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ARTICLE INFO ABSTRACT

Keywords: New buildings often have high initial concentrations of VOCs that, although not necessarily harmful, may
voc be disturbing and cause discomfort among occupants. In new buildings, running the ventilation system
Formaldehyde continuously and at full rate during the first year is common practice to reduce VOC levels. However, the
Material emissions drawback of such an arbitrary strategy is the risk of over-ventilating with unnecessary heat losses as a
Emission modelling . . .
Tndoor air quality consequence. In t'hls article, a'new approach, a VOC—Passport, 1s. d'eveloped .wh'ere early measurements of
odour VOCs together with a calculation model are used to find an optimized ventilation strategy. The proposed
calculation model is tested on two newly built office rooms where VOCs were measured using passive samplers,
together with temperature, humidity and ventilation rates, and it shows good agreement with measurements.
An example of how a daily ventilation schedule may look like if optimized with the prosed model is presented.
The example illustrates that in buildings where VOC levels are allowed to increase periodically, VOC levels can
be kept at acceptable levels during occupancy hours if the effective storage capacity is known. The proposed
method has a potential to improve the indoor air quality in new buildings without compromising energy
efficiency.

1. Introduction

Poor indoor air quality in offices is of major importance since it
may cause adverse health effects, and influence work performance and
perceived indoor air quality [1]. Malodours are often caused by volatile
organic (VOCs), for example formaldehyde and other, larger aldehydes
with low odour thresholds [2]. VOCs are considered one of the main
pollutants found in the indoor environment [3]. Some common sources
for VOCs are building materials, paints, solvents, wood preservatives,
aerosol sprays, cleansers, petroleum related products, furnishing ma-
terials and disinfectants [4,5]. Typical impacts from odour or sensory
irritation are: annoyance, breathing pattern, reaction time on tasks,
mood and distraction [6]. Low levels of volatile organic compounds
(VOCs), malodours or other air pollutants contribute generally to a
better mental performance among office workers [7-9].

Levels of non-occupant related VOCs that comes from new materials
and products are often higher in new buildings and it may take several
months after the building is put into use before VOC levels declines to
acceptable levels [10-14]. These early VOCs are often easily sensed and
sometimes referred to as a characteristic “new-smell”. There is, to the
authors knowledge, no published studies on the strategies commonly
used to handle excess levels of VOCs in new buildings. Our insights
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are based on private communications with experts from Akademiska
hus AB and Gothenburg City Premises Administration. These organizations
administrate large stocks of academic- and school buildings in Gothen-
burg, respectively. Both organizations practice running the ventilation
systems continuously and at full rate during the first 6-12 months
after their buildings are put in use, with the purpose of reducing VOC
levels. [15,16]. Such a general strategy is based on experience because
VOC sensors that are installed in the ventilation system cannot dis-
tinguish between non-occupant and occupant related VOCs. However,
with this strategy it is not sure that VOCs are kept at acceptable levels
at all times while, at the same time, there is a risk of over-ventilating
leading to unnecessary energy losses. Instead, an alternative approach
is needed that can reduce energy losses from ventilation and ensure
good indoor air quality.

The concentration decay of VOCs in new buildings is non-linear and
depends on internal diffusion within the emitting material [17]. Sorp-
tion of VOCs in porous materials may dampen concentration variations
and reduce the peak concentration in a room [18,19]. The emission
rate from a material depends on the temperature and humidity in the
room, where increased temperature or humidity increases the emission
rates [20,21]. To control VOC levels in a building, it may, therefore, be
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important to consider not only ventilation rates, but also temperature
and humidity. For example, in an experiment by Liang et al. [22]
VOC emissions from a medium-density fibreboard were measured in an
experimental room. Results showed lower VOC levels in the room soon
after the fibreboard was introduced compared to a following period
when the temperature inside the room was higher [22].

After a new building is put in use, the owner is responsible for the
indoor environment and for maintaining the building operation. The
Swedish national regulations on healthy indoor environments specify
the functional performance of a building, but there is no information
about how this can be achieved. To meet the requirements in the
regulations, low-emitting building materials are commonly used to
reduce VOC-levels indoors [23]. However, using only low-emitting
building materials may not be enough to keep VOCs at acceptable levels
if ventilation rates are low [24]. In addition, new offices are often
furnished with new products that also emit VOCs into the environment.
This is not mentioned in the regulations and there is no information
about the combined effects of emissions from both building materials
and furniture.

In this article, we propose a method, ’VOC-passport’, for prediction
of VOC concentration in indoor air based on on-site measurement of
early-stage VOCs. The benefit of the proposed method is that it does
not need a material emission database. Instead, the measurements
provide insights into the total VOC-performance or VOC-footprint that
is specific for a particular room or building. The proposed method stems
from an unforeseen result in an earlier project [25].

In the method section an overall description of the method is given.
Also, the methods used in field and the numerical model are de-
scribed in detail. The results and discussion section presents results from
both measurements and simulations, and provides a verification of
the method. The results and methods are analysed and discussed. The
section ventilation strategy — example provides an example of how the
proposed method could be used to optimize the ventilation schedule.
Finally, the conclusion section summarizes the main findings in the
paper.

2. Established methods

Setting an optimum ventilation rate with regards to energy con-
sumption and indoor air quality can be challenging and requires in-
formation about the emission loads in the room. There are several
methods proposed that utilizes emission data from the database pro-
vided by NRC (National Research Council Canada) to estimate the
required ventilation rate [26-28]. For example, Ye et al. proposes
two methods for determining required ventilation rates in residential
buildings and offices. Ventilation rates are, in both methods, calculated
based on material emission data from a database provided by NRC and
concentration limits based on several indoor air quality Refs. [28]. In
one of the two methods, the ventilation requirement is split in two
steps where the first step handles initial high emission rates and the
latter handles lower long-term emissions. The motivation for splitting
the ventilation requirement in two steps is to reduce over-ventilation
at the later stage when emission rates are lower. The authors point to
the material emission database as an important source for the method
uncertainty. Since the database does not cover all materials currently
available on the market, the usability of the method is limited in real
world applications. Also, the data uncertainty that arises from vari-
ability between tested specimens is not accounted for in the proposed
methods. The authors suggest obtaining a more representative emission
data that covers a wider range of materials in order to improve the
accuracy. Despite the uncertainties, the study points at the importance
of accounting for material emissions when adjusting ventilation rates
and illustrates the risk of over-ventilating if ventilation rates are not
decreased as the emission rates decline.
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2.1. VOC-sensing technology

In office buildings, VAV (variable ventilation volume) is commonly
used to decrease energy losses, and CO, is often used as a control
signal for the ventilation system to reduce occupancy related pollutants.
However, the same control signal cannot be used to indicate non-
occupant related pollutants [29]. Besides, excess ventilation rates may
not have a significant effect on the emission rates and, thus, ventilating
during non-occupancy hours will not reduce the off-gassing time [30,
31]. Instead, intermittent ventilation may be a better choice where the
VAV-system is used to increase the ventilation rates during occupancy
hours and minimize it during non-occupancy hours. The challenge with
such a strategy is to determine appropriate ventilation rates and the
length of the pre-ventilation time, which may vary from several minutes
to several hours [32].

