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Abstract
Greenhouse gas emissions are causing global average temperatures to rise, and Finland will experience

an increase in the frequency and severity of hot weather and heatwaves in the future. Finnish buildings

are built for the cold, and there is a need to adapt housing to protect against heat. This study examines

how individual and combinations of passive adaptations can reduce overheating in three modern

structural timber case study apartments in Jyväskylä, central Finland. The modelling tool IDA Indoor

Climate and Energy is used to simulate indoor temperatures and energy consumption under current and

predicted typical future (2030, 2050 and 2100) climates. Results show increasing overheating risks in the

future, with the effectiveness of passive mitigation strategies varying by type and climate scenario. The

most effective individual adaptation is daytime natural ventilation, while the most effective combined

solution is natural ventilation and external shutters, which eliminate overheating in Jyväskylä until the

2100s. The effectiveness of occupant-controlled passive measures supports their use to reduce cooling

demand, increasing passive survivability and enabling occupant adaptive comfort. Changes to building

regulations and overheating modelling standards in Finland may be required to exploit the full potential

of passive overheating measures and reduce reliance on active systems.
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Introduction
The past decade (2011–2020) marked the warmest decade on
record, as global mean temperatures were 0.94–1.03°C
warmer relative to the pre-industrial period (1850–1899), and
the summer of 2020 was the all-time hottest in the Northern
Hemisphere.1 In Finland, the increase in annual average
temperature is almost double the global average,2 a trend
projected to continue into the future.3 In addition to increased
average temperature, heatwaves have become both more se-
vere and frequent over the past decades, with the four longest
recorded heatwaves in Finland occurring in 2010, 2014,
2018 and 2021,4 and projections indicate that heatwaves will
only become hotter, longer and more frequent in the future.5–7

Hot weather and heatwaves can have significant impacts
on population health. For example, the heatwave from

9 July to 12 August 2018 is estimated to have caused
380 excess deaths in Finland,8 and between 1991 and
2018 an estimated 42% of heat-related deaths in Finland
have been attributed to anthropogenic climate change.9 The
Finnish population may be at higher risk of heat-related
health issues, as populations acclimatised to a cooler climate
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can be more vulnerable to excessive heat.10,11 Older adults
and those with pre-existing health issues are more at risk of
negative health outcomes,12–14 and the Finnish population –

already one of the oldest in Europe – is projected to see the
share of over 65-year-olds increase from 22% to 29% by
2060.15 While the majority of heat-related deaths in Finland
occur in health or social care facilities,14 around 17% occur at
home and given that the heat-vulnerable older adults spend the
majority (up to 87%) of their time inside their own homes,16

housing is an important micro-environment for heat exposure.

Overheating in Finnish dwellings

Hot weather presents challenges for the Finnish housing
stock. Energy efficiency and thermal comfort in the Nordic
region is focused on winter, as yearly heating energy de-
mand is – and will continue to be – higher than cooling
energy demand.17 Consequently, Finnish housing has been
constructed for cold winters and mild summers, with highly
insulated and airtight building fabric, and often using
passive solar architecture to help heat homes. However,
highly insulated or airtight buildings may trap heat inside
during hot weather,18,19 and passive solar architecture can
lead to increased solar gains.20 During summer, the impact
of solar radiation at high latitudes is particularly important
compared to more Southern locations, as daylight periods
are long, with extended periods of low solar angles during
morning and evening.21 As a result, incident solar radiation
on external walls and windows can be significant. The
relatively high prevalence of timber construction in Finland
also means many buildings have lower thermal mass, which
can lead to increased internal daytime temperatures.22

Despite Finland having one of the coolest climates in Eu-
rope, summer-time thermal discomfort levels in Finland are
similar to the European average,23 and two national surveys
in 2007 and 2010 indicated that 28.7% and 44.9% of Finns,
respectively, considered their homes to be too hot during
summer.24

Overheating has therefore increased awareness in policy
and building design, both within the European Union (EU)
and Finland. Finnish building regulations require over-
heating calculations in new buildings, predicting indoor
temperatures less than 150-degree hours (°Ch) above 27°C
between June and August during a typical Helsinki
summer.25,26 New dwellings in Finland are predominantly
mechanically ventilated to achieve background ventilation
rates, with regulations allowing an increase of 30% in
mechanical airflow rates and closed integrated blinds to help
achieve summer standards, however without window
opening. Outside of institutional housing, such as care
homes, Finnish homes are rarely equipped with active
cooling systems – although the prevalence of air condi-
tioning, district cooling and ground source heat pumps is
currently increasing.

Despite the increased risk from heat, there are a limited
number of studies that examine risks under current and
future climates in Finland. Most studies focus on changes to
active cooling demand energy consumption using dynamic
building simulation, and it has been estimated that climate
change may increase cooling demand by up to 40%–80% by
the end of the century.17 The use of individual passive and
active measures to reduce current and cooling demand has
been studied by Pönkä,27 Tikka28 and Vesterinen,29 finding
that solar protection measures were the most effective of
those tested and that, without adaptation, apartments will
overheat under current and future Finnish climates. The
overheating risk and energy consumption in a 1960s and
modern apartment in Finland were modelled under current
and future average and extreme weather (heatwave summer)
scenarios, comparing the effectiveness of individual passive
measures to active cooling,30 concluding that active cooling
was the only solution able to eliminate overheating risk.
Finally, a modelling study evaluated how window form,
glazing and shading impacts on heating, cooling and
lighting demands in three different locations in Finland,
showing the importance of window design on energy
consumption.31 These studies do not, however, consider
how combinations of passive solutions can reduce over-
heating and active cooling demand.

