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ABSTRACT: We used ten representative semivolatile organic Climate change
compounds (SVOCs) to investigate how changes in temperature

and particle concentration affect future concentrations and partition- T f Particle ‘

ing of SVOC:s in the gas phase, particulate phase, and on surfaces in IAQCC

the indoor environment. Using quantum mechanical methods and s “model | { Gas Particle
quantitative structure—activity-relationship (QSAR) tools, accurate s s phaseT phase l
temperature-dependent octanol/air partition coefficients (Kp,) and Quantum

vapor pressures (P.) of the subcooled liquid were calculated. Under mechanical Indoor

the pessimistic greenhouse gas emissions scenario SSP5—8.5 as “calculation” suMfaces l
projected by the Intergovernmental Panel on Climate Change log Ko

(IPCC), an annual shift in the SVOC equilibrium concentration
between gas phase, particle phase, and surface by up to 30% is
expected until 2100. The SSPS—8.5 scenario leads to higher SVOC emission rates and changes in the organic film thickness on
surfaces. However, since primarily annual averages are considered, these temperature-related changes are small. Nevertheless, a
model calculation for the emission rate of DINCH, taking into account extreme daily indoor temperatures, was performed. Since
many developments up to 2100 can only be estimated, simplifying assumptions were made for emission rates, film thickness, and
other parameters.

KEYWORDS: Shared Socio-economic Pathway (SSP), temperature-dependent octanol/air partition coefficients (Ko,),
gas/particle partitioning, sorption to surfaces, quantum-mechanical calculation, quantitative structure—activity-relationships (QSAR)

1. INTRODUCTION includes phthalates, flame retardants, UV filters, synthetic musk
compounds, as well as perfluoroalkyl and polyfluoroalkyl
substances (PFAS).”™"?

SVOC:s in indoor environments involve complex dynamic
processes and partitioning mechanisms (see Figure 1). SVOCs
have been widely detected in indoor air, settled dust, and on
material surfaces."”~*' The indoor primary sources including
building and decorative materials, paints, textiles, electronics,
cosmetics, and consumer goods.22 Due to the slow release of
SVOCs from sources and their tendency to sorb on surfaces,
they can persist for a long time once introduced to indoor
spaces.”’ SVOCs in the air are also exchanged between indoor
and outdoor spaces through ventilation and penetration via
building cracks. This dynamic process can lead to redistrib-
ution of indoor SVOC:s in air and on surfaces. Reducing the air

Global warming is progressing faster than ever before in
human history. According to the Copernicus Climate Change
Service, the global average temperature in 2024 already
exceeded the limit of 1.5 °C above preindustrial levels set in
the Paris Climate Agreement.l The outdoor climate has a
direct influence on the indoor climate through solar radiation
and the air mass exchange via the building envelope, including
heat, humidity, air pollutants, etc. Rising ambient temper-
atures, shifting humidity, and increasingly frequent extreme
weather events not only impact thermal comfort but also alter
the emission, reaction, partitioning, and dynamics of indoor
gas and particle pollutants.”> These processes subsequently
impact indoor air quality, affecting human health and well-

being.
AI%long these pollutants, semivolatile organic compounds
(SVOCs) have drawn particular attention due to their long- Received: October 7, 2025 &
term persistence in dwellings and thus prolonged exposure Revised:  February 11, 2026
times of the residents. Epidemiological and toxicological Accepted: February 12, 2026

studies link exposure to certain types of SVOCs with endocrine Published: February 27, 2026

disruption, respiratory effects, carcinogenicity, and other health
risks.”™® The list of the most frequently detected substances
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Figure 1. Partitioning of released and infiltrated chemical pollutants
between different compartments in the indoor environment. The
temperature-dependent processes considered in this work are marked

with (T).

concentration through air exchange or other measures will in
turn increase the emission rate from the source materials until
the system reaches a new equilibrium.”***

Various model approaches have been developed to describe
these key processes and predict the partitioning of indoor
SVOCs between different indoor compartments, mostly under
equilibrium conditions. As far as surfaces are concerned, the
concentration of airborne particles significantly influences the
SVOC flux in the boundary layer.”® Based on a mass transfer
model for SVOC emissions from building materials,”” Xu and
Little®® found that higher concentrations of airborne particles
can lead to higher SVOC emission rates from materials. Later
this work was extended by considering interactions with indoor
surfaces,”® dust, and human skin.”’ Junge30 and Pankow’’
developed the first models for describing the partitioning
between gas phase and particle phase using a gas/particle
partition coefficient (KP). K, can be estimated either from the
vapor pressure’ or from the octanol/air partition coefficient
(Koa).”® Based on these and other studies, Weschler and
Nazaroff** provide a framework to understand and characterize
the equilibrium partitioning of SVOCs in the gas phase with
airborne particles, settled dust, indoor surfaces and human

skin.

Indoor environmental parameters such as temperature and
airborne particle concentration have strong influence on mass
transfer (emission/sorption of indoor materials) and partition-
ing processes of indoor SVOC:s. Previous experimental studies
have shown that higher temperatures lead to hi%her emission
rates and gas phase concentrations of SVOCs.””~** Zhou et
al.*® found that temperature has a strong negative influence on
K, Based on the Clausius—Clapeyron equation and Pankow’s
description of the absorptive SVOC gas/particle mechanism,’”
Wei et al.*® developed a theoretical relationship between K,
and temperature. Salthammer and Goss®’ used a poly
parameter linear free energy relationship (pp-LFER) approach
to predict temperature-dependent K, values. ">

The crucial parameters for determining reasonable K, values
are K, and the vapor pressure (P,) of the subcooled liquid.
However, these are subject to large uncertainties for many
SVOCs and are often only known for 298 K.**" Therefore, for
the calculations required in this work, great emphasis was
placed on determining the temperature-dependent Ky, and Py,
of the nine target SVOCs using quantum mechanical methods.
Based on a critical comparison with literature data, we
conclude that the values finally used represent the best
possible predictions. Di-n-butyl phthalate (DnBP) serves as the
reference, as reliable data are available for this compound.

