity associations, 31 studies were included for review. In-
ormation on the selected studies is summarized in the Supplementary
aterial, namely regarding the IEQ parameters that were assessed in of-
ces (Table S1) and associated effects on health and productivity among
orkers (Table S2). The main findings of the reviewed studies are de-

cribed and discussed in detail below. 

. Indoor air quality: air pollutant levels 

.1. Volatile organic compounds 

VOC are characterized by having high vapor pressure and low
ater solubility, with many VOC species’ anthropogenic origin
 US EPA, 2022 ). Outdoor air can constitute an important contributor of
OC to indoor concentrations, particularly for BTEX compounds (ben-
ene, toluene, ethylbenzene, and xylenes) ( Spinazzè et al., 2020 ). Never-
heless, VOC are typically found in greater levels in indoor environments
han outdoors, due to the presence of ubiquitous indoor sources, such as
omputers, laser printers, photocopiers, desks and walls materials, fur-
iture age, carpets, flooring, paints, air fresheners and cleaning products
 Kagi et al., 2007 ; Lee et al., 2001 ; Spinazzè et al., 2020 ; US EPA, 2022 ).

.1.1. Levels of VOC in offices and compliance with guidelines 

The total VOC (TVOC) concentrations in offices has been as-
essed worldwide. Interestingly, some evidence shows that office rooms
an present high airborne VOC levels compared to open-plan offices
 Salonen et al., 2009 ). In addition, sealed offices recently decorated and
ffering poor ventilation conditions can also be particularly prone to
resent increased indoor VOC concentrations ( Liu et al., 2022 ). Ad-
itionally, some authors have compared VOC concentrations in of-
ces over the years and found a decreasing trend ( Liu et al., 2022 ;
allenius et al., 2022 ). Although TVOC has been widely assessed to

haracterize chemical pollution, no global limit value is currently es-
ablished. However, some countries have defined limits for indoor
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VOC, ranging from 200 (e.g. Belgium) to 1000 𝜇g/m 

3 (e.g. South Ko-
ea) ( ISIAQ, n.d. ). In that regard, considering a limit of 200 𝜇g/m 

3 ,
ome studies found levels within that value ( Salonen et al., 2009 ;
allenius et al., 2022 ), and others detected greater concentrations

 Faria et al., 2016 ; Hui et al., 2006 ; Rios et al., 2009 ). Addition-
lly, to properly assess chemical exposure, it is essential to iden-
ify and quantify individual VOC substances ( Fromme et al., 2019 ).

HO established exposure limits for some VOC species in indoor air,
amely for formaldehyde (0.1 mg/m 

3 , 30 min mean), naphthalene
0.01 mg/m 

3 annual mean) and tetrachloroethylene (0.25 mg/m 

3 , an-
ual mean) ( WHO, 2010 ). For species such as benzene, polycyclic
romatic hydrocarbons, and trichloroethylene, no safe levels of expo-
ure can be recommended. In offices, a wide range of VOC species
as been identified, including aromatic hydrocarbons (benzene, ethyl-
enzene, xylenes, toluene), alcohols (1-butanol, 2-ethyl-1-hexanol, 2-
2-ethoxyethoxy)ethanol, styrene, 1,2-propanediol), terpenes ( 𝛼-pinene,
imonene), carboxylic acids (acetic acid), organosiloxanes (decamethyl-
yclopentasiloxane), glycol ethers (2-butoxyethanol), aliphatic hydro-
arbons (hexane) and aldehydes (formaldehyde, acetaldehyde, ben-
aldehyde, acrolein, propanal, glutaraldehyde, nonanal and hexanal)
 Ongwandee et al., 2011 ; Salonen et al., 2009 ; Spinazzè et al., 2020 ;
allenius et al., 2022 ). Overall, levels of the critical VOC reported for

ffices did not exceed the respective WHO, and the higher levels of ben-
ene, toluene, limonene, and formaldehyde have been detected in tight
ffices with inadequate ventilation ( Liu et al., 2022 ; Ongwandee et al.,
011 ). In particular, formaldehyde is a very common airborne chem-
cal found indoors, which sources in offices comprise indoor build-
ng materials (wooden furniture, adhesives, coatings, carpets, textiles,
oors) and the number of laser printers ( Liu et al., 2013 ; Spinazzè et al.,
020 ). Some works ( Glas et al., 2015 ; Hui et al., 2006 ; Salonen et al.,
009 ; Wallenius et al., 2022 ) reported levels of formaldehyde within
he current WHO guideline for indoor air, while other investigations
 Fang et al., 2022 ; Faria et al., 2016 ), especially those conducted in re-
ently renovated offices, detected concentrations exceeding the referred
imit value in up to 91% of the assessed buildings. 

.1.2. Effects of occupational exposure to VOC 

Some studies identified that VOC and formaldehyde concentrations
ypically found in offices are too low to cause symptoms such as sen-
ory irritation in the eyes and airways among office workers ( Rios et al.,
009 ; Wolkoff, 2013 ). Nevertheless, particular attention should be ded-
cated to some compounds that are documented as causing acute non-
arcinogenic effects due to high concentrations exposure and the car-
inogenic effects of long-term exposure to lower concentrations, such
s benzene ( WHO, 2010 ). Furthermore, other VOC species assessed in
ffice settings have been linked to health symptoms. In that regard,
akellaris et al. (2021) investigated VOC levels in 148 offices rooms
37 office buildings among 8 EU countries) and, regarding information
rom 1299 participants, the authors reported statistically significant as-
ociations between i) xylenes and headache, tiredness and skin symp-
oms; ii) ethylbenzene with eye irritation and respiratory symptoms;
ii) a-pinene and respiratory and heart symptoms; iv) d -limonene and
eneral symptoms (such as headache and tiredness); v) styrene and skin
ymptoms; vi) formaldehyde and respiratory and general symptoms; vii)
crolein and respiratory symptoms; viii) propionaldehyde and respira-
ory, heart, and general symptoms; ix) hexanal and general SBS. In ad-
ition, Zamani et al. (2013) also found a significant association between
igh levels of TVOC and the prevalence of SBS symptoms among office
orkers. 

In terms of productivity, in the work of Allen et al. (2016) , 24 par-
icipants spent 6 full work days in environmentally controlled office set-
ings, with the main goal of studying the effect of "green" (low indoor
evels of TVOC, around 45 𝜇g/m 

3 ) and conventional (high indoor levels
f TVOC, 500 𝜇g/m 

3 or above) environments on human performance,
y assessing cognitive function with a software tool. Briefly, the authors
btained the highest cognition scores in workers occupying the "green"
3 
ffices, suggesting that exposure to low concentrations of VOC may be
ssociated with high levels of cognitive function, which can significantly
romote productivity. 

Based on the evidence collected, strategies focused on source control,
amely consisting of avoiding the introduction of indoor VOC sources
nd preferring low-emitting materials, and ensuring proper ventilation,
specially during and after emitting events (e.g., renovations), can pro-
ote low VOC levels in office settings while minimizing the risk of
ealth detriments and productivity loss. 

.2. Semi-volatile organic compounds 

Semi-volatile organic compounds (SVOC), partitioned among gas,
articles, and dust fractions, are a subgroup of VOC with low volatility
hat comprise brominated flame-retardants, polychlorinated biphenyls,
erfluorinated substances, polycyclic aromatic hydrocarbons, pesticides
nd phthalates, etc., constituting a group of toxic contaminants that can
mpair IAQ ( Sonne et al., 2022 ). The main sources of SVOC for office en-
ironments are electronics, building materials, flooring, carpets, textiles,
urniture, and cleaning products. Exposure to SVOC has been linked to
he development of various health risks, and thus it of utmost impor-
ance to control the levels of SVOC in indoor environments ( Ataei et al.,
022 ). 

.2.1. Levels of SVOC in offices 

Compared with VOC, SVOC are described to appear in typically
ower concentrations indoors. According to existing evidence, phtha-
ates are the most abundant class of SVOC to which office workers are
xposed at the workplace ( Young et al., 2021 ). A limited number of
tudies included the assessment of exposure to these substances, with
he most of the existing evidence coming primarily from Asian coun-
ries. As example, Song et al. (2015) found phthalate esters mean lev-
ls of 4748 ng/m 

3 in Chinese offices, with diethyl phthalate, dibutyl
hthalate, and di(2-ethylhexyl) phthalate being the most abundant
pecies assessed. Those species were also detected in the work of
ang et al. (2014) , added to dimethyl phthalate and di-n ‑butyl phtha-

ate, a work also carried out in China, but finding lower phthalate es-
ers concentrations. For Japanese offices, Toda et al. (2004) identified
ibutyl phthalate and diethylhexyl phthalate, being dibutyl phthalate
resent at great concentrations (350 o 780 ng/m 

3 ). For offices located
n Poland, Szewczy ń ska et al. (2021) assessed phthalate esters concen-
rations in gas phase and particulate fraction in newly renovated rooms
nd after 7 months after renovation. The mean levels were greater than
hose reported in previous works, ranging from 4.4 to 39.8 𝜇g/m 

3 in air
nd deposited on particles, and di(2-ethylhexyl) phthalate, dibutyl ph-
halate and diethyl phthalate were the species detected. Additionally,
he authors reported total phthalate concentrations after 7 months of
enovation decreasing in mean by 76% compared with levels obtained
n newly renovated office rooms. In terms of organophosphate flame re-
ardants, Saito et al. (2007) reported concentrations of up to 260 ng/m 

3 

n Japanese offices. In fact, exposure to SVOC in offices can vary among
ountries. In that regard, Young et al. (2021) assessed the exposure to
VOC using silicone wristbands among occupants in office buildings
n the USA, UK, China, and India. The authors found higher exposure
evels to phthalates, pesticides and polycyclic aromatic hydrocarbons
mong office workers in China and India than in the other countries
tudied, possibly due to the fewer chemical restrictions and greater out-
oor contributions that were found to exist in India and China. Nev-
rtheless, exposure to phthalates was also influenced by individuals-
elated factors (namely related to use of personal care products, such as
erfume, makeup, and deodorant) and building materials. Exposure to
ome brominated flame retardants and organophosphate ester species
as higher in the USA and UK, because of the more intensive use of
ame retardants. Similarly to some VOC species, guidelines are missing

or SVOC that are of particular importance to control emerging species
 Sonne et al., 2022 ). 
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.2.2. Effects of occupational exposure to SVOC 

The health effects of SVOC are well documented, with some groups
uch as phthalates and polycyclic aromatic hydrocarbons being de-
cribed as endocrine-disrupting chemicals ( Ataei et al., 2022 ). Further-
ore, SVOC can cause acute health effects, including eye, nose, and

hroat irritation, and headaches, while long-term exposure to great lev-
ls may lead to reproductive, respiratory and cardiovascular problems,
mmune suppression, allergic conditions, and cancers ( Sonne et al.,
022 ). Particularly for office environments, and according to the search
onducted for this review, there are no published research works linking
ndoor SVOC levels with health and productivity among office workers.

.3. Airborne particulate matter (PM 2.5 , PM 10 , UFP) 

Indoor airborne particulate matter can originate from combustion
including candles and incense), photocopiers, printers, computers, car-
eting, tobacco smoke, air intakes, HVAC filters, cleaning, biological
ontaminants and outdoor air ( Leung, 2015 ; US EPA, 2022 ). 

