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Abstract: The global average air temperature is increasing as a manifestation of climate change
and more intense and frequent heatwaves are expected to be associated with this rise worldwide,
including northern Europe. Summertime indoor conditions in residential buildings and the health of
occupants are influenced by climate change, particularly if no mechanical cooling is used. The energy
use of buildings contributes to climate change through greenhouse gas emissions. It is, therefore,
necessary to analyze the effects of climate change on the overheating risk and energy demand of
residential buildings and to assess the efficiency of various measures to alleviate the overheating.
In this study, simulations of dynamic energy and indoor conditions in a new and an old apartment
building are performed using two climate scenarios for southern Finland, one for average and the
other for extreme weather conditions in 2050. The evaluated measures against overheating included
orientations, blinds, site shading, window properties, openable windows, the split cooling unit, and
the ventilation cooling and ventilation boost. In both buildings, the overheating risk is high in the
current and projected future average climate and, in particular, during exceptionally hot summers.
The indoor conditions are occasionally even injurious for the health of occupants. The openable
windows and ventilation cooling with ventilation boost were effective in improving the indoor
conditions, during both current and future average and extreme weather conditions. However, the
split cooling unit installed in the living room was the only studied solution able to completely prevent
overheating in all the spaces with a fairly small amount of extra energy usage.

Keywords: energy demand; thermal comfort; overheating risk; climate change; heatwave; residential
building

1. Introduction

The global mean temperature has increased by about 1 �C during the last 150 years [1].
Furthermore, in the future, heatwaves, “periods of extreme heat, which are differently
defined in health, agriculture and climatology based studies” [2] will be more frequent,
more serious, much longer [3], and associated with more environmental hazards than
presently [4].

Heatwaves affect lung functions and blood flow in the human body, cause cardiovas-
cular diseases and increase population mortality [5]. The mortality effects of heatwaves are
higher in urban areas than the rural area. In Helsinki as a representative of urban areas in
the Nordic countries, during four recent intensive heatwaves, the heat-related mortality
risk was 2.5 times higher than in the ambient rural areas [6]. Buildings are at the forefront
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of the challenges of warming climate from two points of view. First, it is estimated that,
for a developed nation, about 25%–40% of energy-related emissions of carbon dioxide
which leads to climate change can be attributed to buildings. Thus, the energy efficiency of
buildings is an important factor for mitigating climate change in the political and technical
European agenda [7]. Second, due to the negative effects of climate change on human
health, it is crucially essential to investigate the risk of overheating under climate change
and see its effects on the thermal comfort and well-being of the occupants. Since using
cooling systems is not common in residential buildings in Nordic countries [6], the risk of
overheating is higher than in commercial or public buildings.

Previous studies about the energy efficiency and overheating risk of residential build-
ings under changing climate and the efficiency of different strategies for reducing the
demand for energy or peak power can be categorized into two groups. The first group has
considered average climatic conditions using test reference year (TRY) climatic data, while
the latter has focused on heatwaves of the current climate. Both groups, reviewed below,
include studies for a range of current and projected future climatic zones [8,9].

In the first group of studies in which average climatic data is used, in the hot and
humid climate, research by Invidiata and Ghisi [10] in Brazil has used TRY climatic data
of the 2020s, 2050s, and 2080s of three cities in Brazil to investigate the impact of climate
change on heating and cooling energy demand in dwellings. The results showed that
passive strategies can reduce up to 50% of the future annual cooling and heating energy
demand. Future trends of cooling energy of residential buildings in Taiwan are investigated
in the study by Huang and Hwang [11], using TRY climatic data of the 2020s, 2050s, and
2080s. It showed that the combination of several passive strategies can significantly reduce
the increases in the cooling energy usage caused by the effect of climate change. In
Hong Kong, Sheng Liu et al. [12] examined the passive design strategies for residential
buildings under the different future climate change scenarios. The results showed that
the combination of passive strategies can reduce annual and peak cooling load up to
56.7% and 64.5% under climate change, respectively. May Zune et al. [13] investigated the
overheating risk in modern dwellings in Myanmar under changing climate. They found a
high overheating risk in the dwellings by 2070.

In the desert climate of the United Arab Emirates, warming by 5.9 �C was estimated
to result in an increase of 23.5% in the energy used for cooling buildings [14]. Karim-
pour et al. [15] in Australia, investigated the effects of different envelope designs on the
energy efficiency of residential buildings in an area having a hot-summer Mediterranean
climate. They concluded that with climate change, heating becomes significantly less impor-
tant in modern better-insulated buildings. Thus, to cope with the impact of climate change,
it is important to focus more on measures that reduce cooling load. Investigating indoor
thermal conditions under changing climate, the adaptation of dwellings of Argentina to
climate change has been examined in a study by Filippin et al. [16]. The results showed
that in 2040, it is necessary to revise the dimensions of the glazed exterior façade areas and
improve solar protection to deal with overheating.

In the temperate climate of central Europe, with mild winters and warm summers,
Salthammer et al. [17] indicated that current thermal insulation standards do not protect
indoor spaces from overheating in the future climate of Germany and, therefore, smart
solutions for mechanical and natural ventilation should be introduced. A recent study in
the UK by Elsharkawy et al. [18] about the effects of retrofit under three different scenarios
of future climate showed that occupancy patterns have a significant impact on the predicted
duration of overheating. Moreover, in the Italian Apennine Mountains, de Rubeis et al. [19]
focused on heating energy consumption and estimated it to decrease by 44.8% by 2080.

Heatwaves of the current climate and their effects on indoor temperature conditions
and energy demand of residential buildings have been investigated in the other group of
studies. In the Mediterranean climate of southern Europe, Barbosa et al. [20] evaluated
the vulnerability of existing dwellings of Lisbon to the heatwave of summer 2003 and
the future projected climate. They found that both night ventilation in bedrooms and
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increased insulation can decrease indoor temperatures during heatwaves. Another study
in Portugal showed that changes in average outdoor temperature do not affect electricity
consumption significantly, but extreme temperatures during heatwaves have a stronger
impact on the peak power demand [21]. In the temperate climate of Switzerland, Xiaohai
Zhou et al. [22] analyzed the performance of two mitigation measures, hygroscopic ma-
terials and precooling, for the heatwave in the summer of 2018. A combination of these
two mitigation measures was found to have a large potential of reducing the heat stress
of people during heatwaves while minimizing the energy consumption of buildings. A
study in the cold climate of Canada by Laouadi et al. [23] proposed a simulation method to
define overheating and evaluate the risk of thermal discomfort and health problems during
heatwaves. By using the method to an example building in the heatwave of 2010 it was
discovered that highly insulated and airtight buildings are at a higher risk of overheating
than older buildings, and opening windows can significantly reduce the overheating risk.

In Northern European countries, with cold winters and rather warm summers, a
field study by Maivel et al. [24] examined the impact of ventilation, the orientation of
the building, and window size on recorded overheating in 100 Estonian apartments. It
was shown that without any passive solar protection solutions, modern buildings were
regularly overheated already in the current climate of northern European countries. Three
other simulation studies have focused on climate change and its effect on energy efficiency
and thermal conditions of residential buildings in the cold climate of Nordic countries.
In Sweden, Dodoo, and Gustavsson [25] simulated buildings of three different energy
regulatory regimes. They used three different future climate scenarios. Overheating
risk was analyzed by comparing the percentage of time with indoor temperatures over
28 �C and between 26 �C and 28 �C, respectively. Cooling and heating energy were
also calculated. Based on the results, passive cooling measures, e.g., solar shading will
become more important under future climate scenarios. Investigating the effects of climate
change on the energy demand and primary energy use of a residential building in Sweden,
Tettey et al. [26] indicated that with suitable strategies, e.g., window shading significant
primary energy reductions are achievable under climate change. In Finland, Jylhä et al. [27]
estimated that for a typical detached house, the cooling energy use in the summer will
increase but the annual purchased energy for heating and cooling will decrease by 20–35%
by 2100, depending on the magnitude of the climate change.

