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Reducing greenhouse gas emissions while adapting cities to the consequences of climate change is one of the
major challenges in the current energy transition towards a nearly carbon-free built environment. A pressing
concern regards the rising of global and urban temperatures, which are expected to increase demand for building
cooling and hinder the achievement of decarbonisation goals also in continental climate zones. However,
available studies and assessment methods still largely overlook the environmental impacts of cooling measures in
future climate conditions. This study investigates the efficiency of implementing passive cooling measures
(insulation, triple glazing, solar shading, solar reflectivity of facade and natural ventilation) during the reno-
vation of a Swedish multi-family residential building. Novel indicators and an integrated assessment method are
developed by combining a climate and energy model with a carbon footprint assessment to evaluate the carbon
efficiency of the measures. The results comparison between a baseline case and applied passive measures for
Representative Concentration Pathways RCP4.5 and RCP8.5 in 2018, 2030 and 2050 indicates that natural
ventilation, triple glazing and solar shading ensure cooling demand reduction between 13% and 56% and have
the lowest carbon footprint among the assessed passive strategies. Implementing a combination of all assessed
measures has the largest cooling demand reduction potential but poses a trade-off in terms of carbon footprint.

1. Introduction

Global warming challenges the thermal performance of our built
environment by contributing to both the overall increase of average
temperature and more frequent occurrences of extreme weather such as
heat wavesIPCC [28]. According to the International Energy Agency
[26], one-fifth of the energy used in buildings globally is due to cooling
using fans and air conditioners. Studies have demonstrated that air
conditioners are often bought during periods of excessive heat, such as
heat waves, but continue to be used to keep lower, comfortable tem-
peratures throughout the whole cooling period [48], resulting in higher
electricity consumption and CO; emissions.

A warmer climate has the potential to substantially influence thermal
comfort conditions in buildings, and increase cooling energy demand
[42,49] . The number of homes with air conditioning in the European
Union (EU) is expected to triple by 2050, increasing the dependency on
affordable energy to ensure thermal comfort. However, the EU’s energy
and climate goals identify improving energy efficiency as a core

approach towards full decarbonisation of the building stock until 2050,
with reduced average primary energy use in the residential building
stock as one of the main strategies [19]. Adapting the building stock to
increasing temperatures caused by global warming therefore poses a
major challenge to the ongoing energy transition.

The sustainable development goals (SDGs) [47] clearly address the
need of adapting urban environments and buildings to new climate
conditions. This includes making urban areas resilient, sustainable and
inclusive (SDG 11), improving energy efficiency and ensuring access to
affordable energy (SDG 7), as well as implementing climate change
adaptation measures (SDG 13). Adaptation measures within the building
context are intended to counteract the negative effects of global
warming, e.g., by enhancing the thermal performance of the building to
withstand future climate conditions. Adaptation measures can be clas-
sified into active or passive measures; active measures efficiently make
use of building services, such as the utilization of an Heating, Ventila-
tion, Air Conditioning (HVAC) system to supply cool air, whilst passive
measures do not require active energy use, as in the cases of natural
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Table 1
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Previous research on the impact of climate change for the energy use and thermal performance in buildings in Sweden. RCP = Representative Concentration Pathway,
where RCP2.6 represents a low greenhouse gas concentration and substantial greenhouse gas mitigation, RCP8.5 is a high greenhouse gas concentration scenario
considering business as usual, and RCP4.5 is a mid-scenario, considering partial greenhouse gas mitigation.