.3.1. Levels of airborne particulate matter in offices and compliance with 

uidelines 

Due to the potential for those pollutants to cause detriments to
uman health, WHO defined guidelines for exposure to size frac-
ions PM 2.5 and PM 10 : 15 and 45 μg/m 

3 (24 h mean), respectively
 WHO, 2021 ). In terms of smaller size particles such as UFP, levels be-
ow 1000 particles/cm 

3 are considered as low levels and above 10,000
articles/cm 

3 (24 h mean) or 20,000 particles/cm 

3 (1 h mean) are con-
idered to be high and then of concern ( WHO, 2021 ). A recent study
as revisited the air particles levels in offices ( Felgueiras et al., 2022 ).
riefly, existing evidence shows that office workers may be exposed to
igher than desirable concentrations of airborne particles in the work-
lace. The mean level of PM 2.5 calculated for offices was 36 𝜇g/m 

3 ,
ith 61% of the studies reporting levels above the WHO guideline.
or PM 10 , mean concentration was 63 𝜇g/m 

3 and 33% of the works
eported concentrations exceeding the guideline. Overall, the highest
irborne concentrations were measured in naturally ventilated offices,
ith an important impact of the high levels in the surrounding environ-
ent. In additional studies, mean PM 2.5 concentrations up to 6 𝜇g/m 

3 

ere obtained during working hours in office buildings worldwide
 Laurent et al., 2021 ; Othman et al., 2020 ). Although a substantially
ower number of studies included the assessment of UFP levels in office
ettings, the findings consistently showed that the assessed UFP levels
xceeded 1000 particles/cm 

3 at least in one building studied ( Nur Fadi-
ah and Juliana, 2012 ; Sultan et al., 2022 ; Zamani et al., 2013 ). High
evels of UFP were detected even in studies that investigated the im-
act of air cleaners with high efficiency particulate air (HEPA) filters
 Sultan et al., 2022 ). Air cleaners reduced UFP concentrations in of-
ces, however, the reduction was not significant (from 24 to 43% in
erms of indoor-to-outdoor ratio) with indoor levels registered near 3000
articles/cm 

3 . Generally, the great UFP levels were found in older build-
ngs ( Nur Fadilah and Juliana, 2012 ; Zamani et al., 2013 ), explained
y the existence of carpet and air fresheners in open areas with photo-
opiers ( Nur Fadilah and Juliana, 2012 ). 

.3.2. Effects of occupational exposure to airborne particulate matter 

According to WHO, exposure to particulate matter, even at low
oncentrations, can be linked to the risk of the development of ad-
erse effects on health ( WHO, 2018 ). Particularly for susceptible peo-
le, exposure to particles is likely to cause cardio-pulmonary effects
 Wolkoff, 2013 ). For office environments, Zamani et al. (2013) inves-
igated IAQ conditions in one recent (occupied less than 4 years) and
ne old building (occupied more than 15 years) and observed strong
ssociations between the exposure to PM 2.5 and PM 10 levels and the
revalence of SBS among office workers of the old building. The same
ssociation was found for exposure to UFP but for workers of the recent
4 
ffice building. In fact, the authors reported an increased risk of de-
eloping SBS 13.8 times in office workers working in offices with UFP
oncentrations above 1642.5 particles/cm 

3 . Those associations were
ound for buildings presenting the highest concentrations of PM 2.5 and
M 10 (old building) and UFP (recent building). Regarding productiv-
ty, Zhou et al. (2023) conducted an intervention study in an office
uilding to evaluate the effect of portable air purifiers on PM 2.5 lev-
ls removal, IAQ perception and productivity. The results showed that
elf-reported productivity was significantly higher in the intervention
3.7 μg/m 

3 PM 2.5 ) than in the control group (18.0 μg/m 

3 PM 2.5 ). In
ddition, Laurent et al. (2021) found a significant association between
M 2.5 and cognitive test performance metrics for levels above 12 μg/m 

3 .
evertheless, it is important to consider the possible synergetic effect

hat can exist with other air parameters, such as CO 2 ( Wu et al., 2021 ).
Having the above in mind, promoting natural ventilation when ac-

eptable ambient air quality exists, removing indoor sources of particles
uch as air fresheners, photocopiers, and printers (e.g., reallocating in a
pecific space for that purpose), and ensuring proper cleaning of carpets
re recommendations that can promote better IAQ conditions in offices
nd prevent SBS symptoms. Although source control should be priori-
ized, the use of air purifiers, particularly in spaces where safe levels of
irborne particulate matter cannot be achieved, should be considered a
omplementary strategy to promote health and productivity. 

.4. Inorganic air chemicals (CO 2 , CO, O 3 , NO 2 ) 

.4.1. Levels of inorganic air chemicals in offices and compliance with 

uidelines 

Carbon dioxide (CO 2 ) concentrations can be used as an indica-
or of ventilation conditions, particularly in spaces with a high occu-
ancy density. Similarly to TVOC, each country stated a limit for in-
oor levels. In particular, Denmark and The Netherlands established
pecific CO 2 limits for office settings ranging from 750 to 1200 ppm
 Binnenklimaattechniek, 2021 ; Lahrz et al., 2008 ). Nevertheless, in-
oor environments presenting levels equal to or below 1000 ppm
re commonly considered as having good or excellent IAQ conditions
 Lowther et al., 2021 ). Based on the existing reports, office environ-
ents present, in general, acceptable ventilation conditions (665 ppm
ean) ( Felgueiras et al., 2022 ). Still, in terms of maximum CO 2 val-
es, concentrations up to 1700 ppm have been documented. Cases of
orst ventilation conditions, based on CO 2 levels, have been identified

or offices with recognized high occupancy density and inadequate op-
ration of HVAC systems, namely low percentage of fresh air introduced
ndoors. A similar CO 2 mean (723 ppm) was obtained in a more recent
tudy ( Laurent et al., 2021 ), however levels above 1000 ppm can also
e found in office settings ( Woo et al., 2021 ). 

Carbon monoxide (CO) can be found indoors due to the presence
f combustion sources and infiltration from outdoor air ( WHO, 2010 ).
HO defined a limit of 4 mg/m 

3 (24 h mean) ( WHO, 2021 ). Studies
ssessing CO concentrations in offices are scarce. From the available in-
ormation, CO is not a critical parameter in these indoor environments,
ince all studies reported levels far below the WHO guideline ( Nur Fadi-
ah and Juliana, 2012 ; Faria et al., 2016 ; Zamani et al., 2013 ). 

O 3 is formed in the atmosphere by reactions involving NO 2 and VOC,
ith absorption of light from solar radiation and oxygen ( WHO, 2021 ).
nd it is considered an important pollutant in outdoor and indoor en-
ironments, particularly in office settings, which present typical emis-
ion sources of this chemical as photocopiers, printers, and high-voltage
ir cleaning devices ( Leung, 2015 ; US EPA, 2022 ). In terms of exist-
ng guidelines, WHO established a limit of 100 μg/m 

3 (8 h mean)
 WHO, 2021 ). Exploring the data in the literature, mean O 3 levels in of-
ce environments are typically within WHO guideline ( Glas et al., 2015 ;
ui et al., 2006 ; Othman et al., 2020 ; Salonen et al., 2018 ; Spinazzè
t al., 2020 ). The worst case was reported for 1 out of the 7 evaluated
ffice buildings located in urban areas in which mean O 3 concentra-
ion was 170 μg/m 

3 characterized by the presence of a high amount
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d  
f electronic equipment ( Faria et al., 2016 ). In fact, increased O 3 lev-
ls typically occur during working hours due to emissions from print-
rs and photocopiers ( Othman et al., 2020 ). Although the possibility
f the existence of indoor sources, higher concentrations were often
ound in the outdoor environment than in offices ( Othman et al., 2020 ;
alonen et al., 2018 ). As expected, because in summer a higher amount
f ultraviolet radiation exists, levels of O 3 measured in offices during
ummer are higher than the concentrations obtained for the winter pe-
iod due to the greater contributions from the outdoors ( Spinazzè et al.,
020 ). Moreover, O 3 may react with other pollutants due to its oxidant
roperties, generating secondary toxic products, such as formaldehyde.
ndeed, Spinazzè et al. (2020) observed those reactions in offices during
ummer. 

Nitrogen dioxide (NO 2 ) is a common pollutant detected in indoor
nvironments due to emissions resulting from combustion appliances
nd infiltration from outdoor air (mainly resulting from traffic-related
ources) ( WHO, 2010 ). The most recent WHO guideline defines a value
f 25 μg/m 

3 (24 h mean) ( WHO, 2021 ). Among the existing studies
hat included the assessment of NO 2 concentrations in offices, it can be
ound works that report levels that are below ( Hui et al., 2006 ; Spinazzè
t al., 2020 ), and above guideline value ( Glas et al., 2015 ; Salonen et al.,
019 ; Szigeti et al., 2017 ). Some factors such as the height of the floor in
hich the office room is located and outdoor traffic seem to be impor-

ant contributors to indoor levels ( Salonen et al., 2019 ). In particular, an
nverse relation between NO 2 concentrations and floor height has been
eported, i.e. offices on lower floors presented greater levels due to the
roximity to emissions sources in surrounding areas. 

.4.2. Effects of occupational exposure to inorganic air pollutants 

Evidence is still conflicting regarding the impact of exposure to high
O 2 concentrations on health and productivity ( Lowther et al., 2021 ).
egarding health, some works linked CO 2 to the prevalence of SBS
ymptoms ( Tsai et al., 2012 ; Zamani et al., 2013 ). Some works found
vidence suggesting that office workers exposed to CO 2 concentrations
igher than 800 ppm are more likely to suffer from eye irritation and
pper respiratory symptoms ( Tsai et al., 2012 ). In contrast, experimen-
al studies in which ventilation rates were adjusted ( Maula et al., 2017 )
nd CO 2 artificially raised to 5000 ppm ( Zhang et al., 2016 ) reported
o significant results. Nevertheless, the same experimental studies found
hat although no changes were detected in task performance when CO 2 
as raised to 5000 ppm in the experiment of Zhang et al. (2016) , the
ecrease in ventilation rate showed a weak but notorious, adverse effect
n workers’ performance ( Maula et al., 2017 ). Also related to produc-
ivity, Tsai et al. (2012) found great levels of difficulty in remembering
hings or concentrating when workers were in conditions of CO 2 ex-
eeding 800 ppm. Furthermore, in the work of Allen et al. (2016) , best
ognition scores were also obtained in controlled offices with lower CO 2 
evels (500 ppm) compared to offices with moderate or high CO 2 con-
entrations (around 900 or 1400 ppm, respectively). A similar relation
as also reported in the work of Laurent et al. (2021) , in which lower
entilation rates (assessed by CO 2 levels) were associated with a de-
rease in response times and work accuracy. 

Regarding health, Zamani et al. (2013) found that CO influenced the
revalence of SBS symptoms in an old office building in Malaysia where
evels ranged from 1.4 to 2.1 ppm. Further works would be needed to
roperly confirm the identified associations. 