Despite the extensive studies on overheating and energy demand under changing
climate, more work for buildings in cold climates is needed to quantify the risk of overheat-
ing under climate change and the associated heatwaves. This research gap is summarized
for future consideration as follows:

1. Most studies have focused on the actual data of previous heatwaves, while due to
climate change, more severe and longer heatwaves are expected. Therefore, it is
important to assess the performance of the residential buildings under those extreme
weather conditions by using synthetic future weather data.

2. Current overheating assessments are mostly done in warm and hot climates, while
climate change is more rapid in Nordic countries, and most of the residential buildings
in this area are not equipped with cooling systems, so the overheating risk would be
higher in this area and should be taken seriously. In Nordic old and new apartments, a
systematic analysis of the effect of different passive and mechanical cooling solutions
on indoor climate and energy consumption is essential in future climates.

In this paper, we assessed overheating risk and the energy efficiency of a typical
old and new apartment building in southern Finland under climate change using both
average and extreme weather conditions of exceptionally hot summers. The work was
based on a dynamic building energy simulation and climate change projections derived
from a multi-member ensemble of global climate models. We addressed the following
research questions: (a) What are the simulated current indoor temperature conditions and
energy demand of Finnish residential buildings? (b) How much will the energy demand
and overheating risk increase by 2050 due to climate change? (c) How much can passive
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measures affect the overheating risk in the current and future climates? (d) How do the
buildings respond to heatwaves, and how serious are the past and future heatwaves in
comparison to the current and future average weather conditions? (e) How much will the
overheating risk and cooling demand increase during the future heatwaves associated with
climate change?

The novelty of this study is the usage of future projected data set of summer heatwaves
alongside the actual climate data set of summer heatwave 2018 for describing their impacts
on indoor temperature conditions and energy demand. The results of the simulations were
compared to the results of the current and future average climate conditions to understand
how the severity of the event would be different in the thermal comfort and well-being
of the occupants and how much the energy demand is influenced. Furthermore, a more
systematic and detailed analysis of the impact of active and passive cooling measures was
done, and their effects on overheating risk and energy demand of residential buildings
were discussed.

2. Materials and Methods
2.1. Description of the Studied Buildings

The example buildings considered in this study are two similar five-story apartment
buildings which locate in Helsinki, Finland. The geometry and orientation of the example
buildings are identical (Figure 1). The facade with the largest windows fronts west. How-
ever, some simulation cases are defined with different orientations. The buildings have
four living floors and a basement floor which is located underground, containing storage
and technical spaces. The heated net floor area of the buildings is 1943.5 m2. It is assumed
that the example buildings are located in a neighborhood, where they are surrounded by
similar buildings (Figure 2).

Figure 1. The geometry of the building.

Figure 2. The location of the simulated example building (black box) and the surrounding buildings
(grey boxes).
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The new building is assumed to be built after 2012 while the old building belongs
to the 1960s. Thus, ventilation systems, envelope properties, window to wall ratio, and
window properties are different according to the common practice of the construction year.
The envelope properties of the old and new buildings, including the U-values and window
properties, are reported in Table 1. The floor plan and room types of the buildings are
shown in Figure 3.

Table 1. Construction properties of the basic form of the old and new example apartment buildings.

Description Old Apartment Building New Apartment Building

Time of Construction The 1960s After 2012
Construction Concrete Concrete

Number of residential floors 4 4
Number of apartments 20 20

Air leakage rate q50 (m3/h m2) 6 2
Window to wall ratio (%) 19 15

Window Properties
U- value (W/m2K) 2.5 1

Total solar heat transmittance (g) 0.76 0.35
Direct solar transmittance (ST) 0.7 0.3

Average U- value of external walls (W/m2K) 0.6 0.17

Integrated shading Manually controlled blinds between the outer panes, according to the
occupancy profile and the intensity of solar radiation (>100 W/m2).

External shading Window indentation 30 cm Window indentation 5 cm

Heating system District heating, 40/70 �C water
radiators, 100 W/m2

District heating, 40/70 �C water
radiators, 65 W/m2

Mechanic cooling system (optional) Split unit in each living room, SCOP: 3, 45 W/m2

Ventilation Mech. Exhaust (CAV) Balanced Mech. ventilation (CAV)

Figure 3. Floor plan and room types in the old and new apartment building, the exhaust airflow rates of the old building,
and the air flow rates of the new building.

To facilitate the comparison of the results, the properties of the buildings and the
HVAC system are assumed to be the same in the simulations of current and future climate
conditions even if the efficiencies of the cooling systems may improve in the future.

The ventilation system in the old apartment building is a constant air ventilation
(CAV) mechanical exhaust system. The specific fan power (SFP) of the ventilation system
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is 0.7 kW/m3/s. The exhaust airflow rates (negative values) in different rooms of the old
apartment building are shown in Figure 3. The air leakage rate of the building envelope
q50 at 50 Pa pressure difference is 6 m3/hm2.

The ventilation system of the new apartment building is CAV mechanical supply and
exhaust ventilation system. The setpoint temperature of supply air heating is 16 �C the
whole year except June to August in which it is reduced to 14 �C. It is assumed that supply
air temperature warms up by 1 �C due to fans and ducting. The air handling unit (AHU) is
equipped with a district heated reheat coil, which is used for heating supply air. The SFP
of the ventilation system is 1.8 kW/m3/s.

The total air exchange rate of the building is 0.52 ACH in both old and new buildings.
The room types and the airflow rates in different rooms are shown in Figure 3 in which
positive values are the supply airflow rates and the negative ones the exhaust airflow rates.
The air leakage rate of building envelope q50 at 50 Pa pressure difference is 2 m3/hm2.

Table 2 shows the number of occupants in each apartment type. The average occu-
pancy density is one occupant per 28 m2. The activity level of 1.2 MET and adjustable
clothing level (0.85 � 0.25 CLO) are used. It is assumed that there are no heat gains from
occupants in the staircase and base floor. The presence of the occupants corresponds with
the lifestyle of working families. Thus, the heat gains are spatial, and temporal based on
their presence.

Table 2. The total number of occupants in each apartment type.

Apartment Number of Rooms Number of Occupants

A 3 3
B 1 1
C 2 2
D 3 3
E 4 4

Manually controlled blinds between the outer panes are used when someone is present
in the room according to the occupancy profile and the intensity of solar radiation exceeds
100 W/m2 on the windowpane. There are no blinds in the windows of the staircase.

The heating system of both the old and new building is district heating (DH). The
efficiency of the heat exchanger in the DH substation is 97%. Space heating is carried out
by 70/40 �C water radiators and the heat distribution efficiency is 80%. The temperature
setpoint of space heating is 21 �C in the apartments, except 22 �C in the bathrooms. On the
staircase and basement floor, the setpoint of space heating is 17 �C. A mechanic cooling
system is used in just some of the simulation cases that will be discussed in the following
sections.

