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ARTICLE INFO ABSTRACT

Keywords: The buildings’ HVAC system design and indoor conditions are affected by climate change. This
Dimensioning cooling power study aimed to investigate the effects of climate change on office buildings’ cooling system design
Design outdoor conditions and indoor temperature conditions in the Nordic cold climate. Thus, two types of mechanical
Climate change cooling systems, the all-air (ventilative) and the air-water (radiant), are designed in a new office

Commercial buildings
Radiant cooling panel
Variable air volume system

building by using new cooling design days (1% risk) of the current and future climate of southern
Finland. Moreover, dynamic simulations of energy and indoor conditions are performed using
different average and extreme climate scenarios. The results showed that the dimensioning
cooling power demand with the current climate design day (1% risk level) in the all-air system is
higher than in the air-water system by about 18% and it increases significantly when using future
climate design days depending on the climate scenarios. The annual maximum cooling power
demand in the current and future average climate is below the current climate dimensioning
power for both systems. While during extreme weather conditions of the current and future
climate, it is higher than the current climate dimensioning power for both systems. Despite the
increase in cooling power demands, the dimensioned cooling system using the current climate
design day can provide a thermal comfort level of category I of EN16798-1 in all the spaces during
the current and future average climate, and category II during the current and future extreme
weather conditions. Thus, ventilative and radiant cooling systems equally perform under a
changing climate.

1. Introduction

Climate change and increasing ambient temperature have been a growing concern. Each of the last three decades has been warmer
at the Earth’s surface than any preceding decade since 1850 in the Northern Hemisphere [1]. The global average combined land and
ocean surface temperature was 0.99 [0.84 to 1.10] °C higher in 2001-2020 than in 1850-1900 [1]. This rise may affect the frequency
of heatwaves which have increased in large parts of Europe [1-3] and are associated with increasing heat-related mortality [4]. Thus, it
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is likely that e.g. naturally ventilated buildings will face overheating in the summer, whereas cooling energy demand will be increased
in buildings with mechanical cooling systems [5]. On the other hand, the building sector is one of the main contributors to energy use
and greenhouse gas emissions. As buildings are responsible for 40% of the energy consumption and 36% of greenhouse gas emissions in
Europe [6]. In 2019, global direct and indirect emissions from non-residential buildings increased by about 55% compared to 1990 [7].
Thus, buildings are at the forefront of the climate change challenge.

Based on the vast body of literature, the severity of the impact of climate change on energy use in office buildings is unquestionable.
Cellura et al. [8] examined different climate change models and found an overall increase in total energy consumption with a relative
decrease in heating demand and an increase in cooling demand by 2090 in Southern Europe. Nguyen et al. [9] compared the opti-
mization models as a collection of solutions to the existing buildings. The results showed that the existing building will have a 7.2%-
12.3% increase in total energy consumption and a significant increase in overheating period in the future. Although the use of
optimization in the building design and operation phase helps reduce energy consumption and overheating in the current climate, it
can not mitigate the effects of climate change. Another study in the cold climate of Canada by Berardi and Jafarpur [10] showed an
average decrease of 18%-33% for the heating energy use, and an average increase of 15%-126% for the cooling energy use by 2070,
depending on different climatic zones of Canada. This impact is not just because of the rise of outdoor temperature, but changes in
enthalpy and its effects on the dehumidification and cooling power demand must be considered for predicting cooling energy. A study
by Mingcai et al. [11] in China, showed that building cooling energy consumption is affected by different climate factors in different
climate conditions under a changing climate and changes in humidity must be considered rather than just temperature.

The selection of outdoor design conditions is an important factor in determining the building cooling loads and cooling power
required for air conditioning equipment [12,13]. ASHRAE Standard 169 [14] provides a variety of climatic information over the world
based on the average conditions during the past 25 years for the design, planning, and sizing of buildings’ energy systems and
equipment. However, Xu et al. [15] showed that the outdoor design conditions should be regularly updated to reflect the climate
change effects on heatwaves. Kajtar and Voros [16] found that the cooling system designed with weather data recommended by the
standards has a high risk to be undersized in warm summers. Another study by Chen and Yu [17] proposed a statistical method for
determining solar radiation, and outdoor dry-bulb and wet-bulb temperatures selected for design conditions in Hong Kong. Their
results showed that the peak cooling load with the traditional design weather data recommended by the standards is always much
higher than the results with their proposed design weather data. Research by Yu et al. [18] investigated climatic influences on chiller
systems in commercial buildings in Hong Kong. Based on the results a 3.9—-4.2% extension in the cooling capacity should be considered
for air-cooled and water-cooled chillers to meet the increasing cooling demand over their 15-year functional life. Yau and Hasbi [19]
found that climate change may affect the system design as the maximum cooling load may increase by 3-12% in 2020, 2050, and 2080
respectively compared to 2000. Based on the literature, the typical test reference year datasets (aiming to describe a 30-year average
climate) are suitable for energy and indoor temperature calculations. While due to climate change, variations between the years and
the probability of summer heatwaves occurrence are increasing, and in average climatic data, these extreme weather conditions are
hard to be considered. Thus, determining the design weather conditions considering the effects of climate change is an important issue.

On the other hand, novel heating, ventilation, and air conditioning (HVAC) control strategies may help climate change mitigation
in office buildings. Sanchez-Garcia et al. [20] examined the application of an adaptive comfort control mode in mixed-mode office

Table 1
The summary of the reviewed literature.
Main objective Climate Climatic data Studied factors
Office buildings’ energy e Cold (Canada) [10, e Current o Heating energy [8-10]
consumption 11] climate e Cooling energy [8-11]

Moderate [11] Future climates
Mediterranean [8]

Subtropical [9]

Overheating risk [9]

e Hot [11]

Outdoor design conditions e Moderate [16] e Current e Sequences of coincident design weather parameters [17]
e Continental [15] Climate e Climatic influences on chiller capacity [18]
e Subtropical [17,18] e Future climates e Optimal period of record for outdoor design conditions
e Tropical [19] [15]

Dimensioning risk level [16]
Cooling load [19]

Setpoints [21,22]

Control systems [20]

Cooling systems operational Cold (Canada) [21, Current
settings 22] Climate
Future climates

e Moderate [22] . e COP of chiller plants [23]
e Mediterranean [20]
e Subtropical [23]
e Hot [22]
Different cooling system e Moderate ] [27] e Current o Air-water systems (radiant panels) [24,25,27]
performance e Mediterranean [25] climate e Air-water systems (thermal activated building systems)
e Tropical [24] [26]

e All-air systems [24-27]
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buildings in Spain. The reduction of the total energy demand caused by the utilization of adaptive comfort control mode changes from
31.0% currently to 39.1% in 2080 weather data. Jafarpur and Berardi [21] showed that adjusting the room air temperature setpoints
can decrease the annual total energy demand by up to 10% in the cold climate of Canada. Wang et al. [22] investigated the effects of
adjustment of thermostat setpoints and operation hours of variable air volume (VAV) ventilation systems as well as mixed-mode
ventilation on mitigating the climate change impact in office buildings of 5 cities in the USA. The measures were effective in
reducing total annual energy consumption in the current climate but were not enough to counteract climate change. However,
mixed-mode ventilation was the most effective mitigation measure for all the cities. Wan et al. [23] analyzed potential climate change
mitigation measures of the chiller plant as well as the building envelope, internal condition, and lighting load density. They showed
that the coefficient of performance (COP) of the chiller plant should be improved from the current minimum requirement of 4.7 to at
least 5.5 to minimize the impact of climate change.