Development in gas sensing technologies in recent years have re-
sulted in cheap and readily available real-time VOC-sensors [33,34].
One of the sensor technologies that have gained attention in the ven-
tilation community is the metal oxide semiconductor (MOS), mainly
because of its low price and potential advantage over CO,-sensors,
since they are claimed to detect not only presence of people but also
other odorous events, generated by VOC, such as cleaning and cooking.
The intended use for these sensors is usually to provide an alternative
to CO,-sensors with additional capabilities. However, they are not
intended to provide indications of harmful contaminants since they
cannot distinguish one VOC from another [35-37]. In addition, MOS-
sensors are typically more sensitive to one or several gases compared to
others and may react more strongly to for example detergents, paints
or human present and less strongly to emissions that originate from
building materials [36]. This means that there are uncertainness of the
usability of these sensors when it comes to monitoring the concentra-
tion decay of VOCs from materials and equipment in new buildings
and more research is needed. However, it should be noted that work
on improving the selectivity of MOS-sensors have been performed with
promising results which may lead to MOS-sensors being more useful for
monitoring VOC emissions in new building in the feature [38,39].

2.2. Numerical modelling

Several models have been developed to predict VOC concentrations
in buildings and there are generally two types of models, non-physical
models and physical models. Non-physical models typically describe
statistical regularities derived from measurements, for example Markov
process models, autoregressive moving average, or autoregressive in-
tegrated moving average models [40]. The major drawback of non-
physical models is the lack of transferability between different testing
conditions, which is also the reason why physical models often are pre-
ferred over non-physical ones. Most physical models treat the volume of
air in a room as a balanced system where the total sum of VOCs entering
and leaving the room is zero. Such models often assumes that VOCs
are well mixed with the air in the room. Emissions are added using
source terms (or removed using sink terms), which may be formulated
as a constant or with some dependency on for example pressure or
temperature. However, sinks and sources can also be modelled using
Fick’s second law to more accurately describe the diffusion within
materials. These models vary in complexity depending on the number
physical processes that are considered. More simple diffusion models
account mainly for diffusion processes and assume constant material
properties, while complex models account for non-constant material
properties and may also include for example surface adsorption [41,
42]. Although diffusion models often can describe the emission source
more accurately than for example empirical models [41], the main
drawback is the need of material VOC emission properties which may
not always be available [43].
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Fig. 1. Room 1 (left), room 2 (middle) and both rooms seen from the outside (right).

3. Methods

In this article, a method, ’'VOC-passport’ is developed. The method
combines on-site measurements of early-stage VOCs with numerical
simulations to make concentration predictions dependent on ventila-
tion rates. Measurements are performed shortly after a new or ren-
ovated building is completed and used to calibrate a mathematical
model that is used for the predictions. The model accounts for material
emissions, emission storage in the room and ventilation rates.

The hypothesis is that an effective storage capacity of the room
together with a lumped source strength can be found and used to
model the time dependent non-occupant related VOC concentration in
the room. The model can be used to optimize an intermittent venti-
lation strategy (implemented in a VAV-system) so that non-occupant
related VOC concentrations are kept at acceptable levels without over-
ventilating with unnecessary energy losses as a consequence.

The method consists of two major steps. The first step is field
measurements where temperature, humidity and ventilation rate is
measured by the ventilation system in a room while VOCs are measured
using passive samplers. In the second step, the results from the field
measurements (first step) are used to calibrate a physical model that
can be used to simulate non-occupant related VOC levels in the room
based on ventilation rates, temperature and humidity.

It is important to note that non-occupant related VOC emissions
from materials act on a longer timescale than occupant related emis-
sions. While emissions from materials can be understood by measuring
on longer timescales such as weeks, occupant-related emissions cannot.
This is similar to how built-in moisture in concrete constructions can
be understood by measuring on a weekly basis, while occupant related
moisture production must be captured on a much shorter timescale
such as minutes or hours.

Following the first step in the methodology, measurements and
simulations of volatile organic compounds (VOCs) and C1-C10 straight
chain aldehydes are performed in two rooms (room 1 and room 2) in a
newly built office building at Chalmers campus Johanneberg in Gothen-
burg, Sweden. The building was put in use in October 2019 and is a low
energy building, certified with the highest rank in the Swedish building
certification system, Miljobyggnad [44]. The load bearing walls are
made of cross laminated timber and steel frames, and the floors are
made of concrete. The ventilation system is demand-controlled and
equipped with temperature and humidity logging capabilities.

The test rooms (room 1 and room 2), Fig. 1, are two identical
meeting rooms placed on floor 3 and 4. The size of the rooms are about
3.0x4.0x3.5 m. Furnishing is identical in both rooms. Walls are covered
with painted gypsum boards and there is a suspended ceiling of wooden
acoustic panels. There is a carpet on the floor, a whiteboard, a table, 8
chairs, a low shelf, a coat hanger, a projector, a ceiling lamp, speakers
and spotlights.

In addition, temperature, absolute humidity and ventilation rates
are measured continuously by the ventilation system in each room.

Table 1

Sampling schedule for the VOC measurements.
Date Week Measurement
2019-10-14 — 2019-10-20 1 1
2019-10-28 — 2019-11-03 3 2
2019-11-04 — 2019-11-10 4 3
2019-11-11 — 2019-11-17 5 4
2019-11-25 — 2019-12-01 7 5
2019-12-16 — 2019-12-22 10 6
2020-01-13 - 2020-01-19 14 7
2020-02-24 — 2020-03-01 20 8
2020-04-20 — 2020-04-26 28 9

Results from measurements are used to calibrate a source model which
accounts for dependency on temperature and absolute humidity. The
source model is then implemented in a physical model that calculates the
concentration inside the room. Input parameters for the mass balance
model are found by comparison with measured VOC concentrations
using a fitting algorithm in MATLAB. The flowchart in Fig. 2 shows
an overview of the method.
The method is illustrated in four steps:

1. Temperature, absolute humidity and ventilation airflow are mea-
sured by the ventilation system and VOCs are measured using
passive samplers.

2. Average temperature, average absolute humidity and median
ventilation airflow are calculated for each sampling period
where a sampling period is the period for which passive samplers
have been used.

3. The source model, Eq. (4) and Eq. (5) in Section 3.2 is calibrated
by fitting against measured VOC using the values from the
previous step.

4. Model parameters (initial concentration and effective storage
capacity) in Eq. (6) are determined by fitting simulation output
to measured VOC concentrations.