The annual net heating demand of domestic hot water (DHW) is 35 kWh/m2 [28]
per heated net floor area of the building. It is assumed that DHW consumption is constant
with time. Heat losses of the DHW circuit are 0.56 W/m2 and 50% of the heat losses were
assumed to end up with internal heat gains in the zones.

The total annual electricity consumption of household equipment is 21.0 kWh/m2 [28]
per heated net floor area. The electric power of the appliances (W/m2) is assumed to be
evenly distributed by the floor area of all the simulated zones in the apartments, and the
appliances are used every day between 7:00–23:00. There are no appliances on the staircase
or base floor.

The total annual electricity consumption of indoor lighting is 7.9 kWh/m2 [28], per
total heated net floor area of the building. The electric lighting power (W/m2) is assumed
to be evenly distributed by the floor area of all the simulated zones in the apartments and
by the floor area of the staircase. There are no heat gains from lighting on the base floor.
The usage time of the lights are:

� May to August: between 21:00–23:00
� September to April: between 6:30–9:00 and 15:00–23:00
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The internal door of the bathrooms or WCs is always closed, but the other internal
doors inside the apartments are always open. The air airtightness of the closed doors is
taken into account in the simulation and the equivalent leakage areas at 4 Pa pressure
difference are 0.02, 0.1, and 0.08 m2 for the bathroom door, doors between the apartments,
and the outdoor of the staircase, respectively.

2.2. Target Values for Indoor Conditions

The target values used in this paper are based on national Finnish building codes and
legislations. The requirements suggested by the Ministry of the Environment and Ministry
of Social Affairs and Health of Finland are used to define overheating in the living spaces
of the buildings. In the design phase, the maximum allowed design indoor air temperature
is 27 �C outside the heating season [29]. In the occupied apartments, the upper limit for the
indoor air temperature of 32 �C, is used concerning the health and well-being of occupants
in all the living spaces [28]. The annual hourly indoor air temperature profiles for the
warmest bedroom of each building are simulated, and the annual degree hours above 27 �C
and 32 �C benchmarks are calculated.

Based on the requirements of the Ministry of the Environment of Finland, only 150 Kh
for the simulated indoor air temperatures above 27 �C is allowed during the summer
months (June-August) in the design phase of the new buildings, when the simulations are
carried out using the input data, e.g., weather data and standardized usage of the building
specified in the building code [30]. The number of degree hours above 27 �C of the studied
cases are compared to the value of 150 Kh even though the occupancy profile used in the
present paper differs from the requirements of the building code. In the building code,
the continuous internal heat gains should be used in all the rooms including the basement
and stairs while in this study, the spatial and temporal variation in the heat gain is taken
into account in a more realistic way. Moreover, the required weather data in the existing
building code is TRY 2012 [31] while in this study different climate data sets are used.

2.3. Climate Data Description

The two most important weather variables affecting the heating and cooling energy
demand of apartment buildings in Finland are the outdoor temperatures and in summer
the solar irradiance [32]. Figure 4 shows the monthly mean outdoor temperature and global
horizontal irradiance in the four climate datasets used in this paper as an input for building
energy simulations.

2.3.1. Present and Future Average Climate (TRY2020 and TRY2050-RCP4.5)

The present-day reference-year dataset TRY2020 describes weather conditions that are
as close as possible to the 30-year typical climatological conditions at the Helsinki-Vantaa
weather station in southern Finland. The selection of TRY2020 was based on a standard
method [33] with some modifications [32,34]. In TRY2020, the average monthly mean
temperature ranges between �4.5 �C in February and 17.4 �C in July, and average monthly
mean global horizontal irradiance between 6 W/m2 in December and 235 W/m2 in July.

By combining the weather observations selected for TRY2020 with multi-model mean
climate change projections for our study region [35,36], a reference year weather dataset
representing future climate in the middle of this century was constructed with the aid
of a so-called delta-change method [34]. In the current study, we assume that the future
evolution of greenhouse gas concentrations in the atmosphere will follow an intermediate
pathway called Representative Concentration Pathway 4.5 (RCP4.5) [37]. Accordingly,
the dataset describing average future climate is denoted by TRY2050. Under the RCP4.5
scenario, the projected increase in the monthly mean temperatures for 2050, relative to
TRY2020, range from 1.5 to 2.3 degrees. Meanwhile, due to changes in cloudiness and
aerosol particle concentrations, the monthly mean global horizontal irradiance is pro-
jected to slightly decrease during November–March and to increase during April–October
(by 1–5%).
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It is worth noting that TRY2020 and TRY2050 refer to typical climatic conditions, in
terms of outdoor air temperature and global horizontal irradiance, humidity, and wind
speed, during the 30-year periods of 1989–2018 (midpoint 2004) and 2035–2064 (midpoint
2050), respectively. Therefore, differences between TRY2050 and TRY2020 should be inter-
preted as projected changes in almost five decades rather than in three decades. Regarding
the future evolution of greenhouse gas concentrations in the atmosphere, which is naturally
unknown, by the mid-century, the selected RCP4.5 scenario does not considerably deviate
from other available plausible alternatives [35,37]. Therefore, the impact of the choice of
RCP4.5 on the results is relatively small. On the other hand, there are other sources of
uncertainty in TRY2050, arising from internal climate variability and differences among
the various climate models (for further discussion, see [35]).

Figure 4. Monthly mean (a) temperature and (b) global horizontal irradiance at Helsinki-Vantaa in
the test reference year (TRY2020), in test reference year projected for the year 2050 under the RCP4.5
scenario (TRY2050), during the year 2018 (HWS 2018), and year 2018 transformed to represent climate
conditions around the year 2050 (HWS2050).

2.3.2. Heatwaves in the Summer of 2018 and Future Heatwave (HWS2018,
HWS2050-RCP4.5)

HWS2018 represents a recent April-to-September period with severe heatwaves in
summer. Here a heatwave is defined as a period of days with the daily maximum outdoor
temperature above 25 �C [38]. In turn, if the nighttime (9 p.m. to 9 a.m.) minimum
temperature exceeds 20 �C, the night is defined as a tropical one [39]. The year 2018 was in
Finland, in terms of the national monthly mean temperature, a year with record warm May
and July [40]. At Helsinki-Vantaa in 2018, the months from April to September were all
unusually warm, with two heatwaves, one in May and the other in July-August. The first
lasted for four days (from 13th to 16th), with the highest hourly temperature of 28.8 �C but
no tropical nights. During the latter heat wave, from the 12th of July to the fifth of August,
daily maximum temperature exceeded 25 �C on 24 days (out of 25), with the highest hourly
temperature of 30.8 �C and five tropical nights. At Helsinki-Vantaa in 2018, the months
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from April to September were all unusually warm, and the monthly mean temperatures of
May and July were respectively 4.6 �C and 3.8 �C higher than in TRY2020. Moreover, the
95th (99th) percentile of the daily mean temperature, having a value of 23.8 �C (25.4 �C)
during Julys in 1989–2018 [34], was exceeded on 12 (2) days in July 2018. The monthly
mean temperatures of May and July were respectively 4.6 �C and 3.8 �C higher than in
TRY2020. Furthermore, due to unusually clear skies, the monthly mean global horizontal
irradiance in May 2018 was about 24% higher than in the TRY2020. Both heatwaves were
associated with anomalous high-pressure areas over Fennoscandia [41] and led to droughts,
crop failures, forest fires [42], and about 380 additional deaths in Finland [43]. In Helsinki,
the mortality attributable to the heatwave in 2018 was about 2.2 times higher than in its
surroundings [6]. Noteworthy, due to unusually clear skies, the monthly mean global
horizontal irradiance in May 2018 was about 24% higher than in the TRY2020.

