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Extreme weather phenomena are increasing in nature, which affects indoor air quality and especially particle
concentrations in several ways: (1) changes in ambient pollutant concentrations, (2) indoor particle formation
from gas-phase reactions, (3) building characteristics, (4) particle dynamic processes, and (5) residential
behavior. However, there are only a few studies that have examined future indoor particle concentrations
in relation to climate change, even though indoor spaces are intended to protect people from local
climate influences and health risks posed by pollutants. Consequently, this work focuses on the expected
long- and short-term concentrations of airborne particles in residences. For this purpose, we applied the
computer-based Indoor Air Quality Climate Change (IAQCC) model to a residential building as part of
a case study. The selected building physics data represent a large part of the German building structure.
The long-term prediction is based on the shared socio-economic pathway (SSP) scenarios published by
the Intergovernmental Panel on Climate Change (IPCC). When assuming that the activities of residents
remain unchanged, our long-term simulations (by 2100) show that the decreasing outdoor particle
concentration will compensate for the indoor chemistry driven particle increase, leading to an overall
decreasing trend in the indoor particle concentration. Nevertheless, outdoor air pollution events, such as
dust storms and ozone episodes, can significantly affect indoor air quality in the short term. It becomes
clear that measures are needed to prevent and minimize the effects of outdoor pollutants under extreme
weather conditions. This also includes the equipment of buildings with regard to appropriate construction
design and smart technologies in order to ensure the protection of human health.

Today it must be assumed that the 1.5 °C global climate target by 2100 cannot be met. Society should therefore prepare for the consequences of more extreme
weather phenomena. This particularly affects indoor spaces, where people seek protection from heat, cold, moisture and pollutants. It seems clear that, at least

under certain weather conditions, uncontrolled heat and mass transfer between indoor and outdoor air no longer makes sense. The Indoor Air Quality Climate
Change (IAQCC) model enables reasonable predictions for the thermal conditions and pollutants in indoor spaces based on the SSP scenarios of the IPCC. This

is of fundamental importance for the future design of buildings, for developing efficient ventilation measures and avoidance and/or removal of gaseous and

particulate pollutants.

1 Introduction

continue at current levels, the Intergovernmental Panel on
Climate Change (IPCC) predicts a global mean temperature

The climate is changing and it is difficult to ignore or not
understand this fact and its causes. If greenhouse gas emissions
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increase of 2.5-3.0 °C until 2100."

More and more we are facing extreme weather conditions in
terms of heat, storms, drought and rain.>* Particularly in some
regions, these phenomena represent new and unexpected
experiences. This can lead to social anxiety, if appropriate crisis
management strategies are not available and have yet to be
defined and developed.* In addition, there has been a changing
trend in air pollution indicator concentrations such as ozone
(O3), nitrogen oxides (NO,), and particulate matter (PM) as well
as some inorganic and organic substances.>® High air pollutant
concentrations, especially in wurban metropolises, are

This journal is © The Royal Society of Chemistry 2025
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responsible for a large number of respiratory diseases and
excess mortality.” Consequently, the World Health Organization
(WHO) has provided revised guideline values for some major air
pollutants such as PM, 5, PM;, and O3, which can be applied to
both ambient and indoor air.®

PM is one of the major concerns due to the respiratory and
cardiovascular diseases that it may cause.”™ The total amount
of airborne dust is referred to as total suspended particulate
matter (TSP). Inhalable particles are categorized according to
their size. The terms PM;, and PM, 5 are intended to simulate
the deposition behavior in the human respiratory tract; they are
referred to as the “thoracic fraction” and “alveolar fraction”
according to ISO 7708."> Ultrafine particles (UFP) have, by
definition, an aerodynamic diameter of less than 0.1 pum.
Measurement methods for specific particle fractions can be
found in Baron and Willeke.™

Particles can be of natural origin or formed by human
activity. If they are directly released from a specific source, they
are called primary particles. Secondary particles, such as
secondary organic aerosols (SOAs), can be formed by chemical
reactions of gaseous substances in the atmosphere.* Anthro-
pogenic sources of particles include road traffic, power and
heating plants, waste incineration plants, furnaces and heaters
in homes, construction work, agriculture and certain industrial
processes.'>'® Natural sources include emissions from volca-
noes and oceans, erosion, forest and bushfires and certain
biogenic processes.'” Local climate and climate change have
a significant impact on the dynamics of particles in outdoor air,
depending on the region. Although the average concentrations
of PM, s and PM,, are decreasing in Central Europe,'® episodes
with high concentrations of Saharan dust are now occurring
more frequently there.” On the Canary Islands the phenom-
enon is known as Calima.*

It is clear today that we can no longer stop global warming,
but only have the option of slowing the rise in temperature and
protecting ourselves as much as possible from the negative
consequences.' In this context, indoor air quality is an impor-
tant issue because we spend most of our time indoors and
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because the indoor environment is affected by climate change
in different ways (see Fig. 1). It is therefore surprising that there
have been comparatively few studies on this topic so far.**’
Outdoor air pollutants enter indoor air by air by ventilation
processes or by infiltration through the building envelope.
Therefore, any changes in the outdoor air pollutant character-
istics will be mirrored indoors. This depends crucially on the
future development of radiative forcing' and on the interaction
of indoor and outdoor climate via the building envelope.

In addition, global warming will not only lead to increased
indoor discomfort and heat stress, but will also affect temper-
ature-related indoor chemical-physical processes that alter
indoor gas and particle concentrations.”® In order to mitigate
the impacts of climate change and adapt to the expected envi-
ronmental conditions, improved building characteristics and
changes in occupant behavior will be necessary. Tighter build-
ings are a consequence, which will allow two main objectives to
be achieved: (a) thermal insulation and (b) lower penetration of
outdoor pollutants into indoor air. The building adaptation
actions may include reinforcement of insulation by imple-
menting new materials and smart building technologies that
can control and adjust air exchange and other climatic
parameters.”** For example, warmer winters may require
longer periods of open windows, while warmer summers may
require air conditioning and reduce the duration of open
windows.