Investigating the difference in system performance is an important issue for understanding the effects of climate change in office
buildings. Khan et al. [24] found that the air-water system, where the radiant cooling ceiling was implemented, was 17.5% more
efficient than a conventional all-air system, where all cooling power was covered with ventilation, in India. A study by Pieska et al.
[25] indicated that the radiant cooling system uses 40% less energy than the all-air system despite the condensation risk. Rijksen et al.
[26] found that 50% of reductions in the cooling capacity for a chiller can be achieved using thermal-activated building systems
(TABS) which is a type of air-water system. Research by Ning et al. [27] showed that the peak cooling load is 16% larger and the
operative temperature is about 1.1 °C lower with the radiant cooling panels combined with a dedicated outdoor air system than in
all-air systems.

An overview of the reviewed literature is presented in Table 1.

Despite the extensive studies on the effects of climate change in office buildings, more work for office buildings in cold climates is
needed to investigate the effects of heatwaves in changing climate. This research gap is summarized for future consideration as follows:

e Most studies have focused on the heating and cooling energy demand, while climate change affects the power demand of cooling
systems, as well. Thus, it is important to analyze the effect of changing climate conditions on dimensioning of the cooling systems.

e The effect of climate change and associated heatwaves on cooling power demand and indoor thermal conditions need to be
considered.

e Adaptation and mitigation strategies in HVAC system design have been investigated in previous studies. However, the performance
of different HVAC systems (all-air and air-water) under a changing climate still needs to be analyzed and discussed.

e The current analysis is mostly done in warm and hot climates, while the increases in outdoor air temperature are more rapid in cold
Nordic countries. Thus, investigating the effects of climate change in office buildings in cold climates needs more work.

Analyzing the effects of climate change on HVAC system design and operation is necessary. This paper attempts to deepen the
understanding of the design and operation of mechanical cooling systems including all-air (ventilative cooling) and air-water (radiant
cooling) systems under the impact of climate change. The novelty of this paper is a particular analysis of the dimensioning of the
cooling systems in office buildings considering the changing climate and its associated heatwaves. To dimension the required cooling
power, the new design days of the current and future climate of Finland are used for the simulations. Moreover, the peak power and
energy demands for all-air and air-water cooling systems of an office building are simulated and compared using the current and
projected future (2050) datasets of average climate. Finally, simulations are made for extreme weather conditions, using the actual
climate dataset of the hot summer of 2018 in the cold climate of Finland, and its projected counterpart in the future under two global
emission scenarios.

Fig. 1. The geometry of the example building.
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2. Materials and methods

2.1. Building description

2.1.1. Studied building

The example building of this study is a six-story office building located in Helsinki, southern Finland. This example building has
been used to show the cost optimality of building regulations for the European Commission [28]. The facade with the largest windows
fronts south. The geometry of the building is shown in Fig. 1. The heated net floor area of the buildings is 5744 m?. It is assumed that
the example building is surrounded by similar buildings as is shown in Fig. 2. The layout of all six floors is the same. There are different
room types, meeting rooms, single office rooms, and an open layout office on each floor as well as service spaces like restaurants and
toilets. The layout of the west side of the middle floor is shown in Fig. 3. The office rooms and meeting rooms on the east side are
symmetric to the west side of the building. To simplify the analysis, only the west side is simulated. The simulated zones are multiplied
by the number of all similar zones in the building.

The building represents the new office buildings. The window to wall ratio is 50%. The construction properties of the building
including the U-values and window properties are reported in Table 2 [28]. Manually controlled blinds between the outer window
panes are used except for the windows of the atrium.

The building is occupied from 8 to 17 on weekdays and the total number of occupants is 307 with an average occupancy density of 1
per 20 m?. The activity level of 1.2 MET and adjustable clothing level (0.85 + 0.25 CLO) are used. The corresponding occupancy
profiles for each kind of room are shown in Fig. 4. Profiles number 1-3 are used in different meeting rooms, number 4 in different office
rooms, and number 5 in the open offices. These are similar to the profiles used for showing the cost optimality of building regulations
for the European Commission [28].

The total annual electricity consumption of office equipment is 22.4 kWh/m? [29] per heated net floor area. The electric power of
the appliances (W/m?) is assumed to be evenly distributed by the floor area of all the simulated zones including office and service
spaces in the building, and the appliances are used based on the occupancy profile.

The total annual electricity consumption of indoor lighting is 18.6 kWh/m? [29] per total heated net floor area of the building. The
electric lighting power (W/m?) is assumed to be evenly distributed by the floor area of all the simulated zones in the building and the
lighting equipment is used on weekdays based on the occupancy profile.

2.1.2. HVAC system description

The heating system of the building is district heating (DH). The efficiency of the heat exchanger in the DH substation is 97%. Space
heating is carried out by low-temperature water radiators (45/35 °C) and the heat distribution efficiency is 90%. The temperature
setpoint of the room air temperature is 21 °C in all the spaces and is controlled by an ideal thermostat radiant valve.

All-air and Air-water systems are commonly used in the office buildings of Nordic countries. These two systems are fundamentally
different in the breakdown of sensible and latent loads and can perform differently through climate change. Thus, these two systems
are analyzed. The air-water system can have non-condensing (e.g., radiant panels) and condensing units (e.g., fan coils) in the market.
Since the non-condensing ones are more challenging regarding the climate change impacts, the focus of this study is on radiant panels
which are commonly used in office buildings in Finland.

The ventilation system of the building is a mechanical balanced variable air volume (VAV) system with heat recovery. Two air
handling units (AHU) are installed in the building. The main AHU is used 2 h before and after the normal occupied time, on weekdays
from 6 to 19, and the air flow rate is controlled by the CO5 concentration or room air temperature. The basic AHU with a constant
airflow rate is assumed to be running continuously every day including nights and weekends to remove the material emissions [30]. It
is a constant air volume (CAV) system.

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

N —25.0m

20m

20 m

H_

Fig. 2. The surrounding buildings. The example building is shown with a dotted pattern.
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Fig. 3. The layout of the west side of the middle floor.

