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e as an indicator of indoor air
quality

Tunga Salthammer *

Carbon monoxide has long been known as an indoor air pollutant, but has rarely been in the focus of

scientific interest. This circumstance is certainly disadvantageous for the health-related assessment of

indoor air quality, because exposure to carbon monoxide is often associated with serious or fatal

poisoning. From an analytical perspective, the problem is that increased carbon monoxide

concentrations often occur unexpectedly and within a short period of time, usually in connection with

incomplete combustion processes. Therefore, the exposure of the general population to carbon

monoxide cannot be determined using environmental surveys. In recent years, however, carbon

monoxide has again received significantly greater attention. A number of studies have been carried out

on carbon monoxide exposure under certain conditions, for example when using candles, gas stoves or

in waterpipe cafés. In addition, the World Health Organization has derived guideline values for different

exposure times. Due to its molecular properties, carbon monoxide is very suitable for selective and

sensitive measurement with high time resolution using infrared techniques. In addition, sensor

technology has made significant progress, so that robust devices are now available for online

monitoring. Carbon monoxide can definitely be considered a priority pollutant for indoor air. Actually,

increased concentrations are always associated with health risk. It is therefore recommended to use

carbon monoxide as an indicator of indoor air quality. This can be realized in a variety of ways and

preferably in combination with other parameters.
Environmental signicance

Carbon monoxide is generally considered a priority indoor pollutant because involuntary exposure can result in serious or fatal poisoning. However, increased
concentrations typically occur over a certain period of time, usually in connection with incomplete combustion processes. In addition, the sensitive spectro-
metric analysis methods are not really suitable for routine operation. In the past, the substance therefore received less attention in indoor surveys than was
actually necessary. The rapid development of sensor technology now offers the possibility of establishing carbon monoxide as an indicator of indoor air quality.
In a network of multiple sensors, carbon monoxide is an important parameter for controlling ventilation, air quality and energy management as well as for
protecting people and buildings.
1 Introduction

Shortly aer the synthesis and correct chemical description of
carbon monoxide in the year 1800, the substance was used as
a component of city gas for lighting streets and apartments and
also for operating gas stoves. In 1888, Mason1 provided
a description of fatal poisoning by carbon monoxide, also
relying on Humphry Davy's ndings from self-experimenta-
tion.2 Nevertheless, carbon monoxide received little attention as
an indoor air pollutant until Yocom et al.3 reported the indoor/
outdoor relationship of CO, SO2, and particulate matter in 1971.
In the following, systematic studies were established on the
occurrence of carbon monoxide indoors4,5 and on its release
from indoor sources such as kerosene space heaters6 and
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tobacco products.7 Since then, various monographs on carbon
monoxide as an indoor pollutant have been published.8–10 A
systematic literature search by the World Health Organization11

led to the derivation of indoor air quality guidelines in 2010.
Carbon monoxide is a typical reaction product released into

the environment through natural processes such as atmo-
spheric reactions, volcano activities and wildre. Tropospheric
background concentrations are typically below 200 ppb
(0.23 mg m−3).12 However, anthropogenic processes such as the
burning of biomass and road traffic also account for a signi-
cant proportion of emissions. As early as 1966, Haagen-Smit13

measured traffic-related peak concentrations of up to 120 ppm
(137 mgm−3) in the greater Los Angelos area. Zhang et al.14 were
able to show that cookstoves, which are particularly common in
developing countries, release large amounts of CO. This is both
an individual health problem for the exposed people and
a global problem due to the large number of such devices.15
Environ. Sci.: Atmos., 2024, 4, 291–305 | 291
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Nevertheless, based on simulations and the evaluation of
measurement data, the Intergovernmental Panel on Climate
Change (IPCC) assumes that global CO pollution has been
declining since 2000.16

The concentration of CO in indoor air can uctuate signi-
cantly in a short period of time, making continuous measure-
ment strategies necessary.17 Although carbon monoxide is
monitored in many studies, the substance is rarely in the focus
of indoor and outdoor air quality research. This may also be due
to the fact that the molecule is not perceptible to the sensory
system and that inhalation at moderate concentrations does not
cause acute pulmonary effects. The lack of symptoms increases
the risk that carbonmonoxide poisoning will progress gradually
and, at very high concentrations, lead to immediate death.
Carbon monoxide is now seen as a contributor to various
adverse health effects18 and every year around 30 000 people die
worldwide from unintentional carbon monoxide poisoning.19

Hampson20 has analyzed the mortality due to carbon monoxide
poisoning in the United States and comes to the conclusion that
in this country the number of intentional deaths is decreasing,
but is still signicantly higher than the number of uninten-
tional deaths. Raub et al.21 estimate that many annual deaths
from res in the Unites States are caused by CO poisoning.