In this study, we will investigate and discuss the possible
changes in indoor airborne particle concentrations as a result of
climate change. Both outdoor and indoor sources are consid-
ered. The calculations are based on the Indoor Air Quality and
Climate Change (IAQCC) model we published earlier*> and the
derived developments for temperature and humidity until the
year 2100.>® The strength of the model lies in the fact that it
combines various influencing factors such as environmental
conditions, building parameters, indoor emissions and occu-
pants' activities simultaneously and comprehensively. The
simulation of indoor climate and indoor gas-phase reactions
has been validated using experimental data, and the model was

Indoor VOC
emissions

Indoor gas
phase reactions
(SOA)

Ventilation (out)

Indoor particle
emissions

Fig. 1

This journal is © The Royal Society of Chemistry 2025

Influences of dynamic and reactive processes outdoors and indoors on the indoor exposure of residents to particles.
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successfully applied in the prediction of short- and long-term
indoor gas-phase reactions under selected future climate and
emission scenarios.”® Our methods do not allow for predictions
for individual living situations. Rather, they are estimates that
become likely in certain climate scenarios, which can be used to
better assess future exposure and take preventive measures.

2 Methods

2.1 Model description

To estimate indoor particle exposure, the IAQCC model
accounts for indoor particle emissions from occupant activities,
particle transport between indoors and outdoors (including
ventilation and penetration), indoor particle loss (including
deposition and coagulation), resuspension, and particle
formation from gas-phase reactions. It is based on the Indoor
Aerosol Model (IAM) developed by Hussein et al.**?** The IAQCC
model can simulate the temporal development of the particle
number size distribution (PNSD) in indoor spaces, which is
beneficial for determining the particle size-dependent exposure
in the human body.

The general balance equation for simulating indoor particle
concentrations can be mathematically described by using
eqn (1):

dCi
dr

= P'A'Coul - A'Cin - Ad'Cin
n El n R
+Z?+ Z?ji JCoagig'wgas (1)
-1 =1

where Cj, and C,, are the indoor and outdoor particle
concentrations (# cm ™ or ug m™®). P is the outdoor air pene-
tration factor, which is dimensionless and defined as the
proportion of particles in the infiltrating air that passes through
the building envelope. 1 is the air change rate (h™'), and Aq is
the particle 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 pg h™"). Jcoag is the coagulation term for the
gain or loss of particles. g, is the reaction rate due to gas-
phase chemistry, and the £ represents the yield of SOAs. This
mass balance eqn (1) is considered for a given particle diameter
range (represented by an average diameter D;), in which the
chemical-physical properties are rather similar.

2.2 Test house description

A single-family house located in a rural area in Leipzig, Ger-
many (latN: 51°22/, longE: 12°30’), was selected as the test
house. The house had natural ventilation and was inhabited by
two residents. In the test house, indoor and outdoor PNSD,
PM, s and PM;, data were collected during a measurement
campaign in Germany.** In addition, occupant activities and
ventilation data were recorded and estimated. The test house
had a total living area of 220 m?, and the dimensions of the
measured room were length = 4 m, width = 4.5 m, and height =
2.55 m. The room had one double-glazed window (1.8 m?)
facing west, and one double-glazed window (5 m?) facing south.
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In this work, IAQCC simulations were carried out for this room.
To estimate gaseous emissions from furniture, an A/V ratio of
3.5 m”> m > was assumed, which lies within the typical range for
a furnished home (2.5-3.5 m® m™*).3%%” The total surface area of
the room was 160 m”. Considering the area of the walls, ceiling
and floor (79 m?), the remaining area was assumed to be the
furniture area (81 m?).

The house was built in 1995 and is a solid structure with
refurbished windows. Details of the building materials and
insulation of the house were not documented. To estimate the
heat and moisture transfer between the building envelopes of
the test house, the data on building materials and heat transfer
coefficients (U-values) were applied from the data published by
the EU project TABULA (Typology Approach for Building Stock
Energy Assessment).*® Based on the existing types of residential
buildings and heating systems available in European countries,
the TABULA project characterizes the common structures for
building typologies and provides typical building data such as
thermal envelope areas, structures, and U-values. For single-
family homes built between 1995 and 2001, the typical heat
transfer coefficient (U-value) is 0.3 W m > K" for exterior walls
and 1.9 W m > K for windows. The exterior wall complies with
the German Thermal Insulation Ordinance for new buildings
released in 1994 and valid from 1995 until 2002,* according to
which the required U-value for the exterior wall should be below
0.5 W m~> K", and the windows should slightly exceed the
limit value for renewed windows (U < 1.8 W m > K™ ).

2.3 TAQCC model setup and simulation parameters

The TAQCC model consists of five sub-models dealing with
building heat and moisture transfer, gas and particle emissions
from indoor materials and occupant activities, gas chemical
reactions, aerosol particle dynamics, mold growth, occupant
comfort and pollutant exposure estimation. Key processes and
parameters that are considered in the model simulation for
indoor particles are described below.

2.3.1 Ventilation and penetration. Nazaroff*>*' reviewed
residential ventilation rates, which ranged from 0.1 h™" to 4
h™', with a typical value of 0.5 h™'. For air exchange rates in
European housings, Salthammer** calculated a geometric mean
of 0.5 h™'. Zhao et al.*® reported ventilation rates in 40 German
households that showed a similar range, with average ventila-
tion rates of 0.2 h~ " and 3.7 h™" with windows closed and open,
respectively. In this study, typical window-opening habits were
used to simulate natural ventilation in the test house: in
summer (June-August), windows were assumed to be closed
during the day (8:00-18:00), open in the evening (18:00-22:00),
and tilted at night (22:00-08:00); for the rest of the year, the
windows were opened briefly in the morning (07:00) and in the
evening (18:00). Air change rates during window opening and
tilt opening were assumed to be 4 h™" and 1 h™", respectively.
During window-closed periods, an infiltration rate of 0.4 h™*
was assumed for the test house. The particle size-dependent
penetration factors were taken from the results of real house-
holds in Germany published by Zhao et al.,** where the mean
penetration factor is P = 0.6. For mechanical ventilation, the

This journal is © The Royal Society of Chemistry 2025
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particle size-dependent penetration factors through various
filters were considered, using particle size-resolved filtration
efficiency data (particle size range 0.1-10 pm) provided by
Goodfellow and T4hti* (see ESI, 1 Section S1). Note that the filter
data by Goodfellow and Tidhti correspond to the previous
standard for testing air filters in Europe EN 779,* which was
replaced by the international standard ISO 16890 in 2016.%¢