3.1. Sampling and chemical analysis

The sampling of volatile organic compounds (VOCs) and aldehydes
in the two test rooms were performed during more than six months.
Time schedule for the whole experimental part is presented in Table 1.
The sampling period for each measurement was one working week.
The samplers were installed in the sampling locations on Monday early
morning and they were collected on Friday late afternoon.

VOCs are passively sampled on Tenax TA (PerkinElmer) adsorbent
tubes and analysed in compliance with ISO 16017-2 [45]. The Tenax
tubes are thermally desorbed (Markes International, Unity 1 and Ultra,
5 min, 250 °C) and analysed by gas chromatography/mass spectrome-
try (GC/MS). The gas chromatograph (GC) is an Agilent 6890 equipped
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Fig. 2. Flowchart showing an overview of the method, VOC-passport.

with a mass selective (MS) detector (Agilent 5973N) in electron im-
pact mode for compound identification and quantification. The GC is
equipped with a CP Wax 52C (Agilent) capillary column (Polyethylene
glycol phase, 60 m, 0.32 mm i.d., 1.2 mm film thickness) and used
helium as carrier gas. The GC oven temperature program is started at
50 °C and increased to 100 °C at 4 °C/min. then increased to 220 °C
at 8 °C/min. and maintained for 10 min. The results are expressed as
TVOC (Total Volatile Organic Compounds) and quantified as toluene
equivalents, i.e using uptake rate and the response factor of toluene.
Terpenes, a-pinene and 3-carene are quantified using their compound
specific uptake rates and response factors. Calibration is achieved by
application of microlitre amounts of solution of the compounds in
methanol on Tenax tubes. The VOC calibration standards were analysed
with each batch of samples from the particular sampling occasion.
The limit of quantification (LOQ) for the individual VOC 0.5 pgm™>
based on 3 times the signal-to-noise ratio. Aldehydes (straight chain
C1-C10) are measured using passive samplers — DSD-DNPH Aldehyde
Diffusive sampling Device (Supelco, Bellefonte, PA). The sampling
procedure and the analytical technique (solvent extraction and high
performance liquid chromatography) followed the ISO 16000-4 stan-
dard [46]. Standard calibration curves for the C1-C10 aldehydes were
used for the quantification of the substances in each batch of samples
from the sampling occasion. The LOQs for the aldehydes ranged from
0.08 pgm~ (formaldehyde) to 1.8 pgm™3 (decanal). The analysed
results are then an average concentration of the compounds over the
entire sampling period. Results of other studies state that the active and
passive sampling techniques in the field compare reasonably well [47,
48].

3.2. Model description

The concentrations in the room are modelled with the following
mass balance equation:

Va—(;:KU

3 (cbg—c)+S

€y
where c,, [kg m~3] is the background VOC concentration, ¢ [s] is the
time, S [kg s™'] is the source strength, K, [m® s~!] is the ventilation
airflow rate and V, [m?] is the effective air volume or effective storage
capacity that describes short-term storage of VOC as the concentration
in the room fluctuates. Typically, these are VOCs stored on surfaces and
inside materials in the room and are quickly released back to the room
when VOC concentrations decreases.

The effective volume, V,, describes the total VOC storage capacity
of the room, including both the indoor air and emitting materials, in
a unified and comprehensible way. It is derived in an analogy with
moisture buffering volume of a ventilated space [49,50]. When V, is
compared to for example the physical volume of the room, it clarifies

the magnitude of the room’s VOC capacity. Since the buffering of VOC
may work differently for different VOCs, ¥, may have different values
for different VOCs in the same room.

With ¢;,, = 0 the solution for Eq. (1), for one time period with
constant ventilation rate, becomes:

— -
ct)y=cy-e ’”+Z(1—e ")

(2)
where ¢, [kg m™3] is the initial VOC concentration and » is given by:
3

In practice, the background concentration of VOCs in buildings
will never be zero, it may range from values below the laboratory
reporting limits up to several hundreds of ugm=> [51]. However, since
the model is calibrated against measured values, any actual background
concentration will be handled indirectly by the source term.

To quantify the source strength from measured data the following
two equations are used. First, the flow of VOCs out of the room is
calculated from measured data with:

C)

where S, [kgs™'] is the flow of VOCs, K, [m? s7!] is the median
ventilation rate and ¢ [kg m™] is the VOC concentration. During longer
measurement periods, with only small variations in concentration and
ventilation air flow, Eq. (4) can be interpreted as the average source
strength of emissions in the room. When several VOCs are lumped
together, S, is simply the lumped source strength for those VOCs.

The rooms are situated entirely within the building, see Fig. 1,
and, therefore, the only driving force for air leakage is the pressure
difference caused by mechanical ventilation. Air leakage in energy
efficient and acoustically well-designed buildings like the one used
in this study usually makes up a small, but not insignificant part of
the total ventilation rate [52], and generally varies with the pressure.
Unfortunately, there are no measurements of how airtight the rooms are
and, therefore, to account for air leakage, estimations are made based
on the authors experience. It is assumed that each room has a specific
air leakage, g5, of 0.1-0.2 1/s per m? room area at 50 Pa pressure dif-
ference. Translated to normal conditions, where the pressure difference
is 1-2 Pa, this assumption gives a total air leakage of 0.51/sto 1.51/s in
each room, (compared to 10-20 1/s which is the mechanical ventilation
rate during occupancy). Therefore, an air leakage of 1.0 1/s is added to
K, in all calculations. The authors are aware that using a constant rate
for air leakage may cause some inaccuracy, for example, overestimation
of air leakage when mechanical ventilation rates are low. However,
given the lack of measurement data, the proposed method is the most
feasible without introducing large errors.

S,=K,-c
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Fig. 3. Measured supply ventilation, humidity and measured VOC concentrations in room 1. Sampling periods are numbered from 1 to 9. The horizontal bars show the measured
average concentration during each measurement period and the dashed lines, between each measurement, are added to visualize trends. The length of each measurement period

is 4 days and 6-8 h (~102 h).

In accordance with the work of Xiong et al. [20] and Liang et al. [22]
we have also tested a correlation between emission strength and
humidity in the indoor air. In contrast to Liu et al. we found no major
difference in the correlation between using relative humidity or absolute
humidity. However, we find it more practical to continue with absolute
humidity since it, in contrast to relative humidity, is decoupled from
temperature. Therefore, in the next step, the following model is used for
relating the average source strength, .S, to temperature and absolute
humidity:

53
S =58, TOT . SrAH-F (5)
where S, S, and .S; are coefficients that can be determined by curve
fitting, AH [kg m~>] is the absolute humidity and T [K] is the temper-
ature. Both notations, S, and S, refer to the VOCs source strength. S,
denotes the source strength derived from measurements, Eq. (4), and
S is a general source term in the mass balance, Eq. (5).

In short, first the average source strength is calculated using Eq. (4).
Then, the coefficients in Eq. (5) are adjusted to fit the calculated
source strength for the measured average temperature and humidity.
The fitting algorithm used is the fit() function in MATLAB [53].