Accidental carbon monoxide poisoning indoors can occur in
many cases. These include the use of coal stoves for heating,22

biomass-red cooking stoves,23–25 gas stoves in tents26 and
mobile homes, the use of water pipes in private areas and in
cafés,27,28 defective air conditioning systems and clogged
exhaust systems.29 There are even reports that sleeping people
in mobile homes are intentionally fumigated with CO for the
purpose of robbery.30

In principle, cases of poisoning caused by carbon monoxide
are easy to prevent or at least reduce. First of all, comprehensive
information about the properties of the substance, the sources
and the nature of the hazard is required. Furthermore, it is of
great advantage that technically robust and inexpensive sensor
technologies are available that are suitable for online moni-
toring of carbon monoxide in the air.31 The idea of measuring
Tunga Salthammer

Tunga Salthammer holds
a diploma in Chemistry, received
a Dr rer. nat. in Physical Chem-
istry from the Technical Univer-
sity of Braunschweig and was
appointed as a professor in 2012.
He joined the Fraunhofer WKI in
1990 and is the deputy director of
the institute. Since 2007, he has
been an Adjunct Professor at the
Queensland University of Tech-
nology in Brisbane. He has also
been a Visiting Professor at the
Technical University of Denmark

and at Tsinghua University in Beijing. His research interests include
VVOC/VOC/SVOC emission studies, indoor chemistry, airborne
particles, and settled dust.

292 | Environ. Sci.: Atmos., 2024, 4, 291–305
indoor air pollutants, including carbon monoxide, with
a network of sensors was published in 1996 by Oyabu et al.32

Further progress was closely linked to the development of
electronic components and soware tools. In 2004, Zampolli
et al.33 presented an electronic nose for low-cost indoor air
quality monitoring applications. In 2016, Kumar et al.34

proposed using air quality sensors for energy management in
commercial buildings. Since then, the advantages of indoor CO
monitoring have been convincingly presented in a number of
publications.31,35–37 At the same time, the advances in sensor
technology became apparent.38–42

The toxicologically and epidemiologically based guidelines
of the World Health Organization were recently updated.43 This
makes carbon monoxide a key pollutant for evaluating indoor
air quality.44 In principle, the number of parameters that can be
used to assess indoor air quality from a practical perspective is
limited. The possible pros and cons of carbon monoxide
monitoring are discussed in the following sections.
2 Methods

This work aims to provide scientically sound arguments for
using carbon monoxide as an indicator of indoor air quality.
Therefore, it is not a systematic review according to the
PRISMA45 criteria, but the cited literature references are viewed
as representative. The selection was made aer searching the
Web of Science, Scopus, PubMed and Google Scholar databases
using the keywords “carbon monoxide, poisoning, indoor, air
quality, guide value, infrared, photoacoustics, metal oxide
sensor, electrochemical sensor, gas sensor, monitoring,
network, calibration, regression model, smart home”. The
physical data was taken from the sources cited.

Statistical calculations were performed using OriginPro
2021b (OriginLab Corporation). The gures were created using
OriginPro 2021b and PowerPoint 365 (Microso).
3 Physical properties of carbon
monoxide

Carbon monoxide is a colorless and odorless gas with a molar
mass of 28.01 g mol−1.46 At T= 298 K and p= 101 325 Pa, 1 ppm
a 1.14 mg m−3. The density of 1.25 kg m−3 is almost identical
to the density of air.46 The solubility in water is low and the
Henry constant is correspondingly small47 (see also Table 1).
The experimentally determined bond length in the carbon
monoxide molecule is 112.8 pm.48 This suggests that the reso-
nance structure of one s bond and two p bonds shown in Table
1 dominates.49 The triple bond also explains the low dipole
moment of 0.11 D, since the negative charge is shied from the
more electronegative oxygen atom to the carbon atom. The
physical properties of carbon monoxide are summarized in
Table 1.

As a linear diatomic molecule with CNn geometry, carbon
monoxide only has symmetric valence vibrations in the direc-
tion of the connected atoms. Rotation and vibration spectra can
be described to a good approximation by the rotation constant
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physical and chemical properties of carbon monoxide. The molecular structure indicates the most likely binding state49

Parameter Property Ref.

IUPAC name Carbon monoxide
Chemical formula CO
CAS no. 630-08-0
Molecular structure .jC^Oj4 49
Ionization energy 14.014 eV 52
Dissociation energy 11.09 eV 52
Proton affinity at C 594 kJ mol−1 53
Proton affinity at O 426.3 kJ mol−1 53
Molecular weight 28.01 g mol−1 46
Density 1.250 kg m−3 (273 K) 46
Melting point −205.1 °C 46
Boiling point −191.5 °C 46
Dipole moment 0.11 D 46
Solubility in water 0.02319% (293 K, 101.33 kPa) 54
Henry constant 9.7 × 10−6 mol m−3 Pa−1 (298 K) 47
kOH 1.5 × 10−13 cm3 molecule−1 s−1 (298 K) 12

DE0ðCO2 þ 2Hþ !2e
�
COþH2OÞ −0.53 V (298 K, pH 7) 55

Critical Review Environmental Science: Atmospheres
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B0 = 1.9313 cm−1 and the vibration force constant k = 1855 N
m−1 for the 12C16O isotope.50 The experimentally determined
spectroscopic constants agree well with theory.51 The oscillation
process is superimposed by rotational transitions. Every vibra-
tion transition is associated with a change in the rotational
quantum number DJ ± 1. Since DJ = 0 is forbidden, the
vibration/rotation spectrum of carbon monoxide consists of a P-
branch and an R-branch. Without taking the rotational ne
structure into account, the wavenumbers of the v0 / v1 tran-
sition are 2114 cm−1 (4.73 mm) and 2170 cm−1 (4.61 mm).
Signicantly weaker vibration bands lie at 4292 cm−1 (2.33 mm)
and 6410 cm−1 (1.56 mm).
4 Chemistry of carbon monoxide