Climate change is expected to alter indoor climate and
pollutant levels, and based on the literature data mentioned
above, these changes will consequently affect the partitioning
of SVOCs indoors. However, the extent to which these
changes will influence future indoor SVOC levels remains
unclear. To address this gap, the present study takes into
account the expected changes caused by climate change and
predicts future indoor SVOC concentrations, as well as their
partitioning between the gas phase, the particle phase, and
indoor surfaces. Due to the uncertainty of forecasts and climate
models, our calculations include several simplifying assump-
tions. As previously stated,*” the results should therefore be
interpreted as reasonable trends.

2. MATERIALS AND METHODS

2.1. Indoor Air Simulation Model and Selected SVOCs

The Indoor Air Quality and Climate Change (IAQCC) model®
serves to calculate long-term developments of indoor climate, as well
as gas and particle concentrations. IAQCC is a holistic approach that
builds on existing models. The different modules consider building

Table 1. Selected SVOCs and Their Properties

SVOC category
UV Stabilizers

Compound

Benzophenone-12

Benzophenone-3

2-(2H-benzotriazol-2-yl)-4,6-di-tert-

pentylphenol
Plasticizers
Di-n-butyl phthalate

2,2,4-Trimethyl-1,3-pentanediol diisobutyrate TXIB

Galaxolide

Perfluorooctanoic acid

Musk compounds

Per- and Polyfluoroalkyl Substances
(PFAS)

Organophosphate Flame Retardants

Tris-chloropropyl phosphate
(OPER)

Triphenyl phosphate

Diisononyl cyclohexane-1,2-dicarboxylate”

MW*
Abbreviation CAS-No. Mol. formula (g mol™)

BP-12° 1843—05—6 C,H,60; 3264
BP-3 131-57-7 CH,,0;5 2282
UV-328 25973-55—1  C,,H,oN;0 3515
DINCH  166412-78—8  C,qH,50, 424.7
DnBP 84—74-2 C1¢HpO0, 278.3
6846—50—0 C,H,,0; 286.4

HHCB 1222-05-5 C1sH,0 258.4
PFOA 335—67—-1 CgHF,0, 414.1
TCPP 13674—84—5  CoH,Cl,0,P 327.6
TPP 115-86—6 CsH,50,P 326.3

“Mixture of isomers. Calculations refer to bis(7-methyloctyl) 1,2-cyclohexanedicarboxylate. *Other name: UV-531. “Data from PubChem (https://

pubchem.ncbi.nlm.nih.gov/).
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physics, indoor pollutant emissions, gas phase chemical reactions and
particle dynamics, mold growth on indoor surfaces, as well as the
assessment of indoor thermal comfort and risk of exposure to indoor
air pollutants. In particular, the building physics simulation is based
on the WUFI®Plus software (Warme Und Feuchte Instationar, engl.
heat and moisture transiency). The indoor chemistry simulation was
developed based on the well-established comprehensive Master
Chemical Mechanism (MCM, v3.3.1),"***and the simulation of
indoor particle dynamics was developed based on the Indoor Aerosol
Model (IAM).** **Details about the model and the implemented
modules have been published previously.***

The IAQCC model considers key processes and parameters for
simulating gas and particle reactions and dynamics in indoor spaces.
Changes in the concentrations of gas phase and particle phase
pollutants indoors are determined by indoor/outdoor air exchange
(ventilation and infiltration), emissions from occupants’ activities,
furniture or building materials, resuspension of coarse particles,
coagulation of submicrometer particles, and losses/gains due to gas-
phase reactions. The general balance equation is mathematically
described by eq 1,

dc, L " R
— = P2Cpy = 4Cpy = 4gCpy + Y 7t D 7’ £

* &
T 7

(1)

where C;, and C,, are the indoor and outdoor gas/particle
concentrations (# cm™ or g m™3). P is the outdoor air penetration
factor. 1 is the air change rate (h™"), and 14 is the deposition rate on
indoor surfaces (h™"). E; is the emission rate of source i (# h™ or ug
h™!), and V is the room volume (m?). R; is the resuspension rate of
source j for coarse particles (# h™" or ug h™). Jcosg is the coagulation
rate of particles. y,, is the reaction rate due to gas-phase reactions,
and the £ represents the yield of secondary organic aerosols (SOA).

This work focuses on SVOCs that might be of concern in the
future. The selected chemicals cover a wide range of application
categories as well as physical and chemical properties and are listed in
Table 1. SVOCs that have been extensively studied in the past, such as
the plasticizers di(2-ethylhexyl) phthalate (DEHP) and benzyl n-butyl
phthalate (BnBP), were not taken into account as many of them
already have been banned in various countries for decades*”** and are
expected to be phased out gradually. Nevertheless, di-n-butyl
phthalate (DnBP) was included in the calculations, as valid
experimental and predicted data are available for this substance,
which allows for a better assessment of the reliability of the prediction
tools.

i=1 j=1

2.2. The Temperature Dependence of Partition
Coefficients

To better predict the effects of climate change, data on key parameters
for estimating SVOC partitioning at different temperatures are crucial.

When two solvents a and f are brought into contact with each
other at a certain temperature, an equilibrium is established which
depends on the miscibility of these phases at that temperature. If there
is no or only low mutual solubility of the two solvents, two phases are
formed, between which a solute i is partitioned. The equilibrium
depends on the chemical potentials with y;, = 1, 4, i.e. the sum of the
intramolecular and intermolecular energies in each phase. These, in
turn, are a function of pressure, temperature, and the chemical
composition of that phase.”"

In an ideal system, the partitioning of i between « and f is a direct
function of the mole fractions x;, and ;4. In a nonideal system, the
activity a; in each phase must be considered with a; = y;-x;, where 7, is
the activity coefficient.” In the nonequilibrium state, the difference in
chemical potentials (see eq 2) corresponds to the free energy A 4G,
resulting in a phase transfer of i between @ and f until equilibrium is
reached.