Finally, by substituting Eq. (5) into Eq. (2) we get:

S3
Sy-AH,— =
1,7;0.75.82 T

el (1— e ®)

€ =€

n v,

t=1,2,... N ()

where, At is the length of the time step and ¢ is the index for the
time step. Each time step has its corresponding temperature, absolute
humidity and ventilation rate.

The effective volume, V,, and initial concentration, ¢, can be found
by fitting the calculated concentration to the measured concentrations.
This is done by using the Global Optimization Toolbox in MATLAB to
minimize the difference between model output and measured results.

4. Results and discussion

Several VOC’s are measured using the passive sampling technique
described above. However, only a selection of the measurements are
presented; TVOC, formaldehyde, sum of terpenes (a-pinene, f-pinene,
3-carene, limonene, camphene, myrcene) and sum of aldehydes (bu-
tanal, pentanal, hexanal, heptanal, octanal, nonanal, decanal).

The results from measurements together with supply ventilation and
humidity are shown in Fig. 3 (room 1) and Fig. 4 (room 2). Tem-
perature and supply ventilation airflow is measured by the ventilation
system and presented as hourly values as well as average values over
the sampling periods.

As indicated earlier, during the second sampling period the ventila-
tion rate is set close to zero (both in room 1 and room 2 which results in
increased concentrations. The idea is that a clear peak in concentration
followed by a decrease when the ventilation is turned back on would
facilitate finding an effective storage capacity for the room to use in
the calculation model. Also, by setting the ventilation rate to zero it is
possible to get an idea of the highest achievable average concentration.

For the remaining sampling periods (after the second period) the
ventilation rate is kept at predefined levels except during periods when
the room is occupied. These periods can be recognized by much larger
ventilation flows, which are automatically controlled by the presence
and temperature sensors in the room. Also, for some shorter periods, the
ventilation system is undergoing maintenance and is therefore turned
off. For this reason, the median K, is used rather than its average value
when calculating the source strength with Eq. (4).

In room 1 (Fig. 3) concentrations increases during the second mea-
surement period, when the ventilation is running at a lower rate.
When the ventilation rate is increased in the following sampling period,
concentrations decrease towards the levels found before the ventilation
rate is reduced. However, in the remaining sampling periods, except
from the last one, there is a small gradual increase in concentration for
all TVOCs.
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Fig. 4. Measured supply ventilation, humidity and measured VOC concentrations in room 2. Sampling periods are numbered from 1 to 9. The horizontal bars show the measured
average concentration during each measurement period and the dashed lines, between each measurement, are added to visualize trends. The length of each measurement period

is 4 days and 6-8 h (~102 h).

As in room 1, the ventilation rate in room 2 is set close to zero
during the second sampling period. Concentrations decrease from their
peak values to lower values during period 4 and 5 when ventilation
rates are higher. When the ventilation rate decrease again after period 5
concentrations increase and reach relatively steady levels throughout
the remainder of the measurements. Similar to room 1, there is no clear
tendency towards a further decrease in concentration. However, there
is no clear trend towards increased concentrations either, as observed
in room 1. Instead, concentrations reach relatively steady levels after
about 60 days.

4.1. Source strength and humidity dependency

Figs. 5 and 6 show average source strength calculated with Eq. (4)
and plotted against average absolute humidity. The sampling periods
are numbered from 1 to 9 where 1 is the first sampling period and
9 is the last sampling period. The blue curve shows Eq. (5) fitted
against average source strengths and measured average temperature
and average absolute humidity. The R-square value in the title of each
plot indicates the fitting degree of the source model. Red data points
are values that lowers the fitting degree significantly and are therefore
considered outliers, these values are excluded from the fitting process.

To simplify the visualization of results, the predicted values (blue
curve) are calculated, using Eq. (5), for an average temperature rather
than the actual measured temperatures. Since the influence from tem-
perature on the source strength is much smaller than the influence
from humidity, this simplification does not result in any major loss of
information.

In both rooms, Figs. 5 and 6 (room 1 and room 2), measurement
point 2 is excluded when fitting the source model. During this sampling
period the ventilation rate is close to zero and the source strength can
for this reason not be described by Eq. (4). In room 1 (Fig. 5), also
measurement point 3 is an outlier and is, therefore, removed when
fitting the source model.

Since the calculation of the source strength is based on steady state
conditions, there can be errors if the concentration during a significant
part of the measurement period has not reached steady state. For
example, such situations may occur when there are larger and more
permanent changes in ventilation rates between two measurement peri-
ods. This can explain why the measurement periods 2 and 3 seem to be
underestimated and overestimated, respectively. Prior to measurement
period 2, there is a lower concentration which increases rapidly when
the ventilation rate is turned down. The average concentration during
the period is then lower than what it would be at steady state and the
source strength becomes underestimated in the calculation. Similarly,
for the measurement period 3, the concentration is changing from a
higher level to a lower level as the ventilation rate is increased, and
the source strength becomes overestimated.

The concentration of terpenes is unexpectedly high during sampling
period 8, while concentrations for the remaining VOCs were not. In
addition, a-pinene was found in a higher concentration within the
group of terpenes during period 8. This compound may be related to,
for example, fragrances or cleaning agents used for office cleaning.
Similarly, the concentration of terpenes during sampling period 8 is
somewhat higher also in room 1. Therefore, cleaning of the room is
considered the most likely explanation.

In both rooms there is a positive correlation between the increased
absolute humidity and source strength. The fitting degrees are de-
creasing with the complexity of the compounds considered. The two
groups of chemically similar compounds, aldehydes and terpenes, show
a high correlation and formaldehyde show the highest correlation.
However, TVOC show a weaker correlation compared to formaldehyde,
aldehydes and terpenes. This is not surprising since TVOC represent
the total sum of measured VOCs where each of the VOC may respond
differently to both humidity and temperature. Interestingly, the TVOC
source strength shows better correlation with temperature if expressed
in degree Celsius rather than degree Kelvin. This is not shown in the
figures but was tested earlier in the project.
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Fig. 5. Calculated source strengths plotted against absolute humidity together with model predictions. The latter is plotted for an average temperature of 22.4 °C. The points were
calculated from measurement data using Eq. (4) and the blue line is calculated with Eq. (5).

4.2. Simulations of room concentrations

Figs. 7 and 8 show the results from calculations of formaldehyde
and sum of aldehydes using Eq. (6) together with average concentra-
tions and corresponding results from measurements. Simulations are
performed for both rooms and all four categories of VOCs. However,
only simulations of formaldehyde and sum of aldehydes in room 2 are
presented here since room 2, in comparison with room 1, have one
more value that is not considered an outlier in the calculation of the
source strength.

When determining the effective volume and initial concentration,
the second sampling period is excluded in both simulations. During this
period the ventilation rate was very low, see Fig. 4. At low ventilation
rates, the air leakage becomes a large share of the total air change
rate of the room and, therefore, the estimated effective volume and
initial concentration become sensitive to the choice of air leakage. By
excluding the second sampling period, results become less sensitive to
how leaky the room is assumed to be.

