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Abstract

A major concern in climate adaptation is to enhance the heat resilient design of residential buildings. However, recent sci-
entific literature addressing overheating analysis is only focussing on individual countries. In this article, we discuss how
different design of representative apartment buildings in two countries influences the overheating risk or cooling demand
and what conclusions can be drawn from it. This is done for a low-rise apartment building located in Germany and a high-
rise building in South Korea applying building performance simulation. Both countries are located in the moderate climate
zone, but regional differences in frequency of tropical nights and radiant summer days lead to significant differences in
overheating intensity (800 Kh/a for the German and 5100 Kh/a for the Korean) or cooling demand (1800 kWh for the Ger-
man to 1300 kWh for the Korean). The lower cooling demand but much higher overheating intensity of the Korean building
compared to the German is mainly caused by the different solar heat gain due to the glazed balcony design of the Korean
building where these balcony rooms are not actively cooled. On the contrary, the common internal facade insulation of Korean
buildings results in a higher overheating risk compared to the German building and in addition the lower potential of passive
cooling by natural ventilation due to the necessity of insect screens in Korea. The large effect of implementing heat adaptation
measures on overheating risk reduction or cooling demand (up to 90%) clearly demonstrates that both buildings are far away
from a heat resilient design and that heat adaptation measures can address both climate change adaptation and mitigation.

Keywords Heat resilience - Overheating - Cooling demand - Apartment buildings - Climate - Building performance
simulation

Introduction

The ongoing global warming trend leads to warmer summers
with and an increase in severity and frequency in heat wave
events [1]. Accordingly, the relevance of heat resilient cities,
districts and buildings is increasing and is expected to rise
in future. Especially for large cities, additionally burdened
by strong urban heat island effects in summer [2, 3], this
dangerous trend can lead to discomfort, restricted concentra-
tion abilities, increase in health risk up to heat mortality [4,
5]. For residential buildings located in moderate climates,
the warming trend and projection is expected to induce two
changes. Either the effectiveness of passive cooling of build-
ings by natural ventilation will be reduced or buildings need
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to be actively conditioned by cooling devices leading to an
increase in cooling energy demand.

In the present case study, the heat resilience of two apart-
ment buildings located in different countries but in the same
moderate climate zone but with different local climate condi-
tions is analysed. The high-rise building (HRB) is originated
in the large city of Seoul, South Korea, whereas the low-rise
building (LRB) is located in the city of Berlin, Germany.
Although both buildings are located in the moderate climate
zone, the summertime conditions reveal significant differ-
ences affecting overheating intensity in buildings or differ-
ences in cooling demand. For both buildings, a 3D model
was created including detailed building physics and is used
for building performance simulation (BPS). This method
enables the opportunity to virtually place both buildings
in the modelling in the same city to separately evaluate
the effect of different climate conditions and of different
building design on overheating or cooling demand. In addi-
tion, the different effectiveness of several heat adaptation
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measures can be analysed for both different climate and dif-
ferent building design. In this way, the influence of each
parameter in the model can be analysed independently. The
implementation of wind- and temperature gradient-driven
air exchange by natural ventilation is implemented in the
applied BPS tool and enables that the significant influence
of passive cooling by natural ventilation can be displayed in
a realistic manner.

The comparison of heat resilience for two buildings in
two different countries—performed in this study—is moti-
vated by the fact that the authors did not found any scientific
literature comparing the heat resilience of apartment build-
ings in different countries. In the past, the scientific litera-
ture concerning overheating analysis in residential build-
ings was dominated by numerous investigations located in
Great Britain [6-24]. However, in the last years a significant
increase in studies focussing overheating evaluations could
be obtained all around the globe, e.g. for China [25], in
Sudanese [26], for Canada [27], for Honduras [28], for South
Korea [29, 30], for Austria [31, 32], for Italy [33], for Swe-
den [34] or for Germany [35, 36]. This trend highlights that
overheating in residential buildings becomes an important
global research topic, albeit the terminology of overheating
is related to different comfort standards and climate con-
ditions for different countries, cultures and climates. Most
of the recent studies focus on overheating analysis using
the method of BPS for apartment building types located in
cities. Despite the rising number of scientific studies, all
discussed research articles solely focus on overheating of
buildings within one country.

In this study, we investigate the heat resilience (overheat-
ing intensity) and energy efficiency (cooling demand) of two
representative apartment buildings from two different coun-
tries to address the three objectives: first, to demonstrate
how strong differences in regional building design of apart-
ment building types in the two country influences the over-
heating risk and cooling demand; second, to analyse how
significant small variations in local climate conditions affect
the overheating intensity and cooling demand, although both
countries are located in the same moderate climate zone;
and third, by implementing different heat adaptation meas-
ures we compare the effectiveness on overheating or cooling
demand reduction in dependence of the building type and
climate and discuss the individual most suitable adaptation
measures. Focussing on these three research questions, we
contribute to the scientific discussion in the field of develop-
ing suitable building designs for heat resilient and energy-
efficient apartment buildings, dependent on the local climate
conditions.
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Methods
Climate conditions and meteorological data

Both countries Germany and South Korea are located in
the moderate climate zone. Both exhibit a climate with four
seasons. For South Korea, an annual cycle with wet con-
ditions in summer time and dry conditions in winter time
is typical. As a result, the time between June and August
is characterised by a rainy period leading to high ongoing
high air humidity and high air temperatures (see Fig. 1a and
b). In comparison in Germany, a larger amount of clear,
sunny summer days are common caused by frequent changes
of maritime and continental conditions. The direct solar
irradiation development of Germany and South Korea in
Fig. 1c highlight this differences (especially for the period
from June 1 to August 31), although Germany is located 15°
more northern.

The more frequent occurrence of cloudy conditions in
South Korea leads to another impact on outdoor air tempera-
ture. While in German summer the minimum air tempera-
tures at night are typically below 20 °C, the cloudy condi-
tions in South Korea lead to reduced nocturnal heat emission
and thus to minimum air temperatures often above 20 °C
(tropical nights). This difference is highlighted in Table 1
by opposing the number of tropical nights of 3 for the mete-
orological data of Berlin (Germany) and 58 for Seoul (South
Korea) during the whole summer. Accordingly, the mild
nights in South Korea lead to a worse efficacy of passive
cooling of buildings by window ventilation compared to the
colder nights in Germany.