2.3.2 Emission. The data on particle emission rates are also
available in the publication by Zhao et al.,** where typical indoor
activities of real-use German dwellings were taken into account.
Additionally, the particle size-resolved emission rate in the same
test house was calculated and presented in our earlier work.*> For
the long- and short-term simulation of particle dynamics in the
test house, to reflect a real-life scenario, daily activity patterns
measured on January 17, 2017 were applied, including the
particle number emission rate, time, and duration data for the
three indoor activities. Details regarding particle measurements
are provided in Section 2.2 and in Section S2 of the ESLt

The gas-phase emission was also considered in order to
determine the influence of particle formation due to the gas-
phase reaction. Considering the furniture of the test house as
wooden furniture, the temperature-dependent emission rate of
gas compounds can be calculated as:

E= SERA'Afur f (2‘)

where SER, is the area-specific emission rate (ug m—>h™"), Ag, is
the furniture surface area (m?), and f is the temperature-depen-
dent coefficient (dimensionless). The data of the time-dependent
function of SER, and fwere presented in Zhao et al.,*® where the
SER, was derived based on the general emission data available at
Fraunhofer WKI, and f was calculated based on literature data.
An example of the calculation of the emission rate of limonene
from wooden furniture can be found in Section S3 of the ESIL.{
Data on possible unit-specific emission rates of indoor gas
pollutants are available from the publications of a Europe-wide
project EPHECT (Emissions, exposure Patterns and Health
Effects of Consumer Products in the EU).*”"** As information on
gaseous pollutants from indoor activities in the test houses was
not available, a common source, the air freshener spray, was
assumed based on the data provided in the EPHECT project,
where the average limonene emission rate is 4453 ug h™'.%
2.3.3 Resuspension. Indoor resuspension was taken into
account when calculating the mass concentration of fine and
coarse particles (PM,s and PM,,). Under real-life conditions,
indoor resuspension is usually caused by residents' movements,
e.g. walking.** Since there were no records of resident “walking
times” during the measurements, the resuspension period in the
simulation was assumed to be the time when the PM,, concen-
tration showed a peak. The resuspension rate can be calculated as:

R = a'Ta’ Aﬂoor (3)

where the floor loadings (I,) and resuspension rate coefficient
(r.) data are taken from Bramwell et al.>> for various floorings
and conditions, Ag. is the floor area (m?). The carpet in the test
house was assumed to be “medium” loaded, with

This journal is © The Royal Society of Chemistry 2025
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a corresponding I, of 50 mg m 2 and 130 mg m~ > for PM, 5 and
PM;o_,5, and 7, of 9.4 s~ ' and 87.5 s, respectively.

2.3.4 Deposition. Deposition of particles on indoor
surfaces can be influenced by the furnishing type, area and
airflow conditions.” The deposition rate also varies for different
particle size ranges. The deposition loss of indoor particles
considers deposition onto indoor horizontal surfaces and
vertical surfaces (i.e., ceiling, ground, walls, and furniture). For
a specific surface i, the deposition rate A4 can be calculated as:

A;
Adj = ZV'Vd.i (4)

where vg; (m s~ is the deposition velocity of aerosol particles
onto the indoor surface i, which has the surface area A;. The
particle size-resolved deposition velocity was computed using
the approach of Lai and Nazaroff** and Seinfeld and Pandis,>
taking into account gravitational settling, Brownian diffusion
and eddy diffusion, with the estimated friction velocity near
indoor surfaces, particle diameter and temperature as inputs.

The deposition of ozone and OH indoors was also consid-
ered, with the deposition velocity data for ozone (0.036 cm s~ )
and OH (0.007 cm s~ ') taken from Sarwar et al.>

2.3.5 Coagulation. Based on the IAM model, the IAQCC
extended the coagulation simulation by including particle
formation. The PNSD changes during each simulation time step
while maintaining overall mass balance, i.e., the mass lost by
small particles due to collisions is equal to the mass gained by
the corresponding large particles. Jcoag between particles in the
neighbor size ranges Dy,; and D4 can be calculated as:

JCoag =K Cin,DP," C‘in,DpH1 (5)

where Cin,Dpi and CmprM are the particle number concentration
of the particles in the corresponding size ranges. The coagu-
lation coefficient K was computed based on Fuchs theory in
the transition region and in the free molecule region,
assuming that all collisions lead to coagulation of the two
colliding particles, with particle diameter and temperature as
inputs.®® The PNSD was set for 12 particle size fractions (10-
800 nm), which allows for better capture of coagulation loss
and formation processes.

In order to quantify the influence of climate change, the
fundamental parameters in the deposition and coagulation
model were introduced as a function of temperature instead of
a constant value, including dynamic viscosity (u), air density (p),
and air mean free path (,;;). The relevant equations for calcu-
lating particle deposition and coagulation are given in the ESI}
(Section S4). Consequently, temperature changes due to climate
change are reflected in these two processes, thus affecting the
overall indoor particle concentrations.

2.3.6 Gas reaction. The reaction rate of gas-phase chem-
istry was calculated as:

lPgas = k[gas][ox] : Cgas : Cox (6)

where Kigas)jox] IS the bimolecular reaction rate constant for the
organic gas compound and oxidant (0x), and Cgas and Cox are

Environ. Sci.. Processes Impacts, 2025, 27, 1688-1703 | 1691
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the concentrations of the organic gas and oxidant, respectively.
As a common indoor gas substance, limonene was selected as
an example for simulating the reaction with ozone and OH
radicals. The reaction products are based on the initial reac-
tions with ozone and OH radicals according to the Master
Chemical Mechanism (MCM, v3.3.1).”” OH production from
limonene and ozone reaction was also taken into account with
an OH yield of 0.86.>° The temperature-dependent gas-phase
reaction constant (cm® molecule per s) with ozone and OH
radicals, ko, and ko, can be described using eqn (7) and (8),%*

783

kou(T) = 2951071 )

401
kou(T) =4.28-10"-eT (8)

where T is the temperature (K). Based on the work of Saathoff
et al.,” a value of £ = 0.5 was chosen as the SOA yield for the
limonene/ozone system.