X ,a

Via
+ RT In—

#i, X
( Yip

— M= RT In

Xip 2)

782

Equation 3 is then obtained for the partition coefficient K; ,; with
Mig —Hip = 0.
Xi a RT In yi,a — RT In yi,/i _ A(lﬂGi

InK, y=In— =— = -
T RT RT

3)

Enthalpy A,;H; and entropy A,4S; of phase transfer are related to
the free energy A,;G; via the Gibbs equation A,;G; = A H; —
T-AyS;. Due to the small difference between two temperatures T
and T, in the considered range of 283 to 323 K, it can be
approximately assumed, that A,sH; and AS; are independent of
temperature. This yields the van’t Hoff equation 4 in its differentiated
form and equation 5 in its integrated form.>!

d(ln Ki,a/i) _ Aa/iHi

T RT? (4)
In Ki,(l/}(Tz) _ A(l/iHi i _ i
Ki,a/i(Tl) R TZ Ti (5)

These considerations also apply to the equilibrium of a component
i between its liquid phase and its vapor phase, resulting in the
Clausius—Clapeyron equation analogous to the van’t Hoff equation 5
with the enthalpy of vaporization A, ,H; = A,zH;.

Using quantum mechanical methods, partition coefficients and the
vapor pressure P of the subcooled liquid can be directly determined
from A 4G; for the desired temperature. The workflow applied here
includes the calculation of extensive conformer ensembles with
semiempirical methods and refinement through density functional
theory, taking into account solvation models, especially COSMO-RS,
and thermostatistical contributions.*”*'

2.2.1. Temperature Dependence of the Octanol/Air Parti-
tion Coefficient. The standard temperature for the experimental
determination or prediction of the octanol/air partition coefficient
(Koa) is 298 K. For conversion to other temperatures, the internal
energy of phase transfer Ay, U or the enthalpy of solvation Ap,H; is
required, where both quantities are related via equation 6.

AosU = ApuH; + RT (6)

Due to the high laboratory effort, A5,U; and Ap,H,; are only rarely
measured.”® A good alternative are prediction tools, for which several
reliable approaches exist. The method of Mintz et al.>* is based on the
poly parameter linear free energy relationship (pp-LFER) given by
equation 7 using the Abraham descriptors V; (McGowan molar
volume), L; (logarithm of the hexadecane/air partition coefficient), S;
(polarizability/dipolarity), A; (solute hydrogen bond acidity), and B,
(solute hydrogen bond basicity).

ApsH, = 1.6V, — 9.7-L, + 6.0-S, — $3.7-A, — 9.2-B, — 6.7
(7)

Baskaran et al.”” developed a set of relationships for the prediction
of ApaU; (kJ mol ™). We chose equation 8, which does not require
pp-LFER parameters, since experimental Abraham descriptors are not
available for all of the compounds discussed.

13

Ao, U = —8.75log Ky, — 5.07 (8)

For the SVOCs selected in this study, experimentally determined
Abraham descriptors for (}})p—LFER calculations were taken from the
database of Ulrich et al.”® when available. For the other substances,
the descriptors were calculated from the SMILES structures (see
Table S1 in the Supporting Information). Okeme et al.’’ provide
experimental Ay,U; values at 298 K for BP-3, HHCB, TCPP, and
TPP. The internal energies of phase transfer Ay, U were calculated
according to the methods of Mintz et al.>* (eq 7) and Baskaran et al.>®
(eq 8). All values are summarized in Table S2 in the Supporting
Information.

By inserting Ap,U; into equation 5 and converting to the decimal
logarithm, equation 9 is obtained.
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The calculation methods for the temperature dependence of the
vapor pressure Py of the subcooled liquid were also discussed and can
be found in Section S1.1 of the Supporting Information.

2.2.2. Quantum-Mechanically Generated log Ky, Data.
Accurate quantum-mechanical calculations of thermodynamic proper-
ties, such as partition coeflicients and vapor pressures, require
extensive sampling of each molecule’s conformational space.”” Since
every unique structure contributes differently to the Boltzmann-
weighted free energy, omitting important minima can introduce
significant errors in the computed values. For this, we employ the
GOAT conformer-samplin; tool® in conjunction with the GFN2-
XTB tight-binding method®' and the ALPB solvation model.”> The
obtained ensemble was subsequently optimized using the r*SCAN-3¢
composite method,*®> combined with the CPCM solvation model.®*
This step was performed individually for each substance-solvent
combination. Finally, higher-level electronic energies are used in
combination with the COSMO-RS® solvation model to obtain the
partition coefficients and vapor pressures of the subcooled liquid.

Quantum chemical calculations were performed with xTB 6.7.0°
and ORCA 6.0.1.”7 The workflows utilized GOAT®’ and CENSO
2.0.°* The conformational sampling and subsequent optimization was
done using GEN2-xTB®' with the ALPB solvation model and the
?SCAN-3¢ composite method®® with the CPCM solvation model.
Subsequent higher-level range-separated hybrid calculations utilize
@r’SCAN-D4/def2-TZVPPD.®® Matching §eneral—purpose auxiliary
basis sets are constructed on the fly*’ and the RIJCOSX™’
approximation was used for all h_}rbrid calculations. COSMO-RS is
calculated using TurboMole 7.9.0”" with COSMOtherm C30—1601
and uses per default BP86/def-TZVP level of theory.”

2.3. IAQCC Model: Test House Settings

In this work, we simulated the dynamics of selected SVOCs for
expected long-term and short-term future climate scenarios under the
conditions of a single-family test house, which is located in the rural
area of Leipzig, Germany (latN: 51°22/, longE: 12°30’). The solidly
constructed house was built in 1995 with renewed double-glazed
windows. It is naturally ventilated with a mean ventilation rate of 1 =
0.5 h™". The calculations were performed for a living room with the
dimensions of 4 X 4.5 X 2.55 m®.