While the maximum daily outdoor air temperatures and
the number of hot days (maximum air temperature dur-
ing a day larger than 30 °C) are similar for both countries
(see Table 1), the intraday air temperature differences are
much higher in Berlin compared to Seoul (Fig. 1a) which
is caused by the significantly milder nights in South Korea.
This results in an average outdoor temperature of 20.0 °C in
Seoul and only 16.0 °C in Berlin for the period from June 1
to August 31 (see Table 1). For passive cooling of buildings
by natural ventilation, the wind conditions are important as
well. Figure 1a and Table 1 demonstrate that the wind speed
in both countries is comparable but with more windy periods
in Germany due to more frequent changes between mari-
time and continental conditions. However, for hot days calm
weather is characteristic for both countries and observed for
Berlin and Seoul.

For the BPS, at least hourly time resolved values for the
meteorological parameters outdoor air temperature, wind
speed, wind direction, direct solar irradiation and diffuse
solar irradiation are required. Therefore, the meteorologi-
cal data of Potsdam “Test-Reference-Year 2010-04 warm
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Table 1 Characteristics of
meteorological data chosen

for BPS for Berlin, Germany
(location of LRB), and Seoul,
Korea (location of HRB) for the
period from April 1 to October
31//June 1 to August 31,
corresponding to Fig. 1

Parameter

Berlin, Germany (LRB building)

Seoul, Korea (HRB building)

Average outdoor air temperature
Maximum outdoor air temperature
Number of hot days (> 30 °C)
Number of tropical nights (> 20 °C)
Average wind speed (10 m height)
Maximum wind speed (10 m height)
Global solar irradiation sum (horiz.)
Direct solar irradiation sum (horiz.)
Diffuse solar irradiation sum (horiz.)

16.0°C//19.5 °C 20.0 °C// 24.1 °C
359°C//359°C 34.7°C//34.7°C
20//20 24 /122

3//3 58// 52

3.4 m/s//2.9 m/s 2.1m/s// 1.9 m/s
11.4 m/s // 8.0 m/s 10.4 m/s // 10.4 m/s
947 kWh // 515 kWh 964 kWh // 410 kWh
507 kWh // 292 kWh 450 kWh // 160 kWh
440 kWh // 223 kWh 514 kWh // 250 kWh

The most relevant differences are highlighted in bold font [37, 38]

Table 2 Comparison of
specifics of both countries,

Germany // Berlin South Korea // Seoul

South Korea and Germany,
and (separated with “//”’) the
corresponding capitals Seoul
and Berlin, respectively

Land area

population

Average living area per person
Average living area per household

Share of flats located in apartment buildings*

357,022 km? 100,363 km?
83.2//3.7 51.7//10.1

47.0 m?// 39.3 m? 28.5 m?// 25.8 m?
93 m?// - 70.0 m? // —

52% I/ — 51% /1 —

“more than 3 flats in one building [41-46]

summer” for the location of Berlin, Germany, from the Ger-
man Meteorological Service [37] and the data of Seoul from
the ASHRAE International Weather for Energy Calcula-
tions, v 2.0 for the location of Seoul, South Korea [38], were
chosen. These meteorological data were selected because
outdoor air temperature development, mean monthly outdoor
air temperature and solar irradiation and wind properties are
found to be representative for the two locations of the HRB
and LRB by comparison with the statistical values of these
locations from the last 30 years [39, 40]. The authors were
aware that a use of climate projections would be of inter-
est as well. However, we decided not to focus on possible
projections because the aim of this study is to compare the
heat resilience of apartment building types in South Korea
and Germany, not on overheating risk development for the
future. In other words, our intention is that the results of this
study should provide an understanding of fundamental inter-
relationships and thus form a basis on which future scenarios
can be built.

Apartment building types in South Korea
and Germany

In Table 2, specifics of South Korea and Germany including
the apartment situation are juxtaposed. For the comparative
analysis of the heat resilience, one representative, exemplary
apartment building was selected for each country, represent-
ing a common building type in the corresponding country.
For South Korea, a 20-storey staircase HRB, located in the
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centre of Seoul and erected in the year 1999, was chosen. For
Germany, a 6-storey LRB, located in the centre of Berlin and
erected in the time span of 1960 to 1990, was selected. The
LRB was renovated in the recent years including improved
insulation and installation of an elevator. Figure 2 shows
views and floor plans of both buildings. For the HRB, every
floor consists of two flats, located on the opposite of the
staircase (in sum 40 flats, each with 80 m? living area), while
for the LRB every floor consists of three flats (in sum 18
flats, with individual living areas between 55 and 65 mz).
The HRB type in South Korea is mainly inhabited by resi-
dents of the societal middle class, while the LRB type in
Germany is commonly used for social housing.

Building design and building physics

To compare the building properties and building phys-
ics, a detailed research of the German and South Korean
apartment building stock was performed at the beginning
of this study including local experiences. As a result, sev-
eral regional differences and similarities in building phys-
ics could be achieved between both countries, originated
by different cultural and social background as well as cli-
mate conditions. Caused by the high diversity of apartment
building types within the country, our findings describe aver-
age differences in the building stock for both countries in
a generalised form, which of course can vary significantly
for individual apartment buildings. For German and Korean
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apartment buildings, the following general similarities are and can be also the found in the selected HRB and LRB
obtained: buildings.

2. Active cooling Apartment buildings in South Korea older

1. Construction The constructional part (walls and ceil- than 20 years are commonly not equipped with perma-

ings) of the apartment buildings with more than three nently installed technical cooling devices and only with

storeys is typically made of concrete in both countries technical heating. These buildings can only be passively
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cooled by window ventilation, as it is the case for the
chosen HRB and LRB building. However, because of
climatological differences it is common that inhabit-
ants install cooling devices in their flat, especially in
the living room and sometimes in the bedroom [47]. In
Germany, technical cooling in apartment buildings is
uncommon. Hence, desired wall penetrations for exhaust
air pipes of cooling devices are hard to realise in Ger-
many, especially for tenants. In contrast, in South Korea
such penetrations are standard in buildings. Newer apart-
ment buildings in South Korea are often equipped with
technical cooling, which is not common for German new
buildings.

Ventilation system Existing middle-class apartment
buildings typically also do reveal technical ventilation
system in both countries to guarantee fresh air supply
or to heat and cool the flat. Even for new buildings,
the implementation of such ventilation systems is not
mandatory or standard in Germany or South Korea and
remains an additional option. The selected HRB and
LRB building do only exhibit an exhaust air ventilation
for the bathroom but no ventilation system with fresh air
supply.

Shading system For both countries, installation of exter-
nal sun shading system is uncommon. The chosen LRB
and HRB building do not have any shading systems. In
Germany, this is can only be found for newer buildings
with large windows with east, south or west orientation.

Besides these obtained similarities, significant differences

are found in the building physics between Germany and
South Korea, leading to different overheating risk, cooling
demand and heating demand:

1.