Authors,
Year, Location

Climate data/climate change scenarios

Type

Results

[36], Stockholm

[15], Vaxjé

[14], Vaxjé

[45], Vixjo

[46], Vaxjd

[25], Karlshamn

Projected data from regional climate models RCA3-
ECHAMS5-A1B-3, RCA3-CCSM3, RCA3-CNRM, RCA3-
HadCM3, RCA3-IPSL

Projected average seasonal air temperature changes for
RCP4.5 applied to the reference (historical) weather
data

RCP4.5 and RCP8.5, adjusted historical weather
datafile based on the regional climate model RCA4-
HadGEM2

RCP4.5, adjusted historical weather datafile based on
the regional climate model RCA4-HadGEM2

RCP2.6, RCP4.5, RCP8.5 adjusted historical weather
datafile based on the regional climate model RCA4-
HadGEM2

Projected data using regional climate models RCA4-
CNRM-CNS5, RCA4-ICHEC-EC-EARTH, RCA4-IPSL-

Representative building stock model, 153
sample buildings

Multi-family residential, 1 building (16
apartments), passive house standard or
conventional insulation levels applied
Multi-family residential, 3 buildings; concrete
prefab structure built 2014, massive timber-
frame built 2009 and light timber frame built
1995.

Multi-family residential, 1 building (24
apartments), as-built, passive house standard
or conventional envelope insulation levels
applied

Multi-family residential, 1 building (27
apartments), concrete structure with brick and
wooden panels on facade, built 1970
Multi-family residential, 2 buildings, built in
1930, renovated repeatedly

+10-160 % (=~ 0.5-2kWh/m2) of annual cooling
demand on average by 2100, depending on climate
model, for the building stock

+33-49 % (~ 1-1.2kWh/m2) annual cooling demand
in 2100 depending on scenario and building type

+45-73 % (= 1.6-2.2 kWh/m2) annual cooling
demand in 2050, +14-118 % peak cooling demand in
2090, depending on building type and climate scenario.
16-22 % total overheating hours by 2050 RCP8.5
depending on building type.

+12-40 % (~ 1.8-2kWh/m?2) of annual cooling
demand by 2050 for RCP4.5, depending on building
type.

25-36 % total overheating hours in 2090-2099
depending on climate scenario.

+450-510 % annual cooling load by 2100,
+210-290 % peak cooling demand in 2070,

CM5A-MR, RCA4-MOHC-HadGEM2-ES, and RCA4-
MPI-ESM-LR as well as adjusting for the local micro-
climate through simulation

depending on scenario

ventilation, improved insulation, solar shading, change of thermal mass
and change of windows and doors [35,2].

As the building sector strives towards increased energy efficiency,
limited increase in cooling energy demand in the building stock and
avoiding installation of cooling systems as well as excessive use of air
conditioning as forms of adaptation to a warmer climate would be
beneficial. This emphasises the need for passive solutions when
considering global warming adaptation measures for existing buildings.
According to EU guidelines [20], passive cooling adaptation measures
should be prioritised over the implementation of active cooling systems,
and low-carbon intense solutions should be selected where possible. The
benefits of passive cooling are two-fold; firstly, it has the potential to
provide increased thermal comfort for building occupants when active
cooling solutions are unavailable or unaffordable; and secondly, it has
the potential to decrease the strain on the electricity supply system of the
region during warm periods [27] and thereby supporting the energy
transition in the building sector. As the EU has forecasted that 80 % of
the existing homes will be renovated by 2050 [18], there is a large op-
portunity to implement passive design strategies in the existing building
stock within the next few decades.

1.1. Cooling loads and temperature rising in Sweden

Extensive research has been conducted to determine the impact of
global warming on the building stock energy use. The average global
trend shows a decrease in heating energy demand and an increase in
cooling energy demand [2]). This trend has also been observed in Eu-
ropean northern countries. Research studies modelling the cooling needs
for different climate change scenarios in Sweden consistently show a
decrease in annual space heating demand and an increase in space
cooling demand [36,46,25]. However, the magnitude of the variation
changes considerably with the building type and method of study.