Noteworthy, concerning the effect of O 3 on the health of office work-
rs, Sakellaris et al. (2021) found associations with those levels (me-
ian: 3.0 μg/m 

3 , maximum: 42 μg/m 

3 ) and all symptom groups in study
amely SBS, eye irritation, respiratory, heart and skin. 

The influence of NO 2 on health conditions was investigated by
las et al. (2015) , who obtained some significant associations with per-
eived symptoms obtained by questionnaires administrated to office
orkers. Although the authors did not specify with which symptoms

he associations were detected, the symptoms assessed were: general
ymptoms (fatigue, heavy-headedness, headache, nausea/dizziness, and
5 
ifficulties concentrating), mucosal symptoms (dry eyes, itching or ir-
itation of the eyes, dry nose, irritated/stuffy or runny nose, hoarse or
ry throat, and coughing), and skin symptoms (dry facial skin, flushed
acial skin, itching/stinging/tight or burning sensations on facial skin,
nd itching skin on the body). 

According to search conducted for this review study, there are no
ublished research works linking indoor CO, O 3 and NO 2 levels with
roductivity among office workers. 

Overall, based on information on inorganic air pollutants load found
n office environments, ensuring that the occupancy of spaces is adjusted
o the office dimensions and existing ventilation conditions while guar-
ntying the correct operation and maintenance of mechanical ventila-
ion systems (including the amount of fresh air), always having in mind
mbient conditions. Identically to recommendations for airborne par-
icle levels, the office environment and its workers would beneficiate
rom a reallocation of printers and photocopiers due to the contribution
f these equipment for indoor O 3 concentrations. 

. Thermal comfort 

.1. Hygrothermal conditions in offices and compliance with guidelines 

In office environments, the presence of some equipment that may
ork as heat sources can promote an undesired increment in indoor

emperature and consequently compromise individuals’ comfort. Elec-
ronic equipment, occupancy density, and lighting represent putative
eat sources, with electronic equipment being recognized as one of the
ain thermal sources with large heat dissipation in office buildings

 Li and Zhang, 2022 ). In particular, for offices, the Occupational Safety
nd Health Administration (OSHA) provide guidance for employers con-
erning air temperature and relative humidity ranges (20 – 24.4 °C and
0 – 60%, respectively) ( OSHA, n.d. ). Research works have been car-
ied out to characterize office indoor environments conditions during
orking hours, including measurements of air temperature and relative
umidity levels, and the reported mean values have generally been in
ompliance with OSHA recommendations. In the scope of the European
ommission founded OFFICAIR project, the overall air temperature was
4.7 °C for summer and 23.7 °C for the winter period, while average rel-
tive humidity levels were 46.4% and 32.3% during summer and win-
er, respectively ( Mandin et al., 2017 ). For works conducted in other
ontinents, between April 2012 and January 2013, in multi-story of-
ce buildings located in Ghana, the mean indoor temperature ranged

rom 24.3 to 28.4 °C and mean relative humidity was between 51.2 and
1.6% ( Simons et al., 2014 ). In the USA, in an insurance company lo-
ated in Orlando, Hedge et al. (2005) found average temperature values
f 22.8 °C and relative humidity of 40.8% during the winter period. In
ddition, mean temperature and relative humidity ranging from 18.8 °C
o 23.1 °C and 45.4% to 65.3%, respectively, were obtained for 8 nat-
ral ventilated offices situated in Bogotá (Colombia) between February
nd May 2018 ( García et al., 2019 ). Between the same months of 2008,
wang and Kim (2013) found that air temperature values ranged be-

ween 21.4 °C and 25.9 °C and relative humidity 21.7% to 73.0% in 5
oors of a Korean office building. Similar air temperatures and relative
umidity levels were reported in additional works ( Laurent et al., 2021 ;
ui et al., 2006 ; Rios et al., 2009 ; Woo et al., 2021 ), except for relative
umidity levels measured during winter in non-sealed office buildings
ocated in Brazil, where values ranging from 72.5 to 85.2% were ob-
ained due to the contribution of high outdoor levels (85%) ( Rios et al.,
009 ). Overall, some studies have detected air temperatures and relative
umidity levels in offices out of OSHA recommendations, particularly
xceeding the maximum values established. 

.2. Thermal comfort indexes in offices 

Air temperature and relative humidity parameters are used in the
etermination of PMV and PPD indexes, which allow predicting the av-
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rage thermal comfort in indoor environments where a group of peo-
le shares an indoor space. In the case of PMV, the thermal sensa-
ion scale is divided into 7-point scale: hot ( + 3), warm ( + 2), slightly
arm ( + 1), neutral (0), slightly cool (–1), cool (–2), and cold (–3)
 ISO 7730, 2005 ). Those indexes have been calculated for offices work-
laces. Hwang and Kim (2013) obtained PMV values ranging from –
.58 to 0.34. The PPD was 10%, which was also in line with the
esults of a questionnaire applied, in which workers showed gen-
ral satisfaction with thermal conditions. The authors recognized that
he low relative humidity levels registered in offices (see subchap-
er 4.1.) were likely to be the reason for the cases of thermal an-
oyance. Woo et al. (2021) also found PMV from slightly cool to
eutral and PPD levels up to 16% in Australian offices. In a work
onducted in offices located in Ghana, PMV ranged from 0.2 to 1.5,
hile PPD varied between 6.3% and 51.4% ( Simons et al., 2014 ).
he warm thermal sensation (PMV of 1.5), corresponding to the high-
st PPD, was obtained for the naturally ventilated office building
here the average temperature and relative humidity were 28.4 °C
nd 71.6%, respectively. The authors also compared the calculated
MV index with the actual mean votes (AMV) obtained through a
uestionnaire application, and it was found that workers of the as-
essed offices had an AMV of 0.5. These results contrast with the find-
ngs of Beizaee and Firth (2011) , who reported that PMV underpre-
icts the thermal sensation compared with AMV in naturally venti-
ated houses and offices in the UK. It is important to have in mind that
MV may only partially predict thermal sensation in naturally venti-
ated spaces, as occupants could be using adaptative measures such as
ersonal fans, and the proximity to open windows can influence it as
ell. 

In terms of subjective assessments, some experimental tests have
een carried out to evaluate comfort in relation to different indoor
emperatures. In the work of Geng et al. (2017) , participants were ex-
osed in a controlled office environment to air temperatures around
6, 18, 20, 22, 24, 26, and 28 °C and filled out a survey regarding
heir perception of IEQ factors and underwent a test of productivity.
he highest thermal satisfaction was observed at 24 °C, with most sub-

ects reporting feeling "neutral". Deviations from air temperature of
4 °C (less or more) seemed to increase reported thermal dissatisfac-
ion. Moreover, the authors concluded that comfort levels were asso-
iated with an increase in comfort expectation with other IEQ factors,
ncluding IAQ and lighting. Furthermore, Lipczynska et al. (2018) in-
estigated the effect of high temperatures and air movement on ther-
al comfort and productivity in Singapore. For that purpose, experi-
ental conditions were: 23 °C (temperature set-point recommended in

he country) without fan and 26 and 27 °C with fan. The best ther-
al comfort condition (almost "neutral") was obtained when the indoor

emperature was set at 26 °C with ceiling fans working. The change
rom 23 to 26 °C allowed to achieve energy savings (since cooling was
mplemented due to elevated outdoor temperatures during the study
ays: 25.5 – 30.7 °C) and a pronounced increment in thermal satis-
action from 59% to 91%. In terms of relative humidity, the levels
ere reduced (61.5 to 53.4%) but remained within the recommended

ange. 
It is important to note that beyond environmental and personal pa-

ameters, other factors could influence thermal comfort, including the
haracteristics of the building, ventilation and air renovation conditions,
utdoor climate, and season ( Frontczak and Wargocki, 2011 ). The most
ommon control strategies consist of improvements in the HVAC sys-
em and operation, as well as adjustments in the building design and
se ( Bluyssen, 2009 ). Additionally, individual aspects could also affect
hermal comfort perception, as Maykot et al. (2018) proved. Although
o significant differences were detected, the authors found that gen-
ral thermal comfort temperature for women was higher (24.0 °C) than
he temperature reported by men (23.2 °C). Likewise, in the work of
aula et al. (2016) , women perceived 23 °C colder than men partici-

ants. 
6 
.3. Effects of thermal comfort on workers 

Thermal comfort can influence health. For instance, during the heat-
ng season, indoor temperatures below 18 °C have been linked with an
ncrease in the risk of cardiovascular and respiratory morbidity and mor-
ality for regions with temperate or cold climates ( Wolkoff et al., 2021 ).
n turn, temperatures above 26 °C can aggravate acute symptoms such as
atigue, depression and low concentration capacity. Respiratory health
ay also be particularly affected when values are above 30 °C. Addition-

lly, health complaints, such as dry eye symptoms, can be reduced, and
ork performed be improved with high humidity levels in contrast with

onditions reported in offices with very dry air ( Wolkoff et al., 2021 ).
egarding relative humidity levels, an association between the risk of
evelopment of adverse health effects (in eye tear film stability, physi-
logy and osmolarity of the upper airways) and exposure to relative hu-
idity levels lower than 30% has also been reported ( Wolkoff, 2018 ).
articularly for office environments, recent findings show that workers
ho spend the majority of time in relative humidity conditions between
0 and 60% were 25% less stressed than workers exposed to drier condi-
ions ( Razjouyan et al., 2020 ). Considering this, some offices presented
elative humidity values in percentage that can compromise occupants’
ealth and aggravate SBS symptoms ( < 30%), as well as can promote
icrobial growth in poorly ventilated spaces ( > 65%). 

Along with IAQ, the study of the effect that thermal com-
ort has on the performance of office work is well documented
 Wargocki and Wyon, 2017 ). Significant associations between thermal
omfort in office-like environments and workers’ productivity and cog-
ition have been explored in epidemiological and experimental studies
 Wolkoff et al., 2021 ). A field study in an insurance company allowed
ata collection from thermal conditions and productivity during 16 con-
ecutive workdays ( Hedge et al., 2005 ). The authors found that com-
uter work performance (based on the keystroke indicator) was highest
or the thermal comfort zone and decreased in other thermal conditions.
his effect was observed for quality and quantity of work performed and
as linked to air temperature (19.8 to 25.6 °C) and not to relative hu-
idity levels, possibly due to the restricted range of relative humidity

evels observed (30.9 to 58.2%). Tsutsumi et al. (2007) tested the effect
f different humidity levels (30, 40, 50, and 70%) on subjective per-
ormance using climate chambers. The experiments had a duration of
5 and 180 min and subjects’ performance remained the same under
ll tested conditions. In this case, the fact of experiments being con-
ucted during a short period, can justify the lack of associations. As the
uthors stated, changes in productivity would be expected in more ex-
ended periods of exposure to humidity conditions. Additionally, the use
f objective measurements would be interesting to observe the effect on
erformance. 