Wall insulation While the sandwich panel elements
of the exterior wall of the LRB (Germany) are insu-
lated by a 10-cm-thick mineral wool layer as external
insulation, the HRB (South Korea) is insulated by a
5-cm-thick extruded polystyrene foam (XPS) layer as
internal insulation layer. The two types of construction
are common practice in Germany and South Korea,
respectively. While in Germany external insulation of
facades is standard and internal insulation is seen very
critical due to thermal bridges and risk of condensation,
our research on South Korean buildings highlights that
internal insulation is standard. However, resident inter-
views do not reveal significant condensation issues or
mould on exterior walls. This is even more remarkable
by the fact that our research for South Korean revealed
that thick internal insulation layers by XPS of 14 cm are
common for new buildings to enhance energy efficiency.
Internal insulation with high thicknesses are found to
be common in China as well [25]. South Korean stand-
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2.

5.

ards clearly describes how internal insulation needs to
be applied [48] although condensation problematics are
obtained for some balcony walls [49]. Nevertheless,
the reduced heat storage capacity of rooms by internal
insulation reduces the potential to buffer high solar or
internal loads and thus rises the risk of high room tem-
peratures and uncomfortable indoor conditions. In this
study, we investigated in detail the impact of this dif-
ference in insulation type between Germany and South
Korea.

Balconies In both countries, the balconies are com-
monly located outside of the thermal building envelope,
but in South Korea balconies are usually fully closed
by windows of sun protection glazing, while balcony
of German apartments are mostly open without any
glazing. This difference is also present for the selected
HRB (South Korea) and LRB (Germany). Thus, while
the HRB balconies significantly rise in room tempera-
ture with ongoing solar irradiation, the LRB balconies,
connected to the outdoor air, do not. This difference is
also common for most buildings in Germany and South
Korea and is correlated to the different use of the bal-
cony [50].

Window glazing While in Germany triple glazing includ-
ing an insulation coating are commonly installed in new
buildings, windows in South Korea consist of double
glazing including a sun protection layer. Thus, while in
Germany windows are optimised for low heat energy
loss during winter time, South Korean buildings focus
on reducing the solar heat gain during summer time
[51]. For the selected HRB and LRB building, this is
depicted representatively as shown in Table 3.

Window opening The windows in South Korean build-
ings can be opened by sliding the windows sideways. In
contrast, window wings in Germany can be commonly
tilted (to guarantee small opening degrees) and turned
at a vertical axis to fully open them.

Insect screen The higher air humidity in South Korea
leads to a higher exposure of insects. Accordingly,
nearly all windows in South Korea are equipped with
insect screens as standard. Whereas in Germany insect
screens are not common, especially for multi-residential
buildings. This difference is crucial because the insect
screen nearly halves the air exchange rate to the outside
when windows are opened [52], leading to a reduced
passive cooling efficacy for Korean building by cool out-
door air. The effect of this difference is demonstrated for
the selected HRB and LRB later on.

Detailed structural component information of the selected

HRB and LRB can be found in Table 3.
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Building performance simulation
and parametrisation

To simulate the evolving room temperatures for both HRB
and LRB, all flats of both apartment buildings were simu-
lated using the BPS software IDA ICE 4.8' [53]. Building
components and material layers were implemented as listed
in Table 3 to ensure the desired realistic heat storage and
transmission dynamics for each room. Details about the
parametrisation and air exchange of the BPS models can be
found in the appendix.

The passive cooling of rooms by natural ventilation is
a crucial element and has a large impact on overheating
evaluation. Therefore, we developed several daily window
ventilation profiles (WVP) from residents’ questionnaires
in an earlier study and analysed their impact on overheating
[54]. For air exchange calculations, the duration and degree
of window opening is essential to be integrated in the BPS
model. The opening duration is taken from the time tables
“Noise” (visualisation see Table 8, Appendix) developed
earlier [54]. In this WVP the windows of the flats are opened
in the morning and evening (from 6 to 8 am and from 6 to
10 pm) if outdoor air temperature is lower than room tem-
perature and room temperature is above 24 °C. The room
doors and internal windows are opened in the morning and
evening (from 6 to 8 am and from 6 to 10 pm) to guarantee
cross-ventilation. This WVP describes a good practice of
using the cooling potential of natural ventilation under the
limitation that the windows remain closed during bedtime
because of outdoor noise, risk of precipitation, risk of bur-
glary, etc.

The window opening area in the BPS model is estimated
by measurement of the real opening cross section of the
individual windows and leads to:

e Window opening degree for the HRB including the 50%
reduction (reduction estimated according to Kittas et al.
(2008) in air exchange by the installed insect screen: 20%
of the window area for the window of the east balcony
and 25% for the three west-oriented windows (see Fig. 2)

e Window opening degree for the LRB (without insect
screen): 70% of the window area for the window door of
the west balcony (small window next to remain closed)
and 35% for the double-wing windows in kitchen, bed-
room and kids room (see Fig. 2), assuming that only one
wing is opened.

! Validation history of IDA ICE: http://www.equaonline.com/iceuser/
new_validationreports.html and http://www.equaonline.com/iceuser/
new_certificates.html (accessed at 26.02.2021).
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For the simulation scenarios where active cooling is
applied, the windows remain closed all the time (neglecting
the short times of window opening for fresh air in reality)
while all room doors (except bathroom) remain open.

Overheating criteria

The solely analysis of the evolving room temperatures from
the BPS model is only partially expressive for drawing con-
clusions on heat resilience and overheating intensity. In the
literature, different indicators exist to evaluate overheating
[55-59]. Because no unique criteria of overheating assess-
ment is available [11], we decided to use the indicator devel-
oped in DIN 4108-2 of the so-called overtemperature degree
hours (TDH). This indicator gives not only information for
how many hours per year a temperature limit is exceeded
but also by which degree, i.e. whether only by 1 K or even
by 5 K within one hour. More precisely, the TDH indicator
describes the cumulative product of exceedance time and
exceedance magnitude of the temperature over one year,
given in Kh/a. The critical threshold of TDH is defined to
be 1200 Kh/a according to DIN 4108-2. This means that if
the THD in a building is higher than this limit value, then
the building is not heat resilient and adaptation measures are
required. Because we do not differ in room use in our BPS
model, we evaluate the overheating over the whole summer
time, 24 h a day, for all rooms.