An important aim of this study is to assess how the severity of a heatwave like that
in 2018 would be different in the climate of the mid-century. Therefore, hourly weather
observations during the year 2018 were modified to represent future heatwaves (HWS2050)
with the aid of climate change projections. In the transformation, the delta-change method
and the RCP4.5 scenario were again used, and it was assumed that the hot summer
could have occurred in any year of the period 1989–2018, without taking into account any
potential temporal trends in the magnitude or probability of the occurrence of heatwaves
during that period. Besides changes in the mean temperature, the delta-change method
applied for the outdoor air temperature took into account changes in the standard deviation
of daily mean temperature. In the study area, the day-to-day temperature fluctuations
are projected to slightly increase in June and July but attenuate in other seasons. The
diurnal temperature range, i.e., the difference between the daily maximum and minimum
temperatures, is projected to alter little in other seasons but winter [36].

For May and July, in this HWS2050 data set, the monthly mean temperature was
projected to increase by 1.5 �C and the monthly mean global horizontal irradiance by
2% relative to the year 2018 (HWS2018) (Figure 4). Further, in this HWS2050 data set, the
heatwave of May (July-August) lasted for 4 (25) days with the highest hourly temperature
of 29.9 �C (32.0 �C), and the number of tropical nights was 0 (15).

2.4. Building Simulation Tool

The whole building hour-by-hour multi-zone simulations of the final energy balance
and indoor conditions of the buildings were conducted by the IDA Indoor Climate and
Energy (ICE) tool [44]. The software simulates the interactions between thermal envelope,
HVAC systems, operational and occupancy schedules of the building as well as outdoor
climate variables. IDA ICE has been validated in many studies, e.g., [45–47]. IDA ICE
considers the airflow rates between the rooms as well as infiltration through the envelope
and the airflow rates through openable windows by simulating the wind pressures on each
façade and stack effect in each time step.

2.5. Simulation Cases

As stated in Section 2.1, in the simulations of the old and new apartment buildings
there is no mechanical cooling system in 16 cases (Tables 3 and 4). The effect of the
architectural design is not studied and the basic layout of the building is fixed in all the
simulation cases. The effects of some passive measures are studied to estimate the effects
of solar heat gains on overheating risk. The passive measures in these simulation cases
can be categorized into three main groups including orientations, shading, and window
properties. In both old and new buildings, different orientations in a way that the façade
with the largest windows fronts south, north, and east, are examined. Moreover, the effects
of removing window blinds and site shadings of south and west are analyzed. In two cases,
10% of the window area of the largest window of each room opens based on an assumed
human behavior as the outside air temperature is between 12 �C and 22 �C and the zone
air temperature exceeds 23 �C in both old and new buildings.
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Table 3. Description of simulation cases in the old building.

Groups Cases Orientation Surrounding
Window Properties

Integrated
Shading

Window
Opening

Active
Cooling
System

Ventilation Climate Dataset
Description U Value

(W/m2K) g-Value ST

Ref-Old Old-base West Similar buildings
on site. Clear 2-glazing 2.5 0.76 0.7 Manual

blinds None None Mech. Exhaust TRY2020, TRY2050,
HWS2018, HWS2050

Ref-Old
cooling

Old-base
with cooling West Similar buildings

on site. Clear 2-glazing 2.5 0.76 0.7 Manual
blinds None Split cooling

unit Mech. Exhaust TRY2020, TRY2050,
HWS2018, HWS2050

Orientation

Old-East East Similar buildings
on site. Clear 2-glazing 2.5 0.76 0.7 Manual

blinds None None Mech. Exhaust TRY2020

Old-South South Similar buildings
on site. Clear 2-glazing 2.5 0.76 0.7 Manual

blinds None None Mech. Exhaust TRY2020

Old-North North Similar buildings
on site. Clear 2-glazing 2.5 0.76 0.7 Manual

blinds None None Mech. Exhaust TRY2020, TRY2050

Shading

Old-No
building
shading

West
No buildings on

the south and
west side

Clear 2-glazing 2.5 0.76 0.7 Manual
blinds None None Mech. Exhaust TRY2020, TRY2050

Old-No
blinds West Similar buildings

on site. Clear 2-glazing 2.5 0.76 0.7 None None None Mech. Exhaust TRY2020

Window
properties

Old-Window
opening West Similar buildings

on site. Clear 2-glazing 2.5 0.76 0.7 Manual
blinds

Openable
windows None Mech. Exhaust TRY2020, TRY2050

Old-New
basic

window
West Similar buildings

on site.
3-glazing,

argon-filled
lowE

1 0.35 0.3 Manual
blinds None None Mech. Exhaust TRY2020
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Table 4. Description of simulation cases in the new building.

Groups Cases Orientation Surrounding
Window Properties

Integrated
Shading

Window
Opening

Active
Cooling
System

Ventilation Climate Dataset
Description U Value

(W/m2K) g-Value ST

Ref-New New-base West Similar buildings
on site.

3-glazing argon
filled lowE 1 0.35 0.3 Manual blinds None None Balanced Mech. TRY2020, TRY2050,

HWS2018, HWS2050

Ref-New
cooling

New-base with
cooling West Similar buildings

on site.
3-glazing

argon-filled lowE 1 0.35 0.3 Manual blinds None Split cooling
unit Balanced Mech.

TRY2020,
TRY2050,HWS2018,

HWS2050

Orientation

New-East East Similar buildings
on site.

3-glazing argon
filled lowE 1 0.35 0.3 Manual blinds None None Balanced Mech. TRY2020

New-South South Similar buildings
on site.

3-glazing
argon-filled lowE 1 0.35 0.3 Manual blinds None None Balanced Mech. TRY2020

New-North North Similar buildings
on site.

3-glazing
argon-filled lowE 1 0.35 0.3 Manual blinds None None Balanced Mech. TRY2020, TRY205

Shading

New-No building
shading West

No buildings on
the south and

west side

3-glazing,
argon-filled lowE 1 0.35 0.3 Manual blinds None None Balanced Mech. TRY2020, TRY2050

New-No blinds West Similar buildings
on site.

3-glazing
argon-filled lowE 1 0.35 0.3 None None None Balanced Mech. TRY2020

Window
properties

New-Window
opening West Similar buildings

on site.
3-glazing

argon-filled lowE 1 0.35 0.3 Manual blinds Openable
windows None Balanced Mech. TRY2020, TRY2050

New-Solar
protection window West Similar buildings

on site.
2-glazing argon

filled, solar
protection

1 0.16 0.19 Manual blinds None None Balanced Mech. TRY2020

Mechanical
cooling

New-Cooling of
ventilation west Similar buildings

on site.
3-glazing

argon-filled lowE 1 0.35 0.3 Manual blinds None cooling coil in
the AHU Balanced Mech. TRY2020

New-Cooling of
ventilation and

ventilation boost
west Similar buildings

on site.
3-glazing argon

filled lowE 1 0.35 0.3 Manual blinds None cooling coil in
the AHU

Increased airflow
rate TRY2020, TRY20504.5
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In the new building, in Case New- Solar protection window, solar protection window
with g-value of 0.19 and direct solar transmittance ST of 0.16 is used. In Case Old- New
basic window in the old building, the new basic windows are similar to basic windows in
the new apartment building with g-value of 0.36 and ST of 0.3, and U value of 1 W/m2K.