Traditionally, Swedish residential buildings are not equipped with
active cooling systems due to low cooling demand but make use of
natural ventilation [24,36] . Only a few studies exist on the performance
of passive cooling measures in the Swedish climate, however, their
effectiveness in future climate scenarios has been demonstrated, see
Table 1. Tettey et al [45] suggest that a combination of best available
technology for lighting and other appliances combined with passive

measures such as solar shading has the potential of almost eliminating
the increased cooling demand over the next century. Dodoo and Gus-
tavsson [14] show that solar shading and increased airing combined
with solar shading were relatively effective measures in reducing annual
cooling loads. Nik and Kalagasidis [36] modelled a representative
building stock including all building types in Stockholm for a range of
future climate scenarios for the coming century, showing that the
increased cooling demand could be mitigated using natural ventilation
for the average building stock. A study by Hosseini et al [25] simulated
the energy use for two buildings, built according to the standard
building code, in future climate scenarios on the Swedish south coast,
including microclimate effects such as the urban heat island effect (UHI)
and extreme weather scenarios. It was concluded that natural ventila-
tion is an adequate strategy to mitigate the increased cooling loads for
the average year in 2070.

1.2. Environmental impact and benefits from building renovation

While future climate scenarios pose the challenge of adapting
Swedish buildings to new climate conditions, multiple studies have
highlighted the potential of building renovations to reduce energy
consumption and related greenhouse gas emissions. According to the
Swedish National Board of Housing, Building and Planning, a report
conducted in 2013 stated that 75 % of the existing buildings will need to
undergo deep renovation before 2050 for the energy savings goals in the
built environment to be met [9]). Furthermore, about a third of Swe-
den’s current multi-family residential buildings was constructed during
the years of 1961-1975, and since these buildings typically have a low-
performing thermal envelope they represent a considerable mitigation
potential [7]). Building renovation is a well-researched topic in Sweden,
where many studies focus on improving energy efficiency for econom-
ical or environmental purposes. Hamid et al [23] conducted a literature
review which suggested that renovations predominantly are evaluated
on economic profitability and energy saving potential, and more rarely
is environmental impact its own performance indicator. However, as
energy saving can contribute to climate change mitigation due to
reduced emissions associated with energy production, potential syn-
ergies can be derived. Interdisciplinary studies quantifying possible
emission reductions due to energy savings by renovation has been
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conducted to highlight such synergies [34,32,41]. While this approach
includes environmental impacts it only considers the operational phase
of the building and ignores the environmental impact associated with
the materials used in the renovation. This however is addressed by
Ramirez-Villegas et al [39], who calculates the embodied carbon of
renovation measures on a case study 250 km north of Stockholm, and
deducts the reduced embodied carbon from energy savings, showing
that both building envelope improvements and the installation of heat
recovery systems was beneficial in terms of limiting environmental
impact during a 50-year lifespan. Additionally, Osterbring et al [50]
studied the environmental impact of a range of renovation measures for
the housing in Gothenburg using a building stock model. Setting in-
vestment capacity as the limiting factor, several environmental impact
categories were assessed, showing a total reduction of greenhouse gas
emissions (GHGs) by 2050 for the building stock.

Extending the scope to a European context, there are several studies
that further support the notion that energy-saving renovation measures
are beneficial in GHG reductions even when including material use. This
is explored in studies in for example Serbia [3,4] where the measures
included added thermal insulation, energy efficient glazing, and the
installation of solar panels, and in Switzerland [33] where the measures
included added thermal insulation and added ventilation features.
However, the mentioned studies, among others, considered the envi-
ronmental aspect of climate change mitigation due to GHG reduction,
overlooking a potential shift in buildings’ need for adaptation to a
warming climate.

Reversely, studies on how climate change impacts buildings’ energy
demand in the Swedish context have mainly focused on how the annual
energy demand will change, with a particular emphasis on heating de-
mand variation and relatively new buildings (built in the 1990s or
later). The efficiency of passive measures has been proved in this context
and most studies indicate that the future increased annual cooling de-
mand would be mitigated by the incorporation of natural ventilation
strategies [36,25]) , solar shading [14], and higher thermal envelope
insulation [15,45] . Still, more comprehensive analyses are needed to
understand the overall environmental performance of passive cooling
measures, introduced through renovation, in terms of material carbon
footprint and reduction of annual energy demand in future climate
scenarios.