Other studies in similar climates to Finland have also
examined overheating risk. In Sweden, studies have
modelled the effectiveness of combinations of passive
measures and active cooling on reducing overheating and
cooling energy consumption.32,33 A study of two different
apartment buildings found that solar shading and increased
ventilation were able to eliminate overheating in the current
climate, and reduce it in the future,32 while another study
found that window shading is able to significantly reduce
future cooling demands.33 A monitoring study in Estonia
indicated that passive solar shading and ventilation were
able to reduce overheating risk in dwellings without me-
chanical cooling.34 Finally, a modelling study in Norway
found that overheating under future climates may be
somewhat mitigated by reducing the G-values of
windows.35

While active cooling systems are designed to eliminate
overheating, they can be energy intensive, and – depending
on energy supply – further exacerbate carbon emissions,
while exhaust waste heat can contribute to the urban heat
island effect. Within the EU, the Energy Performance of
Buildings Directive (EPBD) directive states that over-
heating problems should be reduced, and that passive
measures are preferable to active solutions. Relying on
active cooling may increase energy bills, potentially leading
to summertime energy poverty – or the inability to pay
increasing cooling energy bills36 – or may break and face
costly repair bills. Finally, a reliance on active systems
requires a resilient energy system, which can be strained
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during periods of extreme weather, leading to blackouts. As
a result, research into the passive survivability of buildings,
or the ability of a building to maintain safe indoor tem-
peratures in the absence of mechanical solutions, is
increasing.37

Therefore, overheating solutions should include com-
binations of passive mitigation strategies to reduce or
eliminate cooling needs as much as possible, while not
compromising on wintertime heating demands. A number
of studies have investigated the effectiveness of different
passive overheating measures in temperate or cold climates
(Table 1). However, many of these adaptations have not
been tested in the Finnish climate and have various strengths
and limitations when applied to Finnish dwellings and
climate.

Research aims and objectives

Climate change will increasingly impact overheating risk in
northern latitudes where it has not previously been seen as
an issue. Given the inevitable increases in summertime
temperatures, it is critical that effective climate change
adaptation measures are implemented throughout the
Finnish housing stock without exacerbating carbon emis-
sions. There is, however, a lack of research on the effec-
tiveness of multiple passive adaptations, and in different
types of apartments.

This study seeks to understand the degree to which
passive measures alone can reduce overheating risks in a
contemporary apartment building in Jyväskylä, Finland. To
do this, we aim to test the ability of individual and combined
passive mitigation strategies to reduce overheating under
current and predicted future (2030s, 2050s and 2100s)
climates. A case study representing three apartments in a
contemporary timber building was modelled using the
dynamic energy modelling program IDA Indoor Climate
and Energy (IDA-ICE)51 under different climate scenarios.
Models were run with passive measures only, intended to
show their potential to reduce indoor overheating and
improve passive survivability, as well as evaluate any un-
intended increases in winter heating energy consumption
arising from these strategies.

Methods

Case study buildings

The case study consists of three apartments in an apartment
block located in Jyväskylä, Finland. The housing block
consists of three Cross Laminated Timber (CLT) structured
multi-storey apartment buildings completed in 2015,
2017 and 2018. Together they contain 184 apartments
spanning 14,000 m2, including studios, one-, and two-
bedroom apartments. Three apartments, one from each

building and type, were examined for the purpose of this
study (Figure 1). The studied apartments (A–C) include:

A. A studio apartment (37 m2), located on the first floor,
facing South-East. The apartment is single-aspect
with a French balcony and no external shading,
measuring 9.5 m deep and 4.7 m wide.

B. A one-bedroom apartment (53 m2), located on the
fourth floor and facing South-West. The apartment is
single-aspect, measures 7.8 m × 8.15 m and has a
balcony which provides some shading.

C. A two-bedroom apartment (69 m2), located in the
North-West corner of the top (sixth) floor. The
apartment is double-aspect, measures 7.8 m × 10.8
m, has windows towards North and West, and a
balcony on the West side.

All apartments had a 2.5 m ceiling height. The case study
housing block and apartments were selected for three
reasons. Firstly, the floorplans represent those of typical
apartments in Finland. Secondly, timber construction is
increasingly encouraged in Finland, but lower thermal mass
may increase daytime overheating risks. Thirdly, residents
of apartments are more likely to be included in risk groups
such as older people,52,53 those living alone or households
with low economic status.52 Finally, the share of small
studio apartments in Finnish cities has risen from 20% to
30% in under 10 years,54,55 but with concerns over their
sustainability and habitability56 and with a potentially
higher risk of overheating.57 Finally, as is typical in Finnish
homes, the buildings do not include active cooling.

Model development

IDA ICE 4.8 was used to simulate the three case study
dwellings to assess different passive overheating mitigation
strategies. Overheating modelling was conducted in ac-
cordance with Finnish building regulations (D3/2012),25

which was the standard overheating calculation method at
the time of construction. IDA ICE uses climate data, and a
model of building geometry, fabric, ventilation systems and
internal loads such as lighting, equipment and occupant
metabolism, and occupant behaviour to estimate indoor
climate and energy consumption. It has been extensively
validated,51,58,59 and is commonly used for energy-use and
overheating assessments in Finland.

Modelled construction and building systems charac-
teristics can be seen in Table 2 and 3. The construction
consists of prefabricated CLT modules, including walls,
floors and roof, while the ground floor’s main con-
struction material is concrete. Each apartment was con-
structed of two CLT-modules, one for main living spaces
and the other for the kitchen and bathroom. The building
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fabric U- and G-values are in accordance with Finnish
building regulations. Internal gains and occupancy pro-
files were set based on the Finnish Building Code D3/
2012 for residential apartment buildings with at least
three levels, assuming standard use, while ventilation

rates were set according to the latest FINVAC guide-
lines.60 In the baseline case, no shading devices were
modelled except for existing balconies. Simulation re-
sults were output for the whole year to assess impacts of
the mitigation strategies on yearly energy consumption.