Both simulations show high fitting degree with the measured data
although somewhat higher for aldehydes, R?=0.93 compared to
R?=0.89 for formaldehyde. The estimated effective volumes in both
simulations are quite similar, 37 m> for formaldehyde and 45 m? for
aldehydes. The initial concentration in both simulations had no effect
on the fitting degree since the concentration decayed in time for the
first measurement period as long as the initial concentration was not set
extremely high. For simplicity, the initial concentration was therefore
set to zero in both simulations.

For a closer view of the results, the section marked with an orange
rectangle in Fig. 8 is enlarged and shown in Fig. 9. Three additional
simulations are also added with either ventilation rate, absolute humid-
ity or temperature set to its average measured value during the entire
simulation period. This way, the effect of each of these parameters can

be compared. It should be noted that Fig. 9 only shows a section of
the entire measurement period. However, several sections have been
studied and they all show similar behaviour.

As can be seen in Fig. 9, temperature, during the chosen period,
has negligible effects on the concentration since the curve calculated
with averaged temperature closely follow the original, simulated con-
centration (R ~1.0). However, this does also depend on how much the
temperature varies during the period and one can expect that larger
variations in temperature may have larger impact. The difference be-
tween simulation and averaged ventilation rate can be interpreted as the
influence that absolute humidity has on the concentration. Likewise,
the difference between simulation and averaged absolute humidity can
be interpreted as the influence that ventilation rate has on the concen-
tration. The fitting degree between simulation and averaged ventilation
rate is R?=0.28 and the fitting degree between simulation and averaged
absolute humidity is R>=0.91. Thus, ventilation is more influential on
concentration than absolute humidity. However, it is important to note
that this is just a section of the entire simulation period (shown in
Fig. 8), and that the effects from humidity and ventilation rate depend
also on their variations during the chosen simulation period.

5. Ventilation strategy — example

With a known room specific VOC storage capacity (effective vol-
ume), V,, and a known source strength the concentration response to a
change in ventilation rate can be simulated using Eq. (6). Given that the
declination in source strength is negligible over shorter time spans, such
as days or weeks, then it is possible to optimize the ventilation schedule
to minimize energy losses while keeping VOC levels below a specified
value during occupancy hours. Fig. 10 shows an example of what such
an optimized ventilation strategy could look like. Here, model input
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Fig. 7. Model prediction and measured formaldehyde concentrations. Input parameters: ¢,=0, V,=37 m’ and fitting degree: R>=0.89.

parameters V,, S, .S, and S5 are those determined in previous stages
and used in Fig. 8.

In indoor air quality guidelines published by Public Health England it
is recommended that the long-term exposure (1 year) of formaldehyde
levels do not exceed 10 pgm=> [54]. This recommendation is therefore
used in the simulation in Fig. 10 as a maximum value for indoor
formaldehyde levels during occupancy hours.

As can be seen, the ventilation rate is heavily reduced during non-
office hours, to minimize energy losses, and set to normal rates during
office hours (shaded areas). However, before the start of each working
day, a ventilation “pulse” is forced to quickly reduce the concentration
below the target threshold (10 ugm~3). The blue dashed line shows
the average ventilation rate, 11.2 1/s, calculated from the scheduled
ventilation rate. This can be compared with 15-20 1/s which is the
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ventilation rate that would have been used if the ventilation schedule
is not optimized.

Fig. 10 illustrates also two key concepts; (1) increased overall
ventilation to reduce the total time with increased VOC concentrations
may be unnecessary if concentrations can be allowed to increase above
a given threshold for short periods of time, (2) if the source strength
and storage capacity is known, a ventilation strategy can be used
that reduces the overall ventilation rate without increasing VOC-levels
during occupancy hours.

While the model also works for other timescales than those pre-
sented here, its major limitation is that spatial distribution of VOCs is
not included and, thereby, transport mechanisms like diffusion within
materials are not accounted for. The advantage of calibrating the model
with time-averaged measured values for longer time periods such as
hours or days is that occupancy related emissions, which are tempo-
rary and fluctuating, are averaged out while non-occupancy related
emissions from materials are still accounted for. These are deliberate
limitations to make the model feasible for the intended use, which is
early stages of new buildings before normal activities have started.

6. Conclusions

This paper proposes a new alternative approach, VOC-passport, to
control indoor concentrations of VOCs in the early stages of new- or
newly renovated buildings. A model for calculating indoor VOC concen-
trations that accounts for ventilation rates, temperature and humidity
is proposed where input parameters are determined from measure-
ments in the field by using passive samplers. The model shows good
agreement with measurements when TVOC is separated into individual
compounds or groups of compounds, formaldehyde, aldehydes and
terpenes. However, correlations between source strength and humidity
show higher fitness degree when fewer VOCs are grouped together.
A deeper analysis of the results suggests that indoor humidity and
ventilation rate have major impacts on the early-stage concentration
levels while temperature is less important. Air leakage may influence
the results, especially if the ventilation rate is low, and it is therefore
advisable to avoid near zero ventilation rates during measurements.

The proposed method is used to give an example of how a daily
ventilation schedule may look like if the short-term VOC storage of the
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Fig. 10. Example of optimized ventilation strategy to keep formaldehyde levels below 10 pgm~ during occupancy hours.

room is taken into account. The example illustrates that in buildings
where VOC levels are allowed to increase periodically, VOC levels can
be kept at acceptable levels during occupancy hours if the effective
storage capacity is known. With the proposed method, there is no need
to determine long-term source degradation, focus is instead on short
term VOC storage and the reduction of VOC levels during occupancy
hours while minimizing energy losses from ventilation.

This paper demonstrates successfully how numerical modelling to-
gether with early on-site measurements can be used to reduce energy
losses by ventilation while ensuring a good indoor environment. The
strength of the proposed method is that it does not rely on a database
with material properties, instead it uses standardized on-site measure-
ment methods. Future work will include both field- and laboratory
measurements. Focus will be on further validation of the method
for estimating effective storage capacity and method applicability for
optimizing ventilation schedules.

CRediT authorship contribution statement

Fredrik Domhagen: Writing — review & editing, Writing — origi-
nal draft, Data collection, Concept- and method development. Sarka
Langer: Supervision, Review & editing, Data collection, Concept- and
method development, Fund raising. Angela Sasic Kalagasidis: Su-
pervision, Review & editing, Data collection, Concept- and method
development, Fund raising.
Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.
Data availability

Data will be made available on request.

Acknowledgements

This work was supported by the Development Fund of the Swedish
Construction Industry, SBUF and the Swedish Energy Agency.

10

References

[1] W.J. Fisk, A.H. Rosenfeld, Estimates of improved productivity and health from
better indoor environments, Indoor Air (ISSN: 0905-6947) 7 (3) (1997) 158-172,
http://dx.doi.org/10.1111/7.1600-0668.1997.t01-1-00002.x, ISSN: 1600-0668.
Y. Nagata, N. Takeuchi, et al., Measurement of odor threshold by triangle odor
bag method, Odor Measu. Rev. 118 (2003) 118-127.