Thus, this study proposes a novel approach to evaluate, from a global
warming perspective, the carbon efficiency of passive cooling measures
to support decision-makers in the selection and prioritization of reno-
vation measures for existing residential buildings. Residential buildings
are of particular interest in the context of passive cooling in a Nordic
climate since they are not traditionally equipped with active cooling
systems. The study develops and applies an integrated assessment
method which combines an energy model and an environmental impact

Table 2
Case study building information and construction details.
Description Parameter Unit Comment
Construction Prefab concrete
Construction year 1970
Number of floors 4 Including basement
Number of apartments 18 3-4 rooms + kitchen
Heated floor area, Acemp 2526 m?
Heated air volume 5380 m®
Window area 287 m?
Window g-value 0.75 - [43]
U-values
Roof 0.084 W/ m?K Calculated
Ground Floor 2.58 W/ m?K Calculated
Wall 0.34 W/m’K  Calculated
Doors 2.5 W/m?K  [32]
Windows 2.8 W/ m*K  [8]
Infiltration 1.1 1/sm? Case study assumption
Mechanical ventilation 0.35 1/sm? Exhaust only
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assessment to overcome the traditional compartmentalized approach in
assessment practices. Through the integrated assessment method,
reduction in cooling energy demand, maximum temperature, over-
heating hours and material carbon footprint are compared for a set of
passive cooling measures in future climate scenarios, allowing to inform
sustainable decision making in implementing cooling measures. The
study uses a multi-family residential building built in 1970 in Gothen-
burg, Sweden, as a test case.

2. Methodology

This study develops an integrated approach for energy performance
and environmental assessment and applies it on a Swedish case study for
two future climate scenarios. The energy performance of selected pas-
sive measures is evaluated through energy performance simulation of a
multi-family house. The carbon footprint of the material used for the
renovation measures is assessed by calculating the global warming po-
tential (GWP). Furthermore, three indicators of carbon efficiency are
developed and calculated to compare the passive measures considering
carbon footprint and energy performance. This section describes the
used data and methods in more detail, including: information about the
case study building and its geometry, such as construction type, enve-
lope and area (2.1); description of the selected renovation measures for
the study, manner of application and the corresponding material use
(2.2); description of the historical weather data and future climate
projections (2.3); specifications, software and methods for the energy
modelling (2.4); the material carbon footprint assessment (2.5); and
description of the method for calculating the carbon efficiency as an
interdisciplinary indicator of comparison for the climate adaptation
cases and future climate scenarios (2.6).

2.1. Case study building

To represent a building type in Sweden which typically requires
large-scale renovations, a multi-family residential building built in the
1970 s that had comprehensive data availability was selected as a case
study. The building is situated in Uddevalla in Western Sweden, in a cool
temperate climate zone. The building is located in a residential area with
approximately 750 dwellings built in 1965-1975, subject to renovation
in the upcoming years. The increased life expectancy of the building
after the planned renovation is a minimum of 50 years. The planned
renovation measures include added insulation, new windows and doors,
and a new ventilation system with heat recovery to improve energy
performance. The case study building, a four-story building including
the basement, is divided into 18 apartments with two or three bedrooms,
lounge and kitchen, and is mainly constructed with prefabricated con-
crete. The building is heated with district heating and has no cooling
systems installed.

The summary reported in Table 2 indicates additional construction
details measured or calculated on the building under study and derived
from literature. According to the building owner, there is a great vari-
ation in infiltration rate between individual apartments. Kronvall &
Boman [31] carried out measurements on 30 apartments built

Table 3
Description of cases and their abbreviations.
Cases Description
AS-BUILT As-built
RENO +50 mm insulation, increased air tightness, double glazing, replace
doors
1 —INS RENO + added insulation
2 - GLZ RENO + triple glazing
3 — REF RENO + increased solar reflectivity
4 — SHAD  RENO + solar shading
5-NV RENO + natural ventilation
6 —COMB  RENO + combination of case 1-5
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1940——1988 in Sweden and found that the average infiltration rate for
the buildings built between 1960-1975 was 2.8 air changes per hour
(ACH) (with a standard deviation of 0.5—5), which for the case study
building corresponds to 0.81/sm2 (0.2—1.41/sm2). To more accu-
rately define the infiltration rate for the case study building, the model
was calibrated through a comparison of heating loads per square meter
between simulations’ results and measured values in a reference build-
ing in the same area, (see Appendix I). The highest accuracy was ach-
ieved with an infiltration rate of 1.11/sm2, which gives an annual
heating load within a 15 % margin, with the smallest variations during
April-October and largest during December-February.. The thermal
properties of the exterior floor, wall and roof have been calculated based
on case study building construction data provided by the building
owner.