Table 1. Different passive overheating mitigation strategies in temperate climates, and their potential strengths and

weaknesses in the Finnish climate.

Mitigation strategy Strengths Weaknesses

Building form38 Can be low cost Can only be implemented at design

stage

Orientation39–42 Can be low cost Can only be implemented at design

stage

May reduce winter solar gains and

daylighting

Internal layout43 Can be low cost Small apartments may have limited

flexibilityMay be implemented at retrofit stage

Surface albedo44–46 Can be implemented at design and retrofit

stage

Can increase heating requirements

in winter46

Can be effective at reducing overheating in

dwellings with low levels of roof insulation

Not as effective in well insulated

homes or apartments not at roof

levelIf widely adopted, may help to reduce urban

temperatures47

Insulation18,19 Can be implemented at design and retrofit

stage

Can increase or decrease

overheating depending on the

case18,19

Leads to additional benefits for reducing

wintertime energy consumption

Should be combined with other

mitigation strategies to work

favourably48

Greenery/vegetation49 Can provide additional benefits such as

positive effects on wellbeing, noise

buffering and increased biodiversity

Can be expensive to maintain

Roots may directly or indirectly

cause structural damage if too

close to the building

Glazing type35 Can be implemented at design and retrofit

stage

Can be expensive

May reduce winter daylighting and

solar gains

Natural ventilation18,46 Can be very effective in cooler climates Does not work when external

temperatures are higher than

internal temperatures

Typically relies on active occupant

behaviour

Noise, outdoor air pollution and

security concerns might deter

window opening50

External solar shading41,48 such

as architectural shading or

shutters

Can be low cost May obstruct views

May reduce daylight and solar gains

during the winter, when desirable

May be both passive or adaptive

Can suffer damage from heavy snow

loads and collect leaf debris,

depending on design

Thermal mass22 Can effectively reduce temperature peaks High density materials often have

high embodied carbon

Phase changematerials can be implemented

at both design and retrofit stage

Must be combined with night

cooling, otherwise can increase

overheating
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Party walls, floors and ceilings were considered to be
adiabatic. In accordance with D3/2012, internal doors
were modelled as being closed at all times.

The overheating model differs from the standardised
method detailed in D3/2012 in key areas. In the standard,
the intensification of mechanical ventilation is allowed up to
30%, while window-opening is not used. However, as the
focus of this study was on passive measures only, me-
chanical ventilation is not intensified, while window
opening is included as a passive adaptation. Secondly, the
standardised methods allow for the closing of integrated
blinds to reduce indoor temperature. In this study, blinds
were not closed in the base case, but were evaluated as a
passive adaptation.

Overheating mitigation strategies

Heat adaptation strategies were chosen based on the liter-
ature review (Table 1), as well as the ability to model them

in IDA ICE. They include solar adaptations (blinds, glazing
type, external fixed shading), natural ventilation and three
combinations of different solutions (Table 4, and shown in
Figure 2). The effectiveness of adaptations was compared
relative to a baseline case where no adaptation measures
were simulated. Combinations include (1) passive adapta-
tions that are not controlled by the occupant (static com-
bination), (2) passive adaptations that are both controlled
and not controlled by the occupant (static and adaptive
combination) and (3) occupant-controlled adaptations only
(adaptive combination).

Climate data

According to D3/2012, summertime room temperature
calculations should be performed with current Helsinki
(Finnish climate zone I) Test Reference Year (TRY) climate
data for the summer months of June-August. In this study,
simulations were performed using this current Helsinki

Figure 1. Floor plan of examined apartments A (studio), B (one bedroom) and C (two bedrooms).

Table 2. Construction details of the IDA ICE model.

Construction properties

Description from interior to exterior (thickness) U-value (W/

m2K)

External wall Pre-fabricated CLT (0.352m), insulation (0.17m), air gap (0.022m), wood outer

lining (0.02 m)

0.17

Internal wall Gypsum board (0.013 m), air gap (0.074 m), gypsum board (0.013 m) 2.068

Roof Pre-fabricated CLT (0.084m), air gap (0.022m), moisture barrier, mineral wool

insulation (0.44 m), ventilated airspace (0.5 m), bitumen roofing (0.01 m)

0.09

Ground floor Linoleum (0.005 m), lightweight concrete (0.02 m), concrete (0.2 m),

polystyrene insulation (0.207 m)

0.16

Internal floor Pre-fabricated CLT (0.45 m) 0.235

Windows and balcony

doors

G-value = 0.55, tvis = 0.721 1.0

Sukanen et al. 5



Table 3. Building Systems details of the IDA ICE model.

Building systems

Heating District heating

Mechanical ventilation Dwelling-specific mechanical ventilation

Cooling None

Infiltration q(50) of 2.0 m3/h/m2 at 50 Pa

Heat recovery temperature ratio 0.82

Supply and exhaust air handling units (AHU) specific fan power (SPF) 2.0 kW/(m3/s)

Heating set points 21°C

Ventilation air flow rates

Living room Supply +18 l/s (apartment A), +8 l/s (apartments B & C)

Kitchen Exhaust �8 l/s (A), �10 l/s (B), �16 l/s (C)

Bathroom Exhaust �10 l/s (A & B), �16 l/s (C),

Bedroom Supply +12 l/s (B & C)

Internal gains

Lighting 11 W/m2, degree of usage 0.1

Appliances 4 W/m2, degree of usage 0.6

People 3 W/m2, degree of usage 0.6

Table 4. Mitigation strategies and input valuesmodelled in this study. The length of the overhangs is designed to be

80% of the window height, following Finnish design guidelines.61 Depending on thewindow, the overhangs are 1.2m

or 1.6 m deep.