Initial weather data were taken from nearby government measure-
ment stations published by Deutscher Wetterdienst (DWD; reference
coordinates 51,3731° N, 12,5063° O, access date 26.07.2024). Initial
outdoor concentrations of ozone, PM, s and PM,, were taken from
historical data measured in Germany (average of all stations with
available data) from the database published by the European
Environment Agency.”’ Details of the initial data can be found in
the publication by Zhao et al.**

The sixth assessment report of the Intergovernmental Panel on
Climate Change (IPCC) addresses climate responses in five
illustrative scenarios, known as Shared Socio-economic Pathways
(SSP), which cover a range of possible future developments in
greenhouse gases (GHG), land use, and air pollutants.74 In our
previous work by Zhao et al,,** simulation results of indoor climate
and particle concentrations of PM, 5 and PM, in this test house were
validated. Furthermore, in this earlier study® we also made a long-
term prediction of indoor particle concentrations under selected
IPCC scenarios. The reactions and dynamics of a typical indoor
reaction system were simulated using the limonene/ozone/OH
reaction as example. These results allowed the SOA produced by
this reaction to be included in the simulation of indoor particle
concentrations. The input parameters for the test house are
summarized in Table S3 of the Supporting Information, including
parameters for building physics and air pollutant simulations.

In the current work, calculated indoor SVOC concentrations and
partitioning were based on simulated indoor climate and particle
concentrations in the test house. Two SSP scenarios were selected:

SSP1-2.6 and SSP5—8.5, covering the low and high levels of GHG

783

- . o 75,76
emissions, respectively. IPCC projections of annual mean changes

in future outdoor temperatures, concentrations of ozone and PM,
are summarized in Table S4 of the Supporting Information. Since the
prediction for PM}, was not available, for simplicity it was assumed
that PM, follows the same trend as PM,;, using the same change
factor.

2.4. Simulation of SVOC Dynamics Indoors

2.4.1. SVOC Concentrations in Indoor Air. Our simulations
take into account both SVOC indoor emission sources and losses
from indoor-outdoor air exchange. Only limited data is available in
the literature regarding indoor concentration levels of the target
SVOC:s. The relevant references are summarized in Table 2 and Table

Table 2. Mean Value of Literature Data on the Indoor Air
Concentration, Simulated Indoor Air Concentrations, and
Emission Rates in the Test House for Seven Target SVOCs
under Current Climate (by 2020)"

Simulated
Mean concentration ~ concentration (gas + Simulated
of literature values particle phase, emission rate
Compound (ng m™3)" ng m ) (ng h™")

BP-3 2.9%° 3.0 71
DINCH 617778 64 1.5 x 10°
HHCB 97'7 103 24 X 10°
PFOA 0.1%98 0.1 2
TCPP 20897982 213 5.0 x 10°
TPP 3.577% 3.5 84
TXIB 1.4 x 10°* L5 X 10 3.4 x 10*

“See Table SS in the Supporting Information for details of the
literature study. ’No data are available for BP-12 and UV-328.

S5 of the Supporting Information. There were no data available in the
literature on indoor air concentrations of BP-12 and UV-328. These
two substances were therefore only considered when calculating the
temperature-dependent K, and estimating the partitioning between
different compartments using example values (see Section 3.2).

The average concentrations SVOC indoor air reported in the
literature were assumed to be the total airborne SVOC concentrations
(gas phase and particle phase) in the test house under the current
climatic conditions (by 2020). It was assumed that the nine selected
SVOC:s originate from indoor sources that emit constantly during the
period under consideration (see Section 3.3 for a detailed discussion).
The emission rates (see Table 2) were calculated using equation 1 to
obtain simulated concentrations that are within the approximate range
(orders of magnitude) of the literature values for each SVOC.

2.4.2. SVOC Partitioning Indoors. Several studies have shown
that assuming an instantaneous equilibrium can lead to large errors in
estimating indoor SVOC concentrations.”**®° Therefore, in this
work, the evaluation of SVOC partitioning is treated as a
postprocessing module. The partitioning of SVOCs can occur
between the gas phase, airborne particles, house dust, clothing,
surfaces of furniture and interior walls of buildings, and even the skin
of humans (and animals).”

The ratio between the concentration of an SVOC in the particle
phase and in the gas phase can be quantified by the particle/gas
partition coefficient (K, m*® pg™") and the total susg%rélded particle

p’
concentration [TSP], as described in equation 10.>"?

F
— = [TSP]-K
C, P (10)

F and C, are the particle-phase and gas-phase concentrations of the
substance, respectively. The proportion of molecules sorbed on the
particles @ can therefore be calculated as follows (eq 11):

P K, [TSP]
C,+F T+ K, [TSP]

® =
(11)
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Table 3. log Ko, Values at 298 K Calculated in This Work

and Literature Data

Compound BP-12 BP-3 DINCH DnBP HHCB PFOA TCPP UV-328 TPP TXIB
log Ko, (this work) 11.12 8.33 10.86 9.05 821 6.7 9.38 10.18 11.28 7.51
log Ko, (literature) 10.57¢ 9.06" - 8.84° 7.85° 4.16° 9.92" 10.57° 10.09” 7.44°

“OPERA (Mansouri et al.,, 2018).% YOkeme et al. (2020).””