In the work of Geng et al. (2017) , the authors obtained the best
roductivity levels for thermal sensations "neutral" and "slightly cool".
ndeed, the increase in thermal satisfaction was associated with an im-
rovement in office productivity. Similarly, Lan et al. (2010) studied the
ffect of different air temperatures (17, 21, and 28 °C) in controlled of-
ce experiments during the same period of 2 h, finding that thermal dis-
omfort related to low or high temperatures influenced negatively work-
rs’ productivity (measured through subjective and objective measures).
imalanathan and Babu (2014) also tested the same range of air temper-
tures and conducted a neurobehavioral test to assess office work perfor-
ance in a laboratory setting. The authors found that work performance

mproved at 21 °C, with air temperature contributing to performance in
bout 39%. In addition, moderately uncomfortable environment pro-
otes a decrease in motivation to work and an increase in the effort

o maintain work performance. In fact, work performance, based on
he ability to concentrate, alertness, and work productivity, is more re-
arkable as greater is thermal satisfaction among office workers, which
ay not be necessarily linked to indoor temperature ( Lipczynska et al.,
018 ). The implications of deviations from thermal comfort range on
roductivity were explored by Maula et al. (2016) , who compared the
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7  
xposure to a slightly warm temperature of 29 °C to a neutral tempera-
ure of 23 °C in a laboratory study for 3.5 h. The slightly warm temper-
ture negatively affected only one memory task, increasing the reaction
ime and reducing the accuracy, with other tasks related to attention
nd memory not changing significantly. 

Nevertheless, the deterioration of subjective performance was ob-
ained for conditions of 29 °C, which can impact task execution in the
ong-term. Moreover, Kosonen and Tan (2004) estimated significant pro-
uctivity loss in PMV values of + 0.5, corresponding to a slightly warm
hermal sensation. Interestingly, some authors found improvements in
erformance when office workers were exposed to moderately cold tem-
eratures in their workplaces. Tham and Willem (2010) described a bet-
er mental state and performance in tasks demanding attention among
olunteer subjects expressing low thermal sensation and reduced ther-
al comfort at 20 °C in a simulated office environment. 

Based on the existing evidence, it is clear that thermal comfort in
ffices is an essential factor that may affect workers’ performance. For
egions with temperate or cold climates, indoor temperatures ranging
rom 22 to 24 °C have been reported as ideal for promoting good indexes
f productivity ( Wolkoff et al., 2021 ). 

Therefore, it is of major importance to guarantee proper hygrother-
al conditions, avoiding extreme air temperature and relative humidity

evels. "Neutral" sensation of thermal comfort or near would improve
ffice workers’ satisfaction with the indoor environment and promote
ealth and productivity. 

. Lighting 

.1. Lighting conditions in offices and compliance with guidelines 

The requirements for lighting conditions are established for several
ypes of activities in offices buildings ( ISO 8995–1, 2002 ). In terms of
aintained illuminance, minimum limit values are defined for the fol-

owing tasks/spaces: filing, copying, circulation (300 lx); writing, typ-
ng, reading, data processing (500 lx); technical drawing (750 lx); CAD
computer aided design) workstation (500 lx); conference and meeting
ooms (500 lx); reception desk (300 lx) and archives (200 lx). Addition-
lly, based on the principle that illuminance should change gradually,
he uniformity parameter was created. Following ISO 8995–1 (2002) ,
he uniformity of illuminance is defined as the ratio between the mini-
um value and the average value of illuminance, and it should not be

ess than 0.7 on the work surface. Regarding the immediate surrounding
reas, the criterion is that the uniformity level should be not less than
.5. 

Illuminance has been studied in office settings due to its signifi-
ant impact on comfort and safety for workers performing visual tasks.
wang and Kim (2013) measured the physical conditions of the lighting
nvironment in an office building with all-glass walls located in Seoul
Korea), including illuminance on the work plane and uniformity factor.
he authors obtained an average value of around 800 lx (620 – 1019 lx)
f illuminance and uniformity of 0.7 (0.5 – 0.9). Nicol et al. (2006) in-
estigated desktop illuminance in 26 European office buildings, report-
ng average illuminance levels of 410 lx in Greece, 469 lx in France,
27 lx in Sweden, 530 lx in Portugal, and 648 lx in the UK. Overall,
lluminance levels in offices appear to be within the requirements of
SO 8995–1 (2002) for office settings, however, some spaces presented
alues slightly below 500 lx (the most common value used for current
ffice work). In that regard, a link was established with outdoor cli-
atic conditions, i.e., lower indoor illuminance levels were in overcast

kies, while high indoor illuminance levels were registered on days with
lear skies. A wider range of illuminance levels have been measured by
oo et al. (2021) , with values from 102 to 1526 lx. The impact of color

emperatures on lighting comfort has been investigated as well. Color
emperature in terms of appearance, values ⟨3300 K result in warm
ight, color temperature ranging from 3300 to 5300 K is categorized
s intermediate, and values ⟩ 5300 K result in cool light. And, accord-
7 
ng to the findings, a consensus exists for the preference for interme-
iate color temperatures ( Manav, 2007 ; Wang and Luo, 2016 ). In this
espect, Wang and Luo (2016) observed that 4000 K condition (with
50 lx of illuminance) was linked to better scores of comfort than 6500
nd 8000 K conditions, and, Manav (2007) also concluded that a color
emperature approximate to 4000 K was preferred to 2700 K. Though,
ooler light colors could be preferential in warm climates, while in cold
limate zones, warmer light colors appearance is preferred ( ISO 8995-1,
002 ). 

Based on recent research data, a combined effect with thermal com-
ort can also exist and influence satisfaction with lighting. The findings
f Bellia et al. (2021) obtained in a mechanically ventilated test room
ere that cooler light conditions (6000 K) change thermal sensation to

old, also suggesting that warm light can be linked to warm thermal sen-
ation. Besides, Chinazzo et al. (2020) investigated the effect of indoor
emperature on visual perception and concluded that temperature af-
ected participants’ perception of daylight warmth. Briefly, participants
eported more frequent warm light sensations in higher temperatures
han when they were exposed to colder temperatures, suggesting an as-
ociation between temperature and the apparent warmth of daylight in
ffice-like environments. 

.2. Effects of lighting conditions on workers 

Lighting conditions have been associated with impacts to health. Ac-
ording to Boyce (2010) , light may affect health in three ways: 1) dam-
ges on eye and skin through both thermal and photochemical mecha-
isms; 2) impact on the visual system, including eyestrain; and 3) inter-
erences with the circadian system, including sleep patterns. In particu-
ar for offices, focusing on eye symptoms, color temperature was associ-
ted with blurred vision, difficulty focusing, eye discomfort, eye fatigue,
yestrain and irritability and illuminance with eye pain ( van Duijnhoven
t al., 2019 ). In terms of physical and physiological health, color tem-
erature was linked to fatigue, light headedness and vitality, while illu-
inance seems to influence the prevalence of headache, malaise, phys-

cal well-being and skin dryness. The impact on sleep patterns was also
tudied among office workers, with color temperature affecting factors
uch as alertness, daily sleep timing, energy, evening fatigue, lethargy,
leep duration, sleep quality, sleepiness during the day and tiredness,
nd illuminance causing insomnia. Overall, higher color temperatures
17,000 K vs. 4000 K) improved workers’ conditions referred above
 van Duijnhoven et al., 2019 ). In addition, light intensity was corre-
ated with office workers’ well-being and health (skin conditions and
ye pain), with poor lighting being associated with a higher prevalence
f those symptoms and malaise. 

To evaluate the impact of lighting conditions on office workers’
roductivity, studies have been investigating daylight, illuminance and
olor temperature, mostly resorting to experimental investigations. Con-
idering studies assessing real lighting office conditions, and in terms of
he source of the lighting, De Carli et al. (2008) reviewed some evidence
nd concluded that when proper daylight is the main lighting resource,
 significant improvement of productivity and performance can be ob-
erved. Likewise, Nicol et al. (2006) found the use of artificial lights in
ffices linked to a small but significant reduction in self-reported produc-
ivity levels. Additionally, the authors also showed that productivity im-
roved when blinds were open, supporting the theory that the view (or
igh levels of daylight) might enhance productivity in these indoor envi-
onments. Regarding experimental works, for illuminance, in the work
f Smolders et al. (2012) , two levels were tested at the work surface (200
nd 1000 lx, keeping the color temperature at 4000 K) during 60 min in
oth morning and afternoon periods. Objective performance along with
lertness and vitality factors, improved in more intense light conditions
f 1000 lx. Additionally, Vimalanathan and Babu (2014) estimated im-
rovements in reaction time and error response (around 20% and 5%,
espectively) for higher illuminance levels of 1000 lx than with 500 and
50 lx. About color temperature, Ishii et al. (2018) carried out an exper-
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mental work to investigate intellectual productivity, through objective
oncentration ratio measures, in different lighting conditions: conven-
ional ceiling light ambient (color temperature of 5000 K), task ambi-
nt lighting with intermediate color temperature (color temperature of
000 K in both ceiling and task lights) and task ambient lighting with
igh color temperature (color temperature of 5000 K in the ceiling and
200 K in task lights). In all experiments, illuminance levels were 750 lx
n the desk surface. This study observed an increase of 5% in concentra-
ion capacity levels in task ambient lighting with greater color tempera-
ure than in conventional ambient lighting. Bao et al. (2021) combined
he study of both illuminance and color temperature. Subjects (student
articipants) were exposed in a laboratory setting to distinct illuminance
evels (300, 750, and 1000 lx) and color light temperatures (3000, 4000,
nd 6500 K). Overall, the best results (lowest mental workload) were ob-
ained for the combination of 750 lx of illuminance and 3000 K of color
emperature, but no association was detected between illuminance and
olor temperature for mental workload in office settings. Whereas, in the
ork of Wang and Luo (2016) , 750 lx (vs. 350 and 550 lx) and 6500 K

vs. 4000 and 8000 K) were the combinations for the best task perfor-
ance. Nicol et al. (2006) stressed the importance of considering the de-

ree of adaption to different intensities of light that were noteworthily
anifested among office workers and that can compromise the evidence

f improvements in productivity due to exposure to distinct lighting con-
itions. In other words, the change of lighting conditions may promote
 change in productivity; however, with time, workers can become ac-
ustomed to new lighting, and the performance return to baseline con-
itions. In that context, variable lighting conditions could overcome this
actor of adaption. Improvements in productivity have been identified
y either decreasing or increasing lighting levels in accordance with the
asks’ needs. The results of this type of study may be skewed due to the
ossibility of the phenomenon "Hawthorne effect" which consists of the
hange in participants’ behavior just because they are part of an exper-
mental study. This represents an important limitation particularly for
ighting investigations, as the subjects are not blinded and clearly notice
hanges in the lighting environment ( Hoonhout and Vanpol, 2009 ). 