Table 2
The construction properties of the example office building.
Envelope U value (W/m?K) External wall 0.17
properties Roof 0.09

Base floor 0.17
Air Leakage qso (m®/h,m?) 2

Window U value (W/m?K) 1
properties Direct solar transmittance 0.3
(ST)
Total solar heat 0.35
transmittance (g)
External shading Window indentation 5 cm
Integrated shading Manually controlled blinds between the outer window panes, according to the occupancy profile and the
intensity of solar radiation (>100 W/m?).
Window opening None

coefficiency of performance (COP) of the chiller is assumed to be 3 and constant in all the cases. The dimensioning cooling power
demand of the chiller is defined in the results (section 3.1.1).

Two sets of simulations are conducted in this study: the dimensioning cases of the cooling power demand, and second, the annual
cases for energy consumption and thermal comfort analysis (see Sec. 2.5 for details). The properties of the HVAC system in these
simulation cases are as follows:

A. HVAC system in dimensioning cases: In this study, two different ventilation and cooling systems: 1) all-air system (VAV
ventilative cooling) and 2) air-water system (the major part of cooling is provided by radiant panels and airflow rate is for the
dehumidification in AHU), are dimensioned using the current and future climate cooling design days. The properties of the systems for
the dimensioning analysis are shown in Table 3.

The supply air temperature after the cooling coil of both AHUs is 13 °C and it is supplied at 14 °C in the rooms due to the fans and
ductwork pick-up heat. In both systems, there is a basic CAV AHU available in all the spaces with 0.15 L/s,m? constantly during the
whole day. Additionally, the main VAV AHU is controlled by the CO2 concentration and air temperature of the spaces in the all-air
system, and by the CO, concentration of the spaces in the air-water system. There is no night flush ventilation used in these dimen-
sioning cases because the night temperature is high and it does not provide much cooling power.

The space cooling of the air-water system is provided by radiant cooling panels on the ceiling. The capacity of the panel is 60 W per
m? of the panel area. In the design conditions, the difference between the average room air temperature and average water tem-
perature (inlet and outlet water) is 8 °C. The temperature difference between the inlet and return water at design power is 2 °C
(16-18 °C). The required cooling power of radiant panels for each room is sized and reported in the Results section.

B. HVAC system in annual simulation cases: In addition to the cases for dimensioning, the example building is simulated using
two types of annual weather datasets for the current and future climates of Finland (Sec. 2.2). The properties of the systems in the
annual cases are the same as in the dimensioning cases, except for the cooling setpoint and the usage of the night flush ventilation.

In these annual simulations, the cooling setpoint in all the spaces of the building is defined based on the outdoor 24-h sliding
average temperature [31]. Fig. 5 shows the room air temperature setpoint as a function of the outdoor 24-h sliding average. Night flush
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Fig. 4. The occupancy profiles of office rooms and meeting rooms. The values (0, 1) of the vertical axes are the ratio of the number of present occupants to the
maximum number of occupants defined for the spaces.

ventilation by the main AHU is in use in both all-air and air-water systems from 22 to 6 on weekdays if the outdoor air temperature is
above 12 °C, the outdoor air temperature is at least 2 °C below the return air temperature, and the return air temperature is above
23 °C.

2.2. Climatic data

Meteorological observations at the Helsinki-Vantaa weather station in the Helsinki metropolitan area during the period of
1981-2018 were used in this study to represent current climatological conditions in southern Finland. Based on the 30-year period of
meteorological measurements, specific weather episodes were selected for dimensioning of cooling (Section 2.2.1). Furthermore,
following Farahani et al. [32] two types of one-year datasets were chosen from the meteorological measurements in 1989-2018, one
describing typical and the other extreme summertime weather conditions in the current climate of southern Finland (Sections
2.2.2-2.2.3).

For simulations of the example building in an altered climate of the coming decades, the hourly weather datasets describing cooling
design days, typical weather conditions, and extreme weather conditions in the current climate were modified to approximate the
future. Use was made of output from a large number of climate model runs [33] under two different Representative Concentration



Table 3

The properties of the ventilation and cooling systems in the dimensioning cases.

System

Ventilation

Main AHU

Basic AHU

Space cooling

Cooling setpoint

Air-water

All-air

VAV: CO2 control

Supply air temperature setpoint in the room: 14 °C (No night flush)
(6-19 weekdays)

o Office rooms: min 1 L/s,m? (if CO2 < 600 ppm)

max 2 L/s,m*(if CO2 > 900 ppm)

o Meeting rooms: min 1 L/s,m? (if CO2 < 600 ppm)

max 4 L/s,m?(if CO2 > 900 ppm)

VAV: CO, and temperature control

Supply air temperature setpoint in the room: 14 °C (No night flush)
(6-19 weekdays)

Airflow rates are calculated in the results (3.1.1).

CAV, 0.15 L/s,m?

Radiant cooling panels
Room units are calculated in the results (3.1.1).

24°C

ID 32 WDYDID 1pLo[ySDIA Y
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Room air temperature setpoint, °C

=30 0 20 30

Outdoor 24-hour sliding average, °C
Fig. 5. The setpoint of the room air temperature as a function of outdoor 24-h sliding average temperature for the annual cases.

Pathways (RCPs) of greenhouse gases (GHGs) and aerosols in the atmosphere: RCP4.5 and RCP8.5 [34]. Under the RCP8.5 scenario,
the global GHG emissions continue to increase throughout the 21st century, while in the RCP4.5 scenario the emissions start to decline
after around 2040. Within a larger set of RCPs, RCP4.5 represents an intermediate scenario whereas RCP8.5 can be regarded as a
worst-case scenario. By 2050, the annual mean temperature of Finland is projected to decrease at a rate of 0.42 °C per decade under
RCP4.5 and 0.59 °C per decade under RCP8.5. For summer (June-August) mean temperature, the rates of change are 0.34 °C and
0.46 °C per decade, respectively [33].

The hourly weather data sets of the current climate were transformed to represent future climate conditions based on the multi-
model mean climate change projections [33,35] using so-called delta change methods [36,37]. For example, the delta-change
method applied for the outdoor air temperature took into account both changes in the monthly mean temperatures and changes in
the monthly standard deviation of daily mean temperatures. The observed hourly global solar radiation values were simply adjusted
based on projected changes in monthly means, while an iterative approach was needed for relative humidity.

2.2.1. Design weather periods for cooling in the current and future climate

The new cooling design days for southern Finland (Vantaa in July) have been chosen utilizing SFS-EN ISO 15927-2 standard [38].
The standard presents methods of calculation of external design climate to be used in determining the design cooling load of buildings
and the design of air conditioning systems. The standard can be used to define the individual days of hourly or three-hourly data in
each calendar month that impose a cooling load likely to be exceeded on 5%, 2%, and 1% of days (risk level). Thus, 1% risk level is with
the highest cooling power demand to fulfill the indoor temperature requirements.