2.2. Set of renovation measures

Five passive cooling measures were chosen based on the following
criteria; 1) the measure is passive; 2) the measure is additive, i.e., it can
be implemented in the operational life-cycle phase of the building; 3) the
measure is effective on a building scale; 4) it is possible to assess the
embodied carbon of the measure and; 5) the measure is effective when
excluding microclimatic effects. The passive measures included in the
study were addition of insulation, change to triple glazing, increase solar
reflectivity of the facade, addition of solar shading devices and use of
natural ventilation. Passive measures that have been excluded are, e.g.,
the addition of thermal mass, since it is not additive in the assessed case
study, and the use of green structures, since microclimatic effects are
excluded, and the assessment is done on a building (non-district) scale. A
more detailed summary of the selection process of the measure is pre-
sented in Appendix II, Table Al. A set of eight energy simulations was
carried out based on the selected passive measures, see Table 3. Firstly,
the status quo case was constructed and simulated as a reference case.
Secondly, the planned renovated building was simulated to be used as
the renovation base case for comparison of the carbon footprint and the
energy performance of the passive measures. Following, the five passive
measures were applied to the renovation base case (case 1 to 5) and their
energy performance was modelled. Lastly, a combined case is presented,
which applies all passive measures to explore potential synergy effects
(case 6). Appendix III further reports the detailed list of the properties of
the construction layers for each case.

2.2.1. Case RENO - Base case

Since a renovation of the building of study is already planned, this is
considered the base case and is based upon the planned renovation
measures; 50 mm added insulation in exterior walls, increased air
tightness, replaced doors, and replaced double-glazed windows. The
carbon footprint of the added materials is not calculated, instead the
difference in material use between the base case and the application of
the assessed passive cooling measures is attributed to case 1-6 respec-
tively. In the energy model, the U-value of exterior walls is reduced to
0.219 W/m?K, the infiltration is reduced to 0.7 1/sm?, the U-value of the
windows are reduced to 1.4 W/m?K, the G-value of the windows is
reduced to 0.6 and the U-value of the doors is reduced to 1.2 W/m?K.
When renovating, the insulation can be added either the interior or
exterior of the existing wall construction. Here, a theoretical simplifi-
cation is used where the extra insultation is added to the existing layer of
insulation in the middle of the sandwich wall as if it was newly con-
structed, to avoid any added impact from the choices of finishing ma-
terials on the interior or exterior wall. In reality, when such a measure is
considered, great care needs to be taken in the detailed construction of
the refurbished exterior walls, including factors such as moisture,
appearance, heritage protection, fire safety, etc.

2.2.2. Case 1 — INS
The added insulation case consists of an extra 175mm layer of
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insulation to the exterior walls, in addition to the previously existing
insulation. The roof of the case study building is already well-insulated.
The U-value of the exterior walls is decreased to 0.123 W/m?K in the
energy model. This option might not be beneficial in terms of cooling
unless combined with a reduction of solar radiation through windows,
since large heat gains risk getting trapped inside the building, exag-
gerating heat stress. However, since added insulation is commonly
included in renovations with the aim of decreasing heating demand, the
potential impact during warm periods is of interest.