2.4 Model validation

As validation, simulations were carried out for the above-
described measured room in the test house. The outdoor PNSD
and occupants’ activity data were illustrated in our earlier work
in Salthammer et al. (2022).>> Assuming that the initial indoor
PNSD is zero, the number of particles transported from
outdoors can be calculated using the measured outdoor PNSD
and eqn (9):

dCin
dr

:P'A'Coul_k'cin_ld'cin (9)

Emission data from three indoor activities measured on
January 17, 2017 - toasting (07:00), baking (14:00) and frying
(19:00) — were used for the simulation. The particle size-resolved
emission rates of these three activities are listed in Table S2 of
the ESL.{ The indoor PNSD was then calculated using eqn (1)
taking into account particles transported from outdoors,
emitted indoors, and lost indoors. The results of the simulated
PNSD and PNC show good agreement with the measured values
(see Fig. S2 and S3 in the ESIt), with a coefficient of determi-
nation (R*) of 0.96 for the linear correlation of simulated and
measured PNC.

For the simulation of indoor PM, 5, and PM;, due to resus-
pension, the carpet in this house was assumed to be “medium”
loaded. In addition, the contribution of toasting, baking and
frying activities indoors was taken into account by adding the
PM,; concentration calculated from the PNC.

The measured and simulated results show a comparatively
poor correlation, with an R* of 0.25, 0.66, and 0.43 for PMj,
PM, s and PM,,, respectively. However, the simulated peak
times match the measured values (see Fig. S4 in the ESIt), and
the mean values are at the same level as the measured ones: the
measured mean concentrations of PM;, PM, 5 and PM,, are 6.1,
9.6, and 26.2 (ug m™3), respectively, and the simulated values
are 4.7 ug m>3, 9.6 ug m >, and 19.7 ug m >, respectively.
Considering that the resuspension source of PM, 5 and PM;,
includes only “walking” based on literature data, and that many

1692 | Environ. Sci.. Processes Impacts, 2025, 27, 1688-1703
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unknown activities or parameters can occur under real condi-
tions, the results are within an acceptable range.

2.5 Future climate

2.5.1 IPCC scenarios. The gas and particle concentrations
in air can be influenced by changing meteorological conditions,
such as temperature, precipitation, wind speed, and atmo-
spheric stability. At the same time, the extent of climate change
and emissions over the next century will depend on the clean air
legislation that is implemented. The IPCC Sixth Assessment
Report deals with the climate response to five illustrative future
climate scenarios, the Shared Socio-economic Pathway (SSP)
scenarios, ranging from low to high greenhouse gas emission
assumptions. In this report, it is predicted that the long-term
(2081-2100) change in global surface temperature compared to
the present (baseline period 1995-2014) is very likely to be
between +0.2 °C and +4.9 °C. In line with our assessment of the
impact of climate change on indoor gas chemistry in Zhao
et al.,”® the SSP1-2.6, SSP2-4.5 and SSP5-8.5 scenarios were
selected, corresponding to low, medium and very high green-
house gas emissions, respectively.

The initial weather data for the test house area (Leipzig) were
taken from the Test Reference Year (TRY) data published by
Deutscher Wetterdienst (DWD; reference coordinates 51,3731°
N, 12,5063° O, access date 2024.07.26).°° TRY datasets represent
the typical weather pattern of the corresponding area (hourly
data for a full year with a spatial resolution of 1 km?). The data
were created on the basis of a statistical analysis of real
measured weather data for the period 1995-2012, which is in
a similar range to the selected baseline period in the SSP
scenarios (1995-2014).°* The long-term simulation (see Section
3.1) started with 2020, which already considered the tempera-
ture difference compared to the baseline value.

The interactive IPCC WGI Atlas provides model projection data
for future global and regional surface temperatures, precipitation
as well as concentrations of air pollutants such as ozone and
PM, 5.°>% For Western and Central Europe it predicts a declining
trend in PM, 5 levels for all three scenarios. By 2100, the annual
mean mass concentration of PM, 5 will decrease by 3.5, 3 and 2 ug
m~? for the SSP1-2.6, SSP2-4.5 and SSP5-8.5 scenarios, respec-
tively. Since the predictions for PM;, and PNC are not available in
the IPCC Atlas, for simplicity they are assumed to follow the same
trend as PM, 5, using the same change factor.

The initial data for the particle mass concentrations of
outdoor PM;, and PM, ;5 in rural areas were taken from histor-
ical data measured in Germany (average of all stations with
available data) from the database published by the European
Environment Agency.** To assess the impact of using the daily
mean or annual mean values of outdoor PM,, and PM, s
concentrations as input variables on the indoor simulation
results, a case study was conducted for one year (ESI S51). The
results show that the effects of changes in daily outdoor PM;,
and PM, ; concentrations on simulated indoor annual mean
concentrations can be neglected.

The initial PNSD data (detailed data see ESI, Section $6.1)
were based on the rural background mean values measured and

This journal is © The Royal Society of Chemistry 2025
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published by the German Ultrafine Aerosol Network (GUAN),**%®
which have been measured continuously since 2009 at 17 atmo-
spheric observatories in Germany. The PNC was calculated by
integrating the PNSD over the specified particle diameter range.

Hourly data on the diurnal variation of outdoor ozone and
OH radicals were used in the model simulation, based on
Melkonyan and Kuttler®” and Emmerson et al., respectively.®®
The details of initial data on outdoor ozone and OH radicals, as
well as future prediction of ozone concentrations for the three
SSP scenarios (including the increasing and decreasing trend)
were also discussed in Zhao et al.*®

The annual mean values of these air pollutants are
summarized in Table 1.

2.5.2 Extreme weather conditions. Two types of extreme
weather conditions were considered in this work. The first is
extreme heat periods (heatwaves) accompanied by high
ambient ozone, and the second is dust storm events.

Extreme heat periods (including heatwaves) have become
more frequent and more intense in most land regions since the
1950s." Several studies reported elevated ozone concentrations
during heatwaves.'®7® The European Environment Agency
(EEA) provides a comprehensive database with current concen-
trations and trends for climatic parameters and pollutants™ (note
that the latest report is for 2022; current data can be found on the
EEA website https://www.eea.europa.eu/en). Ozone episodes
occur regularly in Germany during the summer months, with
a clear increase in the southern part. Fig. 2 shows a typical
daily episode (hourly averages) for the urban traffic station and
urban background station in Leipzig. On this day, the
maximum temperature in the Leipzig area was 33.7 °C. The
ozone data from the DESN059 urban background station were
used as a basis for further calculations.