Table 4. Quantum-Mechanically Generated Temperature Dependent Logarithmic Octanol/Air Partition Coefficients (log
Ko,) of the 9 Target SVOCs and the Reference Compound DnBP

log Koa
T (K) BP-12 BP-3 DINCH DnBP HHCB PFOA TCPP UV-328 TPP TXIB
283.15 11.97 8.96 11.74 9.74 8.88 7.52 10.14 10.98 12.12 8.16
288.15 11.68 8.74 1143 9.50 8.65 7.24 9.88 10.70 11.83 7.93
293.15 11.40 8.53 11.14 9.27 8.43 6.96 9.63 10.44 11.55 7.71
298.15 11.12 8.33 10.86 9.05 8.21 6.70 9.38 10.18 11.28 7.51
303.15 10.86 8.14 10.59 8.83 8.01 6.45 9.15 9.93 11.03 7.31
308.15 10.61 7.95 10.33 8.63 7.81 621 8.92 9.70 10.78 7.11
313.15 10.37 7.77 10.08 8.43 7.62 5.98 8.71 9.47 10.54 6.93
318.15 10.14 7.60 9.84 8.24 7.44 5.76 8.50 9.25 10.31 6.75
323.18 991 7.44 9.61 8.06 7.26 5.55 8.30 9.04 10.09 6.58
95 5 - 10.5 T
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Figure 2. Temperature dependent log K, values for HHCB (left)

and BP-3 (right). COSMO-RS data for HHCB: see Table 4; van’t Hoff

calculations for HHCB: Mintz et al.: log Ko, (298 K) = 8.21, Ag,H; = 93.92 kJ mol™'; Baskaran et al.: log Ko, (298 K) = 8.21, A, U, = 7691 kJ

mol™!; Okeme et al.: log Ky, (298 K) = 7.85, Ag,U; = 71.5 kJ mol™

. COSMO-RS data for BP-3: see Table 4; van’t Hoff calculations for BP-3:

Mintz et al.: log Ko, (298 K) = 8.33, Ag,H, = 85.59 kJ mol™'; Baskaran et al.: log Ko, (298 K) = 8.33, Ag,U,; = 77.96 k] mol™'; Okeme et al.: log

Koa (298 K) = 9.06, AgaU; = 75.3 kJ mol ™.

K, can be calculated from Ko, using the well-established approach
by Finizio et al.*>*'Equation 12 assumes that the physical properties
of octanol and the organic matter on particles are similar,®”*

log K, = log Ko, + logfmp - 1191 (12)
where f,, is the fraction of or§anic matter in the particle phase. In
this work f,,,, = 0.35 is assumed % and the PM,, concentration is used
to represent the [TSP].

The gas/surface partitioning coefficient K¢ is defined according to
equation 13 as the ratio of the concentration of an SVOC in the
organic film of the surface (Cy,) and in the gas phase (Cg).

Csmj'
~ Koy
G (13)

Provided that the affinity of an SVOC to an organic film on a
surface is similar to its affinity to 1-octanol, K is then approximately
equal to the Ko, of the SVOC.”> Note that the Cy refers to the
surface-sorbed SVOC mass per volume of organic matter (Vg,,) on
the surface film. Existing studies have mostly focused on smooth,
impermeable surfaces such as window glass.**>°* The total area of

Ksurf =

indoor window surfaces in the test house is 6.8 m* (see Table S3 of
the Supporting Information). The reported effective thickness of
organic films on indoor surfaces is typically between 5 and 30 nm.”"”
Weschler and Nazaroff’™* state that the thickness of the organic layer
on a surface depends on various parameters and can only be estimated
with considerable uncertainty. A smaller log Ky, value leads to a
reduction in film thickness, but SVOCs with a small log Koa
equilibrate more rapidly with the surface. Since we cannot make
any reasonable assumptions about the change in film thickness over
time, and the surface area also varies from house to house, we
estimate a value of 10 nm, resulting in Vg, = 6.8 X 107 m®. The
partitioning on other surfaces (e.g,, human skin) was not included for
simplicity.

Although it has been well researched for decades that SVOCs
accumulate in house dust,” no conclusions can be drawn about the
exposure of residents from house dust data. This is partly because of
the unknown age of the house dust and the different methods used to
collect and analyze samples, which makes it difficult to compare
measurement results.”® Nevertheless, we made predictions about the
SVOC content in house dust as a function of log K, and the SVOC
gas phase concentration. For space reasons, the details can be found
in Section S2 of the Supporting Information.
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Figure 3. Annual average of temperature and PM,, mass concentrations in the test house from 2020 to 2100 under two SSP climate scenarios.
Outdoor data was based on IPCC projections, and indoor data was simulated by the IAQCC model.

3. RESULTS AND DISCUSSION

3.1. Temperature Dependent log Kpa

For the 10 compounds discussed here, log Ky, values were
calculated using quantum mechanical methods in the temper-
ature range from 283 to 323 K at intervals of 5 K. For 298 K,
these log Ko, values were compared with literature data (see
Table 3). Okeme et al.”’ provide experimental log Ko, at 298
K for BP-3, HHCB, TCPP, and TPP. The log Ky, values of
the other substances at 298 K, available in the literature, were
calculated using the QSAR (Quantitative Structure—Activity
Relationship) tool OPERA (Open Quantitative Structure—
activity/property Relationship App).”®

We find good agreement between our quantum-mechan-
ically generated values for log Ko, with those of Okeme et al.>”
and OPERA,*® respectively. Note that the temperature
dependencies of the literature data were calculated using
equation 9, applying the Baskaran et al.>> method (eq 8) to
calculate Ag,U; for the OPERA data. Since no significant
deviations from the literature data were found, the quantum
mechanically determined temperature-dependent log Ko,
values (see Table 4) are used for predicting the partitioning
of SVOC:s as described in Section 3.2.

Ko, is sensitive to temperature, which is mainly due to the
high enthalpies of phase transfer. At Ao H; = 60 kJ mol ™", Ko,
changes by a factor of 2.4 and at Ag,H; = 100 kJ mol™' by a
factor of 4.0 per 10 degrees change of temperature.”’ AU, is
obtained from Ay, H; using equation 6. However, with 2.5 kJ
mol™" at 298 K, R-T is small compared to Ap,H; and is
therefore often neglected.’’ Higher temperatures promote
transfer into the gas phase, therefore Ky, decreases with
increasing temperature. It is also important whether the Ky,
refers to dry or wet octanol, since the solubility of water in
octanol also changes with temperature.”” However, the
differences are not very large and are essentially important
for ionizable substances. This primarily concerns the strong
acid PFOA with an acid dissociation constant pK,(300 K) ~
—0.09.”® The other target compounds are nonionizable and
have only weak donor and acceptor properties.