2.2.3. Case2 — GLZ

The improved glazing case investigates the incorporation of triple-
glazed windows with low e-coating in the planned renovation.
Compared to the double-glazed windows in the base case, this option
offers further reduction of the U-value which limits heat transfer
through the construction, and a further reduction of the g-value of the
window, which decreases the amount of solar radiation that is let
through the window and consequently reduces solar heat gains. Since
double glazing is added in the renovation base case, the added material
for the triple glazing is assumed to be one extra 4 mm thick window-
pane, i.e., no added material for the frame is assumed. In the energy
model, the windows are assumed to have a U-value of 0.9 W/m?K and a
G-value of 0.45. These changes could contribute to a lower heating de-
mand during the heating season, since less cold outdoor air reaches the
interior, but could also increase heating demand because of decreased
heat gains due to solar radiation in winter.

2.2.4. Case 3 — REF

The solar reflectivity, or albedo, describes how much of the solar
radiation is reflected by the material surface. The non-reflected radia-
tion is instead absorbed. An increased solar reflectivity of the facade
material can be used to decrease the amount of solar radiation which is
transmitted through the exterior walls and therefore limit the potential
warming effects from exterior walls exposed to solar radiation. Since the
facade is being renovated, there is a possibility of using a highly
reflective material to decrease the amount of absorbed heat in the
construction. The exterior layer of the facade construction is in this case
assumed to be a coating of light paint with a solar reflectivity of 70 %,
reapplied once every five years to keep the solar reflectivity high [17].

2.2.5. Case 4 — SHAD

Solar shading is the placement of a shading material in connection to
glazed areas to reduce the amount of solar radiation reaching the win-
dow, limiting solar heat gains. The carbon footprint from the solar
shading case could vary to a great extent depending on material choice
and design, however, for the simplicity of this study a standard solution
has been assessed. The solar shading assessed is a horizontal aluminium
sheet placed on the top of the window, extending 60 cm perpendicular to
the exterior wall. Since automated control systems are not a passive
measure, this alternative will be excluded from this case. Compared to
automated or in other ways variable solar shading, the assumption of an
always active solar shading system might impact the total thermal

Table 4
Overview of the simulated years and climate scenarios for the different simu-
lation types included in the study.

Simulation type Simulated Simulated climate
years scenarios

Annual cooling demand 2018, 2030, RCP4.5, RCP8.5
2050

Peak cooling demand 2018, 2030, RCP4.5, RCP8.5
2050

Overheating hours 2018, 2030, RCP4.5, RCP8.5
2050

Maximum indoor temperature during 2050 RCP4.5

peak conditions
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performance negatively, for example through a potential increase in
heating demand.

2.2.6. Case 5 — NV

Natural ventilation is the use of natural air flow to let outside air in
for ventilation, which has a cooling effect if the outside air temperature
is lower than the inside air temperature. Since the windows are operated
manually, no carbon footprint is assumed to be associated with this case.
The openable area fraction of the windows is assumed to be 50 %. The
windows are assumed to be opened if the inside air temperature exceeds
24°C and if the outside air temperature exceeds 22 °C. This is due to
limitations in the energy model, in which the minimum outside air
temperature for natural ventilation cannot be lower than the heating
setpoint. This assumption might lead to an underestimation of the effi-
ciency of the natural ventilation since the windows could be open down
to outside air temperatures of 16-18 °C without causing discomfort. Due
to additional modelling limitations the windows are assumed to be
opened also if the outside air is warmer than the inside air, potentially
contributing to a heating effect.

2.2.7. Case 6 - COMB

In Case 6 a combination of all the measures is assessed to explore
potential synergy effects. The measures are included in the energy model
and carbon footprint assessment in accordance with the methodological
descriptions presented in section 2.2.1-2.2.6. The combined case can
therefore be assumed to be associated with a high material use and
consequently a large carbon footprint, however, also has the potential of
increasing thermal and energy performance beyond the limitations of
single measures due to synergy effects and is therefore of interest to this
study.