Type Mitigation strategy Values

Blinds Integrated blinds open (base

case)

Integrated blinds always

closed

Blinds are located between the window panes, closed at a 45°

angle

Integrated blinds with sun

control

Blinds are located between the window panes, and close at a 45°

angle when incident solar radiation exceeds 100 W/m2 on the

external face of the window

External shutters closed External blinds are always closed at a 45° angle

External shutters with sun

control

External blinds close at a 45° angle when incident solar radiation

exceeds 100 W/m2 on the external face of the window

Glazing type Basic glazing (base case) G-value 0.55, U-value 1.0

Glazing type 1 G-value 0.38, U-value 0.6

Glazing type 2 G-value 0.34, U-value 0.5

External fixed

shading

No fixed shading (base case)

Fixed overhang 1.2/1.6 m deep

Fixed side fins 0.5 m deep

Fixed frame 0.5 m deep

Natural

ventilation

No natural ventilation (base

case)

Natural ventilation with

temperature control

Ventilation windows open when internal temperatures exceed

27°C (either by an occupant or a building management system)

Daytime natural ventilation Ventilation windows are open between 8:00–22:00

Nighttime natural ventilation Ventilation windows are open between 22:00–8:00

Combinations Static combination Fixed shading + G-value 0.34

Static and adaptive

combination

Fixed shading + G-value 0.34 + external blinds with sun control

Adaptive combination Natural ventilation with temperature control + external blinds

with sun control

6 Indoor and Built Environment 0(0)



climate data, as well as current and 2030s, 2050s and 2100s
TRY climate data for Jyväskylä (Climate zone III) where the
building is located. The locations of Helsinki and Jyväskylä
are shown in Figure 3, while temperature data can be seen in
Figure 4.

The TRYs were created by the Finnish Meteorological
Institute for the main purpose of building energy calcula-
tions. More details on the development of the climate files
can be found in Jylhä et al.,17 but briefly: the TRY2012 was
created from weather observations for the years 1980–2009,
where each of the TRY months was chosen from a year
where the weather was closest to the average. The future
TRY’s for the years 2030, 2050 and 2100 were created from
multi-model mean estimates from 719 global climate
models, assuming CO2 concentrations in the atmosphere
will increase according to the IPCC’s 2001 A2 SRES-
scenario, which is the worst-case scenario, and largely
equivalent to the IPCC 2010 RCP 8.5 scenario.62 TRY files
represent an average climate and does not include weather

extremes such as heatwaves. This presents a limitation of
the standard methodology used for assessing building
overheating in Finland and of this study and has been noted
for further research.

Model outputs

According to D3/2012, summertime temperatures in
apartment buildings with apartments on at least three floors
are not allowed to exceed a threshold of 27°C by more than
150-degree hours (°Ch) between June and August, with
one-degree hour representing 1 h of overheating by one
degree. In addition to degree hours, maximum temperatures
in residential buildings should not rise above +32°C outside
of the heating season.63

Hourly temperature data was output from IDA ICE, and
the performance of the apartments against these overheating
metrics was calculated. In addition, the annual energy
consumption for space heating was calculated to identify

Figure 2. Passive mitigation measures modelled. Static adaptations include (A) fixed fins, 0.5 m deep, (B) fixed

overhang, 1.2/1.6 m deep, and (C) a fixed frame, 0.5 m deep. Adaptive measures include (D) integrated blinds and

(E) external shutters.

Sukanen et al. 7



any negative consequences of passive measures for winter
energy consumption.

Results

Energy consumption

The impact of the mitigation strategies on yearly energy
consumption is presented in Table 5. As the case study
building is not equipped with mechanical cooling, energy
consumption mainly comprises of space heating and
electricity for mechanical ventilation, lighting and equip-
ment. We present only the variation in energy consumption
that is due to fixed adaptations, and not those involving
occupant behaviours such as natural ventilation and the
conditional use of blinds, which we assumed would be used
by occupants only outside of the heating season. Energy
consumption estimates are presented as an average of all
three modelled apartments.

Under the IPCC A2 SRES-scenario, average summer-
time outdoor temperatures are projected to increase in
Jyväskylä by 0.9°C by 2030, 1.5°C by 2050 and 3.4°C by

2100 relative to the baseline climate. Hence annual energy
consumption in the base case building was expected to
decrease in the future as heating demand decreases as winter
temperatures rise. Annual energy consumption increases
slightly under all climates with fixed external shading,
however, these increases are offset by the natural decreases
in energy consumption in future climates. The increase in
energy consumption can be attributed to decreased solar
gains in winter for some adaptations. All solutions with
improved glazing reduce energy consumption, as the im-
proved U-value of the window was able to compensate the
possible negative effects of the lower G-value by reducing
heat losses in winter.

Overheating

The results of overheating modelling are presented as
cooling degree hours (CDH) above the threshold here and as
maximum temperatures. The overheating is severe in all
base cases, even in the current climate for Helsinki and
Jyväskylä, due to the base model not including the increase
in mechanical ventilation or the closing of integrated blinds

Figure 3. The locations of Helsinki and Jyväskylä.
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allowed under D3/2012. In the current climate, overheating
is slightly lower in Jyväskylä relative to Helsinki due to the
cooler climate. Future climate scenarios for Jyväskylä
(2030, 2050 and 2100) show an increase in total CDH and
maximum temperature for all apartments.

Studio apartment. The results for the south-east facing
studio apartment can be seen in Figures 5 and 6. The base
case studio apartment is 13,341°Ch over the 27°C threshold

in the current Helsinki climate, while in Jyväskylä over-
heating is slightly lower (12,274°Ch); in both cases, the
threshold of 150°Ch is significantly exceeded. In the future,
overheating in the base case steadily increases to 15,129°Ch
in the 2100s.