Y. Al Horr, M. Arif, A. Kaushik, A. Mazroei, M. Katafygiotou, E. Elsarrag,
Occupant productivity and office indoor environment quality: A review of the
literature, Build. Environ. (ISSN: 0360-1323) 105 (2016) 369-389.

D. Panagiotaras, Comprehensive experience for indoor air quality assessment:
A review on the determination of volatile organic compounds (VOCs), J. Phys.
Chem. Biophys. (ISSN: 21610398) 4 (5) (2014) http://dx.doi.org/10.4172/2161-
0398.1000159.

Y.M. Kim, S. Harrad, R.M. Harrison, Concentrations and sources of VOCs in
urban domestic and public microenvironments, Environ. Sci. Technol. (ISSN:
0013-936X) 35 (6) (2001) 997-1004, http://dx.doi.org/10.1021/es000192y.

P. Wolkoff, Indoor air pollutants in office environments: Assessment of comfort,
health, and performance, Int. J. Hygiene Environ. Health (ISSN: 1438-4639) 216
(4) (2013) 371-394, http://dx.doi.org/10.1016/j.ijheh.2012.08.001.

J.G. Allen, P. MacNaughton, U. Satish, S. Santanam, J. Vallarino, J.D. Spengler,
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.
(ISSN: 1552-9924) 124 (6) (2016) 805-812, http://dx.doi.org/10.1289/ehp.
1510037.

D.P. Wyon, The effects of indoor air quality on performance and productivity,
Indoor Air (ISSN: 0905-6947) 14 Suppl 7 (2004) 92-101, http://dx.doi.org/10.
1111/j.1600-0668.2004.00278.x.

B. Danuser, D. Moser, T. Vitale-Sethre, R. Hirsig, H. Krueger, Performance in
a complex task and breathing under odor exposure, Human Factors (ISSN:
0018-7208) 45 (4) (2003) 549-562, http://dx.doi.org/10.1518/hfes.45.4.549.
27093.

S.K. Brown, M.R. Sim, M.J. Abramson, C.N. Gray, Concentrations of volatile
organic compounds in indoor air — A review, Indoor Air (ISSN: 1600-0668) 4 (2)
(1994) 123-134, http://dx.doi.org/10.1111/j.1600-0668.1994.t01-2-00007.x.
S.K. Brown, Volatile organic pollutants in new and established buildings in
Melbourne, Australia: Volatile organic pollutants in Melbourne, Australia, Indoor
Air (ISSN: 09056947) 12 (1) (2002) 55-63, http://dx.doi.org/10.1034/j.1600-
0668.2002.120107 .x.

H. Jarnstrom, Reference Values for Building Material Emissions and Indoor Air
Quality in Residential Buildings (Ph.D. thesis), VIT Espoo, Finland, University
of Kuopio, 2007.

K. Saarela, H. Jéarnstrom, Indoor air quality in new residential buildings and
behaviour of materials in structures, Indoor Built Environ. (ISSN: 1420-326X)
12 (4) (2003) 243-247, http://dx.doi.org/10.1177/1420326X03035096.

[2]

[3]

[4]

[5]

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]


http://dx.doi.org/10.1111/j.1600-0668.1997.t01-1-00002.x
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb2
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb2
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb2
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb3
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb3
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb3
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb3
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb3
http://dx.doi.org/10.4172/2161-0398.1000159
http://dx.doi.org/10.4172/2161-0398.1000159
http://dx.doi.org/10.4172/2161-0398.1000159
http://dx.doi.org/10.1021/es000192y
http://dx.doi.org/10.1016/j.ijheh.2012.08.001
http://dx.doi.org/10.1289/ehp.1510037
http://dx.doi.org/10.1289/ehp.1510037
http://dx.doi.org/10.1289/ehp.1510037
http://dx.doi.org/10.1111/j.1600-0668.2004.00278.x
http://dx.doi.org/10.1111/j.1600-0668.2004.00278.x
http://dx.doi.org/10.1111/j.1600-0668.2004.00278.x
http://dx.doi.org/10.1518/hfes.45.4.549.27093
http://dx.doi.org/10.1518/hfes.45.4.549.27093
http://dx.doi.org/10.1518/hfes.45.4.549.27093
http://dx.doi.org/10.1111/j.1600-0668.1994.t01-2-00007.x
http://dx.doi.org/10.1034/j.1600-0668.2002.120107.x
http://dx.doi.org/10.1034/j.1600-0668.2002.120107.x
http://dx.doi.org/10.1034/j.1600-0668.2002.120107.x
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb12
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb12
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb12
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb12
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb12
http://dx.doi.org/10.1177/1420326X03035096

F. Domhagen et al.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

H. Guo, F. Murray, S.C. Lee, The development of low volatile organic compound
emission house—a case study, Build. Environ. (ISSN: 0360-1323) 38 (12) (2003)
1413-1422, http://dx.doi.org/10.1016/S0360-1323(03)00156-2.

M. Alm, Indoor environment specialist at Goteborg City Premises Administration,
2019, personal communication.
P. Loveryd, Energy engineer
communication.

M. Guo, W. Yu, S. Zhang, H. Wang, S. Wei, A numerical model predicting
indoor volatile organic compound volatile organic compounds emissions from
multiple building materials, Environ. Sci. Pollut. Res. (ISSN: 1614-7499) (2019)
http://dx.doi.org/10.1007/s11356-019-06890-5.

A.D. Tran Le, J.S. Zhang, Z. Liu, D. Samri, T. Langlet, Modeling the similarity and
the potential of toluene and moisture buffering capacities of hemp concrete on
IAQ and thermal comfort, Build. Environ. (ISSN: 0360-1323) 188 (2021) 107455,
http://dx.doi.org/10.1016/j.buildenv.2020.107455.

R.B. Jorgensen, Sorption of VOCs on material surfaces as the deciding factor
when choosing a ventilation strategy, Build. Environ. (ISSN: 0360-1323) 42 (5)
(2007) 1913-1920, http://dx.doi.org/10.1016/j.buildenv.2006.03.003.

J. Xiong, P. Zhang, S. Huang, Y. Zhang, Comprehensive influence of environ-
mental factors on the emission rate of formaldehyde and VOCs in building
materials: Correlation development and exposure assessment, Environ. Res.
(ISSN: 0013-9351) 151 (2016) 734-741, http://dx.doi.org/10.1016/j.envres.
2016.09.003.

Z. Liu, W. Liang, X. Yang, J. Grunewald, A. Nicolai, M. Abadie, Indoor air
quality design and control in low-energy residential buildings, international
energy agency, EBC annex 68, subtask 2: Pollutant loads in residential buildings,
2020, Technical University of Denmark.