Figure 2 shows that for the substances HHCB and BP-3,
COSMO-RS reproduces the temperature-dependent log Kq,
values significantly better than it does for the vapor pressure
(see Section S1.2 in the Supporting Information for vapor
pressure data). The red bullets (@) represent the values
calculated with COSMO-RS, the yellow squares (), blue
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triangles (M), and green triangles (W) represent the results
of the van’t Hoff equation 4 with Ag,H; accordin% to Mintz et
al,>™ AoU; according to Baskaran et al,”® and the
experimental data of Okeme et al.”’

The deviations between the log Ko, values at 298 K
determined experimentally or calculated using different
methods are within the expected range. There is no significant
difference between the experimentally based van’t Hoff data of
Okeme et al’’ and the COSMO-RS data. From linear
regression of the logarithmic COSMO-RS data against 1/T
and under consideration of R-T we obtain Ay U; = 71 kJ
mol™! for BP-3 and Ag,U; = 73 kJ mol™ for HHCB. Good
AoaU; agreements were also obtained for TPP and TCPP.
However, the calculation of Ag,H, according to Mintz et al.>*
leads to significantly higher values than the Ag,U; of Baskaran
et al.”® and Okeme et al.,”” which is reflected in a steeper slope
of these data.

3.2. Long-Term Prediction of Indoor SVOC Partitioning

As described in Section 2.4.2, the prediction of SVOC
partitioning in the test house considers the gas phase, the
particle phase and indoor surfaces. Results of long-term
predictions (2020 to 2100) of indoor climate and particle
concentrations in the test houses are summarized in Figure 3 as
annual averages, including two IPCC climate scenarios: SSP1—
2.6 and SSP5—8.5. The future indoor temperature will increase
due to increasing outdoor temperature and solar radiation.
Depending on the scenario, the IPCC predicts a decreasing
trend in future outdoor particle concentrations due to
legislation on air pollution that has already been or will be
implemented. Accordingly, the simulated indoor PM,
concentration also shows a decreasing trend. Note that the
European Community will adopt the air quality guidelines of
the World Health Organization (WHO)" from 2030 onward
(EU Directive 2024/2881, adopted on 23 October 2024). As
shown in Figure 3, the temperature increase under scenario
SSP5—8.5 is more pronounced than under SSP1-2.6, while
the PM,, mass concentration shows a greater decrease under
SSP1-2.6 than under SSP5—8.5.

As already mentioned in Section 2.1 and Section 2.3, our
model includes a building physics simulation that takes
ambient weather conditions into account. Therefore, rather
than using a constant annual mean, the model applies weather
data with full annual cycle variations (for example, see annual
temperature cycle for 2100 in Section S3 of the Supporting
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Figure 4. Predicted annual gas phase and particle phase concentrations of six SVOCs in indoor air of the test house in the time period from 2020 to
2100 under two SSP climate scenarios. Note that the units and decimal places shown on the y-axis are due to the calculations and are not

necessarily related to any practically measurable values.

Information). Accordingly, temperature-dependent log Ko,
values were applied in the simulation of SVOC partitioning,

Based on the simulated indoor temperature and PM,,
concentrations in the test house, the long-term trend of gas/
particle partitioning of SVOC:s is illustrated in Figure 4. Due to
a lack of data, BP-12 and UV-328 could not be included. The
simulation results for PFOA are also not displayed due to the
low concentrations and extremely small changes in the gas
phase concentration (increase of 7 X 1077 ng m™ and 2 X
107 ng m™® from 0.0708342 ng m™ under scenarios SSP1—
2.6 and SSP5—8.5, respectively).

In both scenarios (SSP1—2.6 and SSP5—8.5), the gas phase
concentrations tend to increase and the particle phase
concentrations tend to decrease. Under the SSP1-2.6
scenario, the annual increase in gas phase concentrations
ranges from 0.001% (PFOA) to 13% (TPP), and the annual
decrease in particle phase concentrations ranges from 8%
(TPP) to 19% (PFOA). Under the SSP5—8.5 scenario, the
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annual increase in gas phase concentrations ranges from
0.003% (PFOA) to 22% (TPP), and the annual decrease in
particle phase concentrations ranges from 15% (TPP) to 30%
(PFOA).

Overall, the concentrations in the gas and particle phase
show greater changes in scenario SSP5—8.5 than in scenario
SSP1-2.6. According to eqs 11 and 12, the partitioning of
SVOCs is governed by the temperature-dependent Ky, and
the content of organic matter in particles. The increasing
temperature leads to a lower log Ko, (Table 4), and thus to a
lower K, and a lower proportion of molecules @ sorbed to the
particles. The decreasing PM;, concentration further reduces
the @ value. Both parameters thus contribute to a change in
the gas/particle equilibrium. For f,,, = 0.35 and PM,, = 10 ug
m ™ is @ = 0.30 at log Ko, = 11 and @ = 0.04 at log Ko, = 10.
For PM,y =5 yugm™> is @ = 0.18 at log Ko, = 11 and ® = 0.02
at log Ko, = 10.
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Figure S. Predicted annual concentrations of six SVOCs sorbed on indoor surfaces of the test house in the time period from 2020 to 2100 under

two SSP climate scenarios.

Among all selected SVOCs, TPP has the highest and PFOA
the lowest log K. Consequently, according to eqs 3 and 4 the
particle-to-gas phase concentration ratio is highest for TPP and
lowest for PFOA, which agrees with the results shown in
Figure 4. DINCH also has a high mass fraction in the particle
phase; the same applies to BP-12, which is not shown in Figure
4. All other SVOCs, including UV-328, exhibit significantly
higher concentrations in the gas phase than in the particle
phase.