Natural ventilation is the most effective single strategy at
reducing overheating in the studio apartment. Ventilating
during the day (8:00–22:00), or in response to internal
temperature, are the only single solutions able to reduce

Figure 4. Annual temperature profiles of the Jyväskylä climates (grey) compared to the Helsinki 2012 climate (black).

Sukanen et al. 9



degree hours to acceptable levels (<150°Ch) and maximum
temperatures below 32°C in all climate scenarios aside from
the 2100s. Night ventilation is the least effective natural
ventilation option and is unable to reduce degree hours to
acceptable levels. However, night-time ventilation is still
more effective at reducing degree hours than any of the
other individual non-ventilative solutions, reducing over-
heating degree hours by 96% on average. By the 2100s, no
natural ventilation options are able to keep degree hours at
levels below 150°Ch.

External shutters and internal blinds are the second most
effective single measure, reducing overheating degree hours
by 40%–93%, depending on the climate scenario but unable
to meet CDH criteria alone. External shutters are 12%–21%

more effective at reducing degree hours than internal blinds
and are able to reduce maximum indoor temperatures below
32°C in all climates except for Jyväskylä in the 2100s.
Having shutters or blinds always closed is more effective
than those with sun control, which reduces the degree hours
over 27°C by half from the base case, but with degree hours
remaining significantly over the 150°Ch threshold.

Lowering the windowG-value from 0.5 to 0.38 or 0.34 is
able to reduce degree hours for the studio apartment by
approximately 26% and 36%, respectively, and reduce
maximum temperatures by 3–4°C depending on the climate
scenario. The use of external fixed shading has a similar
effect as reducing G-levels; horizontal overhang shading is
the most effective of the different fixed shading options,

Table 5. Yearly energy consumption for all apartments (kWh/m2) for static (not controlled by occupants) overheating

adaptations.

Energy

consumption

Helsinki

2012

Jyväskylä

2012

Jyväskylä

2030

Jyväskylä

2050

Jyväskylä

2100

kWh/m2 kWh/m2 kWh/m2 kWh/m2 kWh/m2

Base case 99 104 101 98 92

G-value 0.38 U-value 0.6 95 99 96 94 89

G-value 0.34 U-value 0.6 95 100 97 94 89

Fixed shading horizontal 99 105 101 98 92

Fixed shading fins 99 105 101 98 92

Fixed shading frame 99 105 101 99 92

Passive combination (fixed shading + G-value 0.34) 95 100 97 95 90

Passive and adaptive combination (fixed shading, G-value

0.34, external blinds with sun control)

96 101 97 95 90

Figure 5. The CDH (degree hours over 27°C) for the apartment A for different adaptations and climates. The dashed

line represents the overheating threshold for Finland (150°Ch).
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reducing degree hours by approximately 30%, while side
fins only reduce degree hours by 11%. However, no fixed
shading or window G-value reductions are able to reduce
maximum temperatures under 32°C. Adaptations that re-
duce solar gains, such as blinds, shading and lower
G-values, have larger reductions in overheating in
Jyväskylä than in Helsinki.

Out of the three combination types, the adaptive solution
(natural ventilation and blinds), is the most effective at
reducing degree hours and maximum temperature. This
combination manages to reduce maximum temperatures
below 32°C for all climate scenarios, while CDH is reduced
to acceptable levels for all other climates except Jyväskylä
in the 2100s where the 150°Ch threshold is slightly ex-
ceeded by 18°Ch. The static (fixed shading and g-value) and
static and adaptive (fixed shading, G-value and blinds)
solutions are less effective, failing to reduce CDH below the
thresholds or maximum temperatures below 32°C in any
climate scenario.

One-bedroom apartment. The overheating in the one-
bedroom apartment can be seen in Figures 7 and 8. The
living room of the one-bedroom single aspect apartment
reaches 13,978°Ch over the 27°C threshold in the base case
under the current Helsinki climate, while the bedroom
overheats much less (8912°Ch). Overheating in all rooms is
lower in the current Jyväskylä climate but increases under
future scenarios, with the highest number of degree hours
observed in the Jyväskylä 2100s climate.

Similar to the studio apartment, natural ventilation is the
most effective individual adaptation in the one-bedroom

apartment, with daytime ventilation reducing overheating
below threshold CDH and maximum temperature levels in
Jyväskylä until the 2100s in both the living room and
bedroom. Temperature-controlled ventilation is able to re-
duce living room overheating to below-threshold levels in
Jyväskylä until the 2030s, while night ventilation alone is
unable to reduce overheating below threshold levels.

As with the studio apartment, shutters and blinds are the
second most effective single adaptation. The use of closed
external shutters is able to significantly reduce overheating
in the bedroom in the current Jyväskylä climate, only ex-
ceeding the threshold of 150°Ch by 2.5°Ch and are able to
keep maximum temperatures under 32°C in both the living
room and bedroom of the one-bedroom apartment. The
bedroom overheats significantly less than the living room in
the base case scenario and is, therefore, able to reach lower
amounts of overheating with the use of shutters.

Reducing window G-value is less effective in the living
room of the one-bedroom apartment compared to the studio,
with a smaller absolute reduction of degree hours. Hori-
zontal and frame shading are only half as effective in the
one-bedroom apartment living room as in the studio
apartment, while in the bedroom the effects of the different
shading options (in % reduction) are similar to the studio
apartment.