In this study, the daily climatic variables (daily mean outdoor temperature °C, daily mean dewpoint temperature °C, daily total
global solar irradiation, kWh/m?d) that are exceeded on 1% of days are determined for each calendar month based on 1989-2018

34
32 .
7\». ~
30 \
O
°.28
g
£ 26
g
=9 _ )
) & —— Current climate design day
22 2030 RCP 4.5 design day
- 2050 RCP 4.5 design day
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18
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Time, hour
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W

Fig. 6. The outdoor enthalpy in the current and future design days.
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weather data. An iterative method of the standard is used to find the most appropriate day for each calendar month. Then the months of
summer are compared and the current climate design day is defined with 1% risk level in July for southern Finland which is the highest
value of the three aforementioned climate variables.

Moreover, the same day is extracted from the projected future climates under Representative Concentration Pathway 2030 RCP4.5,
2050 RCP4.5, and 8.5. For the future, we considered the years 2030 and 2050 which represent an early and a late time, respectively, in
the life span of the cooling system.

Figs. 6 and 7 show the outdoor enthalpy and temperature in the current and future cooling design days (1% risk level), respectively.
The maximum outdoor temperature varies from 30.0 °C to 33.0 °C. The minimum outdoor temperature varies from 19.5 to 22.0 °C,
which shows that the free cooling capacity of night flush ventilation would be insignificant. The maximum enthalpy is 65 kJ/kg on the
current climate design day and it increases up to 72 kJ/kg on the design day of the year 2050 under the RCP8.5 scenario. These values
are comparable with earlier scenarios for enthalpy in Vantaa in the future [39,40]. It is worth noting that in other Finnish stations but
Helsinki-Vantaa, even higher values of enthalpy than in Fig. 6 have already been observed.

2.2.2. Development of 30 years weather data sets for the current and future climate

In this study, we used six different hourly climate datasets as input for annual simulations. The monthly mean outdoor temperature
and global horizontal irradiance of these datasets are shown in Fig. 8.

The test reference year TRY2020 data set represents 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). The selection of
TRY2020 was based on a standard method [38] with some modifications [36,41]. The hourly TRY2020 dataset was based on
continuous measurements of global and diffuse solar radiation, interpolation of 3-hourly observations of air temperature, humidity,
and wind speed, and recordings of the lowest and highest temperature of each day. In TRY2020, the average monthly mean tem-
perature ranges between —4.5 °C in February and 17.4 °C in July, and the average monthly mean global horizontal irradiance is
between 6 W/m? in December and 235 W/m? in July.

The TRY2050 RCP4.5 and TRY2050 RCP8.5 datasets represent two different future average climate scenarios during the 30-year
period of 2035-2064 (midpoint 2050). In the TRY2050 RCP4.5, the projected increase in the monthly mean temperatures for 2050,
relative to TRY2020, ranges from 1.5 °C to 2.3 °C, see Fig. 8. In TRY2050 RCP8.5, the monthly mean temperatures are 1.9-3.2 °C are
higher than in TRY2020. Under both RCP4.5 and RCP8.5 emission scenarios, due to changes in cloudiness and aerosol particle con-
centrations [33], the monthly mean global horizontal irradiance is projected to slightly decrease during November-March and to
increase during April-October.

2.2.3. Extreme weather conditions (hot summers) for the current and future climate

Here a heatwave is defined as a period of days with the daily maximum outdoor temperature above 25 °C [42]. Table 4 lists the five
longest continuous heatwaves at the Helsinki-Vantaa weather station during the summers 1990-2021. The top longest heatwave lasted
for 25 days and took place in July—August 2018. During it, the highest hourly temperature was 30.8 °C and there were five tropical
nights, i.e., nights in which the nighttime (9 p.m.-9 a.m.) minimum temperature exceeded 20 °C [43]. This 25-day long heatwave in
July—-August 2018 [44] led to about 380 additional deaths in Finland [45]. In Helsinki, the number of attributable deaths was about 75,
corresponding to the heat-related mortality of almost 12 per 100000 inhabitants, which was about 2.2 times higher than in the
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Fig. 7. The outdoor temperature in the current and future design days.
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Fig. 8. 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 RCP4.5), in test reference year projected for the year 2050 under the RCP8.5 scenario (TRY2050 RCP8.5), during
the year 2018 (HS2018), the year 2018 transformed to represent climate conditions around the year 2050 under the RCP4.5 scenario (HS2050 RCP4.5), and the year
2018 transformed to represent climate conditions around the year 2050 under the RCP8.5 scenario (HS2050 RCP8.5).

Table 4

Top 5 longest periods of daily maximum temperature above 25 °C at the Helsinki-Vantaa airport during summers 1990-2021.
Rank Length (days) The Period
1 25 12.7.-5.8.2018
2 20 4.-23.7.2010
3 16 3.-18.7.2021
4 14 18.-31.7.2014
5 10 7.-16.7.1994

surrounding region [46]. The dataset HS2018 represents the year 2018 with this severe heatwave in July-August and the record warm
July [47] with the monthly mean temperature of July being 3.8 °C higher than in the TRY2020 (Fig. 8). Unlike the TRY2020 dataset,
HS2018 was based on hourly, rather than 3-hourly, observations of air temperature, humidity, and wind speed.

The severity of a heatwave like the one in 2018 in the future climate was assessed by modifying the hourly weather observations
during the year 2018 (the HS2018 dataset) with the aid of the delta change methods and the climate change projections, as discussed
above. In the modification, it was assumed that the hot summer (HS2018) could have occurred in any summer of the period
1989-2018. The resulting weather files represent climate conditions around the year 2050 under the RCP4.5 scenario (the HS2050
RCP4.5 dataset) and the RCP8.5 scenario (HS2050 RCP8.5).

In the HS2050 RCP4.5 (HS2050 RCP8.5) dataset the highest hourly temperature was 32.0 °C (32.9 °C), the number of tropical
nights was 15 (17) during the heatwave in July-August, and the monthly mean temperature of July increased by 1.5 °C (2.3 °C)
relative to the year 2018.

2.3. Building simulation tool

IDA Indoor Climate and Energy (ICE) tool was used for the whole building’s hour-by-hour multi-zone simulations of the cooling
power, energy demand, and indoor conditions of the building [48]. Thermal envelope, HVAC systems, operational and occupancy
schedules of the building, and their interactions with outdoor climate variables are simulated in the software. The validation of IDA ICE
has been done in many studies e.g., Refs. [49-51]. Moreover, IDA ICE has been under benchmark testing and validated for indoor
temperature calculations based on the CEN standard [52,53].

2.4. Target values for indoor temperature

To analyze the indoor air temperature in the office spaces, different categories of thermal environments recommended in EN
16798-1 [30] are used as the target values. The European standard specifies the indoor environmental parameters, which have an
impact on the energy performance of the buildings. The recommended range of indoor temperatures during the cooling season for the
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three categories is shown in Table 5. In this study, a target value of 25 °C is chosen for the recommended upper limit of indoor
temperatures, following the Finnish indoor temperature classification [31] which is voluntary based.