The major sources for the formation of carbon monoxide are
atmospheric reactions and combustion processes. In the
atmosphere carbon monoxide is formed when hydrocarbons,
especially methane, react with hydroxy radicals according to
eqn (1).12

CH4 �!OH

H2O
CH3 !O2

CH3O2 �!NO

NO2

CH3O �!O2

HO2

HCHO!hn COþH2 (1)

Carbon monoxide also reacts with OH radicals (see Table 1)
to form carbon dioxide and the hydroperoxyl radical.12 The net
reaction is shown in eqn (2). In the troposphere, carbon
monoxide has an average lifetime of 30–90 days.12

COþOH!O2
CO2 þHO2 (2)

In urban areas, the incomplete combustion of fuel, gas and
biomass is the main source of the formation of carbon
monoxide. This is shown in eqn (3) using the example of
propane combustion with a substoichiometric oxygen content.

2C3H8 + 7O2 / 2CO2 + 8H2O + 2C + 2CO (3)
© 2024 The Author(s). Published by the Royal Society of Chemistry
The partial oxidation of methane according to eqn (4) also
leads to the formation of carbonmonoxide. This process is used
industrially to produce synthesis gas.

2CH4 + O2 / 2CO + 4H2 (4)

Other reactions take place, the Boudouard equilibrium (5)
and the water-gas shi equilibrium (6) being the most impor-
tant. Both reactions are endothermic in the direction of CO
formation.

C + CO2 # 2CO (5)

2CO + H2O # CO2 + H2 (6)

Carbon monoxide is a weak Lewis base but has the ability to
act as a donor ligand to transition metals and form metal
carbonyls.56 The molecule has an affinity for the divalent iron of
hemoglobin that is approximately 300 times higher than
oxygen. Even at low CO concentrations in the breathing air, this
leads to the formation of carboxyhemoglobin (CO-Hb), which is
then no longer available for oxygen transport.57 Therefore, if
intoxication is suspected, the CO-Hb level in the blood is oen
measured.58 However, the measurement must be carried out
quickly because CO-Hb dissociates with a half-life of a few
hours.59 Carbon monoxide does not have a direct pulmonary
irritant effect, but cardiological symptoms can occur when
exposed to CO during physical exertion.60
5 Measurement techniques

Carbon monoxide can be determined quantitatively using gas
chromatography in combination with a ame ionization
detector.61,62 However, from today's perspective, the method is
outdated and is therefore rarely used. The electronic transitions
of carbon monoxide are in the UV-C range.52 This is utilized in
atmospheric sciences to detect CO in the lower ppb range using
Environ. Sci.: Atmos., 2024, 4, 291–305 | 293
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Table 2 Analytical techniques for the measurement of carbon monoxide in air, see text for abbreviations (LOD = limit of detection)

Method Comment Ref.

Gas chromatography No longer used for measuring CO in indoor air 61 and 62
LOD: 1 ppb

NDIR Standardized European method 67
LOD: calculated from the instrument baseline

PAS (optical lter) Frequently used indoors 70
LOD: 0.2 ppm, 4.7 mm lter with a bandwidth of 3%

PAS (laser excitation) Photoacoustic and photothermal spectroscopy 71
Not common for monitoring indoor air
LOD: 6–15 ppb, 4.6 mm quantum cascade laser

TLDS Not common for monitoring indoor air 77
LOD: 1.4 ppb, 4.7 mm

CRDS Not common for monitoring indoor air 64
LOD: Lower ppb range

MOS Suitable for indoor applications 76
LOD: 5–10 ppm, depending on sensor

ECS Suitable for indoor applications 37 and 38
Working range: 0.1–15 mg m−3 (specic sensor)

Environmental Science: Atmospheres Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Fe

br
ua

r 
20

24
. D

ow
nl

oa
de

d 
on

 0
1.

02
.2

02
6 

05
:5

8:
45

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
photoionization techniques with laser excitation.63 An alterna-
tive technique, but not very popular for indoor applications, is
Tunable Diode Laser Spectroscopy (TDLS).63 A method that is
also rarely used for indoor applications and will not be dis-
cussed further here is cavity ringdown spectroscopy (CRDS).64

Carbon monoxide has only a low proton affinity on both the C
atom and the O atom (see Table 1). Therefore, the molecule is
not suitable for detection using proton transfer reaction mass
spectrometry (PTR-MS) with H3O

+ as reagent ion. Edtbauer
et al.65 utilized Kr+ for chemical ionization to measure CO in car
exhaust by PTR-MS. The concentration range between 0.1 mg
m−3 and 200 mg m−3 is of particular interest for indoor appli-
cations. The appropriate analytical methods are introduced in
the following sections and an overview is provided in Table 2.
Fig. 1 Principle of photoacoustic spectroscopy (PAS). The specific tech