2.3. Climate data

IPCCIPCC [29] has condensed the possible future accumulation of
GHGs into four different Representative Concentration Pathways
(RCPs). The low emission pathway (RCP2.6), is deemed increasingly
unlikely since it requires immediate and heavy implementation of
mitigation measures. Additionally, there are two medium emission
pathways (RCP4.5, RCP6.0), and a high emission scenario (RCP8.5)
which likelihood is debated. However, according to the latest climate
report byIPCC [30]:67) potential carbon-cycle feedback loops could
mean that the RCP8.5 scenario is feasible even with a GHG mitigation
that aims at a lower emission pathway. Future climate can be modelled
by using data from a historically hot year, as done by Pyrgou et al [37]
and Van Hooff et al [24]. There are also several weather-generator tools
and software that generate weather files, such as ClimGen, WeaGeats
and Meteonorm [49]. The historic and future climate data in this study
was acquired in EPW format by using the Meteonorm weather gener-
ator, to produce Typical Meteorological Years (TMY) [40]. Hourly
climate values were generated for two emission pathways (RCP4.5 and
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Fig. 2. Energy model of the case study building.

Table 5
Key input data for the energy simulation model.
Description Parameter Unit Comment
Occupancy
2-bedroom apartment 2.18 people [43]
3-bedroom apartment 2.79 people [43]
Occupancy schedule 14 hrs/day [43]
Occupancy load 80 W/person [43]
Equipment load 2.4 W/m? [43]
Natural ventilation 0.5 1/sm? [43]
Schedule — Cooling period 6 hrs/day [43]
Heating setpoint
Apartments 22 °C From case study
Basement 17 °C From case study
Cooling setpoint 26 °C [21]

RCP8.5) using measured data from the Gothenburg weather station.
Since the climate data is based on a typical year, the occurrences of
extreme hot years, extreme cold years or extreme weather such as heat
waves are not included. As shown in Table 4, annual and peak cooling
demand, as well as number of overheating hours and maximum indoor
temperature were modelled based on the TMY 2018, and TMYs for 2030
and 2050 following RCP 4.5 and RCP 8.5. A summary of the average
monthly temperatures of the different climate scenarios is shown in
Fig. 1.

2.4. Energy assessment

For the first part of the environmental assessment energy demand

Average monthly temperature for climate scenarios

22
20
18
16
14
12

o N A O

Jan Feb Mar Apr May Jun

2018 ——2030RCP4.5

2030 RCP8.5

N

Jul Aug Sep Oct Nov Dec

2050 RCP4.5 —2050RCP8.5

Fig. 1. Average monthly temperature in the different climate scenarios.
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Table 6
Energy model input data for the different cases.
Cases Wall Infiltration Window Window Door Solar Solar Natural
(1/sm?)
U-value U-value G-value U-value Reflectivity shading Ventilation
(W/m?K) (W/m?K) (W/m?K) Wall
AS-BUILT 0.319 1.1 2.8 0.75 2.5 0.3 No No
RENO 0.219 0.7 1.4 0.6 1.2 0.3 No No
1-INS 0.123 0.7 1.4 0.6 1.2 0.3 No No
2-GLZ 0.219 0.7 0.9 0.45 1.2 0.3 No No
3 - REF 0.219 0.7 1.4 0.6 1.2 0.7 No No
4 — SHAD 0.219 0.7 1.4 0.6 1.2 0.3 Yes No
5-NV 0.219 0.7 1.4 0.6 1.2 0.3 No Yes
6 — COMB 0.123 0.7 0.9 0.45 1.2 0.7 Yes Yes

simulations were carried out by using well established modelling tools.
The spatial model of the case study was created within the Rhinoceros/
Grasshopper software environment. Weather data as well as the prop-
erties of the thermal envelope, schedules, solar shading, occupancy,
equipment and heating and cooling setpoints was added to the spatial
model using the Ladybug and Honeybee plugins. The Honeybee plugin
was employed to link the EnergyPlus simulation engine to the resulting
energy model. EnergyPlus is an open-source simulation engine devel-
oped and funded by U.S. Department of Energy (DOE), widely used for
compliance and research [16]. The energy simulations were made using
a bottom-up heat balance model, with climate and building information
as text file inputs. The modelled geometry was based on blueprints from
the planned renovation, see the energy model geometry in Fig. 2. Key
input data is presented in Table 5.