. Acoustics 

.1. Acoustical conditions in offices and compliance with guidelines 

In offices, noise is commonly generated mostly from conversations,
ffice equipment (such as telephones, printers), air conditioning and
entilation systems and outdoors ( Leather et al., 2003 ). For workplaces,
SHA defined a permissible exposure limit of 90 dBA for all workers

8 h mean), also referring that employers should implement a hear-
ng conservation program when exposure is equal or above 85 dBA
 OSHA, n.d. ). In particular for offices, no global limit is currently estab-
ished; however, some countries defined specific levels for these work
nvironments (e.g., China: 55 dBA) ( Huang et al., 2012 ). Measurements
f noise in offices have demonstrated the existence of acceptable lev-
ls. Overall, mean sound levels ranging from 30 to 65.4 dBA have
een reported for offices worldwide ( Huang et al., 2012 ; Hwang and
im, 2013 ; Leather et al., 2003 ; Woo et al., 2021 ). Although levels were
ithin OSHA recommendation, occupants disclosed acceptable noise be-

ow 49.6 dB ( Huang et al., 2012 ). The comfort related to acoustics has
een investigated in offices with distinct designs. Jensen et al. (2005) as-
essed occupants satisfaction levels through surveys in 142 office build-
ngs and concluded that workers in open plan offices were more satisfied
ith noise and speech privacy than occupants of closed offices. The au-

hors gave two possible reasons to explain it: i) private conversations
re possible in open offices when nobody is within earshot after a vi-
ual check, and ii) privacy expectations are lower in open offices, and
ccupants adapt their listening and speaking accordingly. Nevertheless,
urther studies would be needed to confirm that result. Office design is a
ritical aspect in sound propagation. For instance, inadequate partition
esign and unadjusted sound absorption can cause high reverberation
8 
ogether with insufficient noise isolation, making a generated sound in
orkplace being heard ( Hodgson, 2008 ). Jensen et al. (2005) also found

hat the overall lack of speech privacy was more impacting than the
oise level in terms of dissatisfaction with IEQ. Concerning noise level,
onversations among co-workers seemed to have the greatest negative
ffect on satisfaction with the acoustic environment ( Kang et al., 2017 ),
ven when compared with footsteps, ventilation, or office equipment
oises ( Artan et al., 2019 ). 

.2. Effects of acoustical conditions on workers 

The impact of noise on office workers’ health have been studied.
ee et al. (2016) stated that noise disturbance in offices have affected
elf-rated health. In addition, although Evans and Johnson (2000) did
ot find differences in stress perception between workers in noisier and
uieter offices, Leather et al. (2003) found that lower noise levels can
uffer the negative impact of psychosocial job stress. In terms of produc-
ivity, in the survey study conducted by Jensen et al. (2005) , 50% of the
3,450 office workers respondents reported that acoustics affects their
ob performance. In fact, acoustical quality can also refer to a noise-
ree environment where occupants can perform their tasks without dis-
urbance ( Artan et al., 2019 ). For instance, for research work carried
ut in open offices, the quality of the acoustic environment was deter-
ined as the most impacting factor on the productivity of young aca-
emics ( Kang et al., 2017 ). In addition, a comfortable acoustical envi-
onment allows occupants to maintain work performance and concen-
ration without disturbances while enabling verbal communication at
he voice level ( Hodgson, 2008 ). 

. Conclusions and future trends 

This literature review emphasizes the importance that IEQ in offices
ave in workers’ health and productivity. Although most offices pre-
ented proper IEQ conditions, some studies have demonstrated that of-
ce settings can have IAQ, hygrothermal conditions/thermal comfort,
nd illuminance levels out of the existing international standards and
ecommendations. Although a decreasing trend in the prevalence of
ealth detriments has been noticed over the years in office environ-
ents ( Bluyssen et al., 2016 ), the impact of workplace IEQ on office
orkers’ health has been investigated and, associations were found with

EQ factors, even when these were in agreement with the guidelines. For
nstance, occupational exposure to air pollutants contributes to human
ealth risk. In particular, airborne particles, CO 2 , O 3 and thermal com-
ort were linked with the prevalence of SBS symptoms. Poor lighting and
coustical quality were also linked to malaise and physiological stress
ccurrence among office workers. Moreover, office workers seemed to
eport better productivity when workplaces presented good IAQ condi-
ions and when they were more satisfied with thermal comfort, lighting
nd acoustic environment. Indeed, actions for ensuring adequate office
nvironment conditions may be responsible for improving workers’ pro-
uctivity up to 20%, which can represent significant annual economic
ains for companies ( Al Horr et al., 2016 ; Fisk, 2000 ). Therefore, for
ealth promotion and productivity enhancement it is crucial that office
uilding managers take actions to ensure that workplaces: i) are IEQ pe-
iodically controlled to ensure that levels are in compliance with recom-
ended limit values; ii) are free of avoidable indoor pollution sources;

ii) have adequate ventilation and acclimatization strategies; and iv) can
e properly adjusted in accordance with standards and workers’ prefer-
nces. 

According to the search work conducted in this study, consensual
uidelines worldwide may still be missing for some parameters. In ad-
ition, a research gap related to the lack of studies covering a compre-
ensive and multidisciplinary panel of IEQ indicators (air quality, venti-
ation, thermal, lighting, and acoustic comfort) and workers’ outcomes
satisfaction, health, and productivity/performance) was also identified.
urthermore, there is a need for further studies aiming to assess the real
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ffice environmental conditions and their associations with health and
roductivity among workers using objective measurements. Indeed, fu-
ure studies would benefit from considering a holistic characterization
f office environments that considers the investigation of the interac-
ive effects between IEQ factors (e.g., multi-pollutant approaches). This
ould allow to enhance the understanding of the real patterns of expo-

ures to environmental aggressors and of the etiology of the observed
dverse effects and to use this understanding to promote healthy office
nvironments. 

unding information 

The authors gratefully acknowledge Fundação para a Ciência e a Tec-
ologia (FCT) for the financial support of FF through the PhD Grant
D / 6521/2020 . 

eclaration of Competing Interest 

The authors declare that they have no known competing financial
nterests or personal relationships that could have appeared to influence
he work reported in this paper. 

ata availability 

No data was used for the research described in the article. 

cknowledgments 

The authors gratefully acknowledge Fundação para a Ciência e a Tec-
ologia (FCT) for the financial support of FF through the PhD Grant
D / 6521/2020 . 

upplementary materials 

Supplementary material associated with this article can be found, in
he online version, at doi:10.1016/j.hazadv.2023.100314 . 

eferences 

l Horr, Y., Arif, M., Kaushik, A., Mazroei, A., Katafygiotou, M., Elsarrag, E., 2016. Occu-
pant productivity and office indoor environment quality: a review of the literature.
Build. Environ. 105, 369–389. doi: 10.1016/j.buildenv.2016.06.001 . 

llen, J.G., MacNaughton, P., Satish, U., Santanam, S., Vallarino, J., Spengler, J.D.,
2016. 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. 124, 805–812.
doi: 10.1289/ehp.1510037 . 

rtan, D., Ergen, E., Tekce, I., 2019. Acoustical comfort in office buildings. In: Proceed-
ings of the Annual International Conference on Architecture and Civil Engineering,
pp. 145–149. doi: 10.5176/2301-394X_ACE19.605 . 

SHRAE, 2019. Standard 62.1-2019. Ventilation for Acceptable Indoor Air Quality. Amer-
ican Society of Heating, Refrigerating and Air-Conditioning . 

taei, Y., Sun, Y., Liu, W., S. Ellie, A., Dong, H., Ahmad, U.M., 2022. Health ef-
fects of exposure to indoor semi-volatile organic compounds in Chinese building
environment: a systematic review. Int. J. Environ. Res. Public Health 20, 678.
doi: 10.3390/ijerph20010678 . 

ao, J., Song, X., Li, Y., Bai, Y., Zhou, Q., 2021. Effect of lighting illuminance and
colour temperature on mental workload in an office setting. Sci. Rep. 11, 15284.
doi: 10.1038/s41598-021-94795-0 . 

artzis, J.G. , Reina, V. , Goelen, E. , Mandin, C. , Wolkoff, P. , Terry, A. , Carrer, P. , Oliveira
Fernandes, E. , 2013. OFFICAIR Final Workshop. On the reduction of health effects
from combined exposure to indoor air pollutants in modern offices . 

eizaee, A. , Firth, S.K. , 2011. A comparison of calculated and subjective thermal comfort
sensation in home and office environment. In: Proceedings of Conference People and
Buildings. Loughborough University . 

ellia, L., d’Ambrosio Alfano, F.R., Fragliasso, F., Palella, B.I., Riccio, G., 2021. On the
interaction between lighting and thermal comfort: an integrated approach to. IEQ.
Energy Build. 231, 110570. doi: 10.1016/J.ENBUILD.2020.110570 . 

innenklimaattechniek, 2021. Programma van Eisen Gezonde Kantoren [WWW
Document]. URL https://www.binnenklimaattechniek.nl/document/pve-gezonde-
kantoren-2021/ (accessed 3.20.23). 

luyssen, P.M. , 2009. The Indoor Environment Handbook: How to Make Buildings Healthy
and Comfortable. Routledge, London . 

luyssen, P.M., Janssen, S., van den Brink, L.H., de Kluizenaar, Y., 2011. Assessment
of wellbeing in an indoor office environment. Build. Environ. 46, 2632–2640.
doi: 10.1016/j.buildenv.2011.06.026 . 
9 
luyssen, P.M., Roda, C., Mandin, C., Fossati, S., Carrer, P., de Kluizenaar, Y., Mihucz, V.G.,
de Oliveira Fernandes, E., Bartzis, J., 2016. Self-reported health and comfort in ‘mod-
ern’ office buildings: first results from the European OFFICAIR study. Indoor Air 26,
298–317. doi: 10.1111/ina.12196 . 

oyce, P.R., 2010. Review: the impact of light in buildings on human health. Indoor Built
Environ. 19, 8–20. doi: 10.1177/1420326X09358028 . 

urge, P.S., 2004. Sick building syndrome. Occup. Environ. Med. 61, 185–190.
doi: 10.1136/oem.2003.008813 . 

hinazzo, G., Wienold, J., Andersen, M., 2020. Influence of indoor temperature and
daylight illuminance on visual perception. Light. Res. Technol. 52, 350–370.
doi: 10.1177/1477153519859609 . 

e Carli, M. , De Giuli, V. , Zecchin, R. , 2008. Review on visual comfort in office build-
ings and influence of daylight in productivity. In: Proceedings of Indoor Air 2008
Conference, Copenhagen, Denmark, 17–22 August, Paper ID: 112. . 

vans, G.W., Johnson, D., 2000. Stress and open-office noise. J. Appl. Psychol. 85, 779–
783. doi: 10.1037/0021-9010.85.5.779 . 

ang, L., Liu, N., Liu, W., Mo, J., Zhao, Z., Kan, H., Deng, F., Huang, C., Zhao, B., Zeng, X.,
Sun, Y., Qian, H., Sun, C., Guo, J., Zheng, X., Zhang, Y., 2022. Indoor formaldehyde
levels in residences, schools, and offices in China in the past 30 years: a systematic
review. Indoor Air 32, e13141. doi: 10.1111/ina.13141 . 

aria, Almeida-Silva, M., Dias, A., Almeida, S.M., 2016. Indoor air quality
in urban office buildings. Int. J. Environ. Technol. Manag. 19, 236–256.
doi: 10.1504/IJETM.2016.082243 . 

elgueiras, F., Mourão, Z., Moreira, A., Gabriel, M.F., 2022. A systematic review of ven-
tilation conditions and airborne particulate matter levels in urban offices. Indoor Air
32, e13148. doi: 10.1111/ina.13148 . 

isk, W.J. , 2000. Review of health and productivity gains from better IEQ. In: Proceedings
of Healthy Buildings 2000, 4, Helsinki, pp. 23–34 . 