294 | Environ. Sci.: Atmos., 2024, 4, 291–305
5.1 Non-dispersive infrared (NDIR)

Non-dispersive infrared (NDIR) uses an IR light source that is
modulated to compensate for thermal dri.66 In the sample cell,
the absorption of the target component is measured and con-
verted into a concentration according to the Lambert–Beer law.
The desired wavelength can be selected via an optical lter
placed before or aer the sample cell. Older devices do not use
optical lters but rather lter cells lled with interfering gases.
A non-absorbing gas such as nitrogen is used as a reference.
This can be achieved using a parallel beam path with a second
sample cell or the target compound and the reference gas are
passed alternately through the same cell. The detector oen
consists of cells that are lled with the target gas. If the IR
radiation arriving in the detectors is different, the gases are
nical versions of devices69 may differ from this figure.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Working principle of an electrochemical sensor (ECS). The measured variable is the electrical current flow from the working electrode to
the counter electrode after oxidation of CO.
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heated differently, which in turn leads to different pressures in
the cells. The European standard prEN 14626 (ref. 67) describes
a method for the measurement of carbon monoxide by non-
dispersive infrared spectroscopy in ambient air and gives
examples of technical designs. The NDIR principle is suitable
for use in handheld devices, although limitations in terms of
precision and repeatability must be accepted. The detection of
multiple gases inmixed states can also be achieved with NDIR.68
5.2 Photoacoustic spectroscopy (PAS)

Photoacoustic spectroscopy (PAS) is closely related to NDIR and
there are also various technical versions.69 The appropriate
excitation wavelength is selected for measuring a specic gas in
air. In the case of carbon monoxide, this is typically around 4.7
mm.Wavelength selection can be achieved using an optical lter
or a laser. For a commercial device, the manufacturer species
a detection limit of 0.2 ppm when using a 4.7 mm optical lter
with a bandwidth of 3%.70 Pinto et al.71 used a continuous wave
cascade laser (4.59 mm) for excitation. Zifarelli et al.72 applied
laser-assisted PAS to simultaneously detect four gas species,
including CO. The photoacoustic principle is based on the
excitation of the target compound in the sample cell (stopped-
ow technique) by the intensity-modulated light source. The
absorbed light energy heats the molecules in the cell, resulting
in periodic pressure uctuations. These are recorded with
a pressure-sensitive membrane, converted into an electrical
signal and nally into a concentration. The schematic structure
of a photoacoustic spectrometer is shown in Fig. 1. An alter-
native is to measure the change in other thermal properties of
the target compound, for example the refractive index. This
variant is called photothermal spectroscopy (PTS).
Fig. 3 Working principle of a metal oxide sensor (MOS). Themeasured
variable is the change of the electrical resistance.
5.3 Electrochemical sensors (ECS)

Electrochemical sensors (ECS) use the redox potential for the
oxidation of carbon monoxide to carbon dioxide.73 The potential
© 2024 The Author(s). Published by the Royal Society of Chemistry
differenceDE0 versus the normal hydrogen electrode for 298 K and
pH 7 is provided in Table 1. Fig. 2 demonstrates the principle of
the method. Carbon monoxide diffuses through a polymer lm
into the sensor. Oxidation to CO2 takes place at the working
electrode, which is made of platinum. This metal has a catalytic
effect and is chemically stable. The protonsmigrate to the counter
electrode, which is also made of platinum, and react with
molecular oxygen to form water. The electrons released during
oxidation ow from the working electrode through the external
circuit and are measured amperometrically. Technical sensors
also have a reference electrode with a constant potential (not
shown in Fig. 2). Electrochemical sensors are generally suscep-
tible to interference, especially to hydrogen.74 However, Cross
et al.75 showed that carefully calibrated and trained sensors can
adequately display ambient urban pollution concentrations.
Afshar-Mohajer et al.38 examined a commercially available sensor
Environ. Sci.: Atmos., 2024, 4, 291–305 | 295
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and found that this type only provides reliable values at concen-
trations #12 ppm (13.7 mg m−3).
5.4 Metal oxide sensors (MOS)

Certain semiconducting metal oxides change their conductivity
under the inuence of interfering gases. In clean air, oxygen
molecules adsorb on the sensor surface. Oxygen ions are
formed by removing electrons from the semiconductor mate-
rial. In the case of an n-type semiconductor such as tin(IV) oxide
(SnO2), this reduces the electron density and the conductivity
decreases. If carbon monoxide molecules diffuse to the surface
of the semiconductor, they react with the adsorbed oxygen to
form CO2 (see Fig. 3). A steady-state is established between
adsorption and desorption of oxygen, carbon monoxide and
carbon dioxide. This leads to a reduction in the oxygen coverage
on the surface of the sensor. As a result, electrons are released
into the semiconductor again and the conductivity increases.
The associated change in electrical resistance can be measured.
Oxidizing gases cause a decrease of conductivity in the n-type
semiconductor. Fine et al.76 provide a detailed overview of
metal oxide sensors, discuss technical details for measuring
carbon monoxide and specify detection limits between 5 ppm
and 10 ppm, depending on the respective sensor.
6 CO concentrations in indoor and
outdoor air

In the ambient air, carbon monoxide concentrations are only
increased near busy roads or near other combustion events
Fig. 4 Time course of the carbon monoxide concentration (measured
when preparing food with a gas cooker without exhaust to the outside. Th
Dr Erik Uhde, Fraunhofer WKI.