Results

Impact of building design and climate conditions
on heat resilience

For comparison of heat resilience of the HRB and the LRB,
detailed BPS of both buildings (including all flats) were per-
formed at its original location (HRB in Seoul, South Korea;
LRB in Berlin, Germany) using the corresponding mete-
orological data. For the reasons of clarity, the presentation
of the BPS results will be only focussed on the living room
for both buildings, centrally located in the flat. In Fig. 3,
the different room temperature time series for the month of
July and August are depicted, including derived overheat-
ing intensity by means of THD and maximum room tem-
perature. Comparing the first and the top floor level in the
building shows that the top floor dwelling show a higher
overheating risk as known from the literature [24, 60]. This
effect is more pronounced for the HRB in Seoul as for the
LRB in Berlin reasoned in the lower insulation the top floor
ceiling and the lower heat storage capacity of the HRB flat
in comparison with the LRB. Comparing both buildings the
overheating intensity in the HRB is significantly higher with
a factor six in TDH (5100 Kh/a for HRB to 800 Kh/a for
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b High rise building in Seoul, South Korea: Impact of storey
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Fig.3 Storey dependency of evolving room temperatures of the liv-
ing room for the selected a Low-rise building (LRB) and b high-rise
building (HRB) from July Ith until August 31. Besides the diagrams
the derived overheating intensity as TDH (in Kh/a) and maximum

LRB to floor) compared to the living room in the LRB. The
reason for the strong deviation is mainly originated by the
different climate conditions. As visible in Fig. 3, the indoor
room temperature evolution is connected to the outdoor air
temperature conditions. Analysing the daily room tempera-
ture variations, a strong drop can be obtained for the LRB in
the morning hours. This is caused by the cool outdoor air in
the early morning hours for the German climate, effectively
cooling down the living room when the windows are opened
(6 to 8 am). In comparison, this impact is much lower for
the HRB, mainly caused by the milder nights and morning
hours for the climate of Seoul.

To distinguish which differences in evolving room tem-
perature can be ascribed to different building design and
which to location and climate conditions, we virtually
located both buildings in the same city. Thus, the HRB and
LRB can be compared under the assumption to be both
located in Seoul or Berlin with the corresponding climate
conditions. In Fig. 4a, both buildings are assumed to be
placed in Berlin, evincing that the heat resilience of the
LRB is significantly lower than the HRB (TDH of 800 to
2200 Kh/a, respectively). However, when comparing both
buildings assumed to be located in Seoul, the difference
in overheating decreases significantly (TDH of LRB of
4600 Kh/a compared to 5100 Kh/a for the HRB) while the
overheating intensity for both buildings is much higher com-
pared to the location of Berlin. The latter can be ascribed by

5.8.

Top floor
| 5100 Kh/a; 33.7 °C

First floor
3400 Kh/a; 32.1 °C

------- Seoul outdoor
air temperature

12.8. 19.8. 26.8.

room temperature are depicted. The window ventilation profile
“Noise” was applied for both building (closed windows during night),
the windows of the HRB are equipped with an insect screen reducing
the air exchange

differences in outdoor air temperatures, especially during the
night. The question remains why the difference in overheat-
ing intensity between the HRB and LRB is considerably
larger for the location of Berlin in comparison with Seoul.
The temperature drop in the morning hours after hot days
in the living room of the LRB and HRB (when the windows
are opened from 6 to 8 am) is comparable, demonstrating
a comparable air exchange (see Fig. 4). This is reasonable
because both flats exhibit a similar opened ventilation cross-
sectional areas of the windows of around 4 m? in sum and
similar opportunities of cross-ventilation (see Fig. 2).

To further clarify this difference, the insulation type of
both buildings was varied. Instead of external insulation, the
walls and top floor ceiling of the LRB were insulated with a
6-cm-thick internal XPS layer, similar to the HRB insulation
(see Table 3). Analogous the internal insulation of the build-
ing envelop of the HRB was changed to an external insula-
tion with the same heat transmission coefficient. The results
in Fig. 5 clearly indicate that using external insulation leads
to lower TDH and thus higher heat resilience for both build-
ings. The temperature during the day increases much faster
if internal insulation is used, especially in the LRB (located
in Germany). This clearly highlights the importance of heat
storage capacity to reduce high daily room temperature max-
ima by solar or internal heat gains. Comparing the TDH and
maximum room temperature in Figs. 4 and 5, the type of
insulation is responsible for the major difference between
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a Both buildings located in Berlin, Germany (both without insect screens)
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b Both buildings located in Seoul, South Korea (both with insect screens)
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Fig.4 Impact of location and climate: Evolving room temperatures of
the living room (top floor) for the low-rise building (LRB) and the
high-rise building (HRB) assuming that both are located in a Berlin
(Germany) or b Seoul (South Korea). For both locations, the summer
month with the highest outdoor air temperatures is depicted. Besides

High rise building
5100 Kh/a; 33.7 °C

- Low rise building
:| 4600 Kh/a; 33.8 °C

Seoul outdoor
air temperature

158. 17.8. 19.8. 21.8.

the diagrams the derived overheating intensity as TDH (in Kh/a) and
maximum room temperature are visualised. For the location of Seoul,
the windows of both buildings are equipped with an insect screen,
whereas for Berlin no insect screens are applied for both

a Lowrrise building in Berlin, Germany: Impact of insulation type
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Fig.5 Impact of insulation type: Evolving room temperatures of
the living room (top floor) for the a low-rise building (LRB) in
Berlin and b high-rise building (HRB) in Seoul comparing internal
and external building envelop insulation. Besides the diagrams the
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Internal insulation
5100 Kh/a; 33.7 °C

External insulation
| 4800 Kh/a; 33.1 °C

Seoul outdoor
air temperature

19.8.

15.8. 17.8. 21.8.

derived overheating intensity as TDH (in Kh/a) and maximum room
temperature are visualised. Windows of the HRB are equipped with
an insect screen, whereas for the LRB no insect screens is applied
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a Lowrise building located in Berlin, Germany: Impact of insect screens
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Fig.6 Impact of insect screen on natural ventilation: Evolving room
temperatures of the living room (top floor) for the a low-rise building
(LRB) in Berlin and b high-rise building (HRB) in Seoul comparing

LRB and HRB overheating. Applying internal insulation,
the TDH of the LRB in Berlin with a value of 1600 Kh/a are
comparable to the HRB in Berlin with 2200 Kh/a. Apply-
ing external insulation, the TDH of the HRB in Seoul with
a value of 4800 Kh/a are similar to the LRB in Seoul with
4600 Kh/a.

Another major difference between Korean and Ger-
man buildings is that insect screens on windows of Korean
buildings are installed by default while in Germany insect
screens are uncommon. This is originated in climatologi-
cal differences and leads to a reduced air exchange when
windows with insect screens are opened. To demonstrate
the impact, we compared the effect of insect screens on over-
heating intensity for both buildings. Therefore, we halved
the window ventilation cross-sectional area if insect screens
are installed as a simplified assumption based on [52]. The
results in Fig. 6 indicate the significance of insect screens on
overheating, even for the case that windows are only opened
in the morning and evening hours. This underlines that over-
heating intensity can become problematic if insect screens
are added to a window.