Compared to the studio, the static and static and adaptive
combinations are less effective at reducing degree hours in
the living room of the one-bedroom apartment, which re-
flects results from the single solutions. The adaptive
combination is the most effective overheating measure,
reducing maximum temperatures below 32°C for both

Figure 6. The maximum summertime indoor temperature for apartment A (studio). The dashed line represents the

overheating threshold for Finland (32°C).
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rooms in all climate scenarios, while reducing degree hours
to acceptable levels in both rooms in all climate scenarios
except Jyväskylä in the 2100s, where it is exceeded by
82°Ch.

Two-bedroom apartment. The overheating in the dual
aspect two-bedroom north-west facing apartment can be
seen in Figures 9 and 10. In the base case scenario, the living
room overheats the most (9180°Ch), followed by bedroom 1
(6647°Ch) and bedroom 2 (5358°Ch) under the current
Helsinki climate. The base case overheating in the two-
bedroom apartment is the lowest of all apartments, and
therefore acceptable amounts of degree hours are easier to
achieve.

Natural ventilation is the most effective individual ad-
aptation, with temperature-controlled and daytime venti-
lation reducing overheating to below-threshold levels for
the living room and second bedroom under current climates.
Natural ventilation is less effective in the bedrooms of the

two-bedroom apartment due to the smaller ventilation
openings. Maximum temperatures in both the living room
and bedroom are also effectively lowered by natural ven-
tilation but exceed the 32°C threshold in all scenarios except
the living room under current climates and Jyväskylä in the
2030s.

The use of blinds is relatively more effective in the two-
bedroom apartment than in other apartments, with both
bedrooms able to reach acceptable levels with the external
shutters always closed in the climate scenarios of Jyväskylä
2012, the 2030s and the 2050s, however living rooms still
exceed the 150°Ch limit in all cases. The use of closed
internal blinds or shutters is also able to reduce maximum
temperatures under 32°C in several of the cases.

As with the one-bedroom apartment, the existing bal-
cony structure limits the impact of additional fixed shading
in the living room. In the bedrooms, the fixed shading
options were better able to reduce degree hours, with the
more effective options (horizontal and frame) able to reduce

Figure 7. The CDH (degree hours over 27°C) for apartment B for different adaptations and climates. The dashed line

represents the overheating threshold for Finland (150°Ch).
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degree hours by approximately a third from the base case.
As with the other apartments, the side-fins are the least
effective shading adaptation.

Combinations of adaptations are particularly effective in
reducing degree hours in the two-bedroom apartment. Static
combinations are unable to reduce degree hours to ac-
ceptable levels, however, the static and adaptive combi-
nation is able to reduce maximum temperatures in the
bedrooms until the 2030s in Jyväskylä. The adaptive
combination is the only combination able to eliminate
overheating in all rooms and climates except Jyväskylä in
the 2100s, where the threshold is exceeded by 91°Ch.

Discussion
This study examines the potential of passive-only over-
heating adaptations in reducing overheating risk through a
case study of a contemporary Finnish apartment building.
The results show an increased risk of overheating in the

future in the base case models, which is supported by
previous findings in Finland and other Nordic
countries.29,30,32,33,35 Adaptations generally did not have an
energy penalty, with the exception of fixed passive shading
adaptations which slightly increased wintertime heating
demands due to the reduction in solar gains. Under future
climates, the increase is offset by reduced heating demands.
However, this demonstrates the importance of occupant-
controlled or automated measures instead of fixed archi-
tectural adaptations. The overheating results stress the need
for resilient active systems and passive cooling options, as
extreme levels of overheating in the base case dwellings
could place the occupants at risk if active systems fail.

Our findings indicate that summer-time natural venti-
lation is the most effective individual adaptation, signifi-
cantly reducing or even eliminating overheating, but may
not be sufficient in future climates alone. The effect of
horizontal natural ventilation on overheating reduction has
been widely studied,41,43,46,63–65 and has been found to be

Figure 8. The maximum summertime indoor temperature for apartment B (one bedroom). The dashed line

represents the overheating threshold for Finland (32°C).

Sukanen et al. 13



an effective way of reducing overheating in buildings in
milder climates. The results support previous research that
shows natural ventilation to be the most effective passive
solution for overheating, although by itself insufficient to
eliminate overheating in a 1960s building even in the
current climate of Finland.30 In our study, natural ventilation
is still able to eliminate overheating even in Jyväskylä
during the 2050s, likely due to the larger openable window
areas in the dwellings. This highlights the benefits of large

ventilation openings. Like shutters and blinds, the effec-
tiveness of natural ventilation is dependent on occupant’s
behaviour, and many people may not be able or willing to
open windows for various reasons. The internal temperature
threshold for opening windows was set at 27°C to match the
threshold for CDH, however, occupants may open the
windows at lower internal temperatures. Therefore, our
results may underestimate the effectiveness of temperature-
controlled natural ventilation.

Figure 9. The CDH (degree hours over 27°C) for apartment C for different adaptations and climates. The dashed line

represents the overheating threshold for Finland (150°Ch).
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The results also indicate that shutters are an effective
means of reducing overheating risk. External shutters were
found to be 12%–21% more effective at reducing CDHs
than integrated blinds, supporting previous research.41

External shutters could give occupants more daylighting
and views benefits, as shutters with sun control were ap-
proximately as effective at reducing degree hours as inte-
grated blinds that were always closed. Shutters may,
however, be more exposed to damage from snow or being

obstructed by falling leaves, and for that reason are not
widely used in Finland. Reducing G-values is less effective
than blinds, supporting the findings of Vesterinen,29 who
found similar effects on internal temperatures with tested
G-values of 0.32 and 0.38 in the Finnish climate. An in-
crease in energy consumption has been found to be cor-
related with lower G-values in some studies,45 however, in
our study the U-values are also lowered from 1.0 to 0.6,
compensating for reduced solar gains. In general,

Figure 10. The maximum summertime indoor temperature for apartment C (two bedrooms). The dashed line

represents the overheating threshold for Finland (32°C).
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adaptations to reduce solar gains lead to larger overheating
reductions in the higher latitude of Jyväskylä, which due to
the increased sun exposure at low angles. This highlights the
importance of the duration of solar exposure on overheating
and adaptation effectiveness.