296 | Environ. Sci.: Atmos., 2024, 4, 291–305
such as wildres. With the exception of undetected leaks, for
example in heating systems, carbon monoxide is not continu-
ously released into the indoor air. This means that the back-
ground values in indoor air and ambient air are usually low.
However, if a source is present, it is mostly strong and oen
leads to peak concentrations over a short period of time, which
makes measurement and exposure evaluation correspondingly
more difficult. This is demonstrated in Fig. 4. The time course
of the CO concentration during a cooking event in a WKI
kitchen (76 m3) with the standard of a Western European
household is shown. Several dishes were prepared on a gas
stove and 8 persons participated. The room temperature was
24–30 °C and the relative humidity was 34–59%. The CO back-
ground concentration was in the range of 0.5 ppm, rose sharply
during food preparation and dropped just as quickly aer the
stove was switched off and the windows were opened. However,
aer preparing the third dish and aer closing the window, the
concentration remained constantly at an elevated level until the
nal ventilation step. The data come from a so far unpublished
study and were provided by Dr Erik Uhde (Fraunhofer WKI).

Table 3 summarizes data on indoor carbon monoxide
emission sources and source-dependent concentration ranges.
The selection is not complete, but provides a representative
overview and the information necessary for further discussion.
A functioning wood oven with an appropriate exhaust only leads
to a small increase in the CO concentration.78 Signicantly
higher values result from sources that have no exhaust to the
outside, such as ethanol stoves,79 candles,80 mosquito coils,81

conventional tobacco products7 and water pipes.82,83 The source
dependence of CO concentrations can also be observed very well
using photoacoustics, Innova 1512, LumaSense) in a modern kitchen
e data come from a so far unpublishedWKI study andwere provided by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Concentrations and emission rates of carbon monoxide in indoor air, outdoor air and test chambers (P = percentile)

Value/range Comments Ref.

0–4.71 mg m−3 48 h exposure in 5 European cities (smokers) 95
0–11.51 mg m−3 48 h exposure in 5 European cities (non-smokers) 95
0.2–8 mg m−3 1 h mean, 354 offices in Athensa 85
0.2–15 mg m−3 1 h mean, 328 school classrooms in Athensa 85
0.13–26.27 mg m−3 36 School classrooms, Gaza Strip, Palestine 86
0.11–28.01 mg m−3 Outdoor air in Gaza Strip, Palestine 86
7.0–128.1 mg m−3 1 h mean, 68 Ghalyun cafés in Ardabil, Iran 88
1.1–7.0 mg m−3 68 outdoor locations in Ardabil, Iran 88
0.01–1.70 mg m−3 73 Portugiese school classrooms during occupation 84
0.01–1.30 mg m−3 20 Locations in outdoor air, Portugal 84
#6 mg m−3 (59%) 514 US homesa 87 and 96
$11 mg m−3 (21%) 514 US homesa 87 and 96
0–824 mg m−3 24 h mean, 56 kitchen, Mbarara, Ugandaa 24
1.7–185.3 mg m−3 Range, 12 households, Janakpur, Nepala 97
#6–150 mg m−3 8 Indoor go-cart facilities, viewer and track area 89
30.1 mg m−3 (10 P) 4 h waterpipe (narghile) smoking sessiona 98
74.1 mg m−3 (90 P) 4 h waterpipe (narghile) smoking sessiona 98
0.56–5.11 mg m−3 30 min average, 7 wood-burning ovens, 7 private homes 78
0.03–280 gCO kg−1 Mean emission factor, 61 fossil and biofueled cookstoves 14
28–170 gCO kg−1 Emission factor, 44 biofueled cookstoves, eld tests 92
10–70 gCO kg−1 Emission factor, 14 biofueled cookstoves, lab tests 92
3.6–13.8 mg m−3 1 h average, 9 nonvented ethanol replaces, chambera 79
144–531 mg h−1 7 Burning incense, chamber 99
150.4–220.0 mg h−1 5 Mosquito coils, chamber 81
7.2–15.6 mg unit−1 h−1 Steady-state, 24 scented/unscented candles, chamber 80

a Converted from ppm to mg m−3.
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in indoor measurements. In the case of the Portuguese
schools,84 both outdoor and indoor air concentrations are in the
background range. In Athens, the concentrations measured in
schools and offices were signicantly higher.85 Unusually high
concentrations were measured in the Gaza Strip,86 which was
mainly due to poor outdoor air quality. In a study of 514 US
homes,87 59% of concentrations were less than 6mgm−3, but in
21% the concentration was higher than the WHO 8 h guideline
value of 10 mg m−3 (see next section). The high concentrations
in Ghalyun cafés88 and in a motorsport arena89 are also notice-
able. In general, elevated CO levels are oen observed in sports
arenas.90