Overheating dependency on window ventilation
behaviour

Besides the implementation of insect screens, the passive
cooling by air exchange of the flat can be influenced by the
inhabitants by varying their window ventilation behaviour

1.8. 3.8. 5.8. 7.8. 9.8. 11.8. 13.8.

With insect screen
5100 Kh/a; 31.7 °C

No insect screen
4200 Kh/a; 33.1 °C

| e Seoul outdoor
air temperature

158. 17.8. 19.8. 21.8.

internal and external building envelop insulation. Besides the dia-
grams the derived overheating intensity as TDH (in Kh/a) and maxi-
mum room temperature are visualised

in a significant manner [54]. For all simulation variants pre-
sented above, the window ventilation profile “Noise” was
applied for both buildings (closed windows during night,
windows only open from 6 to 10 pm and 6 am to 8 am).
To demonstrate the high potential of passive cooling by
natural ventilation, the WVP “Optimum” (visualisation see
Table 8, Appendix), taken from Schiinemann et al. (2021),
is applied. In this WVP the windows of the flats remain
open during the whole night (from 6 pm to 8 am) if outdoor
air temperature is lower than room temperature and room
temperature is above 24 °C. For the two lowest floors, the
“Noise” ventilation profile is applied because of burglary
protection, although the windows of the first two floors of
the HRB in South Korea are barred. All room doors and
internal windows are opened from 6 pm to 8 am to guarantee
cross-ventilation and thus show the maximum potential of
window ventilation. The differences of overheating intensity
in Fig. 7 between the applied WVP “Noise” and “Optimum”
are remarkable for both buildings in Berlin and Seoul. For
the HRB in Seoul, the maximum temperature decreases by
more than 2 K and the value for TDH of 2100 Kh/a is more
than halved applying the “Optimum” WVP. However, in
contrast to the LRB in Berlin, the TDH for the HRB in Seoul
remains at a high level, leading to the conclusion that even
if optimal window ventilation is applicable the heat bur-
den in the flats remain high in South Korea. Therefore, heat
adaptation measures are required to reduce the overheating
intensity and is applied to the model in the next section.
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a Lowrise building in Berlin, Germany: Impact of window ventilation profile (WVP)
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b High rise building in Seoul, South Korea: Impact of window ventilation profile (WVP)
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Fig. 7 Impact of different window ventilation profiles (WVP): Evolv-
ing room temperatures of the living room (top floor) for the a low-rise
building (LRB) in Berlin and b high-rise building (HRB) in Seoul
comparing the impact of two WVP “Noise” and “Optimum”. Besides

Heat adaptation measures

For residential buildings, several heat adaptation measures
were developed to enhance the heat resilience of a building.
Most common measures.

e Reduce the solar heat gain, e.g. by installing shading sys-
tems, sun protection glazing or enhancing the insulation
of opaque building envelope elements with high solar
irradiance [29, 51, 61],

e Increase the air exchange if the room temperatures are
higher than the outdoor air, e.g. by installing ventilation
systems [62—64],

¢ Enhance the heat storage capacity of the flat, e.g. by mas-
sive construction [31, 36].

However, for existing, inhabited buildings care must be
taken to find appropriate measures, which are acceptable for
the residents. Therefore, subsequent changes to the building
structure within the dwelling are mostly ruled out, which
makes an increase in heat storage capacity mostly impos-
sible in practice. However, sun shading elements or ventila-
tion systems can often be implemented to existing buildings
more easily. For the two chosen HRB and LRB we focus
on the influence of the following adaptation measures or
combined packages:

@ Springer
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the diagrams the derived overheating intensity as TDH (in Kh/a) and
maximum room temperature are visualised. Windows of the HRB
are equipped with an insect screen, whereas for the LRB no insect
screens is applied

(1) Installation of an external shading system for all win-
dows (except in the staircase) which are automatically
activated when irradiation at the windows surface is
above 100 W/m?. The shading system is defined to
transmit 15% of the solar irradiation in the model.

(2) Combining the external shading system of measure (1)
with an installation of a balanced ventilation system
in the flats, which is activated if air temperature of the
flat is above 23 °C and the outdoor air is cooler. In
this case, unconditioned outdoor air flows into the flat
and cools them. The air exchange rate of the ventila-
tion system is defined to be 1 ACH (n=1 h~!), which
means an air exchange of 200 m>/h for the HRB and
175 m>/h for the LRB (a full air exchange of the flat
in one hour). Rooms with supply air are living room,
bedroom, studying room and kids’ room. Rooms with
exhaust air are kitchen, bathrooms and for the HRB
balconies. In this scenario, the windows remain closed.

(3) Similar to measure (2) but with an air exchange rate
of 2 ACH (=1 h™!), meaning a double of air exchange
rate.

The impact of the three adaptation measure variants on
evolving room temperature time series is illustrated in Fig. 8,
and the derived characteristic values of TDH and maximum
room temperature are listed in Table 4. For both buildings,
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a Lowrrise building in Berlin, Germany: Heat adaptation measures
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Fig.8 Heat adaptation measure effectiveness: Evolving room temper-
atures of the living room (top floor) for the a low-rise building (LRB)
in Berlin and b high-rise building (HRB) in Seoul comparing the
impact of three different adaptation measures. The derived overheat-

13.8. 15.8. 17.8. 19.8. 21.8.

—— (1) sun protection

----- (3) Sun protection and Ventilation system: 2 ACH

ing intensity as TDH (in Kh/a) and maximum room temperature are
depicted in Table 5. Windows of the HRB are equipped with an insect
screen, whereas for the LRB no insect screens is applied

Table 4 Heat adaptation measure effectiveness: effect of heat adaptation measures on overheating degree by means of TDH and maximum room

temperature corresponding to Fig. 8

Low-rise building

High-rise building

Adaptation measure Overheating (TDH) Maximum tem- Overheating (TDH) Maximum
perature tempera-
ture
No adaptation (reference) 800 Kh/a 28.8 °C 5100 Kh/a 33.7°C
Sun protection 200 Kh/a 27.5°C 4200 Kh/a 32.8°C
Sun protection and Ventilation system 1 ACH 600 Kh/a 28.7°C 4000 Kh/a 33.0°C
Sun protection and Ventilation system 2 ACH 200 Kh/a 279 °C 1600 Kh/a 30.5°C

the installation of sun shading systems (variant (1)) signifi-
cantly reduces the overheating intensity. For the LRB, this
leads to acceptable TDH and maximum room temperature.
However, for the HRB the TDH and maximum room tem-
perature remain uncomfortable.