2.5. Simulation cases

There are two sets of simulation cases in this study. The first set consists of four dimensioning cases of the required cooling power,
and the second set includes altogether six annual cases for energy consumption and thermal comfort analysis. This process is presented
in Fig. 9. The properties of the building and its systems are as described in Section 2.1. In the dimensioning cases, the aim is to
dimension the cooling power demand at the room and the whole building levels. Thus at the room level, the sensible dimensioning
power demand of the radiant cooling units in each room is calculated for the air-water system, and the required airflow rates of each
room are analyzed for the all-air system. Consequently, at the building level, the maximum cooling power needed in the chiller to cover
sensible space cooling power demand and dehumidification demand of AHU are analyzed. The maximum total cooling power demand
of all-air and air-water systems are compared, as well. As input weather data, cooling design days (1% risk level) are used in the
dimensioning cases (Table 6).

In the annual cases of energy consumption and thermal conditions analysis, the building is equipped with the designed cooling
systems that are based on the current climate cooling design day (1% risk level) and detailed in the dimensioning cases described
above. Input weather data to the annual simulations is provided by the current and future test reference years (TRY2020 and TRY2050)
and the current and future extreme weather conditions (HS2018 and HS2050) (Table 6). The acronyms of the climatic input datasets
for the simulations are given in Section 2.2.

3. Results

3.1. Cooling power demand and indoor climates

3.1.1. Current and future design conditions

A. Dimensioning of the room level systems using the current design day (1% risk level): The sensible cooling power demand
of radiant panels with the air-water system and the required supply airflow rates for each space with the all-air system are simulated for
each room using the current cooling design day (1% risk level). The results of meeting rooms and single office rooms having the lowest
and the highest sensible cooling power demand are shown in Table 7. The HVAC properties are as described in Table 3. The
dimensioning power demand of the radiant panel of the air-water system and airflow rates of the all-air system are defined in a way
that the room air temperatures are always lower than 25 °C. This fulfills the target temperature based on the Finnish indoor classi-
fication [30] during the occupied hours from 8 to 17 on weekdays.

B. Cooling power demand and the effect of the future climates on room air temperature in cooling design days (1% risk
level): The radiant panels’ power demand and airflow rates which are designed with the current design day (1% risk level) (Table 7)
are simulated with the future cooling design days (1% risk level). The maximum cooling power demands of the two systems for the
current and future cooling design days (1% risk level) are presented in Table 8.

At the building level, the maximum total cooling power demand for the all-air system is around 18% higher than the air-water
system on the current cooling design day (1% risk level). Additionally, the maximum total cooling power demand at the building
level with the air-water system increases by 5.0%, 8.6%, and 13.0% for 2030 RCP4.5, 2050 RCP 4.5, and 2050 RCP 8.5, respectively.
For the all-air system, these rises are around 6.7%, 11.5%, and 17.2%, respectively. The maximum cooling power demand at the room
level (radiant panels) is almost the same for the current and future design days (1% risk level). This shows that the rises in temperature
and enthalpy are handled by the AHU. Thus, the maximum cooling power demand at the AHU level is increasing for the future design
days (1% risk level).

For understanding the effects of climate change, the future climate cooling dimensioning cases are simulated with the current
climate dimensioning cooling power demand (at the chiller level) (294.1 kW for the air-water system and 348.1 kW for the all-air
system). With the limited cooling power, it is important to analyze the condensation risk of the radiant panels since the dehumidi-
fication power at AHU is not high enough to cool supply air temperature to the setpoint. Thus to prevent condensation in the rooms, the
inlet water temperature of panels is raised according to the supply air temperature for the future scenarios.

Figs. 10 and 11 show the indoor air temperature in the warmest single office (SO2), and the warmest meeting room (MR1), for the
current and future cooling design days with limited and unlimited chiller cooling powers. As the figures depict, although the limited
cooling capacity of the chiller causes an increase in supply air temperatures, the indoor temperatures are still below the target

Table 5
Different categories of thermal environments based on EN 16798-1.

Type of building or space Categories  Explanation Recommended temperature
range during the cooling season

Offices and spaces with similar activity (single offices, open-plan I A high level of expectation is only used for ~ 23.5-25.5
offices, conference rooms, auditorium, cafeteria, restaurants, spaces occupied by very sensitive and
classrooms), activity level ~1.2 met fragile persons
I Normal expectation for new buildings and ~ 23-26
renovations
I A moderate expectation (used for existing =~ 22-27
buildings)
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Fig. 9. The process of the simulations.

Table 6
The weather data used in the dimensioning of cooling power and annual simulations of energy demand and thermal comfort.
Cases System Weather data
Dimensioning of the cooling powers required All-air Air-water Design cooling days: (July, 1% risk level)

o The current climate

e 2030RCP4.5

e 2050RCP4.5

e 2050RCP8.5
Annual energy and thermal comfort analysis All-air Air-water Test reference years:

o TRY2020

e TRY2050 RCP4.5

e TRY2050 RCP8.5

Extreme weather conditions:

e HS2018

e HS2050 RCP4.5

e HS2050 RCP8.5

Table 7
The sensible cooling power demand for air-water and the required airflow rate of all-air systems with the current cooling design day (1% risk level).
Rooms Air-water system All-air system
Specific cooling power of radiant Specific cooling power of Specific cooling power of Specific airflow
panel W/floor m? ventilation W/floor m? ventilation rates
W/floor m? L/s,m>
Meeting rooms  Lowest power, 10.5 33.3 50.1 min 1
MR1 max 4
Highest power, 34.3 33.7 56.3
MR2
Single office Lowest power, 12.3 129 24.1 min 1
rooms SO6 max 2.5
Highest Power, 31.2 13.1 32.7
e
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Table 8
The maximum cooling power demand at the building level with the current and future cooling design days (1% risk level).
System Current climate 2030 RCP 4.5 2050 RCP 4.5 2050 RCP 8.5
Air-water Radiant panel kw 51.1 51.5 51.7 52.0
W/floorm®> 8.9 9.0 9.0 9.1
AHU kW 253.9 269.7 281.0 294.8
W/floor m*  44.2 46.9 48.9 51.3
Total cooling power kw 294.1 308.7 319.4 332.3
W/floor m? 51.2 53.7 55.6 57.9
The difference in total cooling power compared to the current climate design day (%) 5.0 8.6 13.0
All-air Total (AHU) kw 348.1 371.5 388.2 408.0
W/floor m? 60.6 64.7 67.6 71.0
The difference in total cooling power compared to the current climate design day (%) 6.7 11.5 17.2
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Fig. 10. Duration curves of indoor temperature during the occupied time (8-17) in the warmest single office (S02) with (A) the air-water system and (B) the all-air

system during the cooling design days.

temperature of 25 °C in all spaces with both systems for all the future climate scenarios except for the single office with the all-air
system in 2050 RCP4.5 and RCP8.5. Even in these two cases, the maximum temperature is still below 25.5 °C which is the target

value of the category I of the EN16798-1. This suggests that designing with the current climate cooling design day, may not cause a
problem in terms of indoor air temperature in a changing climate.