A particular problem that continues to primarily affect
people in Africa, Asia and South America is carbon monoxide
emissions from cookstoves. This leads to very high and regular
recurring exposures. The causes have been known for a long
time14 but there is obviously still a lack of remedy, as many
current publications show.23–25,91 In the study by Nakora et al.,24

56 kitchens in Uganda were examined for 24 h concentrations of
carbon monoxide. In only 6 cases were the values below 4 mg
Table 4 Air quality guideline (AQG) levels for CO as recommended by t
ranges andmodal values of other national guidelines as statistically evalua
indicates the number of respective guidelines

WHO AQG (mg m−3) Averaging time Other guidelines

4 (ref. 43) 24 hours 3–12 (8)
10 (ref. 11) 8 hours 8–80 (13)
35 (ref. 11) 1 hour 10–44 (8)
100 (ref. 11) 15 min 10–125 (7)

© 2024 The Author(s). Published by the Royal Society of Chemistry
m−3, the WHO 24 h guideline value (see next section). Overall,
the concentrations were signicantly increased, the median was
43 mg m−3. These ndings are not really surprising, as biofuel-
red cookstoves can release large amounts of carbon
monoxide14,92 (see Table 3).

The compiled results show that for carbon monoxide, both
the temporal concentration curves and the maximum concen-
trations always depend on the respective situation. Other
reviews come to similar conclusions.93,94 Consequently, no
generally useable, statistically based reference values can be
derived. It is therefore advantageous that toxicologically and
epidemiologically derived guideline values are available for CO.
7 Indoor air quality guidelines

In 2010, the World Health Organization (WHO)11 published
indoor guidelines for selected indoor pollutants including CO.
In 2021, the WHO43 adjusted the 24 hours air quality guideline
(AQG) level for CO on the basis of a review by Lee et al.,100 the
2010 values for 15 min, 1 hour and 8 hours were adopted (see
he World Health Organization (WHO). For comparison, concentration
ted by Dimitroulopoulou et al.102 are also given. The number in brackets

102 range (mg m−3) Other guidelines102 modal value (mgm−3)

3
10
30

100
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Table 4). In the same year the German Committee on Indoor Air
Guide Values accepted the hygienic guidelines for CO from the
WHO.

Toyinbo et al.101 published an open database for indoor air
guidelines in 2022. The evaluation of this database resulted in
48 entries for national carbon monoxide guideline values.
Dimitroulopoulou et al.102 have statistically processed these
data. In total, 36 values corresponded to the averaging times of
the WHO values (15 min, 1 h 8 h, 24 h), which are also listed in
Table 4. The overall range of the 36 data is 3 mg m−3 to 125 mg
m−3. The most common averaging time is 8 h (13 values) and
the modal value (the value that occurs most oen) for the 8 h
average is 10 mg m−3, which is in accordance with the WHO
guideline. In addition, the modal value of the 15 min also
corresponds to the WHO recommendation, while small devia-
tions can be observed for 24 h with a modal value of 8 mg
m−3.102

8 Discussion
8.1 The applicability of sensors for indoor air quality
monitoring

The determination of all gaseous and particulate components
in the room air requires a high measurement effort103 and is
unsuitable for daily routine operation. The question therefore
arises which parameters make sense from an indoor hygiene
and risk management perspective, whether these parameters
can be measured reliably and how the information can be
processed in a smart control system for air exchange, air quality
and heating. It must be noted that different parameters fulll
different tasks. A high CO2 or PM2.5 value is to be interpreted
differently than a high CO value (see discussion below). The
automatic measurement of air quality parameters in the outside
air has been standard for many years. The monitoring stations
are connected via a network, which makes the prediction of
trends for specic regions possible.104 Such a networked system
cannot be established between selected indoor environments
for various reasons such as individual differences, data
protection, etc. However, the outside air data, if measured close
to the building, can be used for the control of indoor climate.35

Classic parameters that have always been measured indoors are
temperature and relative humidity. Furthermore, the technical
development of sensors has progressed signicantly in recent
years, which makes the devices interesting for indoor applica-
tions.31,34,40,105,106 This is accompanied by the rapid development
of powerful regression models and machine learning tools.36,107

In general, the use of air quality sensors is not new. Fire
detectors based on particle measurements work reliably and are
now installed in many indoor spaces. The measures taken to
protect against air pollution and infections caused by airborne
viruses, especially in public facilities, have made us aware
(albeit far too late) of the need for effective air exchange and
showed that this can also be controlled via online measurement
of the CO2 concentration.108–110 Sensors are also widely used for
air monitoring and controlling in factory farming.111

