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BACKGROUND 
 
The key indoor air exposures leading to cancer and severe cardiovascular 
consequences are radon, certain volatile organic compounds (VOCs) and incomplete 
combustion generated particulate matter (PM and PAHs) and carbon monoxide. Of 
these radon [1] and carbon monoxide [2] are dealt with in focused presentations, PM 
and VOCs are covered in the current presentation.  
 
Complete oxidation of a hydrocarbon fuel would result in only water and carbon 
dioxide as combustion products. Combustion of even the simplest fuel, methane (over 
90 % of natural gas), however, is a complicated chemical process, let alone 
combustion of the infinitely more complex solid fuels, coal and wood. Complete 
oxidation is never achieved even in the most advanced industrial scale boiler plants, 
which are built upon generations of engineering sciences, are equipped with advanced 
flue gas cleaning technologies, and employ professional operating teams using a 
network of sensors and automated feedback control systems.  
 
In comparison, the domestic combustion devices to heat, cook and entertain 
(fireplaces, incense, candles) represent much simpler technologies, use more 
heterogeneous fuels, are operated by untrained lay persons, and are hardly ever 
equipped with any feedback control or flue gas cleaning. Consequently the harmful 
emissions per generated heat unit of small scale combustion devices are orders of 
magnitude higher than those of industrial and power generating stations (NOX is an 
exception). A fact that highlights the consequences of this difference is that per unit 
operating time the emissions of particle phase polycyclic aromatic hydrocarbons 
(PAH 1) are equally large for a residential woodstove and a coal fired generating 
station with 10.000 times larger heat output. 
 
The total emissions of combustion particles to outdoor air are orders of magnitude 
higher than into indoor air, but the intake fraction (iF) of the particles emitted into 
indoor air that is inhaled by people, and could thus harm their health is in the order of 
10-2..10-3, i.e. 100 – 10.000 times the intake fraction of particles emitted into outdoor 
air [3, 4]. Therefore by far the highest exposures to combustion particles (also vapours 
and gases) occur in indoor air, and originate from indoor sources. 
 

                                                           
1 ) PAH:s are characteristic for visible smoke particles from incomplete combustion and contain most 
of the combustion generated carcinogens which make e.g. tobacco smoke carcinogenic. Polyaromatic 
organic matter (POM) is an often used broader definition that includes PAH. 
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COMBUSTION PARTICLES 
 
Combustion processes generate both fine particles (aerodynamic diameter ≤ 2.5 µm, 
PM2.5, measured as mass of the particulate matter per 1 m3 of air) and ultrafine 
particles (UFP#, usually measured as the number count of particles < 0.1 µm per 1 
cm3 of air. The count is insensitive to the upper but very sensitive to the lower size 
limit of the particles counted, typically 0.02 – 0.03 µm). 
 
The compounds that characterise the combustion generated PM are elemental carbon 
(EC, also black smoke, BS, black carbon, BC), organic carbon (OC, including the 
previously mentioned PAH and POM). In an indoor and outdoor, urban and rural 
PM2.5 in Hong Kong, the indoor and outdoor concentrations of PM2.5 mass and EC 
were highly correlated but the correlation was much lower for OC. All concentrations 
were higher in indoor than outdoor air, but the difference was highest (I/O = 1.8) for 
OC, indicating significant contributions from indoor sources, most likely combustion 
[5] and cooking.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
In the ULTRA study in Helsinki and Amsterdam I/O ratios were analysed for a 
number of PM2.5 constituents inside and outside of non-ETS residents. Only Cu was 
consistently dominated by indoor sources. I would speculate that its apparently omni-
present, yet highly variable indoor source is electric machinery: vacuum cleaners, 
kitchen blenders, etc. In addition, K, indicating wood combustion, was dominated by 
indoor sources in many residences in Amsterdam and some in Helsinki. Indoor source 
contributions were also often significant for the indoor concentrations of Ca and Si, 
which indicate soil dust [6]. In the Western European context and in the absence of 
smoking, the average contribution of indoor sources to combustion particles is 
minimal. Instead the main indoor source contributions are mineral dusts and – 
surprisingly – phosphate particles, probably originating from detergent residues in 
clothing [7,8]. 