3.1.2. Cooling power demand at the building level with average climates and extreme weather conditions
The maximum total cooling power demand at the building level of both systems during the current (TRY2020) and future average
(TRY2050) and extreme weather conditions (HS2018 and HS2050) are presented in Table 9. The maximum total cooling power de-
mand is then compared to the current climate dimensioning cooling power demand in this table.
As can be seen, the maximum total cooling power demand at the building level during the current (TRY2020) and future average
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Fig. 11. Duration curves of indoor temperature during the occupied time (8-17) in the warmest meeting room (MR1) with (A) the air-water system and (B) the all-air
system during the cooling design days.

climate (TRY2050 RCP4.5/RCP8.5) is below the current climate dimensioning cooling power demand for both systems even if the
maximum total cooling power demand in average climate is approaching it in the future. However, the level of the increase due to
climate change is higher for the building with the all air system than with the air-water system.

The maximum total cooling power during extreme weather conditions is larger by 16.5%, 27.7%, and 33.5% with the air-water
system in HS2018, HS2050 RCP4.5, and RCP8.5, respectively compared to the dimensioning cooling power demand. These
numbers are 11.4%, 26.1%, and 33.5% with the all-air system. These rises in the maximum cooling power demand suggest that the
current climate dimensioning cooling power demand may not answer the future extreme weather conditions’ needs for providing
thermal comfort in spaces during the cooling seasons. Thus, the indoor temperature conditions are investigated in section 3.3 during
the current and future average and extreme weather conditions with limited chiller cooling power (unlike in Section 3.2 where the
cooling power of the chiller is not limited).

3.2. Energy consumption in current and future climate

3.2.1. Annual energy consumption in average climates

Table 10 shows the purchased energy consumption including district heating of the spaces and ventilation, electricity consumption
of space cooling and ventilation, and HVAC auxiliary of the office building under the current average climate (TRY2020) and two
scenarios for the future average climate (TRY2050 RCP4.5/RCP8.5).

The total cooling electricity consumption with the air-water system is higher than with the all-air system by 0.6 kWh/m? in the
current climate. The total electricity consumption with the air-water system is higher than with the all-air system by just 0.2 kWh/m?
in the current climate. This is because of the lower temperature of the spaces in the air-water system. Compared to the current climate,
the cooling electricity increases by 34% and 47% for the building with the air-water system and by 37% and 51% with the all-air
system in TRY2050 RCP4.5 and TRY2050 RCP8.5, respectively. On the other hand, the district heating consumption of spaces and
ventilation with the air-water system is higher than with the all-air system by 0.7 kWh/m? in the current climate. Since the indoor
temperature is lower with the air-water system during the mid-season, both cooling and heating systems may be running simulta-
neously. The district heating consumption of spaces and ventilation decreases by 20% and 27% with the air-water system and by 21%
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Table 9

The maximum cooling power demand at the building level during the current cooling design day (1% risk level), the current and future average climates, and extreme weather conditions.

System Current climate cooling design day TRY2020 TRY2050 RCP4.5 TRY2050 RCP8.5 HS2018 HS2050 RCP4.5 HS2050 RCP8.5
Air-water Total cooling power kw 294.1 283.3 284.2 290.4 342.7 375.6 392.7
W/floor m? 51.2 49.3 49.5 50.6 59.7 65.4 68.4
The difference compared to the current climate design day (%) -3.7 -3.4 -1.3 16.5 27.7 335
All-air Total cooling power kw 348.1 270.6 308.5 332.6 387.7 438.9 464.6
W/floor m? 60.6 47.1 53.7 57.9 67.5 76.4 80.9
The difference compared to the current climate design day (%) —-22.3 -11.4 —-4.5 11.4 26.1 33.5
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Table 10
The purchased energy consumption (kWh/m2) of the office building in the current average climate (TRY2020) and scenarios for the future average climate (TRY2050
RCP4.5 and TRY2050 RCP8.5).

System TRY2020 TRY2050 RCP4.5 TRY2050 RCP8.5

Air-water Total cooling elec.” 4.7 6.3 6.9
HVAC aux elec. 7.7 7.7 7.7
Total elec. 12.4 14.0 14.6
District heating " 29.4 23.4 21.4
The difference compared to the TRY2020 case (%)
Total cooling elec.” - 34 47
District heating ” - -20 —27

All-air Cooling elec. 4.1 5.6 6.2
HVAC aux elec. 8.1 8.3 8.4
Total elec. 12.2 13.9 14.6
District heating " 28.7 22.8 20.7
The difference compared to the TRY2020 case (%)
Cooling elec. - 37 51
District heating " - -21 —28

@ Cooling electricity of space and ventilation.
b District heat consumption of spaces and ventilation.

and 28% with the all-air system in TRY2050 RCP4.5 and TRY2050 RCP8.5, respectively.

3.2.2. Cooling energy consumption in extreme weather conditions

Table 11 shows the total cooling and HVAC auxiliary electricity consumptions during the extreme weather conditions (hot sum-
mers) of current and future climate scenarios (HS2018, HS2050 RCP4.5, and HS2050 RCP8.5). These results are calculated for the
cases with the unlimited cooling power of the chiller. Since there is no cooling load from October to March, the total annual cooling
electricity during extreme weather conditions can be compared with the total cooling electricity for average climates (Table 10). The
required cooling electricity under the current climate extreme weather conditions (HS2018) is not only higher than the cooling
electricity under the current average climate (TRY2020) by 55.3%, but also it is higher than the cooling electricity under the highest
emission scenario case for the future average climate (TRY2050 RCP8.5) in both systems (Table 10). In addition, the cooling electricity
of the future extreme weather conditions is higher than in the TRY2020 case by 55-113% for the air-water system and 50-109% for the
all-air system depending on the emission scenarios.

3.3. Indoor temperature conditions

3.3.1. Indoor temperature conditions in average climates

The indoor air temperature during the occupied time on weekdays (8-17) in the warmest single office (SO2), and the warmest
meeting room (MR1), in the current and future average climates (TRY2020, TRY2050 RCP4.5, TRY2050 RCP8.5) is shown in Figs. 12
and 13. The degree hours above 24 °C are calculated and presented in Table 12.