It must be stated clearly that this discussion describes
aspects which, based on theoretical principles, are certainly
correct. However, in some cases, such as the gas phase and
particle phase concentrations of BP-3, TXIB, and HHCB, the
changes are even less than 0.1 ng m™> and thus below the
detection or resolution limits of standard measurement
methods, making them insignificant from a measurement
perspective.
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The amount of SVOCs sorbed on indoor surfaces was
calculated using the simulated gas phase concentrations
according to eq 13. The long-term trend of SVOCs on indoor
surfaces in the test house is illustrated in Figure 5. Since the
thickness of the organic layer on a solid indoor surface was
assumed to be constant at 10 nm (see Section 2.4.2), the
changes are determined by the gas phase concentrations of the
SVOC and the corresponding temperature-dependent Kg,.
Figure S indicates a decreasing trend for the concentrations of
most of the target SVOCs on indoor surfaces. This means that
the decrease in K, due to the temperature increase outweighs
the effect of the projected increase in SVOC concentrations in
the gas phase. In scenario SSP5—8.5, the decrease in surface
concentration ranges from 13% for TPP to 28% for PFOA.

Figure 6 further demonstrates the temperature-dependent
partitioning of SVOCs between gas phase, particle phase and
indoor surfaces. PFOA (log K, between approximately 5.5
and 7.5), UV-328 (log Ko, between approximately 9 and 11)
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Figure 6. Temperature-dependent partitioning of PFOA, UV-328 and TPP between gas phase, particle phase and indoor surfaces at an air
concentration (gas + particle) of 1 ng m™> under test house conditions and PM,, concentrations of 10 ug m™ (Figure 6a) and 100 g m™ (Figure

6b).

and TPP (log Ky, between approximately 10 and 12) were
selected as examples, representing the low, medium and high
Koa range of SVOCs. For a better comparison, it was assumed
that the air concentrations of these three compounds are the
same (1 ng m™) and that the PM;, concentration is constant
at either 10 yug m™ or 100 ug m™>.

In the case of PFOA, the proportion in the gas phase is
consistently around 100% in the investigated temperature
range between 283 and 323 K. For UV-328 and TPP, higher
proportions in the particle phase and higher concentrations on
surfaces in indoor environments are observed due to the higher
Koy values.

The particle concentration also influences the fraction of
SVOC:s in the gas and particle phase. At a PM,, concentration
of 10 pug m™>, as shown in Figure 6a, UV-328 is almost 100%
present in the gas phase at temperatures above 303 K. The
same applies to TPP at temperatures above 323 K. At a PM,,
concentration of 100 g m™ (see Figure 6b) the equilibrium
of UV-328 and TPP is shifted further toward the particle phase
as predicted by eq 11, while the fraction sorbed on surfaces is
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significantly smaller and continues to decrease with increasing
temperature. For DINCH and BP-12, the log Ky, value is
between approximately 10 and 12; therefore, the partitioning
behavior of these substances is likely similar to that of TPP.
BP-3, HHCB, TCPP, and TXIB are in the range between
PFOA and UV-328.

For purposes of comparison, the DnBP concentration in the
gas and particle phase was also calculated and compared with
literature data. Occurrence and dynamics of DnBP indoors
have been well researched, literature studies include countries
in Europe, Asia, and the US, with indoor DnBP air
concentrations between 0.1 ug m~™> and 7 pug
m 3 416 100-104 Among these, the data in Blanchard et al’®
was used for comparison, as it was measured in European
households (30 French homes) and reported the measured
DnBP both in the gas phase (median concentration 83 ng
m™>) and in the particle phase (median concentration 17 ng
m™?) in each household. The sum of gas and particle phase
concentrations was treated as total air concentration of DnBP
in the simulation. Assuming an indoor temperature of 293 K
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and a PM,, concentration of 30 ug m~>, the simulated DnBP
concentrations in gas and particle phase were 97.7 ng m™ and
2.3 ng m ™, respectively. According to the measurement data in
all households published by Blanchard et al,,'” the percentage
of DnBP in the gas phase ranged from 17.6% to 97.5%, with a
median of 85%. In this work, the simulated percentage of
DnBP in the gas phase (97.7%) is at the upper end of the
measured results. One reason can be attributed to the
unknown particle concentration and composition, e.g. fraction
of organic matter of the particle, in the respective households.
With a higher particle concentration and a higher fraction of
organic matter, a higher percentage of SVOCs in the particle
phase can be expected. Another reason could be that the
partitioning with house dust and the resuspension of house
dust were not considered in our simulation.”* Furthermore, in
real-world conditions, the particles being transported from
outdoor might already contain a specific amount of
SVOCs.' %1

3.3. Influence of Temperature and Humidity on SVOC
Partitioning

Forecasts of future climate primarily consider temperature, but
the impact of humidity on air quality is often overlooked.
However, the high heat capacity of water essentially
determines the enthalpy of air,'"” and the donor/acceptor
properties of the water molecule influence chemical reactions
and dynamic processes. For example, formaldehyde emission
from urea-formaldehyde bonded particleboard is strongly
influenced by air humidity.'”” Similarly, air humidity influences
particle formation. The temperature dependence of the
limonene/ozone reaction is well described,'” but Jonsson et
al."'” later showed that the yield of SOA at constant
temperature increases with increasing humidity. This effect is
presumably due to the reaction of water with the acidic
reaction products and cannot be generalized.

Our model is capable of simulating coupled heat and
moisture transfer through the building envelope (see our
previous publications by Zhao et al.” and Salthammer et al.**).
In this work, we applied projection data on future climate
scenarios provided by IPCC WGI Atlas”>”® for the region of
Western and Central Europe, where the test house is located
(see Table S4 in the Supporting Information). However, these
projections indicate no significant change in precipitation by
2100 (only a 0.5% increase under the SSP5S—8.5 scenario),
implying that major shifts in regional humidity levels are
unlikely.