Figure 1. I/O ratios of several elemental constituents of PM2.5 in Helsinki and 
Amsterdam. ULTRA-study [6] 
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In a regression modelling study, using EXPOLIS data from six European cities, the 
presence of indoor combustion sources explained 16 % (smoking) and 14 % (gas 
stove) of the variation of the 48 h indoor concentrations of PM2.5 [9]. In a French 
regression modelling study indoor combustion processes explained 36 % (smoking) of 
the variation of the PM2.5 exposures [10]. 
 
In a study focused on the short-term indoor PM concentrations, peak concentrations of 
30 - 60 µg/m3 for PM0.02-0.5 and 10 - 300 µg/m3 for PM0.7-10. were observed in kitchen 
during oven cooking, while cleaning activities (8 µg/m3 for PM0.02-0.5 and 30 µg/m3 for 
PM0.7-10) and mobility of the occupants (4 µg/m3 for PM0.02-0.5 and 20 µg/m3 for PM0.7-

10) contributed much less [11]. In the US PM2.5 exposure study, RIOPA, meat cooking 
in particular was speculated to be a source of high indoor concentrations of particulate 
amides, but also other particulate aliphatics and amines were found in high indoor vs. 
outdoor concentrations [12]. 
 
Combustion particles may form a large fraction of indoor air particulate matter – e.g. 
1/3 in the EXPOLIS sample in Helsinki, but in the absence of significant indoor 
combustion sources this PM originates from ambient air [8], and exposure to it can be 
best prevented by modern building structures and ventilation systems [13]. The 
highest exposures to combustion particles by far, however, occur indoors in the most 
primitive conditions [14]. Indoor combustion processes may increase the levels of 
indoor air ultrafine particles by 2, 3 orders of magnitude in comparison to a situation 
without the source. 
 

 
 

VOCs AND CARBONYLS 
 
After CO, VOCs are found in highest indoor air concentrations, and are consequently 
also responsible for the highest long-term population exposures. VOCs are no doubt 
the most studied indoor air contaminants. In a review of 68 American and European 
indoor air studies, Brown [15] lists ethanol, 1,1,1-trichloroethane, toluene, limonene, 
acetone and xylenes as the indoor air VOCs with the highest average concentrations. 
In Helsinki, Finland, indoor concentrations of acetone, formaldehyde, toluene, 
xylenes and limonene were the highest [16]. In a study of 3 German cities, the highest 
average indoor air concentrations were observed for limonene, toluene and pinene 
[17]. The top rank lists in these different studies are similar, acknowledging that 
ethanol was only considered by Brown and formaldehyde - not a VOC - was only 
considered in the Helsinki list.  
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In the German Environmental Survey (GerES II) [18] 74 VOCs were analysed in the 
personal air (7 days) in a sub-sample of 108 participants representing 36 study 
locations. The mean exposure to total VOCs was 901 µg/m3, with 95th percentile as 
high as 2810 µg/m3. Mean personal exposure concentrations for the different VOC 
classes were highest for oxygenated VOCs (308 µg/m3), followed by aromatics (286 
µg/m3), alkanes (187 µg/m3), terpenes (98 µg/m3) and aliphatics (21 µg/m3) [19]. 
Some of these VOCs are readily produced in and emitted from incomplete 
combustion processes (e.g. aromatics, notably benzene, and oxygenated VOCs), 
others have combustion as one of the sources (e.g. aliphatics, alkanes, aldehydes), and 
the sources of yet others are clearly non-combustion (terpenes, halogenated). With the 
exception of the last category and outside of the most obvious cases, it is in practice 
difficult to define the proportion of the different VOCs that originate from combustion 
sources. E.g. aromatic VOCs are the main components in many solvents used in 
household products, although benzene – because it is an IARC classified human 
carcinogen – is currently found in the solvents only as a low level impurity. Benzene 
can, therefore be regarded as a useful indicator for the VOCs from combustion 
sources, and the indoor / outdoor ratio of benzene as an indicator of the contribution 
of indoor combustion sources. 
Comparison of the average indoor and outdoor benzene concentrations in 10 
European cities [16, 20], see Figure 2, reveals that the average indoor source 
contribution is quite small, in the order of 10% or less in Murcia, Athens, Padua, 
Copenhagen and Helsinki. On the other hand the average residential indoor 
contribution is in the order of 50% or more in Antwerp, Prague and Antwerp, with 
particularly high workplace contributions in Basle and Oxford. While the lowest 
indoor source contributions indicate also low combustion source contribution, it is 
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Figure 2. Average personal, indoor (work and home) and outdoor air 
benzene concentrations in 10 European cities measured in the 
EXPOLIS [16] and MACBETH [20] studies.  
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unclear how much of the high indoor source contributions originate from combustion 
processes. 
 