The single office is slightly warmer in the cases with the all-air system than with the air-water system during the occupied time of
the year (Fig. 12). Instead, although the meeting room with the all-air system is also slightly warmer for almost whole the year, it has
lower maximum temperatures than with the air-water system (Fig. 13). This is why the degree hours above 24 °C in the warmest
meeting room with the all-air system is the lowest in Table 12 (below 10 Kh even in the highest emission scenario of RCP8.5). Despite
the limited cooling power of the chiller, the degree hours above 24 °C is distinctly below 100 Kh in all the scenarios and the indoor air
temperature is mostly below the chosen target temperature of 25 °C and within the category I of EN 16798-1 (Table 5). This shows two
points: first, both systems can provide almost the same level (category I of EN 16798-1) of thermal comfort in different room types for
all the average climate conditions (current and future). Second, the limited cooling power of the chiller and the power needed for
dehumidification does not cause a shortage in cooling power and consequently a rise in indoor temperature in future climate scenarios.

Table 11
Electricity consumption (kWh/m2) of the building in extreme weather conditions of the current (HS2018) and future climates (HS2050 RCP4.5 and HS2050 RCP8.5).
Comparisons are also shown to the TRY2020 case in Table 9.

System HS 2018 HS 2050 RCP4.5 HS 2050 RCP8.5
Air-water Total cooling elec.” 7.3 9.2 10
HVAC aux elec. 4.1 4.1 4.1
Total elec. 11.4 13.3 14.1
The difference compared to the TRY2020 case (%)
Total cooling elec.” 55.3 95.7 112.8
All-air Cooling elec. 7.0 8.9 9.8
HVAC aux elec. 4.6 4.9 5.0
Total elec. 11.6 13.8 14.8
The difference compared to the TRY2020 case (%)
Cooling elec. 48.9 89.4 108.5

2 Cooling electricity of space and ventilation.
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Fig. 12. Duration curve of indoor air temperature in the warmest single office (SO2) in the current and future average climates (TRY2020, TRY2050 RCP4.5,
TRY2050 RCP8.5).
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Fig. 13. Duration curve of indoor air temperature in the warmest meeting room (MR1) in the current and future average climates (TRY2020, TRY2050 RCP4.5,
TRY2050 RCP8.5).

Table 12

The annual degree hours (Kh) above 24 °C in the warmest single office (SO2) and the warmest meeting room (MR1) in the current and future average climates during the
occupied time (8-17 on weekdays.).

Air-water All-air

TRY2020 TRY2050 RCP4.5 TRY2050 RCP8.5 TRY2020 TRY2050 RCP4.5 TRY2050 RCP8.5
Single office (S02) 24.5 46.1 56.3 32.0 60.9 74.2
Meeting room (MR1) 27.3 58.1 74.5 2.4 5.7 8.0

3.3.2. Indoor temperature conditions in extreme weather conditions

The indoor air temperature during the occupied time (8-17 on weekdays) from April to September in the warmest single office
(SO2), and the warmest meeting room (MR1), in the current and future extreme weather conditions (HS2018, HS2050 RCP4.5, and
HS2050 RCP8.5) for both cooling systems are shown in Figs. 14 and 15. These results are for the cases with the dimensioning cooling
power of the chiller based on the current climate design day (294.1 kW for the air-water system and 348.1 kW for the all-air system).
The degree hours above 24 °C are calculated and presented in Table 13.

The single office is slightly warmer in the cases with the all-air system than with the air-water system during the occupied time,
from Apr-Sep (Fig. 14). The meeting room is also slightly warmer for almost the whole occupied time, from Apr-Sep, with the all-air
system. However, the maximum temperature of the meeting room is lower with the all-air system than with the air-water system
(Fig. 15). This is why the degree hours above 24 °C in the warmest meeting room with the all-air system is the lowest (Table 13).
Despite the limited cooling power of the chiller, the indoor air temperature is mostly below the chosen target temperature of 25 °C.
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Fig. 14. Duration curve of indoor air temperature in the warmest single office (§02) in the current and future extreme weather conditions.
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Fig. 15. Duration curve of indoor air temperature in the warmest meeting room (MR1) in the current and future extreme weather conditions.

Table 13
The degree hours (Kh) above 24 °C in the warmest single office (SO2) and the warmest meeting room (MR1) in the current and future extreme weather conditions during
the occupied time (8-17 on weekdays) of April-September.

Air-water All-air

HS2018 HS2050 RCP4.5 HS2050 RCP8.5 HS2018 HS2050 RCP4.5 HS2050 RCP8.5
Single office (S02) 66.4 116.5 139.9 64.1 132.6 171.6
Meeting room (MR1) 81.1 159.3 139.9 7.3 16.7 25.3

Although the maximum temperature in the highest emission scenario (RCP8.5) for both systems exceeds the chosen target temperature
of 25 °C, it is within the category I1 of EN 16798-1 (Table 5). However, while category I was reached in the average climates (Section
3.3.1), it cannot be reached anymore in extreme weather conditions in the studied cases. This shows that both cooling systems can
provide almost the same level (category IT of EN 16798-1) of thermal comfort in different room types during future extreme weather
conditions.

4. Discussion

The effects of climate change on the HVAC system design and indoor conditions of commercial buildings are not questionable. Since
the internal loads in commercial buildings are more or less the same over the world, the outdoor conditions play the main role in
cooling systems design. Especially, humidity and enthalpy are important in determining the cooling power of AHU. This is an
important issue in choosing cooling systems. All-air (ventilative) and air-water (radiant) cooling systems are different in the break-
down of sensible and latent loads. Room cooling units handle the sensible load and the latent load is carried out by the air-side in the
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air-water system. The room units can be non-condensing fan coils, chilled beams, radiant cooling panels, etc. Nowadays ceiling radiant
cooling panels are commonly used in Finland. On the other hand, both latent and sensible cooling loads are handled by the airflow
rates in the all-air system. As the results of this study showed, the specific supply airflow rates with all-air systems are higher than with
air-water systems. However, the condensation risk in air-water systems needs to be considered.

The approach of this study is using dynamic simulations to investigate the effects of climate change on the performance of the
cooling system. The large simulation campaign has the advantage of comparing the results of a changing parameter through different
cases with the same input data. However, the different actual performance of the buildings (the technical and automation issues, etc.)
and their occupant’s behavior may cause some different results that are hard to be considered in simulations. Since the input data of
this study are fixed through all the simulation cases, the results are accurate and comparable.

As shown in the results, for mitigating the effects of climate change on indoor temperature conditions, higher cooling powers are
needed. However, dimensioning the cooling systems based on the current climate design day (1% risk level) would be good enough for
providing thermal comfort in office spaces. Although the indoor temperature will rise in the scenarios for future average and extreme
climates, it will still be in the recommended thermal comfort range. This is an important point since the office buildings are likely to be
renovated during their system life span of around 25-30 years and the analyses of this study are done for 2050. Thus, it seems that
designing with the current climate design day with 1% risk level is a reasonable choice in the present day.