romme, H., Debiak, M., Sagunski, H., Röhl, C., Kraft, M., Kolossa-Gehring, M., 2019. The
German approach to regulate indoor air contaminants. Int. J. Hyg. Environ. Health
222, 347–354. doi: 10.1016/j.ijheh.2018.12.012 . 

rontczak, M., Wargocki, P., 2011. Literature survey on how different factors in-
fluence human comfort in indoor environments. Build. Environ. 46, 922–937.
doi: 10.1016/j.buildenv.2010.10.021 . 

arcía, A., Olivieri, F., Larrumbide, E., Ávila, P., 2019. Thermal comfort assessment in
naturally ventilated offices located in a cold tropical climate, Bogotá. Build. Environ.
158, 237–247. doi: 10.1016/J.BUILDENV.2019.05.013 . 

eng, Y., Ji, W., Lin, B., Zhu, Y., 2017. The impact of thermal environment
on occupant IEQ perception and productivity. Build. Environ. 121, 158–167.
doi: 10.1016/j.buildenv.2017.05.022 . 

las, B., Stenberg, B., Stenlund, H., Sunesson, A.L., 2015. Exposure to formalde-
hyde, nitrogen dioxide, ozone, and terpenes among office workers and associa-
tions with reported symptoms. Int. Arch. Occup. Environ. Health 88, 613–622.
doi: 10.1007/s00420-014-0985-y . 

edge, A., Sakr, W., Agarwal, A., 2005. Thermal effects on office productivity. In: Hu-
man Factors And Ergonomics Society 49th Annual Meeting, Los Angeles, CA. SAGE
PublicationsSage CA, pp. 823–827. doi: 10.1177/154193120504900807 . 

odgson, M., 2008. Acoustical evaluation of six “green ” office buildings. J. Green Build.
3, 108–118. doi: 10.3992/jgb.3.4.108 . 

uang, L., Zhu, Y., Ouyang, Q., Cao, B., 2012. A study on the effects of thermal, lumi-
nous, and acoustic environments on indoor environmental comfort in offices. Build.
Environ. 49, 304–309. doi: 10.1016/j.buildenv.2011.07.022 . 

ui, P.S. , Wong, L.T. , Mui, K.W. , 2006. Feasibility study of an express assessment protocol
for the indoor air quality of air-conditioned offices. Indoor Built Environ. 15, 373–378 .

wang, T., Kim, J.T., 2013. Assessment of indoor environmental quality in open-plan
offices. Indoor Built Environ. 22, 139–156. doi: 10.1177/1420326X12470280 . 

shii, H., Kanagawa, H., Shimamura, Y., Uchiyama, K., Miyagi, K., Obayashi, F., Shi-
moda, H., 2018. Intellectual productivity under task ambient lighting. Light. Res.
Technol. 50, 237–252. doi: 10.1177/1477153516656034 . 

oonhout (Jettie), H.C.M., Knoop, M., Vanpol, R., 2009. Colored lighting in offices the
new caffeine? Looking into performance effects of colored lighting. In: Human Factors
And Ergonomics Society 53rd Annual Meeting, Los Angeles, CA. SAGE Publications,
53, pp. 502–506. doi: 10.1177/154193120905300804 . 

SIAQ, n.d. IEQ Guidelines [WWW Document]. URL https://ieqguidelines.org/ (accessed
1.26.23). 

SO 7730, 2005. Ergonomics of the thermal environment. Analytical determination and
interpretation of thermal comfort using calculation of the PMV and PPD indices and
local thermal comfort criteria. 

SO 8995-1, 2002. Lighting of indoor work places - Part 1: indoor. 
ensen, K.L. , Arens, E. , Zagreus, L. , 2005. Acoustical quality in office workstations, as

assessed by occupant surveys. In: Proceedings: Indoor Air, pp. 2401–2405 . 
agi, N., Fujii, S., Horiba, Y., Namiki, N., Ohtani, Y., Emi, H., Tamura, H., Kim, Y.S.,

2007. Indoor air quality for chemical and ultrafine particle contaminants from print-
ers. Build. Environ. 42, 1949–1954. doi: 10.1016/j.buildenv.2006.04.008 . 

ang, S., Ou, D., Mak, C.M., 2017. The impact of indoor environmental quality on work
productivity in university open-plan research offices. Build. Environ. 124, 78–89.
doi: 10.1016/j.buildenv.2017.07.003 . 

osonen, R., Tan, F., 2004. Assessment of productivity loss in air-conditioned buildings
using PMV index. Energy Build. 36, 987–993. doi: 10.1016/j.enbuild.2004.06.021 . 

ahrz, T. , Bischof, W. , Sagunski, H. , Baudisch, C. , Fromme, H. , Grams, H. , Gabrio, T. ,
Heinzow, B. , Müller, L. , 2008. Gesundheitliche bewertung von kohlendioxid in der in-
nenraumluft. Bundesgesundheitsblatt, Gesundheitsforschung, Gesundheitsschutz, 51,
pp. 1358–1369 . 

an, L., Lian, Z., Pan, L., 2010. The effects of air temperature on office workers’ well-being,
workload and productivity-evaluated with subjective ratings. Appl. Ergon. 42, 29–36.
doi: 10.1016/J.APERGO.2010.04.003 . 

http://dx.doi.org/10.13039/100005442
http://dx.doi.org/10.13039/100005442
https://doi.org/10.1016/j.hazadv.2023.100314
https://doi.org/10.1016/j.buildenv.2016.06.001
https://doi.org/10.1289/ehp.1510037
https://doi.org/10.5176/2301-394X_ACE19.605
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0004
https://doi.org/10.3390/ijerph20010678
https://doi.org/10.1038/s41598-021-94795-0
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0007
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0007
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0007
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0007
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0007
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0007
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0007
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0007
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0007
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0008
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0008
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0008
https://doi.org/10.1016/J.ENBUILD.2020.110570
https://www.binnenklimaattechniek.nl/document/pve-gezonde-kantoren-2021/
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0011
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0011
https://doi.org/10.1016/j.buildenv.2011.06.026
https://doi.org/10.1111/ina.12196
https://doi.org/10.1177/1420326X09358028
https://doi.org/10.1136/oem.2003.008813
https://doi.org/10.1177/1477153519859609
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0018
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0018
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0018
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0018
https://doi.org/10.1037/0021-9010.85.5.779
https://doi.org/10.1111/ina.13141
https://doi.org/10.1504/IJETM.2016.082243
https://doi.org/10.1111/ina.13148
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0024
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0024
https://doi.org/10.1016/j.ijheh.2018.12.012
https://doi.org/10.1016/j.buildenv.2010.10.021
https://doi.org/10.1016/J.BUILDENV.2019.05.013
https://doi.org/10.1016/j.buildenv.2017.05.022
https://doi.org/10.1007/s00420-014-0985-y
https://doi.org/10.1177/154193120504900807
https://doi.org/10.3992/jgb.3.4.108
https://doi.org/10.1016/j.buildenv.2011.07.022
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0034
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0034
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0034
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0034
https://doi.org/10.1177/1420326X12470280
https://doi.org/10.1177/1477153516656034
https://doi.org/10.1177/154193120905300804
https://ieqguidelines.org/
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0040
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0040
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0040
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0040
https://doi.org/10.1016/j.buildenv.2006.04.008
https://doi.org/10.1016/j.buildenv.2017.07.003
https://doi.org/10.1016/j.enbuild.2004.06.021
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0015
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0015
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0015
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0015
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0015
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0015
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0015
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0015
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0015
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0015
https://doi.org/10.1016/J.APERGO.2010.04.003


F. Felgueiras, Z. Mourão, A. Moreira et al. Journal of Hazardous Materials Advances 10 (2023) 100314 

L  

 

 

 

L  

 

L  

 

L  

 

L  

L  

 

L  

 

L  

 

 

 

L  

 

L  

 

 

M  

M  

 

 

M  

 

 

M  

 

 

M  

 

N  

 

 

N  

 

O  

O  

 

O  

 

O  

 

O  

O  

 

 

R  

 

 

 

R  

 

 

S  

S  

 

 

 

S  

 

 

 

S  

 

S  

 

S  

 

 

 

S  

S  

S  

 

S  

 

 

S  

 

S  

 

S  

 

 

 

 

S  

 

S  

 

S  

 

 

 

T  

 

T  

 

 

T  

 

T  

 

U  

v  

 

V  

 

W  

 

 

aurent, J.G.C., MacNaughton, P., Jones, E., Young, A.S., Bliss, M., Flanigan, S., Vallar-
ino, J., Chen, L.J., Cao, X., Allen, J.G., 2021. Associations between acute exposures to
PM2.5and carbon dioxide indoors and cognitive function in office workers: a multi-
country longitudinal prospective observational study. Environ. Res. Lett. 16, 094047.
doi: 10.1088/1748-9326/ac1bd8 . 

eather, P., Beale, D., Sullivan, L., 2003. Noise, psychosocial stress and
their interaction in the workplace. J. Environ. Psychol. 23, 213–222.
doi: 10.1016/S0272-4944(02)00082-8 . 

ee, P.J., Lee, B.K., Jeon, J.Y., Zhang, M., Kang, J., 2016. Impact of noise on self-rated job
satisfaction and health in open-plan offices: a structural equation modelling approach.
Ergonomics 59, 222–234. doi: 10.1080/00140139.2015.1066877 . 

ee, S.C., Lam, S., Kin Fai, H., 2001. Characterization of VOCs, ozone, and PM10 emissions
from office equipment in an environmental chamber. Build. Environ. 36, 837–842.
doi: 10.1016/S0360-1323(01)00009-9 . 

eung, D.Y.C., 2015. Outdoor-indoor air pollution in urban environment: challenges and
opportunity. Front. Environ. Sci. 2, 1–7. doi: 10.3389/fenvs.2014.00069 . 

i, R., Zhang, J., 2022. Real-time heat dissipation model of electronic equipment for de-
termining the dynamic cooling demand of office buildings. J. Build. Eng. 45, 103465.
doi: 10.1016/j.jobe.2021.103465 . 

ipczynska, A., Schiavon, S., Graham, L.T., 2018. Thermal comfort and self-reported pro-
ductivity in an office with ceiling fans in the tropics. Build. Environ. 135, 202–212.
doi: 10.1016/j.buildenv.2018.03.013 . 

iu, N., Bu, Z., Liu, W., Kan, H., Zhao, Z., Deng, F., Huang, C., Zhao, B., Zeng, X., Sun, Y.,
Qian, H., Mo, J., Sun, C., Guo, J., Zheng, X., Weschler, L.B., Zhang, Y., 2022. Indoor ex-
posure levels and risk assessment of volatile organic compounds in residences, schools,
and offices in China from 2000 to 2021: a systematic review. Indoor Air 32, e13091.
doi: 10.1111/ina.13091 . 

iu, Z., Ye, W., Little, J.C., 2013. Predicting emissions of volatile and semivolatile
organic compounds from building materials: a review. Build. Environ. 64, 7–25.
doi: 10.1016/j.buildenv.2013.02.012 . 