The additional installation of a ventilation system with
an air exchange of 1 ACH (variant (2)) only shows a neg-
ligible impact for the HRB and a worsening for the LRB.
The reason for this is that the windows are closed for the
scenario of implementing a ventilation system. This clearly

demonstrates that for the LRB the air exchange of opening
windows using the WVP “Noise” (for variant (1)) leads to
a higher air exchange and thus to a stronger cooling effect
than an automated ventilation system with an air exchange
rate of 1 ACH.

Installing a ventilation system with an air exchange rate
of 2 ACH in variant (3) leads to values in TDH for the LRB
living room comparable to those of variant (1) with win-
dow ventilation. In contrast, the overheating intensity of the
HRB in Seoul decreases tremendously. This is highlighted
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Table 5 Comparison of the yearly cooling energy demand for the top
floor flat of the low-rise building (65 m? living area) and the high-rise
building (80 m? living area) at both location (Berlin and Seoul) with-

out and with adaptation measures (* variant (2): sun protection and
ventilation system 1 ACH from Fig. 8)

Location

Low-rise building High-rise building

Both in Berlin, GER
Both in Seoul, KOR
Both in Berlin, GER
Both in Seoul, KOR

Without adaptation

With adaptation*

1794 kWh 924 kWh
2112 kWh 1289 kWh
147 kWh 291 kWh
556 kWh 669 kWh

by a lowering in TDH of 3500 Kh/a and maximum room
temperature decrease of around 3 K. Unfortunately, from
the practical side ventilation systems with 2 ACH, implying
400 m*/h air exchange for a HRB flat, are not common in
practice because the dimensioning of ventilation systems
is typically oriented to fresh air supply. Such high airflows
can also induce indoor noise. Another critical issue is that,
although the room temperatures could be lowered to a more
acceptable level for the HRB in Seoul, the humid climate
leads to relative humidity in the flat in the range of 70 to
85%. In combination with the high temperature, this “tropi-
cal” indoor conditions show that for the climate of Seoul it
is hard to achieve comfortable temperatures by passive heat
adaptation measures. One solution might be to use dehu-
midifier and the other one to install active cooling systems.

Active/technical cooling

In this section, the living rooms of the flats of both buildings
are cooled technically to maximum air temperature of 26 °C
while the neighbouring rooms are unconditioned and only
cooled indirectly by open room doors (see floor plans in
Fig. 2). For the HRB, the room doors towards the balconies
remain closed as well as all windows for both buildings. The
comparison of the cooling energy demand (without adapta-
tion measures) in Table 5 exhibits several findings. First, the
cooling demand for the LRB is almost twice as high as the
demand of the HRB, independent if the buildings are located
in Berlin or Seoul. Taken into account that the overheating
intensity in the uncooled HRB is higher as in the LRB liv-
ing room (see Fig. 4) arises the question why the cooling
demand seems to differ in a contrary manner. The major
difference is found to be originated in the different balcony
design. While for the LRB flat only the living room windows
are shaded by the balcony and four remaining windows do
not have any window shading, the shading situation in the
HRB is significantly different (see Fig. 2). Here the closed
balconies are heated to by solar gains to air temperatures up
to 37 °C. However, these rooms with high solar gains are not
actively cooled because the windows to the adjacent rooms
remain closed. The cooled adjacent rooms are well shaded
by the balconies. Since the balcony windows are assumed to

]
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be closed, only the “internal core” of the flat with low solar
heat gain needs to be cooled. Additionally, the g-value of the
balconies of the HRB is much lower than those of the LRB
(0.35t0 0.50, respectively). That the different solar heat gain
is responsible for the differences in cooling demand is also
demonstrated by the simulation variant including the heat
adaption measure (variant (1)) with automated external sun
protection systems in Table 6. While the cooling demand
in the LRB is more than halved by the shading, the cooling
demand of the HRB is much less affected. Our findings are
in agreement with findings from Song et al. (2012) analysing
the impact of remodelling of the balcony space to a living
space for a high-rise building in Seoul by BPS. The results
demonstrate that the indoor temperature increase is around
1 K and that the cooling demand increases by 22% in case
of remodelling.

Comparing the cooling energy demand for both buildings,
it becomes clear that there is no significant difference for
the location of Berlin and Seoul. Remembering the much
higher overheating intensity of the uncooled buildings in
Seoul compared to Berlin in Fig. 4, this seems contradictory
at first. The deeper analysis reveals that the strong overheat-
ing intensity of the buildings in Seoul is mainly caused by
mild nights obstructing effective passive cooling by win-
dow ventilation. In contrast, the high cooling energy demand
of the buildings for the location of Berlin is caused by the
higher direct solar irradiance through the windows compared
to the location of Seoul. The cloudy summer in Seoul leads

Table 6 Comparison of the yearly cooling energy demand of the top
floor flats in the low-rise and the high-rise building in dependence
of different heat adaptation measures. The adaptation measures are
taken from Table 5 and Fig. 8

Low-rise build-  High-rise building in

ing in Berlin, Seoul, KOR
GER
No measure 1794 kWh 1289 kWh
(1) sun protection 824 kWh 1056 kWh
(2) Ventilation system
(1 ACH) and Sun protec- 147 kWh 669 kWh

tion
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to a difference in direct solar irradiation sum from June to
August of 160 kWh/m? for Seoul and 292 kWh/m? for Ber-
lin (see Table 1). An additional factor is the 15° northern
position in latitude of Berlin compared to Seoul leading to a
smaller elevation angle of the sun above the horizon in Ger-
many and thus to higher solar irradiance through windows,
especially when south-oriented.

Besides these differences induced by building design,
different location and different climate, the cooling energy
demand for both buildings and locations is significantly
lowered when applying passive heat adaptation measures.
The results in Table 6 state that applying the variant (2) of
adaptation measure (external sun protection in combination
with a ventilation system with an air exchange of 1 ACH)
can reduce the cooling energy demand by more than 90%
for the LRB and nearly 50% for the HRB. Accordingly, pas-
sive heat adaptation measure can strongly reduce the cooling
energy demand and thus greenhouse gas emissions and thus
act parallel as both climate change adaptation and climate
change mitigation method. Our findings demonstrate that
passive heat adaptation measures should not be neglected
when a building is technically (actively) cooled.