Climate change is not just about the temperature rise, but as shown, there will be a significant rise in enthalpy. While the enthalpy
values even in the future cooling design day under RCP8.5 remain below what was measured in 2010. As reported by Jylha et al. [39]
at several inland locations and an island station, during the prolonged heatwave in 2010, enthalpy was higher than 73 kJ/kg (which is
equal to the 1000-year return level estimates derived by Jylha et al. [40] in 2015. This issue will cause an increase in latent loads and
condensation risks. It is an important issue to consider in practice. In this study, the defined outdoor design conditions are assumed to
be with 1% risk level. Higher risk levels would cause the system to be undersized considering the effects of climate change and
therefore, there would be higher condensations risks. Considering the condensation risks in the system design and changing the inlet
water temperature, the airtightness of the envelope, dehumidified supply air below the dewpoint of panel temperature, and enough
ventilation to remove internal humidity loads should be considered to control this issue.

In this study, the cooling power demand is assumed to be handled by electricity. However, district cooling and ground-based free
cooling are other possible options. District cooling is mostly used in commercial, office, and public buildings as well as top quality
apartment blocks which are located in the most built-up parts of cities [54]. Ground source heat pump (GSHP) systems are in use for
heating small residential buildings as well as for heating and cooling large commercial and institutional buildings in Finland [55].
Choosing the systems, energy efficiency, cost optimality and sustainability should be considered.

As the results showed, indoor temperature will increase due to climate change during the future average and extreme weather
conditions, compared to the current status. These results are conditional to the assumption that system losses, efficiencies, and COP of
the cooling systems in the future are the same as now. However, COP of commercial air/water heat pumps rose almost linearly in the
2000s [56]. Improvements in the energy efficiency of cooling systems affect cooling energy, and therefore, indoor temperature
conditions. Technical development and advances in building practices are hard to be considered for the future. This should be taken
into account when interpreting the quantitative results.

Further uncertainty in the results is related to scenarios for climate change. In this study, we have used a medium and the highest
Representative Concentration Pathways (RCP4.5 and RCP8.5) to consider the effects of the global evolution of greenhouse gases and
aerosols on future average and extreme climates. Additionally, there are other sources of uncertainty in future projected climatic
datasets, arising from internal climate variability, climate modeling, and downscaling methods to develop future hourly weather data
sets. In this study, the climate change scenarios for the future are derived from a large sample of climate models [33] which increases
confidence in the scenarios in comparison to using just a single model. It may be mentioned that both the RCPs and the climate models
utilized in this paper have recently been succeeded by a new set of greenhouse gas scenarios and global climate models; based on the
most recent model generation, warming is fairly similar in winter but stronger in summer compared to the climate projections used in
this paper [57].

Regarding the hot summer of 2018 in Finland, a real past high-impact climatic event, our approach was to assess how it might
unfold in the future due to the changing climate (Section 2.2.3) and then to demonstrate how its impacts (Sections 3.2.2 and 3.3.2)
might differ from the past in such recurring hot weather conditions. This approach may be regarded as a step toward so-called physical
climate storylines (e.g. Ref. [58]) or event-based storylines [59]. Such storylines, built on past incidents and combined with climate
change information, have recently emerged as an alternative way to address plausible high-impact events and to provide actionable
information on the predicted future.

5. Conclusions

The impacts of climate change on dimensioning of two different cooling systems including all-air (ventilative cooling) and air-water
(radiant cooling) are assessed using the new cooling design days (1% risk level) for southern Finland, in an office building. Addi-
tionally, the effects of climate change and associated hot summers on the maximum cooling power demand, cooling energy con-
sumption, and indoor temperature conditions are analyzed. The new cooling design days of current and future climate of southern
Finland with 1% risk level, TRY2020, and TRY2050 under the RCP4.5 and RCP8.5, actual weather data of hot summer 2018, and
synthetic future weather data of hot summer 2050 under the RCP4.5 and RCP8.5 are used as the input of IDA ICE simulations.

According to the results, the dimensioning cooling power increases significantly for both cooling systems using the future climate
design days compared to the current climate design day. However, the cooling system dimensioned using the current climate design
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day with 1% risk level can keep the indoor temperature within the thermal comfort recommended range. As the indoor temperature in
the warmest meeting room and single office room meets the criteria recommended by category I of the EN 16798-1 standard during the
current and future average climate. Nonetheless, during the current and future extreme weather conditions, the indoor temperature
conditions will exceed the target temperature of 25 °C if the cooling system is designed with the current climate design day with 1%
risk level. However, it will still be within the category IT of the EN 16798-1 standard.

Comparing the chosen cooling systems, the current climate dimensioning cooling power for the all-air system is 18% higher than
for the air-water system with the current climate cooling design day. With future climate design days, the maximum total cooling
power demand will increase up to 13% with the air-water system and 17% with the all-air system by 2050 depending on CO, emission
scenarios.

Considering the annual simulations’ results, the maximum total cooling power demand during the test reference years in the
current (TRY2020) and future (TRY2050) average climates is smaller than the current climate dimensioning cooling power in both
systems. While the maximum total cooling power demand in the current and future extreme weather conditions (2018 and 2050) is
significantly higher than the current climate dimensioning cooling power in both systems. It is worth mentioning that climate change
mainly increases the cooling power demand of ventilation and the cooling power demand of room units stays quite similar in the
future. This shows that the rises in temperature and enthalpy are mostly covered by the AHU in the future.

According to the results of energy consumption with the assumption of the same system efficiency now and in the future, the total
cooling electricity consumption is higher in the air-water (radiant) system than in the all-air (ventilative) system in all the current and
future average and extreme weather conditions. Nevertheless, the total electricity consumption of both systems considering the HVAC
auxiliary electricity is mostly at the same level in the current and future average climates. The cooling electricity will increase up to
47% in the future average climate and up to 128% in the future extreme climate with the air-water system, and up to 51% in the future
average climate and 108% in the future extreme climate with the all-air system by 2050 depending on CO; emission scenario. Thus, the
magnitude of increase in the cooling electricity in future average and extreme climates are relatively the same for both systems.

These findings suggest that in general the two studied cooling systems, (ventilative and radiant) equally perform in terms of cooling
energy consumption and indoor temperature conditions under a changing climate. However, it is worth mentioning that the maximum
cooling power demand would be higher with the all-air system (ventilative) during extreme weather conditions.

The contribution of this study has been to confirm the severity of climate change issues and their effects on the HVAC systems
design and configuration. This research has thrown up many questions in need of further investigation. More detailed analyses are
recommended for the increase in outdoor enthalpy due to climate change and its effect on the cooling systems performance,
condensation risks with air-water systems, and indoor thermal conditions in mechanically cooled buildings of any type in different
climates. Moreover, the effects of different control strategies on mitigating the climate change effects can be investigated in the cold
climate.
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