The mechanical cooling systems are examined in four of the cases. In both old and
new buildings, the split cooling unit installed only in the living room of each apartment is
used in the cases Old-base with cooling and New-base with cooling. The cooling capacity
of the units is 45 W/m2 where the area used in the dimensioning is the total floor area
of the apartment. To facilitate the comparison of current and future climate results, the
SCOP of the cooling unit is 3 in both current and future climate. Moreover, in the new
building, the effects of using the cooling of ventilation supply air and the combination of
cooling of ventilation and an increase of 30% in airflow rates suggested by the Ministry of
the Environment of Finland [30] are analyzed in two different cases. The definitions used
in each case are highlighted in Table 3 for the old building and Table 4 for the new building.
Except for the property modified, other characteristics of the buildings are those described
in Table 1. In Tables 3 and 4, integrated shading refers to all types of shading in the window
plane, e.g., blinds between the outer panes. External shading refers to permanent shading
objects, on the facade, near the window.

As input data, the simulations used the different present and future climatic datasets
discussed in Section 2.3. TRY2020, describing typical weather conditions in the present
climate, was utilized in all 20 cases (Tables 3 and 4). Its counterpart corresponding to the
future climate (TRY2050) was applied for 11 simulations to study the impacts of changes in
the average climate on the overheating risk and energy demand during a typical summer.
Observed weather data of heatwave summer 2018 (HWS2018) and the synthetic future
weather data of heatwave summer 2050 (HWS2050) were used in four cases: with or
without a split cooling unit installed in the living rooms of the new or old building.

3. Results

The results are presented in two main sections. In the first section, the annual energy
consumption is reported for each simulated case. Total district heating and electricity
consumption, as well as space and ventilation heating and cooling demand, are compared
between the new and old buildings, first in the average current climate and then in the
projected average future climate. Moreover, the influences of current and future extreme
weather conditions on the cooling electricity needed are calculated and compared with
the cooling electricity in the current and future average climate. The second section is an
assessment of overheating risk in the warmest bedroom of the buildings. The objective is
to find out the effects of the different measures on indoor temperature conditions in the
current, future, and extreme weather conditions.

3.1. Energy Demand
3.1.1. New and Old Buildings in the Current Climate

Table 5 shows the annual total purchased energy consumption for different cases for
TRY2020, in the current climate. The percentage of the difference in the district heating
between each case and the base case (Ref-New and Ref-Old) and the percentage in electricity
consumption difference between (Ref-Newcooling and Ref-Oldcooling) are calculated for
both building types), separately.

The annual district heating consumption is significantly higher in the old apartment
building than in the new one; in the base cases with cooling, the heating demands are
138.6 and 34.2 kWh/m2, respectively. In contrast, the annual electricity consumption is
lower in the old than in the new building. However, the share of space cooling electricity in
the new building (2.6 kWh/m2) is lower than in the old apartment building (2.8 kWh/m2).
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Table 5. Annual total purchased energy consumption (kWh/m2 a) in the current climate (TRY 2020,).

Cases
District Heating Electricity Difference (%) in Comparison to Ref-Old

District Heating Electricity

Total
Space and

Ventilation
Heating

Total Cooling Total
Space and

Ventilation
Heating

Total Cooling

O
ld

A
pa

rt
m

en
tB

ui
ld

in
g Old-base (Ref-Old) 180.5 138.1 30.9 0 - - - -

Old-base with cooling
(Ref-OldCooling) 181 138.6 33.7 2.8 0.2 0.3 9 -

Old-East 181.7 139.3 30.9 0 0.6 0.8 - -
Old-South 177 134.6 30.9 0 �2 �2.5 - -
Old-North 184.1 141.7 30.9 0 2 2.6 - -

Old-No building shading 178.1 135.7 30.9 0 �1.3 �1.7 - -
Old-No blinds 180.2 137.8 30.9 0 �0.1 �0.2 - -

Old-Window opening 181.2 138.8 30.9 0 0.4 0.5 - -
Old-New basic window 167.7 125.3 30.9 0 �7.1 �9.2 - -

N
ew

A
pa

rt
m

en
tB

ui
ld

in
g

Difference (%) in comparison to
Ref-New

New-base (Ref-New) 76.6 34.2 34.4 0 - - - -
New-base with cooling

(Ref-New Cooling) 76.6 34.2 37 2.6 0 0 7.5 -

New-East 76.9 34.5 34.4 0 0.4 0.9 - -
New-South 76 33.6 34.4 0 �0.8 �1.8 - -
New-North 77.1 34.7 34.4 0 0.7 1.5 - -

New-No building shading 76.1 33.7 34.4 0 �0.7 �1.5 - -
New-No blinds 76.5 34.1 34.4 0 �0.1 �0.3 - -

New-Window opening 77.5 35.1 34.4 0 1.2 2.6 - -
New-Solar protection

window 77.6 35.2 34.4 0 1.3 2.9 - -

Difference (%) in comparison to
Ref-New cooling

New-Cooling ventilation 77.4 35 35.8 1.4 1.0 2.3 �3.2 �46.2
New-Cooling ventilation

and ventilation boost 78.1 35.7 38.0 1.8 2.0 4.4 2.7 �30.8

The impact of the orientation, removing the shading effect of adjacent buildings and
blinds on annual district heating consumption is slightly higher in the old building than
in the new building. South orientation decreases the district heating consumption in the
old and new buildings by 2% and 0.8%, respectively. North orientation, correspondingly,
causes an increase of 2% and 0.7%. Removing the neighbor buildings on the south and
west side of the old building decreases the district heating consumption by 1.3%, while in
the new building the amount of decrease is only 0.7%. Removing the blinds has quite a
negligible impact on the district heating consumption in the old and new buildings with
less than 0.5% decrease. These blinds are controlled based on occupancy profile in the
base cases.

Openable windows do not affect the district heating consumption in the old building,
but it causes a small increase of 1% in the new building. The new basic windows in the old
building decrease the consumption by 7.1% because of the low U-value of the windows
in comparison to the original poorly insulated windows. Conversely, the solar protection
windows in the new building cause an increase of 1.3% in district heating consumption
because of the reduction in solar gains in winter.

In the ventilation cooling and ventilation cooling combined with ventilation boost
cases, the district heating consumption of the new building increases slightly by 1% and
2%, respectively. The electricity consumption is decreased by 3.2% in the future, while
it increases by 2.7% in the latter one, this is due to the increase of fans electricity usage
needed for ventilation boost.
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3.1.2. Impacts of Future Climate Change in New and Old Buildings

Table 6 shows the annual total purchased energy consumption in the projected average
future climate TRY2050. The percentage of the difference in the district heating and
electricity consumption between each case and the base case (Ref-New cooling and Ref-Old
cooling) is calculated for both building types. The district heating consumption decreased
in the old building by about 12–14% and in the new building by 7–10% compared to the
consumption in the current climate (TRY2020). Accordingly, the percentage of decrease is
slightly larger in the old building. Space and ventilation heating consumption will decrease
by 15–18% in the old building and by 15–22% in the new building.

Table 6. Annual total purchased energy (kWh/m2 a), in the projected future climate under the RCP4.5 scenario (TRY 2050).