It is well-known that aerosols and their components can
travel intercontinental distances in the atmosphere.” Deserts in
particular represent geochemical reservoirs that have a lasting
impact on the climate. For example, the air quality in Beijing
especially in spring is affected by sandstorms from the Gobi
Desert,”® and the Canary Islands often suffer from Saharan dust
events caused by the aforementioned Calima.*® Sahara dust
events are not unknown in Europe, but have so far mainly
occurred in the southern part of the continent. For some time
now, however, Central Europe has also been hit more frequently
by such events,”” one cause being the interplay of the Scirocco

Table 1 Annual mean ozone and particle mass and number
concentrations in 2020 (based on historical data measured in Ger-
many) and 2100 under selected scenarios (based on IPCC projections)
applied in the long-term simulations

Annual mean outdoor concentration

2100 under 2100 under 2100 under
Pollutant 2020  SSP5-8.5 SSP2-4.5 SSP1-2.6
PM;, (g m ) 16 14 13 12.5
PM, ;5 (ug m™) 10 8 7 6.5
PNC (# cm™?) 4312 3080 2464 2156
Ozone (ug m™) 56 62 50 34

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Outdoor ozone concentrations (hourly averages) on a heat-
wave day in Leipzig, Germany. The data for station DESN025 (Leipzig-
Mitte, urban traffic) and DESNO59 (Leipzig-West, urban background)
were taken from the online database of the German Environment
Agency (UBA, https://www.umweltbundesamt.de/en/data).
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Fig.3 Outdoor PM, s and PM;g concentrations (hourly averages) from
March 29 to April 3, 2024 in Leipzig, Germany. The data for station
DESNO59 (Leipzig-West, urban background) were taken from the
online database of the German Environment Agency (UBA, https://
www.umweltbundesamt.de/en/data).

and Foehn winds. This leads to unusually high particle
concentrations in outdoor air, e.g. in 2024 around the end of
spring in the Leipzig area, as shown in Fig. 3. It is clear that
PM, 5 and PM;, concentrations in the range of 100-150 pg m™
have a massive impact on indoor air quality, so such events
must be taken into account in exposure modeling.

3 Results and discussion

3.1 Long-term prediction of indoor particle exposure (IPCC
scenarios)

Long-term simulations (2020 to 2100) of indoor climate and
particle concentrations were performed for the test houses
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under three IPCC climate scenarios: SSP1-2.6, SSP2-4.5, and
SSP5-8.5. By 2100, the annual mean outdoor temperature would
have increased by 0.8 °C, 2.2 °C, and 5.5 °C starting from 10.5 °C
in 2020 according to the three climate scenarios, respectively.
The simulated indoor temperature increased correspondingly
(from 19.1 °C) by 0.4 °C, 1.1 °C, and 2.8 °C, respectively. The
increasing temperature directly influences the emission rate of
limonene from indoor wooden furniture and the reaction rate
of the gaseous substances.

Fig. 4 shows the annual mean concentrations of ozone, OH
radicals, limonene, and the produced SOA for this reaction
system. The simulation of indoor ozone considers outdoor
transport, indoor deposition loss and reaction loss with limo-
nene, which can be calculated using eqn (1). Indoor ozone
concentrations follow the same increasing or decreasing trend
as the outdoor ones under the various future scenarios. As
a product of the ozone/limonene reaction, OH radical concen-
tration is in the range of 0.5-1.0 x 10> molecules cm™> up to
2100. The review article by Gligorovski et al.”® summarizes
typical indoor OH for simulating the gas-phase reaction of
ozone with alkenes (e.g., limonene) and indicates a concentra-
tion range between 10" and 10° molecules cm . The OH radical
concentrations modeled in this work are within this typical
range.

The sources of limonene in the test house include the daily
short-term use of air freshener sprays and temperature-
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dependent emissions from indoor furniture. Limonene reacts
with both ozone and OH radicals. Note that other indoor reac-
tion pathways, such as the photochemical formation of OH
radicals indoors involving nitrous acid (HONO) and NO,, were
not considered in this simulation. However, despite the
increasing or decreasing future trend in ozone and OH radical
concentrations, indoor limonene concentrations show an
increasing trend for all three SSP climate scenarios. This can be
attributed to the high temperature-dependent limonene emis-
sions from indoor furniture. As shown in Fig. 5, for the 81 m>
wooden furniture in the test house, the limonene emission rate
increases by 19.2 pg h™' per degree increase in temperature.
Fig. 5 also shows the temperature-dependent loss rate of limo-
nene (ug h™") due to reactions with ozone and OH radicals,
calculated by using the gas-phase reaction rate (Y5 in pg m—>
h™") x room volume (V = 46 m?). According to eqn (7) and (8),
the temperature-dependent reaction constants ko, and koy
show an exponential increase and decrease, respectively.
Considering a typical indoor concentration of ozone (3 ppb = 6
ug m~* at p = 1013 hPa, T = 298 K),”® limonene (4 ppb = 22 ug
m ™ at p = 1013 hPa, T = 298 K) and OH radical concentration
(1 x 10° molecules per cm)?*® the temperature-dependent
limonene loss rate due to reaction with ozone is much lower
than the furniture emission rate in the test house. Conse-
quently, SOA formation from the limonene/ozone reaction
systems in the test house is expected to decrease under the

Indoor OH radicals
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Fig. 4 Annual average outdoor ozone concentration predicted by three SSP climate scenarios, and the simulated indoor concentrations of
ozone, OH radical, limonene, and SOA in the test house from 2020 to 2100 under the corresponding scenarios.
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Fig.5 Temperature-dependent limonene emission rate from wooden
furniture (81 m?) in the test house (room volume 46 m®), and loss rate
due to reaction with ozone (6 pg m™) and OH radicals (1 x 10°
molecules per cm) at a limonene concentration of 22 pg m=3.

SSP1-2.6 and SSP2-4.5 scenarios and increase for the SSP5-8.5
scenario (see Fig. 4).