W. Liang, S. Yang, X. Yang, Long-term formaldehyde emissions from medium-
density fiberboard in a full-scale experimental room: Emission characteristics
and the effects of temperature and humidity, Environ. Sci. Technol. (ISSN:
0013-936X) 49 (17) (2015) 10349-10356, http://dx.doi.org/10.1021/acs.est.
5b02217.

E. Gravenfors, J. Forsberg, M. Hagberg, D. Lestander, A. Nylander, F. Olsson, E.
Simonsson, E. Westerholm, S. Elfving, K. Einarsson, B. Fredljung, A.-S. Merritt,
Rapport 8/15: Hélsoskadliga Kemiska Amnen I Byggprodukter — Forslag Till
Nationella Regler, Technical Report, Kemikalieinspektionen, 2015.

L.C. Ng, W.S. Dols, D.G. Poppendieck, S.J. Emmerich, Evaluating IAQ and energy
impacts of ventilation in a net-zero energy house using a coupled model, NIST
(2016).

A. Sasic Kalagasidis, F. Domhagen, S. Langer, Early-stage concentrations
of formaldehydes and TVOCs in a new low-energy building, E3S Web
Conf. (ISSN: 2267-1242) 172 (2020) 06007, http://dx.doi.org/10.1051/e3sconf/
202017206007.

S. Hormigos-Jimenez, M.A. Padilla-Marcos, A. Meiss, R.A. Gonzalez-Lezcano, J.
Feij6-Muiioz, Ventilation rate determination method for residential buildings
according to TVOC emissions from building materials, Build. Environ. (ISSN:
0360-1323) 123 (2017) 555-563, http://dx.doi.org/10.1016/j.buildenv.2017.07.
032.

W. Ye, D. Won, X. Zhang, Practical approaches to determine ventilation rate for
offices while considering physical and chemical variables for building material
emissions, Build. Environ. (ISSN: 0360-1323) 82 (2014) 490-501, http://dx.doi.
0rg/10.1016/j.buildenv.2014.09.017.

W. Ye, D. Won, X. Zhang, A preliminary ventilation rate determination methods
study for residential buildings and offices based on VOC emission database, Build.
Environ. (ISSN: 0360-1323) 79 (2014) 168-180, http://dx.doi.org/10.1016/j.
buildenv.2014.05.009.

C.Y.H. Chao, J.S. Hu, Development of a dual-mode demand control ventilation
strategy for indoor air quality control and energy saving, Build. Environ. (ISSN:
0360-1323) 39 (4) (2004) 385-397, http://dx.doi.org/10.1016/j.buildenv.2003.
11.001.

S.B. Holgs, A. Yang, M. Lind, K. Thunshelle, P. Schild, M. Mysen, VOC emission
rates in newly built and renovated buildings, and the influence of ventilation
— A review and meta-analysis, Int. J. Vent. (ISSN: 1473-3315) 18 (3) (2019)
153-166, http://dx.doi.org/10.1080/14733315.2018.1435026.

L. Gunnarsen, The influence of area-specific ventilation rate on the emissions
from construction products, Indoor Air (ISSN: 1600-0668) 7 (2) (1997) 116-120,
http://dx.doi.org/10.1111/j.1600-0668.1997.t01-2-00005.x.

B. Xu, Y. Liu, Y. Dou, L. Hao, X. Wang, J. Xiong, Study on the effect of an
intermittent ventilation strategy on controlling formaldehyde concentrations in
office rooms, Atmosphere (ISSN: 2073-4433) 13 (1) (2022) 102, http://dx.doi.
org/10.3390/atmos13010102.

J. Kolarik, Demand specifying variables and current ventilation rate requirements
with respect to the future use of VOC sensing for DCV control: 33rd AIVC
conference — 2nd TightVent conference, in: 33rd AIVC Conference-2nd TightVent
Conference, 2012.

at Akademiska hus AB, 2019, personal

11

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]
[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Building and Environment 238 (2023) 110337

E.G. Snyder, T.H. Watkins, P.A. Solomon, E.D. Thoma, R.W. Williams, G.S.W.
Hagler, D. Shelow, D.A. Hindin, V.J. Kilaru, P.W. Preuss, The changing
paradigm of air pollution monitoring, Environ. Sci. Technol. (ISSN: 0013-936X)
47 (20) (2013) 11369-11377, http://dx.doi.org/10.1021/es4022602, Publisher:
American Chemical Society.

J. Kolarik, CO2 sensor versus volatile organic compounds (VOC) sensor — analysis
of field measurement data and implications for demand controlled ventilation:
13th international conference on indoor air quality and climate, in: Proceedings
of Indoor Air 2014, International Society for Indoor Air Quality and Climate
(ISIAQ), 2014.

J. Kolarik, N.L. Lyng, J. Laverge, Metal Oxide Semiconductor Sensors to Measure
Volatile Organic Compounds for Ventilation Control, Report from the AIVC
Webinar: "using Metal Oxide Semiconductor (MOS) Sensors to Measure Volatile
Organic Compounds (VOC) for Ventilation Control, 2018.

D.Y. Won, H. Schleibinger, Commercial IAQ Sensors and their Performance
Requirements for Demand-Controlled Ventilation, Technical Report, National
Research Council of Canada, 2011, http://dx.doi.org/10.4224/20374515.

M. Leidinger, T. Sauerwald, T. Conrad, W. Reimringer, G. Ventura, A. Schiitze,
Selective detection of hazardous indoor VOCs using metal oxide gas sensors,
Procedia Eng. (ISSN: 1877-7058) 87 (2014) 1449-1452, http://dx.doi.org/10.
1016/j.proeng.2014.11.722.

A. Schiitze, T. Baur, M. Leidinger, W. Reimringer, R. Jung, T. Conrad, T. Sauer-
wald, Highly sensitive and selective VOC sensor systems based on semiconductor
gas sensors: How to? Environments (ISSN: 2076-3298) 4 (1) (2017) 20, http://dx.
doi.org/10.3390/environments4010020, Number: 1 Publisher: Multidisciplinary
Digital Publishing Institute.

M.V. Ellacott, S. Reed, Review : Development of robust indoor air quality models
for the estimation of volatile organic compound concentrations in buildings,
Indoor Built Environ. (ISSN: 1420-326X) 8 (6) (1999) 345-360, http://dx.doi.
0rg/10.1177/1420326X9900800602.

Z. Liu, W. Ye, J.C. Little, Predicting emissions of volatile and semivolatile organic
compounds from building materials: A review, Build. Environ. (ISSN: 0360-1323)
64 (2013) 7-25, http://dx.doi.org/10.1016/j.buildenv.2013.02.012.

H. Karlsson, Development of a modular toolbox in simulink for dynamic
simulations of VOC-concentration in indoor air, in: Proceedings of 9th IBPSA
Conference and Exhibition, 2005.