owther, S.D., Dimitroulopoulou, S., Foxall, K., Shrubsole, C., Cheek, E., Gadeberg, B.,
Sepai, O., 2021. Low level carbon dioxide indoors —a pollution indicator or a
pollutant? A health-based perspective. Environments 8, 125. doi: 10.3390/environ-
ments8110125 . 

anav, B., 2007. An experimental study on the appraisal of the visual environment at
offices in relation to colour temperature and illuminance. Build. Environ. 42, 979–
983. doi: 10.1016/J.BUILDENV.2005.10.022 . 

andin, C., Trantallidi, M., Cattaneo, A., Canha, N., Mihucz, V.G., Szigeti, T., Mabilia, R.,
Perreca, E., Spinazzè, A., Fossati, S., Carrer, P., Bartzis, J., 2017. Assessment of indoor
air quality in office buildings across Europe —the OFFICAIR study. Sci. Total Environ.
579, 169–178. doi: 10.1016/j.scitotenv.2016.10.238 . 

aula, H., Hongisto, V., Naatula, V., Haapakangas, A., Koskela, H., 2017. The effect
of low ventilation rate with elevated bioeffluent concentration on work perfor-
mance, perceived indoor air quality, and health symptoms. Indoor Air 27, 1141–1153.
doi: 10.1111/ina.12387 . 

aula, H., Hongisto, V., Östman, L., Haapakangas, A., Koskela, H., Hyönä, J., 2016.
The effect of slightly warm temperature on work performance and comfort in
open-plan offices —a laboratory study. Indoor Air 26, 286–297. doi: 10.1111/INA.
12209 . 

aykot, J.K., Rupp, R.F., Ghisi, E., 2018. A field study about gender and ther-
mal comfort temperatures in office buildings. Energy Build. 178, 254–264.
doi: 10.1016/J.ENBUILD.2018.08.033 . 

icol, F., Wilson, M., Chiancarella, C., 2006. Using field measurements of desktop illu-
minance in European offices to investigate its dependence on outdoor conditions and
its effect on occupant satisfaction, and the use of lights and blinds. Energy Build. 38,
802–813. doi: 10.1016/J.ENBUILD.2006.03.014 . 

ur Fadilah, R. , Juliana, J. , 2012. Indoor air quality (IAQ) and sick buildings syndrome
(SBS) among office workers in new and old building in Universiti Putra Malaysia,.
Serdang. Health and the Environment Journal 3, 98–109 . 

lesen, B.W. , 2012. Revision of EN 15251: Indoor Environmental Criteria. REHVA Journal
4, August . 

ngwandee, M., Moonrinta, R., Panyametheekul, S., Tangbanluekal, C., Morrison, G.,
2011. Investigation of volatile organic compounds in office buildings in Bangkok,
Thailand: concentrations, sources, and occupant symptoms. Build. Environ. 46, 1512–
1522. doi: 10.1016/j.buildenv.2011.01.026 . 

ECD, 2021. Employment By Activity (indicator) [WWW Document]. 10.1787/a258bb52-
en OECD, 2021. Employment by activity (indicator) [WWW Document].
https://www.oecd-ilibrary.org/employment/oecd-employment-outlook-2021_ 
5a700c4b-e (accessed 12.11.21) 

SHA, n.d. OSHA Technical Manual (OTM) - Section III: chapter 2 Indoor
Air Quality Investigation [WWW Document]. Occup. Saf. Heal. Adm. URL
https://www.osha.gov/otm/section-3-health-hazards/chapter-2#rfte (accessed 
12.2.21a). 

SHA, n.d. Occupational Noise Exposure [WWW Document]. URL
https://www.osha.gov/noise (accessed 1.3.23b). 

thman, M., Latif, M.T., Yee, C.Z., Norshariffudin, L.K., Azhari, A., Halim, N.D.A.,
Alias, A., Sofwan, N.M., Hamid, H.H.A., Matsumi, Y., 2020. PM2.5 and ozone in office
environments and their potential impact on human health. Ecotoxicol. Environ. Saf.
194, 110432. doi: 10.1016/j.ecoenv.2020.110432 . 

azjouyan, J., Lee, H., Gilligan, B., Lindberg, C., Nguyen, H., Canada, K., Burton, A.,
Sharafkhaneh, A., Srinivasan, K., Currim, F., Ram, S., Mehl, M.R., Goebel, N., Lun-
den, M., Bhangar, S., Heerwagen, J., Kampschroer, K., Sternberg, E.M., Najafi, B.,
2020. Wellbuilt for wellbeing: controlling relative humidity in the workplace matters
for our health. Indoor Air 30, 167–179. doi: 10.1111/ina.12618 . 

ios, J.L.de M., Boechat, J.L., Gioda, A., Santos, C.Y.dos, Aquino Neto, F.R.de, Lapa e
Silva, J.R., 2009. Symptoms prevalence among office workers of a sealed versus a
10 
non-sealed building: associations to indoor air quality. Environ. Int. 35, 1136–1141.
doi: 10.1016/j.envint.2009.07.005 . 

aito, I., Onuki, A., Seto, H., 2007. Indoor organophosphate and polybrominated flame
retardants in Tokyo. Indoor Air 17, 28–36. doi: 10.1111/j.1600-0668.2006.00442.x . 

akellaris, I., Saraga, D., Mandin, C., de Kluizenaar, Y., Fossati, S., Spinazzè, A., Catta-
neo, A., Mihucz, V., Szigeti, T., de Oliveira Fernandes, E., Kalimeri, K., Mabilia, R.,
Carrer, P., Bartzis, J., 2021. Association of subjective health symptoms with indoor air
quality in European office buildings: the OFFICAIR project. Indoor Air 31, 426–439.
doi: 10.1111/ina.12749 . 

akellaris, I.A., Saraga, D.E., Mandin, C., Roda, C., Fossati, S., De Kluizenaar, Y., Car-
rer, P., Dimitroulopoulou, S., Mihucz, V.G., Szigeti, T., Hänninen, O., De Oliveira
Fernandes, E., Bartzis, J.G., Bluyssen, P.M., 2016. Perceived indoor environment and
occupants’ comfort in European “Modern ” office buildings: the OFFICAIR Study. Int.
J. Environ. Res. Public Health 13. doi: 10.3390/ijerph13050444 . 

alonen, H., Salthammer, T., Morawska, L., 2019. Human exposure to NO2
in school and office indoor environments. Environ. Int. 130, 104887.
doi: 10.1016/j.envint.2019.05.081 . 

alonen, H., Salthammer, T., Morawska, L., 2018. Human exposure to ozone
in school and office indoor environments. Environ. Int. 119, 503–514.
doi: 10.1016/j.envint.2018.07.012 . 

alonen, H.J., Pasanen, A.-.L., Lappalainen, S.K., Riuttala, H.M., Tuomi, T.M., Pasa-
nen, P.O., Bäck, B.C., Reijula, K.E., 2009. Airborne concentrations of volatile
organic compounds, formaldehyde and ammonia in finnish office buildings
with suspected indoor air problems. J. Occup. Environ. Hyg. 6, 200–209.
doi: 10.1080/15459620802707835 . 

arbu, I., Sebarchievici, C., 2013. Aspects of indoor environmental quality assessment in
buildings. Energy Build. 60, 410–419. doi: 10.1016/j.enbuild.2013.02.005 . 

atish, U., Cleckner, L., Vasselli, J., 2013. Impact of VOCs on decision making and pro-
ductivity. Intell. Build. Int. 5, 213–220. doi: 10.1080/17508975.2013.812956 . 

imons, B., Koranteng, C., Adinyira, E., Ayarkwa, J., 2014. An assessment of thermal
comfort in multi storey office buildings in Ghana. J. Build. Constr. Plan. Res. 2014,
30–38. doi: 10.4236/JBCPR.2014.21003 . 

molders, K.C.H.J., de Kort, Y.A.W., Cluitmans, P.J.M., 2012. A higher illumi-
nance induces alertness even during office hours: findings on subjective mea-
sures, task performance and heart rate measures. Physiol. Behav. 107, 7–16.
doi: 10.1016/J.PHYSBEH.2012.04.028 . 

ong, M., Chi, C., Guo, M., Wang, X., Cheng, L., Shen, X., 2015. Pollution levels and
characteristics of phthalate esters in indoor air of offices. J. Environ. Sci. (China) 28,
157–162. doi: 10.1016/j.jes.2014.05.051 . 

onne, C., Xia, C., Dadvand, P., Targino, A.C., Lam, S.S., 2022. Indoor volatile and semi-
volatile organic toxic compounds: need for global action. J. Build. Eng. 62, 105344.
doi: 10.1016/j.jobe.2022.105344 . 

pinazzè, A., Campagnolo, D., Cattaneo, A., Urso, P., Sakellaris, I.A., Saraga, D.E.,
Mandin, C., Canha, N., Mabilia, R., Perreca, E., Mihucz, V.G., Szigeti, T., Ventura, G.,
de Oliveira Fernandes, E., de Kluizenaar, Y., Cornelissen, E., Hänninen, O., Car-
rer, P., Wolkoff, P., Cavallo, D.M., Bartzis, J.G., 2020. Indoor gaseous air pollu-
tants determinants in office buildings - the OFFICAIR project. Indoor Air 30, 76–87.
doi: 10.1111/ina.12609 . 

ultan, Z., Li, J., Pantelic, J., Schiavon, S., 2022. Indoor air pollution of outdoor origin:
mitigation using portable air cleaners in Singapore office building. Aerosol Air Qual.
Res. 22, 220204. doi: 10.4209/aaqr.220204 . 

zewczy ń ska, M., Dobrzy ń ska, E., Po ś niak, M., 2021. Determination of phthalates in par-
ticulate matter and gaseous phase emitted in indoor air of offices. Environ. Sci. Pollut.
Res. 28, 59319–59327. doi: 10.1007/s11356-020-10195-3 . 

zigeti, T., Dunster, C., Cattaneo, A., Spinazzè, A., Mandin, C., Le Ponner, E., de Oliveira
Fernandes, E., Ventura, G., Saraga, D.E., Sakellaris, I.A., de Kluizenaar, Y., Cornelis-
sen, E., Bartzis, J.G., Kelly, F.J., 2017. Spatial and temporal variation of particulate
matter characteristics within office buildings —the OFFICAIR study. Sci. Total Envi-
ron. 587–588, 59–67. doi: 10.1016/j.scitotenv.2017.01.013 . 

ham, K.W., Willem, H.C., 2010. Room air temperature affects occupants’
physiology, perceptions and mental alertness. Build. Environ. 45, 40–44.
doi: 10.1016/J.BUILDENV.2009.04.002 . 

oda, H., Sako, K., Yagome, Y., Nakamura, T., 2004. Simultaneous determina-
tion of phosphate esters and phthalate esters in clean room air and indoor
air by gas chromatography-mass spectrometry. Anal. Chim. Acta 519, 213–218.
doi: 10.1016/j.aca.2004.06.018 . 

sai, D.-.H., Lin, J.-.S., Chan, C.-.C., 2012. Office workers’ sick building syndrome
and indoor carbon dioxide concentrations. J. Occup. Environ. Hyg. 9, 345–351.
doi: 10.1080/15459624.2012.675291 . 

sutsumi, H., Tanabe, S.ichi, Harigaya, J., Iguchi, Y., Nakamura, G., 2007. Effect of humid-
ity on human comfort and productivity after step changes from warm and humid en-
vironment. Build. Environ. 42, 4034–4042. doi: 10.1016/J.BUILDENV.2006.06.037 . 