Cases District Heating Electricity
Difference (%) in Comparison to Ref-Old

cooling 2020
District Heating Electricity
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Total Cooling

Old-base with
cooling 159.5 117.1 34.9 4 �11.9 �15.5 3.6 42.9

Old-South 155.8 113.5 30.9 0 �13.9 �18.1 - -
Old-No building

shading 156.9 114.5 30.9 0 �13.3 �17.4 - -

Old-Window
opening 159.7 117.3 30.9 0 �11.8 �15.4 - -

N
ew

ap
ar

tm
en

tB
ui

ld
in

g

Difference (%) in comparison to Ref-New
cooling 2020

New-base with
cooling 70.4 28 37.8 3.4 �8.1 �18.1 2.2 30.8

New-South 69.1 26.7 34.4 0 �9.8 �21.9 - -
New-No

building shading 69.2 26.8 34.4 0 �9.7 �21.6 - -

New-Window
opening 70.5 28.1 34.4 0 �8.0 �17.8 - -

New- Cooling
ventilation and

ventilation boost
71.0 28.9 38.8 2.6 �7.3 �15.5 4.9 0

On the other hand, in the future climate, the electricity consumption of the base cases
with the split cooling unit is increased by 2.2% and 3.6% in the new and old buildings,
respectively. In the new building, using the ventilation cooling and ventilation boost cause
the electricity consumption to increase by 4.9%. Although the absolute amount of space
cooling electricity used by the split cooling units is small, it will increase by 42.9% and
30.8% in the old and new buildings, respectively.

Overall, under changing climate the amount of decrease in the district heating con-
sumption in both building types is considerably larger than the increase in the electricity
consumption.

3.1.3. Influences of Current and Future Extreme Weather Conditions

Table 7 shows the space cooling electricity consumption of the old and new build-
ing base cases with the split cooling unit in April-September of 2018 (HWS2018) and
April-September of the mid-century (HWS2050); these represent extreme summer weather
conditions in the current and future climate. The effects of the heatwaves on the electricity
consumption for space cooling were calculated for each building type. Comparisons were
made both between the current and future heatwaves and against the average climate,
using the TRY2020 and TRY2050 weather data as baselines. According to the simulation,
the heatwave in 2018 increased the cooling electricity consumption significantly more in
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the old than in the new building. Although small in absolute terms, the simulated space
cooling electricity is even 37.5% (17.6%) higher for the heatwave summer 2018 than for the
future average climate (TRY2050) in the old (new) building, respectively.

Table 7. The space cooling electricity consumption (kWh/m2 a) of the cases with the split cooling unit in April–September
2018 (HWS2018) and its counterpart (HWS2050) in the projected climate around the year 2050.

Old Apartment Building New Apartment Building
HWS2018 HWS2050 HWS2018 HWS2050

Space cooling electricity consumption kWh/m2, a 5.5 7.2 4 5.1
Difference (%) in comparison to HWS2018 - 31% - 28%

Difference (%) in comparison to REF cases (TRY2020) 96.4% 157.1% 53.8% 96.2%
Difference (%) in comparison to the base cases (TRY2050) 37.5% 80.0% 17.6% 50.0%

In the heatwave summer 2018, the simulated space cooling electricity in the old and
new buildings, respectively, was 96.4% and 53.8% higher than the results for the average
climate TRY2020. It also exceeded the results for the average climate of 2050 (by 37.5%
for the old and by 17.6% for the new building). In the heatwave summer 2050, the space
cooling electricity will be 31% and 28% higher than the results with HWS2018. This shows
that heatwaves cause a significant increment on the electric grid. Thus, in the future,
there will be crucially important issues concerning the effects of heatwaves on the electric
power supply.

3.2. Overheating Risk

The annual hourly indoor air temperature and the overheating risk are investigated in
the warmest bedroom of each building type. The bedroom is located in apartment D and
faces to the west (Figure 5).

Figure 5. The location of the warmest bedroom in the buildings (red asterisk).

3.2.1. Comparison of Overheating Risk under the Current and Future Average Climate

The annual hourly indoor air temperature profile in the warmest bedroom of the old
and new building in the base cases with and without cooling under the current (TRY2020)
and future (TRY 2050) average climate is shown in Figure 6.

Generally, the maximum indoor air temperature in the old building is higher than
in the new building. The reason is the window g-value that reduces peak solar power in
the room space and cuts the maximum cooling load. In the old building without a cooling
system, the maximum temperature exceeds 34 �C and 36 �C in the current and future
climate, respectively. In the new building, the corresponding maxima are 32 �C and 34 �C.
However, according to the duration curve, indoor air temperature in the new building
is higher than 21 �C most of the time. The new building is warmer than the old one in
the majority time of the year, both in the current and future climates. This is due to the
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higher thermal insulation level of the new building. The usage of a split cooling unit (with
23 �C setpoints and 45 W/m2 (dimensioning power) installed in the living room reduces
the maximum indoor air temperature of the warmest bedroom to around 25 �C, in both
building types under the current and future climate.

Figure 6. The annual hourly indoor air temperature profile of the warmest bedroom, base cases, new
and old building, current and future climate. (The requirements of 27 �C and 32 �C are shown as
black dashed lines.).

The degree hours above 27 �C and 32 �C in the warmest bedroom of each building type
without cooling in the current and future climate are shown in Table 8. As a consequence
of climate warming, degree hours above 27 �C will increase by 56% and 57% in the old and
new buildings, respectively. Since the maximum temperature in the old building is higher
than in the new building, the number of degree hours above 32 �C is significantly larger in
both the current and future climate. In the new building, it increases by 38 Kh (4244%). In
the old building, it goes up from 142 Kh to 595 Kh (318%) under the changing climate.

Table 8. The annual degree hours above 27 �C and 32 �C, base cases without cooling in the warmest
bedroom, current and future climate.

Cases Degree Hours
above 27 �C

Degree Hours
above 32 �C

Old-Base without cooling, TRY 2020 4684 142
Old-Base without cooling, TRY 2050 7302 595

Difference (%) 56% 318%
New-Base without cooling, TRY 2020 4848 1
New-Base without cooling, TRY 2050 7600 39

Difference (%) 57% 4244%

3.2.2. Effects of Different Measures to Reduce Overheating in Current and Future Climate

The degree hours above 27 �C and 32 �C in the cases with different passive measures
under the current climate in the old and the new apartment building without mechanical
cooling are illustrated in Figure 7. In the old building north orientation, openable windows,
and new basic well-insulated windows are the measures that reduce the degree hours
above 32 �C to zero and the degree hours above 27 �C from 4684 Kh to 1501 Kh, 194 Kh,
and 1875 Kh, respectively. Although the openable window is effective, it is not an adequate
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solution alone. South orientation, removing the blinds, and absence of the shading building
on the west and south increase the degree hours above 27 �C and 32 �C from 4684 Kh to
about 4700 Kh, 5181 Kh, and 5809 Kh, respectively. These three measures cause a noticeable
increase in the degree hours above 27 �C and 32 �C in the new building as well. However,
the degree hours above 32 �C in the new building is significantly lower compared to the
old building.

Figure 7. The annual degree hours above 27 �C and 32 �C in different cases of the old and new building with TRY2020
current climate.

The most effective measures in the new building are openable windows, cooling of
ventilation with ventilation boost, and cooling of ventilation with 4 Kh, 429 Kh, 1590 Kh
above 27 �C. Openable windows are assumed to work according to the behavior of the
occupants when the outdoor air temperature is between 12 �C and 22 �C and the indoor
temperature exceeds 23 �C. Based on the simulation results of the new building, these
conditions are common in the new building, thus opening the windows can reduce the
overheating risk substantially.