J. Grunewald, IEA EBC Annex 68-Subtask 3: Modelling of Energy Efficiency
and IAQ-Review, Gap analysis and Categorization, Dept. of Civil Engineering,
Technical University of Denmark, 2020.

Sweden Green Building Council, Miljobyggnad 3.0, Visterds, Sweden, 2017.
ISO 16017-2, Indoor, Ambient and Workplace Air E Sampling and Analysis
of Volatile Organic Compounds by Sorbent Tube/thermal Desorption/capillary
Gas Chromatography - Part 2: Diffusive Sampling, International Organization of
Standardization Geneva, Switzerland, 2003.

ISO 16000-4, Indoor air e Part 4: Determination of Formaldehyde - Diffu-
sive Sampling Method, International Organization of Standardization Geneva,
Switzerland, 2004.

H. Hellén, H. Hakola, T. Laurila, V. Hiltunen, T. Koskentalo, Aromatic hydro-
carbon and methyl tert-butyl ether measurements in ambient air of Helsinki
(Finland) using diffusive samplers, Sci. Total Environ. 298 (1-3) (2002) 55-64.
C. Walgraeve, K. Demeestere, J. Dewulf, K. Van Huffel, H. Van Langenhove,
Diffusive sampling of 25 volatile organic compounds in indoor air: Uptake rate
determination and application in flemish homes for the elderly, Atmos. Environ.
45 (32) (2011) 5828-5836.

C. Rode, R.H. Peuhkuri, L.H. Mortensen, K.K. Hansen, B. Time, A. Gustavsen, T.
Ojanen, J. Ahonen, K. Svennberg, J. Arfvidsson, Moisture Buffering of Building
Materials, Technical University of Denmark, Department of Civil Engineering,
2005.

Y. Goto, Sustainable Wooden Building Concept for Central Japan (Ph.D. thesis),
ETH Zurich, 2012.

R. Rago, A. Rezendes, J. Peters, K. Chatterton, A. Kammari, Indoor air
background levels of volatile organic compounds and air-phase petroleum
hydrocarbons in office buildings and schools, Groundw. Monit. Remediation 41
(2) (2021) 27-47.

A. Blomsterberg, S. Burke, Airtightness of office and educational buildings in
Sweden-measurements and analyses, in: Proceedings of 33rd AIVC Conference,
2012.

MATLAB, Version 9.12.0.1884302 (R2022a), The MathWorks Inc,
Massachusetts, 2022.

C. Shrubsole, S. Dimitroulopoulou, K. Foxall, B. Gadeberg, A. Doutsi, IAQ
guidelines for selected volatile organic compounds (VOCs) in the UK, Build.
Environ. 165 (2019) 106382.

Natick,


http://dx.doi.org/10.1016/S0360-1323(03)00156-2
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb15
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb15
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb15
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb16
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb16
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb16
http://dx.doi.org/10.1007/s11356-019-06890-5
http://dx.doi.org/10.1016/j.buildenv.2020.107455
http://dx.doi.org/10.1016/j.buildenv.2006.03.003
http://dx.doi.org/10.1016/j.envres.2016.09.003
http://dx.doi.org/10.1016/j.envres.2016.09.003
http://dx.doi.org/10.1016/j.envres.2016.09.003
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb21
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb21
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb21
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb21
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb21
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb21
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb21
http://dx.doi.org/10.1021/acs.est.5b02217
http://dx.doi.org/10.1021/acs.est.5b02217
http://dx.doi.org/10.1021/acs.est.5b02217
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb23
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb23
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb23
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb23
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb23
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb23
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb23
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb24
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb24
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb24
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb24
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb24
http://dx.doi.org/10.1051/e3sconf/202017206007
http://dx.doi.org/10.1051/e3sconf/202017206007
http://dx.doi.org/10.1051/e3sconf/202017206007
http://dx.doi.org/10.1016/j.buildenv.2017.07.032
http://dx.doi.org/10.1016/j.buildenv.2017.07.032
http://dx.doi.org/10.1016/j.buildenv.2017.07.032
http://dx.doi.org/10.1016/j.buildenv.2014.09.017
http://dx.doi.org/10.1016/j.buildenv.2014.09.017
http://dx.doi.org/10.1016/j.buildenv.2014.09.017
http://dx.doi.org/10.1016/j.buildenv.2014.05.009
http://dx.doi.org/10.1016/j.buildenv.2014.05.009
http://dx.doi.org/10.1016/j.buildenv.2014.05.009
http://dx.doi.org/10.1016/j.buildenv.2003.11.001
http://dx.doi.org/10.1016/j.buildenv.2003.11.001
http://dx.doi.org/10.1016/j.buildenv.2003.11.001
http://dx.doi.org/10.1080/14733315.2018.1435026
http://dx.doi.org/10.1111/j.1600-0668.1997.t01-2-00005.x
http://dx.doi.org/10.3390/atmos13010102
http://dx.doi.org/10.3390/atmos13010102
http://dx.doi.org/10.3390/atmos13010102
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb33
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb33
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb33
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb33
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb33
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb33
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb33
http://dx.doi.org/10.1021/es4022602
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb35
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb35
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb35
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb35
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb35
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb35
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb35
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb35
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb35
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb36
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb36
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb36
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb36
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb36
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb36
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb36
http://dx.doi.org/10.4224/20374515
http://dx.doi.org/10.1016/j.proeng.2014.11.722
http://dx.doi.org/10.1016/j.proeng.2014.11.722
http://dx.doi.org/10.1016/j.proeng.2014.11.722
http://dx.doi.org/10.3390/environments4010020
http://dx.doi.org/10.3390/environments4010020
http://dx.doi.org/10.3390/environments4010020
http://dx.doi.org/10.1177/1420326X9900800602
http://dx.doi.org/10.1177/1420326X9900800602
http://dx.doi.org/10.1177/1420326X9900800602
http://dx.doi.org/10.1016/j.buildenv.2013.02.012
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb42
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb42
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb42
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb42
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb42
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb43
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb43
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb43
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb43
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb43
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb44
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb45
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb45
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb45
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb45
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb45
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb45
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb45
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb46
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb46
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb46
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb46
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb46
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb47
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb47
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb47
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb47
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb47
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb48
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb48
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb48
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb48
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb48
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb48
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb48
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb49
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb49
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb49
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb49
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb49
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb49
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb49
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb50
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb50
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb50
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb51
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb51
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb51
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb51
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb51
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb51
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb51
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb52
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb52
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb52
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb52
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb52
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb53
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb53
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb53
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb54
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb54
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb54
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb54
http://refhub.elsevier.com/S0360-1323(23)00364-5/sb54

	Modelling VOC levels in a new office building using passive sampling, humidity, temperature, and ventilation measurements
	Introduction
	Established methods
	VOC-sensing technology
	Numerical modelling

	Methods
	Sampling and chemical analysis
	Model description

	Results and Discussion
	Source strength and humidity dependency
	Simulations of room concentrations

	Ventilation strategy — example
	Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