The IPCC predicts decreasing future trends in global surface
particle concentrations as a result of air pollution legislation
that has been or is expected to be implemented (Table 1). This
means that the amount of particles transported from outdoors
to indoors will also be reduced. Although indoor SOA formation
will increase under the SSP5-8.5 scenario, the simulated total
indoor particle mass and number concentrations in the test
house will decrease for all scenarios (see Table 2). This indicates
that the change in outdoor particle concentrations has a greater
impact on future indoor particle concentrations. Note that the
indoor particle emissions from residential activities (e.g,
baking, roasting, and frying) were assumed to be constant on
a daily basis. For SOA formed via gas-phase reactions, even in
the worst-case SSP scenario (SSP5-8.5), it is only a small fraction
of future particle mass concentrations of PM, 5 or PM;,.

According to the WHO Global Air Quality Guidelines,® the
annual PM,, and PM, 5 air quality guideline (AQG) levels are 15
pg m > and 5 pg m >, respectively. Based on the assumptions
made for the test houses, the annual mean indoor PM,,
concentration appears to be below the guideline requirements
(Table 2). As for PM, s, it will meet the guideline values in 2100
under the SSP1-2.6 scenario and will be slightly above the
guideline requirements under the remaining scenarios. Note

Table 2 Simulated annual mean indoor particle mass and number
concentrations in 2020 and 2100 under three SSP scenarios

Annual mean indoor concentration

2100 under 2100 under 2100 under
Pollutant 2020 SSP5-8.5 SSP2-4.5 SSP1-2.6
PM;, (g m ) 8.8 8.2 7.6 7.1
PM, ;5 (ug m™) 6.7 6.1 5.5 5.0
PNC (# Cm73) 8988 8767 8202 8070

This journal is © The Royal Society of Chemistry 2025
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again that in this work, only limited sources of indoor PM;, and
PM, s were considered (see Section 2.3). The simulated
concentrations of PM;, and PM, 5 are lower than experimental
data from a typical German household presented by Zhao et al.
(25 pg m~* and 13 pg m?, respectively).*®

Since the goal of this work is to estimate the magnitude of
the produced particle mass, SOA formation is not considered in
the PNC and PNSD simulations at this stage. Nevertheless,
indoor SOA formation can significantly increase the number
concentration of fine and ultrafine size particles, which
contribute comparatively less to the mass concentration due to
their small size.**>

Fig. 6 shows the influence of temperature changes on the
deposition rate for different particle sizes (10-800 nm) on
indoor surfaces. The maximum deposition rate is shown at the
smallest size and the minimum deposition rate is shown in the
100-200 nm particle size range (Fig. 6a). The simulated annual
mean indoor PNSD for 2020 and 2100 can be found in ESI,t
Section S6.2. By multiplying the annual mean PNSD in the test
house, the number of lost particles in each size range shows
a different pattern (see Fig. 6b), where the highest particle
number loss is shown in the 12-40 nm size range. Overall, the
particle deposition losses decrease with increasing tempera-
ture. However, the influence of temperature on particle depo-
sition losses is relatively small compared to the deposition rates
and number concentrations for different particle sizes.

3.2 Indoor particle exposure during extreme weather

Indoor climate and particle concentrations were simulated for
the test houses under the two extreme weather conditions, i.e.
an ozone episode during a heatwave, and dust storm episode.
For the case of the ozone episode, the IAQCC model simulation
provided insight into the exposure levels of indoor ozone,
limonene, and the formed SOA. For the dust storm episode, the
focus is on the elevated concentration of PM,; and PM,,
indoors.

3.2.1 High ozone episode during a heatwave. To investi-
gate the effects of extreme ozone events on indoor air during
heat waves, two summer days in 2020 were compared with
a hypothetical scenario in 2100 (see Fig. 7). In 2020, the daily
maximum ambient temperature suddenly rose from about 23 °©
C on day 1 to about 31 °C on day 2. According to IPCC scenario
SSP5-8.5, the summer temperature is expected to rise by
around 7 °C by 2100. Under the assumed indoor condition of
the test house, in 2020, the daily maximum indoor air
temperatures are 23 °C on day 1 and 28 °C on day 2, respec-
tively. Under IPCC Scenario SSP5-8.5, in 2100 the projected
maximum daily temperatures are 27 °C on day 1 and 35 °C on
day 2, respectively.

The heatwave condition might be accompanied by extreme
ozone concentration variation. Under normal conditions in
2020, the ambient ozone concentration varies daily between 50
pg m~* and 70 pg m~? (Fig. 7c). According to the IPCC SSP5-8.5
scenario, the mean outdoor ozone concentration will increase
by 6 ng m~® from 2020 to 2100 (Table 1). Considering the
extreme ozone concentration variation according to Fig. 2, the
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Fig.6 Temperature-dependent (a) particle deposition rate (h™) and (b) number of particles lost due to deposition on indoor surfaces (# h™) for

12 particle size ranges (10-800 nm).

ambient ozone concentration in 2100 would vary daily between
18 ug m > and 145 pg m ",

The corresponding indoor ozone concentration was simulated
considering the summer ventilation variations assumed in the
TAQCC model simulation, as described in Section 2.3: windows
closed from 08:00 to 18:00 (low ventilation rate of 0.4 h™%),
windows opened from 18:00 to 22:00 (high ventilation rate of 4
h™"), and windows tilted overnight from 22:00 to 08:00 (ventila-
tion rate of 1 h™"). Under high ventilation conditions, the
ambient ozone entered the indoor air efficiently. Therefore, even
when no extreme ozone events occur, the maximum indoor
ozone concentration in 2020 and 2100 reaches about 30 pg m >
(Fig. 7d). During extreme ozone events, the maximum indoor
ozone concentration can reach up to about 70 pug m~* when the
windows are open. This value is below the WHO's short-term
AQG level for ozone, where the average daily maximum 8 hour
mean value is 100 pug m>® Nevertheless, given that extreme
ozone events during heatwaves will occur more frequently in the
future, such high indoor ozone concentrations are likely to
exceed the peak season AQG level of 60 pg m ™ (peak season: the
six consecutive months of the year with the highest six-month
running-average ozone concentration).