Fixed external shading adaptations are less effective,
reducing overheating to a similar degree as lowered
G-values, consistent with the findings of Kaasalainen et al.31

The reduced effectiveness of solar adaptations in the living
room of the one-bedroom apartment compared to the studio
apartment is likely due to the shading provided by its
balcony structure. In this study, horizontal shading is the
most effective fixed architectural adaptation, likely due to
the large size and width of the windows/balcony doors with
their floor-to-ceiling design, and the shading frame or side-
fins not being deep enough to sufficiently shade the surface
area of the window.

A novelty of this study is the simulation of combinations
of passive solutions in three different dwelling geometries.
While individual passive measures alone are not always
effective, combinations of solutions were able to signifi-
cantly reduce overheating. Of these, the adaptive combi-
nations (natural ventilation with blinds), are the most
effective at reducing degree hours, highlighting the effec-
tiveness of natural ventilation and the role of occupant
behaviour. This combination manages to reduce degree
hours to acceptable levels for all other climates except
Jyväskylä in the 2100s. This emphasises the role that
building design plays in reducing or even eliminating
overheating risk, which in turn reduces the need for active
cooling systems with their associated environmental, fi-
nancial and social costs.

Our overheating simulations are conducted mainly ac-
cording to Finnish building code D3 on preventing over-
heating, but with some key differences. These differences
include a lack of increased mechanical ventilation and
opened integrated blinds, both of which are options to re-
duce overheating according to this standard, as well as the
newer standard 1010/2017. As a result, the overheating risk
in our base case dwelling is extremely high compared to
what the building would have achieved to comply with
Finnish building regulations. Other options to reduce
overheating according to the building regulations include
improving G-values, which we have tested here, and de-
creasing the ventilation supply temperature by 1°C, which
we have excluded due to it being an active measure.

All active cooling measures, such as air conditioning,
increased mechanical ventilation or district cooling, were
purposely excluded from the study as we seek to evaluate
the effectiveness of passive measures. This is because
passive measures do not themselves increase total energy
consumption in a significant way. The primary use of
passive overheating mitigation measures can also help to
protect the most vulnerable populations, for example, those

who cannot afford active systems, as well as improving the
passive survivability and resilience of the building stock in
case of future climate extremes or even possible power
outages. However, active cooling systems are likely to be
necessary in buildings with strict thermal comfort re-
quirements, such as hospitals or homes for the elderly,
where the risk of heat-related health effects are greatest.14

Further research should examine overheating risk and
mitigation measures in hospitals and long-term care
facilities.

Limitations

We acknowledge a number of limitations to this study.
Modelling was performed using the older D3/2012 instead
of the newer 2010/2017 regulations. Therefore, internal heat
gains from lighting were modelled as 11 W/m2 instead of
9 W/m2 but with lower internal gains and energy con-
sumption from domestic hot water. The older standard was
selected to be consistent with the regulations at the time of
building construction, however, the higher heat gains from
lighting will result in a marginally higher overheating risk
than if the newer standard was used. The standard assumes
that heat gains are evenly distributed throughout the day,
although in reality the presence of people as well as the use
of appliances and lighting are likely to be skewed towards
certain hours.

The standard methods for overheating use TRY weather
files, which are representative of an ‘average’ year over the
period 1980–2009, and not weather files that represent hot
or extreme summers which are generally used for modelling
overheating risk in other locations. When this research was
conducted there were no Design Summer Year (DSY) or
Hot Summer Year (HSY) weather files available for Fin-
land, and future work should examine the resilience of
housing during hot and extreme summers. The current
summertime temperature calculations require a use of
standardised occupancy and internal gains. The way in
which different occupants use their homes can, however,
vary greatly and has an impact on overheating.66 Further
studies on the impact of occupancy patterns, especially
within vulnerable groups, could also give us more detailed
understanding of overheating risk. In addition, the models
were run using climate data for Helsinki and Jyväskylä, and
further work is necessary to generalise the results elsewhere
in Finland, particularly at higher latitudes.

The study results are obtained from simulations rather
than based on actual measurements, meaning they may be
subject to uncertainties in input parameters and sys-
tematic errors. Further work is required to validate
modelled indoor temperatures with monitored tempera-
tures and understand uncertainties. The results can,
however, give an idea of how well the different mitigation
strategies work and how they will act in possible future
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climates. The limitation of adaptive strategies is that their
effectiveness is largely up to the occupants (e.g., opening
and closing windows and blinds at the right time),
meaning that the simulations may give unrealistic results
relative to the real world. Therefore, future studies
measuring actual temperatures in homes, accompanied by
user surveys on how occupants regulate internal tem-
peratures, would give valuable insights on how well
adaptive mitigation measures work in reality. Studies into
active and passive cooling system designs often neglect
occupants’ lifestyle and behavioural traits, and future
research should investigate occupant preferences.67 The
choice of modelling tool and/or algorithm can lead to
different estimates of indoor temperatures, and building
performance models may give a less accurate estimate
than computational fluid dynamics, for example.68,69

Other studies have noted that the overheating metric
selected may influence the relative risks of overheating
across dwelling variants,66 however in this study we
found a reasonable association between CDH and max-
imum indoor temperature.