Contributions of indoor sources to indoor exposures 
 
The highest personal exposures to VOCs are often due to high residential indoor 
concentrations. In the EXPOLIS study, e.g., in Helsinki, workplace and home indoor 
concentrations were the leading factors for 1/3 of the higher than average benzene 
exposures. [21] 
According to Brown [15] the indoor sources contribute of all VOCs the least (½ or 
less) to benzene, butanal and carbon tetrachloride. In Helsinki the contributions of 
residential and occupational indoor sources to total personal exposures were highest 
for aldehydes, terpenes and xylenes, lowest for benzene, toluene and nonane [16]. 
In the GerES II -study multivariate analysis was carried out to determine and quantify 
the major sources of personal exposure to various VOCs, with main focus on 
aromatics. The only significant indoor source for benzene was tobacco smoke, i.e. 
biomass combustion. [19] 
 
Differences between regions 
 
Between cities: According to the EXPOLIS study differences between the average 
residential indoor air VOC concentrations in 7 European cities were remarkable, and 
in the non-smoking indoor spaces with hardly any combustion heating or cooking 
devices in Helsinki, the indoor source contribution to benzene exposure was marginal, 
and to the other aromatics also small (22, 23)  
 
Table 1. Average VOC concentration differences between 6 European cities, note the high proportion 

and variation of aromatics, which have the highest contribution from combustion processes 
(EXPOLIS) (µg/m3) [16] 
 
 
VOC Group  Lowest avg.  Avg   Highest avg. 
  
Alcohols      2 (Basel)      25   60 (Milan) 
Aldehydes  10 (Basel)       25   63 (Milan) 
Alkanes  18 (Helsinki)      48 127 (Milan) 
Aromatics  43 (Helsinki)  163 463 (Milan) 
Esters      3 (Bas.&Hel.)   16   70 (Milan) 
Halogens      2 (Bas.&Hel.)   28 130 (Milan) 
Miscell.  21 (Basel)      59   98 (Mil.& Ath.) 
 

The high average indoor concentrations in Milan in particular were due to a small 
number of very high levels. The indoor levels reflected the respective outdoor air 
VOC levels, but were in average 50 % (alkanes, aromatics, exters) ... 150 % (alcohols, 
halogenated VOCs) higher. 
 
Urban - rural: In a German study outdoor and indoor concentration differences for 
BTEX-concentrations between urban (High traffic area in the city of Hannover) and 
rural (in Wedemark, no major traffic nearby) areas were assessed [24, 25]. Although 
the average outdoor air concentration were about 10 times higher in the urban vs. rural 



 175

area, the respective indoor air concentrations of benzene were only about 50% higher 
in the city. For the other aromatics the average indoor concentrations in the urban and 
rural areas were even closer. I.e. for BTEX compounds indoor sources all but 
eliminated the urban-rural indoor exposure differences. The high indoor vs outdoor 
benzene concentrations in the rural area indicate that combustion is probably the most 
important source. 
 
Unlike the particulate matter in general, and combustion generated PM2.5 in particular, 
the indoor concentrations of VOCs are typically far higher in indoor than outdoor air. 
For combustion generated VOCs, benzene as a marker, this difference is, however, 
the smallest. The presence of indoor sources and inappropriate ventilation may still 
result in indoor concentrations that are one or two orders of magnitude higher than 
those in outdoor air. 
 
 
 
CONCLUSIONS 
 

• Compared to outdoor sources, benzene and fine PM from indoor sources cause 
100 … 10 000 times more exposure per unit mass released.  

• Most exposure to benzene and fine PM from combustion sources occurs in 
indoor environments but – in the absence of smoking - has outdoor origins. 

• The contribution of indoor combustion sources to exposure varies greatly, not 
only between buildings and residences, but also between the European cities.  

• The highest and sometimes acutely dangerous exposures to combustion 
products, however, have indoor origins and occur indoors. 
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