S EPA, 2022. Introduction to Indoor Air Quality [WWW Document]. URL
https://www.epa.gov/indoor-air-quality-iaq/introduction-indoor-air-quality (ac- 
cessed 1.12.23). 

an Duijnhoven, J., Aarts, M.P.J., Aries, M.B.C., Rosemann, A.L.P., Kort, H.S.M., 2019.
Systematic review on the interaction between office light conditions and occupational
health: elucidating gaps and methodological issues. Indoor Built Environ. 28, 152–
174. doi: 10.1177/1420326X17735162 . 

imalanathan, K., Babu, T.R., 2014. The effect of indoor office environment on the work
performance, health and well-being of office workers. J. Environ. Health Sci. Eng. 12,
1–8. doi: 10.1186/S40201-014-0113-7 . 

allenius, K., Hovi, H., Remes, J., Mahiout, S., Liukkonen, T., 2022. Volatile or-
ganic compounds in finnish office environments in 2010–2019 and their rele-
vance to adverse health effects. Int. J. Environ. Res. Public Health 19, 4411.
doi: 10.3390/ijerph19074411 . 

https://doi.org/10.1088/1748-9326/ac1bd8
https://doi.org/10.1016/S0272-4944(02)00082-8
https://doi.org/10.1080/00140139.2015.1066877
https://doi.org/10.1016/S0360-1323(01)00009-9
https://doi.org/10.3389/fenvs.2014.00069
https://doi.org/10.1016/j.jobe.2021.103465
https://doi.org/10.1016/j.buildenv.2018.03.013
https://doi.org/10.1111/ina.13091
https://doi.org/10.1016/j.buildenv.2013.02.012
https://doi.org/10.3390/environments8110125
https://doi.org/10.1016/J.BUILDENV.2005.10.022
https://doi.org/10.1016/j.scitotenv.2016.10.238
https://doi.org/10.1111/ina.12387
https://doi.org/10.1111/INA.\penalty -\@M 12209
https://doi.org/10.1016/J.ENBUILD.2018.08.033
https://doi.org/10.1016/J.ENBUILD.2006.03.014
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0020
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0020
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0020
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0062
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0062
https://doi.org/10.1016/j.buildenv.2011.01.026
https://www.oecd-ilibrary.org/employment/oecd-employment-outlook-2021_5a700c4b-e
https://www.osha.gov/otm/section-3-health-hazards/chapter-2\043rfte
https://www.osha.gov/noise
https://doi.org/10.1016/j.ecoenv.2020.110432
https://doi.org/10.1111/ina.12618
https://doi.org/10.1016/j.envint.2009.07.005
https://doi.org/10.1111/j.1600-0668.2006.00442.x
https://doi.org/10.1111/ina.12749
https://doi.org/10.3390/ijerph13050444
https://doi.org/10.1016/j.envint.2019.05.081
https://doi.org/10.1016/j.envint.2018.07.012
https://doi.org/10.1080/15459620802707835
https://doi.org/10.1016/j.enbuild.2013.02.005
https://doi.org/10.1080/17508975.2013.812956
https://doi.org/10.4236/JBCPR.2014.21003
https://doi.org/10.1016/J.PHYSBEH.2012.04.028
https://doi.org/10.1016/j.jes.2014.05.051
https://doi.org/10.1016/j.jobe.2022.105344
https://doi.org/10.1111/ina.12609
https://doi.org/10.4209/aaqr.220204
https://doi.org/10.1007/s11356-020-10195-3
https://doi.org/10.1016/j.scitotenv.2017.01.013
https://doi.org/10.1016/J.BUILDENV.2009.04.002
https://doi.org/10.1016/j.aca.2004.06.018
https://doi.org/10.1080/15459624.2012.675291
https://doi.org/10.1016/J.BUILDENV.2006.06.037
https://www.epa.gov/indoor-air-quality-iaq/introduction-indoor-air-quality
https://doi.org/10.1177/1420326X17735162
https://doi.org/10.1186/S40201-014-0113-7
https://doi.org/10.3390/ijerph19074411


F. Felgueiras, Z. Mourão, A. Moreira et al. Journal of Hazardous Materials Advances 10 (2023) 100314 

W  

 

W  

W  

W  

W  

W  

W  

W  

 

W  

 

W  

 

W  

 

W  

 

W  

Y  

 

 

 

Z  

 

Z  

 

Z  

 

ang, M.L., Luo, M.R., 2016. Effects of LED lighting on office work performance. In:
Conference Proceedings of 13th China International Forum on Solid State Lighting.
IEEE„ pp. 119–122. doi: 10.1109/SSLCHINA.2016.7804366 . 

ang, X., Tao, W., Xu, Y., Feng, J., Wang, F., 2014. Indoor phthalate concentration and
exposure in residential and office buildings in Xi’an, China. Atmos. Environ. 87, 146–
152. doi: 10.1016/j.atmosenv.2014.01.018 . 

argocki, P., Wyon, D.P., 2017. Ten questions concerning thermal and indoor air quality
effects on the performance of office work and schoolwork. Build. Environ. 112, 359–
366. doi: 10.1016/j.buildenv.2016.11.020 . 

argocki, P. , Wyon, D.P. , Fanger, P.O. , 2000. Productivity is affected by the air quality
in offices. In: Proceedings of Healthy Buildings 2000, pp. 635–640 . 

HO, 2018. Ambient (outdoor) air quality and health [WWW Document]. URL
https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality- 
and-health (accessed 6.3.21). 

HO, 2010. WHO Guidelines For Indoor Air Quality: Selected Pollutants. WHO Regional
Office for Europe. https://www.who.int/publications/i/item/9789289002134. . 

olkoff, P., 2018. Indoor air humidity, air quality, and health —an overview. Int. J. Hyg.
Environ. Health 221, 376–390. doi: 10.1016/j.ijheh.2018.01.015 . 

HO , 2021. WHO global air quality guidelines. Particulate Matter (PM2.5 and PM10),
Ozone, Nitrogen Dioxide, Sulfur Dioxide and Carbon Monoxide. World Health Orga-
nizatio . 

olkoff, P., 2013. Indoor air pollutants in office environments: assessment of com-
fort, health, and performance. Int. J. Hyg. Environ. Health 216, 371–394.
doi: 10.1016/j.ijheh.2012.08.001 . 
11 
olkoff, P., Azuma, K., Carrer, P., 2021. Health, work performance, and risk of infec-
tion in office-like environments: the role of indoor temperature, air humidity, and
ventilation. Int. J. Hyg. Environ. 233, 113709. doi: 10.1016/j.ijheh.2021.113709 . 

oo, J., Rajagopalan, P., Francis, M., Garnawat, P., 2021. An indoor environmental qual-
ity assessment of office spaces at an urban Australian university. Build. Res. Inf. 49,
842–858. doi: 10.1080/09613218.2021.1944037 . 

u, J., Weng, J., Xia, B., Zhao, Y., Song, Q., 2021. The synergistic effect of PM2.5 and CO2
concentrations on occupant satisfaction and work productivity in a meeting room. Int.
J. Environ. Res. Public Health 18, 4109. doi: 10.3390/ijerph18084109 . 

yon, D.P. , 2004. The effects of indoor air quality on performance and productivity.
Indoor Air 14, 92–101 . 

oung, A.S., Herkert, N., Stapleton, H.M., Cedeño Laurent, J.G., Jones, E.R., Mac-
Naughton, P., Coull, B.A., James-Todd, T., Hauser, R., Luna, M.L., Chung, Y.S.,
Allen, J.G., 2021. Chemical contaminant exposures assessed using silicone wristbands
among occupants in office buildings in the USA, UK, China, and India. Environ. Int.
156, 106727. doi: 10.1016/j.envint.2021.106727 . 

amani, M.E., Jalaludin, J., Shaharom, N., 2013. Indoor air quality and prevalence of sick
building syndrome among office workers in two different offices in selangor. Am. J.
Appl. Sci. 10, 1140–1147. doi: 10.3844/ajassp.2013.1140.1147 . 

hang, X., Wargocki, P., Lian, Z., 2016. Human responses to carbon dioxide, a follow-up
study at recommended exposure limits in non-industrial environments. Build. Envi-
ron. 100, 162–171. doi: 10.1016/j.buildenv.2016.02.014 . 

hou, J., Wang, H., Huebner, G., Zeng, Y., Pei, Z., Ucci, M., 2023. Short-term exposure to
indoor PM2.5 in office buildings and cognitive performance in adults: an intervention
study. Build. Environ. 233, 110078. doi: 10.1016/j.buildenv.2023.110078 . 

https://doi.org/10.1109/SSLCHINA.2016.7804366
https://doi.org/10.1016/j.atmosenv.2014.01.018
https://doi.org/10.1016/j.buildenv.2016.11.020
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0096
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0096
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0096
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0096
https://www.who.int/news-room/fact-sheets/detail/ambient-\050outdoor\051-air-quality-and-health
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0099
https://doi.org/10.1016/j.ijheh.2018.01.015
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0097
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0097
https://doi.org/10.1016/j.ijheh.2012.08.001
https://doi.org/10.1016/j.ijheh.2021.113709
https://doi.org/10.1080/09613218.2021.1944037
https://doi.org/10.3390/ijerph18084109
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0105
http://refhub.elsevier.com/S2772-4166(23)00085-2/sbref0105
https://doi.org/10.1016/j.envint.2021.106727
https://doi.org/10.3844/ajassp.2013.1140.1147
https://doi.org/10.1016/j.buildenv.2016.02.014
https://doi.org/10.1016/j.buildenv.2023.110078

	Indoor environmental quality in offices and risk of health and productivity complaints at work: A literature review
	1 Introduction
	2 Method
	3 Indoor air quality: air pollutant levels
	3.1 Volatile organic compounds
	3.1.1 Levels of VOC in offices and compliance with guidelines
	3.1.2 Effects of occupational exposure to VOC

	3.2 Semi-volatile organic compounds
	3.2.1 Levels of SVOC in offices
	3.2.2 Effects of occupational exposure to SVOC

	3.3 Airborne particulate matter (PM2.5, PM10, UFP)
	3.3.1 Levels of airborne particulate matter in offices and compliance with guidelines
	3.3.2 Effects of occupational exposure to airborne particulate matter

	3.4 Inorganic air chemicals (CO2, CO, O3, NO2)
	3.4.1 Levels of inorganic air chemicals in offices and compliance with guidelines
	3.4.2 Effects of occupational exposure to inorganic air pollutants


	4 Thermal comfort
	4.1 Hygrothermal conditions in offices and compliance with guidelines
	4.2 Thermal comfort indexes in offices
	4.3 Effects of thermal comfort on workers

	5 Lighting
	5.1 Lighting conditions in offices and compliance with guidelines
	5.2 Effects of lighting conditions on workers

	6 Acoustics
	6.1 Acoustical conditions in offices and compliance with guidelines
	6.2 Effects of acoustical conditions on workers

	7 Conclusions and future trends
	Funding information
	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	References