In addition to temperature and humidity, the potentially
suitable parameters are carbon dioxide, carbon monoxide,
298 | Environ. Sci.: Atmos., 2024, 4, 291–305
nitrogen oxides (NOx), ozone, particles (especially PM2.5) and
TVOC (total volatile organic compounds). The measurement of
carbon dioxide and PM2.5 by use of sensors is now possible with
good accuracy. Ozone and NOx interfere with each other, which
can be partially compensated by careful calibration and
machine learning tools. However, the suitability of ozone and
NOx sensors in routine operation has not yet been sufficiently
tested. A special case is the TVOC sensor. It is not a single
substance that is measured, but rather an ensemble of many
substances with different composition and properties. Neither
MOS nor ECS technology is suitable for TVOC measurement
according to the denition of this parameter in ISO 16000-6,112

since the response function always depends on the individual
composition of the calibration mixture. Taking into account the
very limited informative value of TVOC,113 a photoinization
detector (PID) might be used for screening purposes and to
visualize trends. However, a TVOC sensor is not suitable for
checking compliance with guideline values and should only be
used as a supplement.
8.2 Assessing the reliability of CO sensors using Bayesian
statistics

It is obvious that using sensors to monitor indoor air quality
makes sense. In the case of carbon monoxide, there is the
additional aspect that an increased value also means a potential
source of danger. In general, however, sensors work less reliably
than high quality devices.42 The question therefore arises as to
how accurately a sensor can identify a real CO problem in
a building. Ott114 has already addressed this problem using
Bayesian statistics. Based on a data set with 8573 carbon
monoxide measurements (1 hour average), Ott supposed that
CO problems occur in approximately 10% of buildings (P{A} =
0.10). This means that no problem will occur in 90% of the
buildings (P{Ā} = 0.90). Furthermore, he assumed that a CO
sensor correctly indicates that a preset value has been exceeded
in 95% of all cases (P{BjA} = 0.95), true positive). In 10% of all
cases the sensor gives an alarm when no problem exists (P{BjĀ}
= 0.10), false positive). According to Bayes' theorem, the prior
conditional probability that a CO problem actually exists can be
calculated using eqn (7) and is P{AjB} = 0.5135. A denotes the
prior event and B is the posterior event.

PfAjBg ¼ 1

1þ
P
n
B
���A

o
$P

n
A
o

PfBjAg$PfAg

(7)

However, it would be a big mistake to only use the statistical
risk of P{A} = 0.10 based on one measurement to assess the
situation. Carbon monoxide is not released continuously like
many other indoor pollutants, but is caused by special, only
partially foreseeable circumstances. The individual risk of being
exposed to high CO concentrations in waterpipe cafés or when
preparing food on a gas stove is signicantly increased
compared to other scenarios (see Table 3). The problem can be
handled in two ways. If the individual risk is known, this can be
used instead of the statistical risk to calculate the probability of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Course of eqn (7) as a function of P{A} and different sensor
characteristics. The designation of the parameters was taken from
Ott.114
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increased CO pollution. Fig. 5 shows the course of eqn (7) for
different sensor responses as a function of P{A}. The effect is
particularly large with small probabilities of prior events A.
Alternatively, the responses from two or more sensors can be
combined. This was also treated mathematically by Ott.114 With
the above parameters, the probability that a CO problem exists
increases to 0.9093 when using a second sensor with identical
response characteristics (see also Fig. 5). When comparing the
curves for one and two sensors, the steep rise of the two sensor
response is immediately apparent. The advantage is that even
with small P{A} values, regardless of whether they are statisti-
cally or individually based, there is a high probability that CO
pollution is correctly indicated. Provided that the sensors work
reliably within the specied error intervals, this technical
solution is suitable for both simple alarm detectors and smart
systems.

8.3 The role of carbon monoxide sensors in IAQ monitoring

The World Health Organization43 has classied carbon
monoxide as one of the key pollutants in the indoor environ-
ment. Due to the acute toxicity of the substance, four guideline
values depending on the duration of exposure were derived (see
Table 4). A European Union committee115 also lists carbon
monoxide as a high priority chemical. It must be emphasized
again that the special problem of carbon monoxide is the silent
and oen imperceptible fatal poisoning caused by incomplete
combustion. Therefore Logue et al.116 state that reducing
pollutant exposures from gas cooking burners should be
a public health priority. The incomplete combustion of pure
hydrocarbons proceeds according to eqn (3). In this reaction
only few particles are formed, so that a particle sensor hardly
protects against carbon monoxide poisoning. A CO2 sensor is
also not helpful here, since carbon dioxide and carbon
monoxide are formed in the same molar ratio according to eqn
(3) and CO2 sensors give a signal in the concentration range of
© 2024 The Author(s). Published by the Royal Society of Chemistry
800–1000 ppm. At best, a smart CO2 sensor could detect a risk
from an unexpectedly rapid increase in carbon dioxide
concentration.

It is therefore advisable to measure carbon monoxide
directly for prevention reasons, especially if there are potential
sources or special circumstances that could lead to poisoning.
Furthermore, a CO sensor can be valuable for assessing the
outdoor air, which might inuence the air exchange rate.
However, to monitor and control indoor and outdoor air
quality, a CO sensor should always be integrated into a network
of several sensors. In a smart home,35 under normal circum-
stances, the parameter CO will only play a minor role as
a control variable, but in the event of a dangerous situation, CO
can serve to quickly increase the air exchange. The combination
of sensors can also make sense for other reasons. Choi et al.117

recommend that re detectors that rely on particle measure-
ment be additionally equipped with CO sensors in order to
reduce the number of false alarms triggered by normal house-
hold activities.