The high concentrations of indoor ozone affected the
concentrations of indoor limonene and SOA. As mentioned in
Section 3.1, the sources of indoor limonene are the air freshener
and temperature-dependent furniture emissions. The indoor
limonene concentration is generally higher on day 2 than on
day 1, which is due to the higher temperature on day 2 (Fig. 7e).
For the two cases in 2100 shown in Fig. 7 (i.e. for the SSP5-8.5
scenario and the extreme ozone episodes), the amount of
limonene emitted indoors is the same because the temperature
profiles are the same. During extreme ozone events, indoor
limonene concentrations are therefore lower because more

1696 | Environ. Sci.. Processes Impacts, 2025, 27, 1688-1703

limonene reacts with elevated ozone. This leads to the forma-
tion of SOAs during extreme ozone events being more than 60%
higher than in the SSP5-8.5 scenario and more than twice as
high as in 2020 (Fig. 7f).

3.2.2 Dust storm events. During dust events, the ambient
particle concentrations are significantly elevated. As a model
case, the effects of Sahara dust on indoor PM,;, and PM, ;
concentrations were studied using data from Leipzig from
March 29 to April 3, 2024 as presented in Fig. 3. During this dust
event, outdoor PM,, and PM,; concentrations increased
dramatically from March 30 and reached a maximum on March
31 at 145 pg m > and 120 pg m >, respectively (Fig. 8a and b).
These concentrations are significantly higher than the annual
average concentrations in 2020. As already outlined in Section
2.4.1, the initial data for outdoor PM,, and PM, 5 particle mass
concentrations are average concentrations in rural areas
measured in Germany, i.e. the monitoring stations were less
influenced by regional pollution such as urban traffic. Based on
the IPCC SSP5-8.5 scenario, the annual mean outdoor PM;, and
PM, ;5 concentrations would both decrease by 2 g m™> from
2020 to 2100 (Table 1). For indoor particle simulation for 2020
and 2100 under the SSP5-8.5 scenario, the annual mean outdoor
PM,, and PM, 5 particle mass concentrations were applied, and
thus their daily variations cannot be seen in Fig. 8a and b.

The simulated indoor PM;, and PM, 5 concentrations show
clear peaks and daily variations (Fig. 8c and d), which can be
attributed to the indoor activities of residents as described in
Section 2.3. Note that this dust event is not in the summer
months, so unlike the ventilation profile during the heatwaves,
the windows here are only assumed to be opened briefly at 07:00
and 18:00 (Section 2.3). In 2020, peak indoor PM;, and PM, 5
concentrations occurred at around 14:00 daily and are about 30
pg m? and 25 pg m 3, respectively. The highest calculated

This journal is © The Royal Society of Chemistry 2025
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Fig.7 Simulated indoor temperature, ozone, limonene and SOA concentrations for two summer days in 2020 (black), 2100 under the SSP5-8.5
scenario (red), and 2100 during a extreme ozone event (red dashed): (a) outdoor temperature, (b) indoor temperature, (c) outdoor ozone, (d)
indoor ozone, (e) indoor limonene, (f) indoor SOA. Note that the data from Fig. 2 were used to simulate the 2100 extreme ozone event.

indoor PM;, and PM, s concentrations during the dust event
appeared on March 31 with 45 ug m ™ and 40 ug m >, respec-
tively. In addition, a significant increase in peak concentrations
can be predicted for 07:00 and 18:00 when windows are open,
with the PM, s concentration at 07:00 on March 31 even
exceeding the peak at 14:00 caused by residential activity.

WHO Air Quality Guidelines also define the short-term AQG
levels for PM;, and PM, 5, where the 24-hour average guideline
values are 45 ug m > and 15 pg m 3, respectively.® During this
dust storm, the simulated 24 hour average indoor PMj,
concentrations are all below the guideline value, with the
highest concentration of 22 pg m > on March 31. However, the
24 hour average indoor PM, 5 concentration reached 20 pg m 3
on March 31, exceeding the guideline value.

These two examples of extreme weather events clearly show
that suddenly increased concentrations of ambient pollutants
can also lead to high levels of acute indoor exposure. Conse-
quently, technical measures, official warnings and recommen-
dations on appropriate living behavior are needed to better
protect residents under such conditions.

This journal is © The Royal Society of Chemistry 2025

3.2.3 Future ventilation techniques and strategies. The
question of how private and public buildings should be venti-
lated in the future has been an intensively discussed topic since
the SARS-CoV-2 pandemic.*® This study has shown that
providing clean air indoors will become more relevant but also
more difficult in the future. It is important not only to remove
pathogens and other pollutants through ventilation, or to
deactivate and filter them out using recirculation processes, but
also to prevent outside air pollutants entering indoors by
ventilation.

The practical problems are obvious. Under extreme weather
conditions such as ozone and Sahara dust episodes, it is
advisable to keep windows and doors closed. This is only
possible for a limited period of time with manual ventilation, as
the air exchange rates in well-insulated buildings are usually
rather low.* In addition, the water absorption capacity of air
increases with temperature, which also increases the risk of
mold formation. Consequently, there is a clear trend towards
mechanical ventilation in private and public buildings, which
has been standard in office buildings for many years. The need

Environ. Sci.. Processes Impacts, 2025, 27, 1688-1703 | 1697
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Fig. 8 Simulated indoor concentrations of PM;q and PM, 5 for a five-day period in 2020 (black), 2100 under the SSP5-8.5 scenario (red), and
2100 during a dust storm event (red dashed): (a) outdoor PMy, (b) outdoor PM, s, (c) indoor PMyq, (d) indoor PM; s. Note that the data from Fig. 3

were used to simulate the 2100 dust storm event.

for sufficient and continuous clean air delivery in rooms with
a high density of people such as schools,* retirement homes®*
and event arenas® is immediately apparent.

The increasingly noticeable effects of climate change will
most likely accelerate the transition to mechanical ventilation,
preferably in conjunction with the energy management of the
building. This would also consider the demands of heat action
plans.*” In residential buildings, this idea is being realized with
smart homes.”” The necessary sensors are constantly being
improved and the smart home concept can in principle be
transferred to other building types. Morawska et al.®® stated that
only a few parameters such as clean air supply, carbon
monoxide (CO), carbon dioxide (CO,) and PM, 5 are required to
assess indoor air quality and control systems.