Discussion

Interdependence of building design and climate
conditions on overheating intensity and cooling
demand

By analysing the overheating intensity and cooling energy
demand of two representative apartment buildings in
dependence of heat adaptation measures, building location
and present climate conditions, we achieve a deeper under-
standing of these interrelations. One major outcome is that
different building designs are suitable for different coun-
tries due to their local climate conditions. In this context,
the HRB in Berlin, Germany, would reveal a much higher
overheating intensity than the LRB if no active cooling is
applied. If both buildings would be located in Seoul, South
Korea both buildings show a comparable overheating risk.
When active cooling is applied, the HRB cooling energy
demand is only half of the LRB, independent of the location.
This implies that the LRB is the proper building type for
German climate if no active cooling is applied which is the
common case in Germany. In contrast, for Seoul, the HRB
is more suitable because it reveals a much lower cooling
demand when it is actively cooled or similar overheating
intensity like the LRB when it is not. This implies that both
buildings are designed quite suitable for their locations and
the current climate conditions. However, the tremendous
decrease in the overheating risk or cooling demand when
implementing simple heat adaptation measures (like sun

protection or ventilation systems) clearly demonstrates that
both buildings are far away from a proper design concerning
energy consumption for cooling or heat burden when active
cooling is applied or not, respectively.

As a general outcome, we generalised the differences
in climate conditions and building design in Germany and
South Korea and opposed them in Table7 including an
evaluation whether the individual property is positive or
negative concerning the heat resilience of the apartment
building. The comparison shows that South Korean climate
leads to critical summer conditions making it difficult to
achieve comfortable room temperatures only by passive heat
adaptation measures. The table also reveals that buildings
in both countries have their advantages and disadvantages
regarding heat resilience. Whereas the German building
stock is mainly designed to be energy-efficient by reducing
the heating demand in winter, the South Korean building
stock is more focussed on summer conditions but with the
trend to enhance the building envelope insulation to achieve
a lower heating demand reduction [51]. These disparate
developments are originated by the different climate condi-
tions with cooler climate in Germany and long extended
hot summer climate in South Korea. In this context, Ihm
et al. (2012) demonstrated that double glazing with low
solar heat gain coefficient is beneficial for large apartment
windows in South Korea. Another important factor regard-
ing heat resilience for not actively cooled flats is that they
need to be designed in a way that cross-ventilation is feasi-
ble. Our findings show that the kind of natural ventilation
has a significant impact on overheating intensity or cooling
demand for both Korean and German apartment buildings.
These findings are confirmed by Lee et al. (2017) obtaining
that natural ventilation for a residential building in Incheon,
South Korea, can reduce the cooling energy demand by
60% in comparison unventilated once. For another German
multi-residential building, we demonstrated that the realis-
tic reproduction of window ventilation behaviour is vital to
calibrate BPS models to monitored room temperature and
its significant impact on overheating [64].

Besides these detailed comparisons of impacts by build-
ing design and climate conditions, we analysed the effective-
ness of different heat adaptation measures, which result in a
tremendous potential on reduction in overheating intensity
or cooling demand with simple measures like sun protec-
tion systems. This was confirmed by Cho et al. (2014) in a
detailed analysis of the impact of building shading devices
for a high-rise residential building in Seoul, reducing the
cooling energy demand by around 20% which is in the range
of our findings in variant (1) of Table 6 [29]. In addition,
our investigation shows that for the LRB type in Germany
an even larger reduction in cooling energy demand of more
than 50% can be obtained by external sun protection sys-
tems (see Table 6). Comparing the efficacy of heat adaption
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measures, we found that for the design of the LRB external
sun protection systems indicate the largest effect while for
the design of the HRB the ventilation system (cooling the
flat with unconditioned outdoor air) is much more efficient
that external sun protection. This is caused by the different
glazing types and balcony situations and demonstrates that
most suitable heat adaptation measures differ for both build-
ing designs and thus for both countries.

According to the authors' knowledge, past overheating
studies did not compare overheating of apartment build-
ings in different countries separating building design and
climate condition impact. Our exemplary comparison
of South Korea and Germany shows that such compara-
tive approaches can provide new insights concerning heat
resilience and suitable climate adaptation measures. Such
analysis can lead to a learning effect of different countries
from each other to transform their building stock to a higher
resilience. Further comparisons of countries with larger dif-
ferences in climate conditions or buildings designs might
lead to new interesting approaches.

Generalisability, caveats and remaining questions

Although this case study only consist of a comparison of
only two different apartment buildings located in two coun-
tries, we believe that our findings can be generalised as done
in Table 7. We justify this with the fact that detailed analy-
ses of the residential building stock in both countries were
performed in advance of this study to find representative
buildings for both countries. The chosen HRB and LRB are
suitable references of apartment buildings in South Korea
and Germany, respectively. However, it should be taken into
account that such generalisation can only describe average
outcomes. Strong deviations are possible, e.g. by different
climate conditions within the country (mountainous region
to lowlands) or by different apartment building design. For
example, in Germany, a high number of different apartment
building types exist [65]. A comparison of a LRB and an
older apartment building (“Griinderzeit”) was performed
earlier [36] with the result that the obtained differences
are not such significant as those between the German LRB
and the South Korean HRB. Besides the impact of climate
conditions, this is caused by larger differences in building
design between South Korean and German apartment build-
ings (e.g. differences in insulation, balcony implementa-
tion, window glazing, use of insect screen, building height,
etc.) compared to differences within the German building
stock. In comparison, in South Korea different apartment
types exist as well (like stair, corridor or tower type [66] but
commonly reveal the same basic elements, such as internal
insulation or glazed balconies which are common for a high
number of buildings.

a
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For further investigations, a comparison of detached
and semi-detached houses for both countries might also be
relevant because around 50% of the German and 40% of
the Korean flats are originated in this type of residential
buildings [41, 43]. The reason that we focussed on apart-
ment buildings is based on the fact that these building types
are more generalisable in design while for detached houses
a higher diversity in building design and building physics
aggravates to draw generalisable conclusions. Some differ-
ences in the apartment building design between Germany
and Korea are found to be also present for the detached hous-
ing type like internal insulation in South Korea and external
insulation or monolithic construction in Germany.

Remaining open questions are the implementation of
different inhabitant behaviour as well as presence between
Germany and South Korea, based on a different cultural and
social background. The collaboration of German and South
Korean researchers for this study permits a first insight. For
example, while in Germany cross -ventilation during night
is not such preferred because doors of some rooms are typi-
cally closed because of privacy issues, this seems to be more
common in South Korea. Here, active cooling devices are
mainly installed in the living room and adjacent bedrooms
and kids’ rooms are cooled indirectly by open room doors
during night. Similar observations were made concerning
windows remaining open during night, which seems to be
more common in South Korean cities. Thus, a representa-
tive WVP between apartments in Seoul and Berlin might
be different which was only partly addressed by testing the
impact of two different WVP (see Fig. 7). In addition, a
detailed monitoring of room temperature and humidity for
24 houses in Seoul, done by Bae et al. (2009), shows that
inhabitants in Korea tend to activate the cooling devices
at high room temperatures which are outside of the indoor
thermal comfort zone [47]. This might be an indication that
South Korean people have a different perception and adap-
tive capacity concerning acceptable thermal comfort con-
ditions than Germans which is also not addressed in our
study [67]. This aspect could be taken into account in future
modelling, for example, with a different limit value for the
excess temperature degree hours, in a similar way as it is
already applied in the German DIN standard for the different
summer climate regions in Germany [58] or by applying an
adaptive overheating criteria [68].