Regarding the influence of humidity on SVOC partitioning
and emissions, the available literature is limited, and existing
studies suggest that humidity effects are generally less
important than temperature effects. Clausen et al.'''
experimentally demonstrated that humidity has little impact
on the emission of di-2-ethylhexyl phthalate (DEHP) from
PVC flooring. Zhou et al.’® investigated the effects of
temperature and humidity on gas—particle partitioning of
phthalate esters and reported that humidity exerted a smaller
influence on the gas/particle partition coefficient than
temperature, with no clear trend. These results are under-
standable, as phthalates exhibit hardly any donor or acceptor
properties. With the exception of PFOA, this also applies to
the target molecules considered here. PFOA is an acid;
therefore, its proportion in the particle phase increases with
increasing humidity and decreasing organic content of the
particles.”’
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Data describing the quantitative relationship between
emission rates and temperature are available only for a limited
number of SVOCs and indoor materials.”***''*'"* Xiong et
al.'"® used an empirical equation to investigate the temper-
ature-dependent emission behavior of DEHP from vinyl
flooring. Liang and Xu''® determined the phase change
enthalpies from materials for various plasticizers and found
that these do not correlate with the evaporation enthalpies.
This generally makes it difficult to predict the temperature
dependence of SVOC emissions from solid materials. It is clear
that the surface area-specific emission rate (SER,) of an SVOC
from a specific material tends to increase with increasing
temperature. On the other hand, products become lower
emitting through improved source control. Therefore, we
assumed constant emission rates for the target SVOCs in the
long term simulations (see Section 2.4.1).

Among the compounds examined in this study, temperature-
dependent emission data are available only for DINCH, which
were reported by Liang and Xu.''” Based on these data, we
have performed additional simulations for DINCH in the test
house that incorporate temperature-dependent emission rates
from a mattress cover (see Section S3 of the Supporting
Information). The results predict an average annual total
concentration of 100 ng m™> for airborne DINCH by 2100.
This value is approximately 1.6 times higher than the
concentration of 64 ng m™ calculated using a constant
emission rate for DINCH (see Table 2 and Figure 4). Due to
the many simplifying assumptions and uncertainties of the
empirical model by Xiong et al,''? we do not consider this
difference in the annual average to be statistically significant.
However, the simulation also shows that the trend for SVOC
concentrations is a moderate increase in the annual average,
while high peak concentrations may be reached on individual
hot days (see Figure S3 in the Supporting Information).

4. CONCLUSIONS

As shown in previous work,>** climate change will lead to
increasing indoor temperatures and, thus, to altered concen-
trations and partitioning of indoor pollutants, depending on
the respective future climate scenario. The present study
focuses on selected SVOCs that are widely used in building
materials and consumer goods and will continue to be relevant
in the future. Based on currently available literature data, we
use our JAQCC model to predict the trends of SVOC indoor
concentrations for the coming decades. Regarding the
partitioning of SVOC:s in the three investigated compartments
(gas phase, airborne particles, and solid surfaces), different
behaviors were observed under the conditions of the test house
and the selected SSP climate scenarios SSP1—2.6 and SSPS—
8.5.

With the aid of a quantum mechanical approach, we were
able to accurately calculate temperature-dependent octanol/air
partition coeflicients Ky, and subcooled liquid vapor pressures
Py of the target SVOCs across typical indoor temperature
ranges. Such reliable data provide the necessary basis for
reasonable simulations of the dynamics of SVOCs in indoor
environments.

As expected, the predicted log Ko, values decrease with
increasing temperature (see Table 4). This means that, under
the influence of climate change, rising indoor temperatures will
lead to higher gas phase concentrations and lower amounts of
SVOC:s sorbed to airborne particles and surfaces. At the same
time, it must be considered that, according to IPCC
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projections,”® the concentration of airborne particles are
expected to decrease in the future. This will also decrease
the amount of SVOCs sorbed to the particle phase. These two
combined effects are clearly visible in the long term simulation
results for the target SVOCs in the test house (see Figure 4).
Scenario SSP5—8.5 leads to a greater temperature increase and
a smaller decrease in particle concentration than scenario
SSP1-2.6. Consequently, larger changes are observed in
scenario SSP5—8.5 than in scenario SSP1-2.6. This suggests
that, according to current climate trends, temperature changes
have a greater impact on indoor SVOC concentrations than
changes in particle concentrations.

Our study is primarily limited by the fact that the
simulations for the partitioning of SVOCs only considered
three compartments with simplified assumptions. For example,
a constant organic film thickness of 10 nm was assumed on
indoor surfaces. In reality, the properties of the organic film
can be influenced by temperature, humidity, particle
deposition, chemical reactions, and the characteristics of
indoor materials.”#"'* Existing studies have mostly focused
on smooth, impermeable surfaces such as window glass and
metal objects.””~”* Additionally, routine cleaning and the
replacement of furnishings over long time scales are expected
to reduce film thickness.” Incorporating detailed film growth
dynamics, including the influence of various environmental and
material-related factors, is certainly desirable, but encounters
practical limitations. For example, film formation for
substances with high log Ko, occurs very slowly.”* Similarly,
the time factor plays a crucial role in the equilibration of
SVOCs between gaseous phases and house dust.”’

The long-term simulations in this work are therefore not
intended to precisely predict the partitioning of SVOCs within
the building. The period between 2020 and 2100 is too long
for this, and the calculated values are subject to corresponding
uncertainties. This applies in particular to the discussed
influences of temperature and humidity. Rather, our results
provide meaningful estimates of long-term trends under both
optimiztic and pessimistic scenarios regarding future climate
conditions. The SVOC data discussed here were obtained
using our TAQCC model” and supplemented by previous
findings on indoor climate and indoor air quality. We believe
this work will contribute to better preparing and designing
indoor spaces for the anticipated impacts of climate change to
ensure adequate protection for occupants.4’43
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