Almost all mechanical ventilation systems work with
a certain proportion of recirculated air. Therefore, cleaning
modules in the system are indispensable. For particles, filter
technology is standard and its efficiency is now assessed
according to ISO 16890.* The minimum requirement for PM; is
50% separation efficiency, which corresponds to an F7 filter
according to the withdrawn EN 779.*° The various particle filter
classes as well as similarities and differences between ISO 16890
and EN 779 are discussed by Yit et al.®® Regardless of the
nomenclature, the filters available today offer effective protec-
tion against airborne fine dust.

3.3 Sensitivity analyses

The sensitivity of the simulated indoor particle and gas
concentrations to the input parameters is evaluated. The results

1698 | Environ. Sci.. Processes Impacts, 2025, 27, 1688-1703

for the year 2100 under IPCC scenario SSP5-8.5 were used as the
“base case”, and selected key input parameters are shown in
Table 3, including the outdoor temperature, ventilation rate,
and outdoor PM,, and PM, ;5 concentrations, as well as indoor
limonene and outdoor ozone concentrations.

3.3.1 Change in outdoor temperature. As described in
Section 2.5.1, the simulation for the IPCC SSP5-8.5 scenario
considered the increase in outdoor temperature and changes in
outdoor pollutant concentrations (i.e. decrease in particle
concentration and increase in ozone concentration). Another
simulation was carried out for only changing the outside
temperature under the SSP5-8.5 scenario. Compared to the
initial state in 2020, the simulated indoor PM;,, PM, 5 and O;

Table 3 Sensitivity test for indoor particle and gas concentrations in
2100 under different scenarios of input parameters

Simulated indoor mass concentrations

(hg m™)
Input PM,s PM,, O Limonene  SOA
Base case (SSP5-8.5) 6.1 8.2 6.9 19.7 1.2
Outdoor only T change 6.9 9.0 6.3  20.0 1.1
Outdoor PM, 5 x 2 7.8 9.9 6.9 19.7 1.2
Outdoor PM;, x 2 6.1 8.6 6.9 19.7 1.2
Ventilation rate 0.2 h™* 7.0 9.1 2.5 517 2.9
Ventilation rate 1 h™* 6.9 9.1 11.0  10.5 0.4
Ventilation rate 4 h™* 7.7 10.5 28.8 2.8 0.1
Indoor limonene x 2 6.2 8.3 6.9 213 1.3
Outdoor O3 x 2 7.0 9.1 13.9 17.0 2.0
2020 6.7 8.8 6.2 18.2 1.0

This journal is © The Royal Society of Chemistry 2025
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concentrations only changed by less than 1% (see Table 3). This
suggests that changes in outdoor temperature will only have
a minor effect on future concentrations of these indoor
pollutants.

3.3.2 Change in outdoor PM,;, and PM, 5 concentrations.
Increased outdoor PM, 5 and PM;, concentrations directly led
to an increase in indoor PM, 5 and PM;, concentrations. Note
that when the outdoor PM, 5 concentration increases, a corre-
sponding increase is also seen in the PM;, concentration.
Therefore, the increased outdoor PM, ; concentration leads to
an increase in both indoor PM, ; and PM;, concentrations,
while the increased outdoor PM,, concentration only leads to
an increase in the indoor PM,, concentration (no increase in
PM, 5 concentration).

3.3.3 Change in the ventilation rate. The base case (SSP5-
8.5 scenario) considered a diurnal ventilation profile as
described in Section 2.3. For comparison, simulations were
conducted again with constant low (0.2 h™"), medium (1 h™"),
and high (4 h™') ventilation rates. The results show that
changing the ventilation rate can significantly alter the simu-
lated indoor pollutant concentrations. At low ventilation rates,
the amount of outdoor ozone transported indoors is greatly
reduced, and so is the amount of indoor limonene transported
outdoors, resulting in simulated indoor ozone concentration
being extremely low (2.5 pg m*) and limonene concentration
being extremely high (51.7 pg m™>). At the same time, the
formed SOA reaches up to 2.9 ug m™>. At medium and high
ventilation rates, indoor ozone concentrations increased
significantly, while and SOA
decreased significantly. Nevertheless, indoor PM;, and PM, ;5
are still much higher than the base case due to direct outdoor
transmission.

3.3.4 Change in indoor limonene and outdoor ozone. Note
that the limonene change here refers to the air freshener
emission rate becoming twice as high. In both cases, increased
concentrations of gas-phase pollutants lead to increased SOA
formation, which leads to increased indoor PM;, and PM, 5
concentrations.

limonene concentrations

4 Conclusion

It was already stated in the Introduction that climate change
can no longer be stopped or avoided. Now, the goal of limiting
climate change is also becoming increasingly out of reach.
According to the United Nations,” global greenhouse gas
emissions reached new highs in 2023. If no further ambition is
shown, the best our planet could expect to achieve is global
warming of up to 2.6 °C over the course of the century. Society
must therefore get ready for a medium to pessimistic scenario,
which means SSP2-4.5 or higher. The logical consequence is
a two-track catalog of approaches. Of course, the limitation of
greenhouse gas emissions must be pursued by all means. At the
same time, infrastructure and society should be prepared for
the coming decades. This includes improved structural
concepts, the retrofitting of existing buildings and new venti-
lation concepts in order to effectively protect people from heat,
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cold, rain and wind. Residents will also have to adapt their daily
routines to new technologies and necessary requirements.

The IAQCC model** is a helpful tool for better assessing
future impacts of climate change on the personal living envi-
ronment and can contribute to the development of appropriate
action plans. The results of simulations presented in this study
allow a reasonable estimate of indoor particle concentrations in
the Leipzig area up to the year 2100. However, it must be
emphasized again that these are predictions from which
obvious trends can be derived, but which do not allow general
conclusions to be drawn for individual and specific living situ-
ations. By taking into account extreme ozone and particle
concentrations in outdoor air and previous studies on heat
stress and mold,?® it becomes clear that the current structural
substance of buildings in Central Europe hardly meets future
requirements. The results also suggest that in many regions of
the world with far more extreme weather phenomena and
significantly higher pollutant levels,>** the situation is
becoming or already is dramatically worse. The negative effects
of heat”” and air pollutants® on health and quality of life are
known and the direction is evident. It is therefore urgently
recommended that local authorities also focus on the occupied
indoor spaces. This affects not only the private and office
sectors, but also schools, retirement homes and hospitals, as
the vulnerable part of society needs special protection.
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