We have modelled three apartments in a single unit with
the same construction, making it difficult to generalise
solutions to different dwelling types.70 The modelled
building has relatively large windows and CLTconstruction,
which is relatively rare in Finnish buildings, although be-
coming increasingly common. Dwellings may perform very
differently during hot weather, depending on their built form
and fabric characteristics,18 and further work is required to
understand the relative overheating risks and effectiveness
of adaptations in other dwellings. As we have based our
modelling on a real case-study building, the apartments are
on different floor levels and with different orientations,
which will influence their overheating risk. As such, we
have avoided direct comparison between the results of the
different units. We have tested common passive solutions to
overheating used in cold and temperate climates but have
not tested more novel solutions such as cool facades71 or
green roofs.72

Policy implications

While this study was a case study, and results should not be
generalised to the wider housing stock, there are potential
implications for policy that require further investigation.
Increasing temperatures are one of the biggest climate
change risks in terms of health impacts and are important to
consider in the design of buildings. There is currently debate
in Finland about whether new buildings should be highly
energy efficient, airtight andmechanically ventilated, versus
the degree to which natural ventilation may be employed in
summer. New Finnish buildings are predominantly me-
chanically ventilated, and prior studies have largely focused
on active cooling demands in the future.17,29,30 There has

been a steady increase in the number of Finnish households
investing in air conditioning systems, and housing coop-
eratives in ground source heat pumps, while district cooling
is becoming an option, especially in urban areas such as
Helsinki.

However, a reliance on active cooling systems carries a
number of risks. In addition to increased energy con-
sumption and potential greenhouse gas (GHG) emissions,
active systems are dependent on a climate-resilient energy
supply. Active cooling systems may also lead to summer
energy poverty, where the costs of installation and operating
cooling equipment are unaffordable to certain households,
making them unable to keep their homes comfortable during
hot weather. This may lead to or exacerbate overheating
inequalities; for example, studies in hotter climates have
associated low levels of air conditioning to disproportionate
levels of heat-related mortality in disadvantaged commu-
nities.61 Policies aimed at reducing cooling needs using
passive measures can help to mitigate such risks. In addition
to building regulations, there are potential policies which
can be employed to reduce heat exposures, such as com-
munal cooling centres and ‘safe zones’, where individuals
can visit during hot weather, as already deployed during
heatwaves in some cities in the USA.

There are also implications for the standard overheating
calculation methods. D3/2012 or the more recent standard
10/10/2017 in Finland does not consider extreme weather or
future climates. Calculation methods require the use of a
TRY file from a historical baseline, which will not capture
the (projected) changing climates during the building
lifespan, and regulations should be amended to include
future predicted climates instead of merely historical ones.
In addition, our results show that adaptations that reduce
solar gains lead to a greater relative decrease in overheating
in Jyväskylä, Central Finland, than in Helsinki, Southern
Finland. This supports previous research that shows that the
relative risk of overheating and the effectiveness of different
adaptations can vary by latitude and solar exposure;21,31

therefore, overheating mitigation methods could be adapted
to include more location-specific weather data.

The current Finnish predisposition towards active sys-
tems is evident in official summertime overheating calcu-
lations that permit increases to mechanical ventilation, but
not natural ventilation despite operable windows being
required in all residential living spaces and the effectiveness
of natural ventilation at reducing overheating. The existing
standardised overheating assessment methodology also
defines static temperature and degree-hour thresholds and
does not account for occupants’ adaptation to heat. Occu-
pants of naturally ventilated buildings are tolerant of a wider
range of indoor temperatures, and adaptive thermal comfort
models are better suited to estimate overheating in such
buildings.73 The use of static overheating criteria and in-
ability to model openable windows, means free-running
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dwellings are unlikely to meet the existing Finnish criteria
for overheating when in reality they may be comfortable and
provide better opportunity for occupants’ behavioural,
physiological and psychological adaptation to heat. In ad-
dition, the size of ventilation openings of windows is not
regulated in Finnish dwellings, and while increasing the
operable area required is a potentially important means to
reduce overheating, the efficacy of which would not be
captured using current standard overheating calculations.
This study has clearly shown the role of building design in
reducing overheating risk. However, the regulatory exclu-
sion of operable window areas means that windows may not
be designed with sufficient ventilation opening areas,
locking in future reliance on active systems. Active and
passive solutions are also not mutually exclusive, and
passive systems should be employed to reduce active
cooling demands as much as possible.

Conclusions
This paper investigates how individual and combinations of
passive measures reduce overheating risk in modern Finnish
apartments under current and future climates. Using the
dynamic energy modelling software IDA ICE, five different
passive overheating adaptation strategies were simulated for
a case study building in the current Helsinki and Jyväskylä
climate, as well as future (2030, 2050, 2100) predicted
climates in Jyväskylä. Unique to this study, combinations of
adaptations were also tested, while all active overheating
mitigations were excluded.

The results show that without closed blinds or increased
ventilation, apartments exceed overheating criteria even in
the current climate. The most effective individual passive
adaptation is natural ventilation, followed by external
blinds, while fixed measures to reduce solar gains such as
external shading or reduced G-values may cause small
increases to winter heating energy consumption and are less
effective at reducing overheating. Importantly, combina-
tions of passive natural ventilation and external shutters are
able to eliminate overheating in the case study dwellings
during typical summers in all climate scenarios except
Jyväskylä in the 2100s. Therefore, combinations of passive
mitigation strategies may effectively reduce overheating
during typical summers but may be insufficient by the end
of the century.

Active cooling increases energy consumption and po-
tential GHG emissions, while increasing the reliance on
energy systems that may not be resilient during periods of
extreme heat and may lead to increased summertime energy
poverty. Passive solutions have the potential to reduce re-
liance on active cooling, and adaptations to reduce over-
heating risk should therefore prioritise passive measures as
much as possible before additional active solutions.
Additionally, current official summertime temperature

calculations should be amended to allow for the inclusion of
natural ventilation and future typical and extreme climate
predictions.
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