In general, multi sensor fusion of indoor air pollutants is an
emerging research topic.118,119 The sensor responses are then
evaluated in a data management system using suitable algo-
rithms based on indoor air quality guidelines. However, this can
lead to complex and error-prone processes. Not only are reliable
sensors necessary for the respective measurement variable,
there is also the risk of over-parameterization and the use of
unsuitable guidelines. It might also be counterproductive to
measure more parameters than necessary. The basic variables
temperature and humidity are undisputed. Morawska et al.120

state that the two most relevant candidates for routine regula-
tory IAQmonitoring are theWHO priority parameters PM2.5 and
CO. Carbon dioxide is also useful, because it can serve as an
indicator of pollutants and pathogens emitted by the occupant,
as well as a means of assessing ventilation rates, especially in
spaces with high occupancy such as school classrooms.121 Reis
et al.37 applied a PM10 sensor to assess indoor air quality in
addition to the parameters mentioned. However, it was found
that PM10 and PM2.5 are correlated, making PM10 measurement
obsolete.

Information about the quality of inexpensive carbon
monoxide sensors varies. Liu et al.122 tested a monitor that
works on the electrochemical principle and found that the
device is robust in terms of accuracy, long-term stability and
sensitivity for detecting ambient concentrations. Afshar-
Mohajer et al.38 report deviations from linearity at high CO
concentrations in another type of electrochemical sensor. In the
Tryner et al.40 study of kitchen activity monitoring, the data
from a pre-calibrated electrochemical CO sensor were accurate
enough to produce the same qualitative conclusions as refer-
ence monitors. However, empirical linear calibration models
with sensor-specic coefficients were necessary for quantitative
results. The review by Sá et al.42 comes to analogous results with
regard to the qualitative and quantitative usability of sensor
signals. Themethods for characterizing the performance of low-
cost air quality sensors were studied by Kang et al.41 Their
analysis showed that the experimental designs are very different
and the results can therefore only be compared to a limited
Environ. Sci.: Atmos., 2024, 4, 291–305 | 299
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Fig. 6 Performance of a carbon monoxide sensor for monitoring and assessing indoor air quality.
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extent. The correlation coefficient is most oen used for
statistical assessment of sensor data versus reference data and is
signicantly inuenced by environmental settings, reference
instruments, and regression models used. From Fig. 6 it is clear
that sensors with binary 0/1 responses no longer correspond to
the current state of the art. The incoming signal must be
interpreted correctly and the outgoing signal must be adapted
to the respective situation. Therefore, a smart sensor not only
requires reliable calibration, but also the implementation of
intelligent algorithms and information on statistical and indi-
vidual risk.

In summary, the results of the various studies show that
carbon monoxide sensors do not achieve the precision of high-
end devices that work with non-dispersive infrared or photo-
acoustic techniques. Nevertheless, the use of such sensors for
indoor applications is consistently recommended because their
technical quality is usually sufficient for monitoring indoor air
and the advantages clearly outweigh the disadvantages. The
respective sensor equipment in terms of sensor type, parame-
ters, location and signal processing must be designed for the
individual building and use. An office building,118 for example,
requires a different IAQ management system than a smart
home.35 It is certainly trivial to point out that a CO sensor
should not be placed too far away from a potential carbon
monoxide source.
9 Conclusion

Carbonmonoxide is undoubtedly a priority pollutant and is one
of the indoor-related compounds whose exposure can cause
300 | Environ. Sci.: Atmos., 2024, 4, 291–305
massive health problems or even fatal consequences. This is
well-known and therefore it is difficult to understand that the
indoor monitoring of carbon monoxide has long been under-
represented compared to other pollutants. From an analytical
point of view, it is an advantage that carbon monoxide can be
measured online and with high precision due to its spectro-
scopic properties. The disadvantage is that the necessary NDIR
and PAS devices are hardly suitable for routine operation. A big
step forward was the development of sensor technology,
accompanied by powerful regression models and machine
learning algorithms. Not only must the sensor be carefully
calibrated against carbonmonoxide, possible interference must
also be taken into account, as well as the number of true and
false positive signals and the statistical probability of an
increased CO concentration (see Fig. 6). Moreover, different
sensor types have different features, so their suitability must be
checked beforehand. A problem that has received little atten-
tion so far concerns their long-term stability.

Today we have the technical means for the assessment of
indoor air quality using carbon monoxide sensors and we
should use this opportunity consistently, which would certainly
signicantly reduce the number of involuntary carbon
monoxide poisonings. Various alternatives are conceivable for
practical implementation. If very high CO concentrations are to
be expected, a single alarm monitor may be sufficient. To
improve the performance of early re indicators and to reduce
false alarms, CO sensors can be combined with each other or
with other sensors.107,117 For the purpose of controlling indoor
air quality and energy management in living spaces, CO sensors
can be integrated into a smart network.31,35 In addition to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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climatic parameters temperature and humidity, such a network
should at least include the pollutant parameters CO, PM2.5 and
CO2.120
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