Figure 8 shows the degree hours above 27 �C and 32 �C in the worst cases (south
orientation and no shading buildings) and best ones (openable windows in the old building;
openable windows, and cooling of ventilation and ventilation boost in the new building)
under the future climate (TRY2050). The degree hours above 27 �C and 32 �C increase
significantly in both building types in the future climate. Openable windows which are
effective in the current climate cannot prevent the temperature from rising above 32 �C in
the old building. However, openable windows and cooling of ventilation with ventilation
boost can decrease degree hours above 32 �C to zero in the new building.

Figure 8. The annual degree hours above 27 �C and 32 �C in different cases of the old and new building with TRY2050
future climate.

It is important to compare the effects of the usage of ventilation cooling combined
with ventilation boost (+30%) and the split cooling unit on overheating risk and energy
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consumption of the old and new building. In the case with cooling ventilation, the cooled
supply air comes directly to the bedroom but with the split cooling unit, it is installed in
the living room. Figure 9 shows the annual hourly indoor temperature profile of the cases
with the split cooling unit and the cases with ventilation cooling and ventilation boost in
the new building under the current and future climate. In comparison to the base cases, the
usage of the cooling of ventilation and ventilation boost reduces the maximum indoor air
temperature to below 30 �C and 29 �C in the current and future climate, respectively. The
split cooling in the living room installed decreases the maximum indoor air temperature
of the warmest bedroom to around 25.5 �C in both current and future conditions. The
simulations indicate that the rough rule-of-thumb design of cooling power of split units
works well in both current and future climate.

Figure 9. The annual hourly indoor air temperature profile of the warmest bedroom, base cases, new
and old building, current and future climate. (The temperature levels of 27 �C and 32 �C are shown
as black dashed lines.

Table 9 shows the degree hours above 27 �C and 32 �C in the warmest bedroom of
the new building for the cases with the split cooling unit installed in the living room and
the cases with the ventilation cooling and ventilation boost in the new building under the
current and future climate. The ventilation cooling and ventilation boost can reduce the
degree hours above 32 �C to zero in both current and future climates. However, the degree
hours above 27 �C is significantly high in both current and future climate.

Table 9. The annual degree hours above 27 �C and 32 �C, Comparison of the cases with different
cooling systems under the current and future climate.

Cases Degree Hours
above 27 �C

Degree Hours
above 32 �C

New-Base without cooling, TRY2020 4848 1
New-Base without cooling, TRY2050 7600 39

New-Base with cooling, TRY2020 0 0
New-Base with cooling, TRY2050 0 0

New- Cooling of ventilation and ventilation boost, TRY2020 429 0
New-Cooling of ventilation and ventilation boost, TRY2050 1156 0
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On the other hand, the split cooling unit in the living room can reduce the degree
hours of the warmest bedroom above 27 �C and 32 �C to zero in both climate conditions.
According to Tables 5 and 6, electricity consumption is slightly lower when using the split
cooling unit than the cooling of ventilation with ventilation boost.

3.2.3. Comparison of Overheating Risk under Extreme Weather Conditions

For the severity of the overheating risk, the occurrence of high indoor air temperature
during the heatwaves is crucially important for health. Figure 10 shows the April to
September hourly indoor air temperature profiles in the old and new buildings under
the heatwave summers of 2018 and 2050. As can been seen, the maximum indoor air
temperature without the cooling system reaches 38 �C and 35 �C in the old and new
buildings in 2018, respectively. In the heatwave summer of 2050, the absolute maxima are
just under 40 �C and 36 �C.

Figure 10. The April to September hourly indoor air temperature profile of the warmest bedroom,
base cases, new and old building, HWS2018 and HWS2050. (The temperature levels of 27 �C and
32 �C are shown by black dashed lines).

Table 10 reports the degree hours above 27 �C and 32 �C under the two heatwave
summers. The usage of the split cooling unit in the living room decreases the degree hours
above 27 �C and 32 �C in the warmest bedroom to zero in both hot summers. Otherwise,
without the cooling system, the degree hours above 27 �C and 32 �C are significantly higher
than in the average current and future climate. Although the indoor temperature conditions
during the heatwaves in the current and projected future climate deviate considerably from
the requirements, by using a split cooling unit in the living room with the setpoint of 23 �C,
thermal comfort can be provided in all the spaces where the maximum air temperature
is around 27 �C and 25 �C in the old and new buildings, respectively, in both current and
future climates.

Table 10. The April to September degree hours above 27 �C and 32 �C, under HWS2018 HWS2050.

Cases Degree Hours above 27 �C Degree Hours above 32 �C

New-Base with cooling, HWS2018 0 0
New-Base, HWS2018 10,238 571

New-Base with cooling, HWS2050 0 0
New-Base, HWS2050 13,143 1251

Old-Base with cooling, HWS2018 0 0
Old-Base, HWS2018 10,670 1815

Old-Base with cooling, HWS2050 0 0
Old-Base, HWS2050 14,328 3128
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4. Discussion

Several factors should be considered when interpreting the quantitative results. One
of them is that there is uncertainty in the scenarios for climate change, and only one of
the available alternative RCP greenhouse gas emission scenarios is used in this study.
However, the impact of the choice of RCP4.5 on the results is relatively small. Moreover,
there are other sources of uncertainty in TRY2050, arising from internal climate variability
and climate modeling. In our study, the climate change scenarios for the future are
derived from a large sample of climate models [35] which increases confidence in the
scenarios in comparison to using just a single model. Furthermore, technical development,
improvements in building practices, and socio-economic changes are hard to be considered
for the future. Another factor in the building simulation model is occupancy profiles which
affect the accuracy of the results. In this study, the presence of occupants has been assumed
in a way that is as close as possible to the modern lifestyle of families. Using the fixed and
continuous heat gains may cause different results. Regarding the overheating risk, Finnish
regulations for the temperature limits are used in this paper, and in other Nordic countries,
the temperature limits may differ. For example, in Denmark, the degree hours above 26 �C
are recommended to be less than 100 Kh [48]. These limitations must be taken into account
when the results are interpreted internationally.

Despite these limitations, the severity of the effects of climate change on the health
and thermal comfort of residential buildings occupants are not questionable, especially in
the Nordic countries where most of the residential buildings are not typically equipped
with mechanical cooling systems. According to the present simulations, the degree hours
above 27 �C will increase in the future climate by more than 50% in both the old and
new buildings. During the current and future heatwaves, the degree hours above 27 �C
increase up to 10,000 Kh and 14,000 Kh, respectively, in both old and new buildings. In
almost all the cases without mechanical cooling in the new building under the current and
future climate, the degree hours above 27 �C are significantly higher than the required
number of 150 Kh in the Finnish building code [27]. This shows that except for the openable
windows, other building measures are not able to guarantee to fulfill the building code
requirement, and only with the usage of the split cooling unit, the new building may fulfill
the 150 Kh requirement.

Although the national requirements do not apply to existing buildings, exemplified
here by the old building, results for it are worth to be considered. The degree hours
above 27 �C in the cases without mechanical cooling in the old building are significantly
higher than 150 Kh in the current and future climate. Moreover, none of the building
measures introduced a guarantee that the old building can fulfill the requirements. Thus,
this indicates a high risk of overheating in the old building. In the future climate and during
extreme weather conditions, the situation will be even worse in both old and new buildings.
Thus, it seems to be important to revise the regulations of building stock renovation and
design practice considering climate change and its effects on the health and comfort of
occupants. Moreover, providing common requirements for residential buildings in Nordic
countries or the whole of Europe would be worth considering while there are globally
common standards and design practices for commercial buildings [49,50].