A rough assumption in our investigation is that we set
the internal heat gain constant at 4.2 W per m? living area
for both buildings. This can be justified by the fact that the
primary objective of this study was to compare the perfor-
mance of the buildings and that no better data was available.
However, differences in operating the buildings by occupants
are found to have a significant impact on overheating inten-
sity of rooms and dwellings [54, 62, 64].
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The meteorological conditions are another important
boundary condition significantly influencing the overheating
intensity. For both countries, the summer varies in air tem-
perature and solar radiation conditions from year to year. We
implemented meteorological data representing an average
summer for the locations of Seoul and Berlin, comparing the
meteorological conditions of the last 30 years. However, for
planning issues both buildings should be designed for above
average summer stress not only because of common fluc-
tuations from year to year but because of ongoing climate
change projected to lead to enhanced heat stress especially
in cities [1]. Our findings highlight that an increase in tropi-
cal nights is very critical to achieve sufficient passive cool-
ing by natural ventilation. Further simulations using climate
projections would be of interest to analyse how overheating
intensity or cooling demand of the building might develop
in future and whether the buildings are heat resilient under
future conditions with, for example, an increase of tropical
nights.

Conclusion

The aim of this study was to analyse the impact of build-
ing design and climate condition on the heat resilience of
apartment buildings in Germany and in South Korea. One
central outcome of the BPS is that the overheating inten-
sity for apartment buildings located in Seoul is significantly
larger than in Berlin, caused by the high number of tropi-
cal nights in the South Korean climate. If both buildings
would be virtually located in the same city, the overheating
intensity of the LRB is found to be lower than for the HRB.
However, when the flats are cooled technically a higher cool-
ing demand is obtained for the LRB than for the HRB. An
explanation for this contradictory appearing observation is
given by the different building design, more precisely by the
glazed balcony structure and the necessity of insect screens
for windows in South Korea. The internal insulation (used
as standard in South Korea) of the HRB was found to induce
higher overheating intensities because of reduced heat stor-
age capacities. As a geneal outcome Table 7 summarises our
findings and opposes which climate conditions and building
design issues positively or negatively affect the heat resil-
ience of residential buildings in Germany and South Korea.
Implementing several heat adaptation measures to both BPS
building models indicate that the overheating risk can be
significantly reduced for the LRB if external sun protection
is applied (from 800 to 200 Kh/a). In combination with a
ventilation system used to cool the flat by unconditioned
outdoor air, this leads to a significant decrease in overheat-
ing intensity for both buildings (from 5100 to 1600 Kh/a
for the HRB in combination with sun protection systems).
If the flats are actively cooled, the implementation of heat

a
* @ Springer

adaptation measures results in a tremendous decrease in
cooling energy demand of up to 92% for the LRB (from
27.6 to 2.2 kWh/(m?a)) and 48% for the HRB (from 16.1 to
8.3 kWh/(m?a)). This finding demonstrates that measures
can act as both climate adaptation and climate mitigation
measures. From the overall comparison we can summarise
that glazed balconies (HRB) an external fagade insulation
(LRB) result in a heat resilient building design. However, if
the west- and east-oriented windows are (externally) shaded,
the open balcony structure of the LRB is preferred because
the building has a better possibility for window ventilation
and thus passive cooling than the HRB. From our findings,
we advocate that this case study acts as a starting point for
further comparative studies on heat resilience for build-
ings located in different countries and recommend further
research to understand how climate mitigation and climate
adaptation can be fostered within one measure.

Appendix
Parametrisation of the apartment buildings in BPS

For overheating assessment by BPS representing the real-
ity in detail at least hourly resolved profiles of resident’s
presence and operating electrical devices are required. How-
ever, in this article we focus to compare two flats and want
to avoid overlaying effect of different room use. Therefore,
we decided to define the same internal heat gain (includ-
ing gains by occupants, equipment and illumination) for all
room types applying a constant value of 4.2 W per m? liv-
ing area for 24 h per day over the whole year. This value is
taken from the German standard DIN 4108-2 [58]. For the
staircase, balconies, corridors and bathroom no internal heat
gain is applied Table(8).

For the BPS, the following boundary conditions and were
applied:

e [ ocation of the HRB is Seoul, South Korea; location of
the LRB is Berlin, Germany

e Orientation of the building similar to reality (see Fig. 2)

e Shading objects: no shading of surrounding buildings and
trees was taken into account, shading of balconies were
considered

e Assumed thermal bridge loss coefficient related to all
surfaces of the building envelope

e HRB: 0.10 W/(m?K) (common for older buildings [69])

e LRB: 0.05 W/(m?K) (common for newer or refurbished
buildings [69])

e  Minimum room air temperature (heating): 22 °C

¢ Buildings air tightness related to all component surface
(weighted by building envelope surface) for both, HRB
and LRB: n5,=2 h™! (due to high air leakage because of
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Table 8 Overview of the applied window ventilation profiles for BPS
developed in (Schiinemann, 2021 #146). The last column visualises
the hourly resolved daily ventilation time series of the profiles (high

bars...fully opened windows, low bars...tilted windows, light blue...
cross-ventilation applied)

During Even- | Night-
At - .
Name mornin; 7 ne time Cross Cooling efficienc
€ 8am-6 | (6-10 | (10 pm- | ventilation g y
(6-8 am)
pm) pm) 6 am)
. fully fully
Optimum ST closed closed opened yes IIIIIIII
fully closed fully closed yes
opened opened

outside air diffusers in windows according [68], Table
B.1)

The simulation software IDA ICE ensures that wind- and
temperature gradient-driven air exchange through windows
and between adjacent rooms is considered. This is done
taken into account wind flows through a building by con-
sidering pressure coefficient (calculated by a simplified
algorithm in IDA ICE) of the individual fagade and roof
elements. The location of the investigated buildings was
assumed to be semi-exposed by the AIVC standard. This
approach enables the possibility to display wind-driven
air exchanges in the building as well as the effect of cross-
ventilation by open room doors. In addition, temperature
gradient-driven air exchange through room doors and win-
dows is included as well. That both are done in a realistic
manner was proven by a comparing monitored and simulated
room temperatures of another apartment building using IDA
ICE [64].

The wind- and temperature gradient-driven infiltration
is calculated in IDA ICE by assuming an ns, (air exchange
rate coefficient at 50 Pa pressure difference) value of 2 h™!
(according to DIN EN 15,242, Table B.1 for average leak-
ages [68]) for both buildings.
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