In most cases, the maximum indoor temperatures exceed 32 �C without mechanical
cooling. The threshold value of 32 �C is the upper limit for the health of occupants in all the
living spaces for both existing and new buildings in Finland [28]. For elderly people who
are cared for in the residential living spaces, this maximum value is reduced to 30 �C [28].
The new building has the lowest degree hours above 32 �C with 1 Kh in the current climate
and 39 Kh in the future climate. These degree hours will reach more than 1000 Kh in both
building types during heatwave summers of 2018 and 2050. This overheating may cause
serious health problems for the occupants. A study in Finland showed that the heatwaves
in recent decades have caused about 200 to 400 excess deaths in Finland [6]. Thus, Solar
protection windows, openable windows, split cooling units, and ventilation cooling and
ventilation boost can effectively reduce the degree hours above 32 �C in both building
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types in the current and future climate. Hence, to avoid the health risks of overheating, the
building stock needs to change in design and renovation phases to cope with the future
extreme and average climate conditions.

Orientation, blinds, and site shadings are not significantly effective on overheating risk
and energy demand. Other passive strategies like solar protection windows improve indoor
temperature conditions but cannot alone fulfill the temperature requirements. Openable
windows are the most effective studied passive strategy in the new building, being able
to reduce the degree hours above 27 �C to the acceptable range in the current and future
climate. However, they are not effective enough for the fulfillment of the temperature
requirements in the old buildings.

It is also important to note that based on the regulations, openable windows are not
allowed to be used for the fulfillment of indoor temperature requirements in the design
phase of new buildings [29]. Although opening the windows can bring fresh air inside
and reduce the overheating risk, it should be considered that by opening the window,
indoor air quality and indoor acoustic conditions will be affected by the outdoor conditions.
Moreover, there are security issues with opening the windows. Overall, building measures
may improve the indoor temperature conditions under changing climate but they seem
not to be sufficiently effective.

The maximum indoor air temperatures are significantly higher during the heat-
wave summer of 2018 than during the average present and future climates (TRY2020
and TRY2050). The increase in the indoor air temperature is even a more serious issue
in the heatwave summer of 2050. The results show the high risk of overheating in the
residential buildings in the current and future climate of Finland. To decrease the indoor
temperature during the heatwaves, mechanical cooling systems should be implemented.
Based on our simulations, the space cooling electricity consumption increased during the
heatwave summer 2018 in a way that it was higher than the amount in the current and
future average climate in both building types, and in the heatwave summer of 2050, the
increase would be even higher.

Mechanical cooling systems, like split cooling units or cooling of ventilation supply
air, are required to reduce the indoor air temperature effectively in the future climate.
According to the present results, the energy consumption of split cooling units is below
3 kWh/m2 in the current climate and will reach 4 kWh/m2 in future climate. Typically,
in Finland, the cost of a split unit is about 2000 euro for the equipment and installation.
However, this cost level is reasonable for reaching the indoor temperature target values.
Since the benefits of acceptable indoor temperature on the well-being and comfort of the
occupants are not questionable.

Moreover, the energy needed for cooling can be partly provided by free cooling from
outdoor air or ground-coupled systems. However, the efficiency loss of these free sources
due to the high outdoor air temperature during the heatwaves should be considered. From
the dimensioning point of view, the used dimensioning cooling power of space cooling
(45 W/m2) seems to be enough in average and extreme climate conditions, and there is no
need to increase the peak power of space cooling due to climate change.

In this study, average ground temperature and therefore domestic cold water temper-
ature is assumed to be the same in the future regardless of global warming. The reason
is to ease the analysis of the parameters affected more strongly by climate change. The
system losses, efficiencies, and COP of the cooling systems are assumed to be the same
now and in the future. This is done to facilitate the comparison and to show clearly the
effect of climate change. The performance of HVAC systems may improve in the future,
as according to studies performed during recent decades, COP of heat pumps increased
by 2% annually [51]. Moreover, in the 2000s, COP of commercial air/water heat pumps
increased almost linearly from 3.5 to 5.1 [52]. Any improvement in the energy efficiency of
heating and cooling systems affects the purchased energy (district heating and electricity)
consumption, and the amount of increase in cooling electricity and decrease in district
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heating may vary in the future. Thus, even if the cooling demand increase, the technical
development of systems may partly compensate the increase.

Concerning the increase in the cooling electricity consumption in the future climate, a
change from the common practice of split cooling units in apartment buildings to district
cooling may be considered. In that case, fan coil units or radiant cooling (ceiling or floor)
may be in use. Fan coil units are not limited by power and capacity. For the usage of
radiant cooling systems, these limitations must be noted. However, different cooling
systems should be considered to carry the increase of cooling demand in the future.

5. Conclusions

The impacts of climate change on overheating risk and energy consumption were
assessed for old and new apartment buildings in Finland. Moreover, the effects of heat-
waves on space cooling demand and overheating are analyzed. Test Reference Year (TRY)
hourly weather data of 2020 and 2050 under the RCP4.5 scenario, weather data of heatwave
summer 2018, and synthetic future weather data of heatwave summer 2050 under the
RCP4.5 are used as the input of IDA ICE simulations.

The impacts of the changing climate on the indoor temperature conditions were
assessed using different passive measures for reducing the risk of overheating, including
orientations, blinds, site shading, window properties, openable windows in the old and
new buildings. Furthermore, the effects of cooling coil in the air handling unit together
with ventilation boost on overheating risk were analyzed in the new building.

Although the space cooling electricity consumption in the old building is higher than
the new building, the annual electricity consumption is higher in the new building due to
the HVAC aux electricity consumption.

According to the present simulations with the assumption that the efficiency of the
systems is the same now and, in the future, the annual district heating demand will
decrease by 8–12%, while the annual electricity demand will increase by 2–4%. However,
the absolute value of the space cooling electricity is small compared to the annual space
heating demand. Consequently, the amount of decrease in district heating consumption is
much higher than the increase in electricity consumption in the future. In the heatwave
summers, the space cooling electricity increases significantly.

Regarding the indoor temperature conditions even in the current climate, in the old
building, the amount of degree hours above 32 �C is noticeable, and the risk of overheating
is higher than in the new building. In the future climate, the maximum indoor temperature
exceeds the health risk threshold value of 32 �C in both new and old buildings. During
the heatwave summers of 2018 and 2050, the amount of degree hours above 27 �C is about
10,000 Kh and 14,000 Kh, and the degree hours above 32 �C about 1000 Kh and 3000 Kh,
respectively. Thus, not only the overheating risk in both buildings is high in future climate
and during heatwave summers, but also the indoor conditions would be harmful to the
health of occupants and it would cause an increase in mortality rate.

Orientation, blinds, and site shadings are not significantly effective in alleviating
the overheating risk. Solar protection windows improve indoor temperature conditions
significantly. Although openable windows are the most effective studied passive strategy
which can reduce the degree hours above 27 �C to the acceptable range and decrease
the degree hours above 32 �C to zero in the new building, they cannot completely fulfill
the regulation temperature requirements in the old building. Despite the effectiveness of
the openable windows on reducing the overheating risk, issues like outdoor pollutants
spreading and noise control should be considered when the windows are open.

Cooling coils of the air handling units together with ventilation boost can reduce the
indoor air temperature effectively in current and future climate, and the cooling power
is not high enough because the specified supply airflow rate is small. However, the split
cooling unit installed only in the living room can prevent overheating in the current and
future climate and also during the heatwaves in all the spaces by using a small amount of
extra energy.
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