Since a validation of the modelled data against measured data was
difficult due to the use of a Typical Meteorological Year as climate
boundary conditions, the model was instead calibrated through a com-
parison of the simulated heating demand per meter square floor area to
the measured consumption of a reference building in Uddevalla. The
reference building is a multi-family residential building in the same
area, built at the same time and with similar construction, size and
layout as the case study building. The reference building has already
been subject to renovations and the energy use due to heating was
monitored before and after. The variation of heating demand per square
meter in the cooling season, i.e., May to September, for the model
compared to the reference building in the renovated case was below
15 %.

EnergyPlus was used to simulate annual and peak cooling demand,
overheating hours and maximum indoor temperature during peak con-
ditions. The windows were modelled as EnergyPlus Simple Window
Model objects that only requires G-value and U-value as inputs, while for
each case wall composition followed the detailed cases’ descriptions in
Appendix III. The annual cooling demand was assessed for the whole
building, whilst the overheating hours, peak cooling demand and
maximum temperature during peak conditions were assessed for the
most critical apartment. Internationally, the definition of an overheated

apartment varies, where the upper temperature limit for thermal com-
fort varies from 26 °C to 28 °C depending on geographical context [13,5]
; Swedish National Board of Health and Welfare [SNBHW] [44]. This
study defines overheating hours in line with the recommendations from
Forum for Energy Efficient Construction [21], who states that the tem-
perature should not exceed 26 °C for more than 10 % of the time in the
most exposed apartment of a building from April to September in Swe-
den. The temperature profile was based on the average temperature
profiles of the occupied zones, i.e., the living room, kitchen, and bed-
rooms. Peak conditions for the measuring of maximum temperature
were determined by assessing the three hottest consecutive days of the
year, including the hottest day of the year. Peak cooling was defined as
the maximum amount of cooling power supplied during the simulation
period, simulated in hourly steps. See Table 6 for further details on the
energy model input data.

2.5. Carbon footprint assessment

The second part of the assessment focused on the estimation of car-
bon footprint related to materials used for implementing the renovation
measures. To aid environmental impact assessments of buildings,
Boverket [12] has provided a database of generic climate impact data for
commonly used materials in the building industry in Sweden, with
average values based on a range of Environmental Product Declarations
(EPDs) in the form of Global Warming Potential (GWP) measured in kg
CO9eq with a time frame of 50 years. Other climate impact categories
were excluded in coherence with the methodology outlined by Boverket
[10]. The carbon footprint of the passive measures was calculated based
on the data from the open material database by Boverket [11] and in
accordance with the methodology from Boverket [10], the end-of-life or
operational phase was not included in the data, i.e., any carbon footprint
from maintenance and waste was excluded. No material waste was
assumed. In cases where the carbon footprint of a certain product was
not available, such as in the case of the triple glazing case and solar
shading case, the material of the product has been assessed, therefore
excluding any carbon footprint due to added materials for mounting.

Table 7
Overview of the estimated added materials in the different cases.
Cases Added materials Area [m?] Thickness Conversion value GWP
[m] [kg/m®, kg/m?] [kg COze/kg]
AS-BUILT -
RENO -
1-1INS Glasswool, blowing wool, wall 837.4 0.175 30 1.247
2-GLZ Floatglass 272.5 0.004 2500 1.781
3 - REF Paint, acrylic, water-borne for exterior use (color white) 8374 0.1 3.286
4 — SHAD Aluminium sheet, primary 26.2 0.005 2700 13.177
5—-NV -
6 — COMB Glasswool, blowing wool, wall 837.4 0.175 30 1.247
Floatglass 272.5 0.004 2500 1.781
Paint, acrylic, water-borne for exterior use 8374 0.1 3.286
Aluminium sheet, primary 26.2 0.005 2700 13.177
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The materials used in each case are presented in Table 7
The carbon footprint of the materials was calculated according to
Boverket [10] using the following equations:

A X d X p x GWPyom = GWP,,
A X 5 X GWPom = GWP,

Where:
A = Area of material [mz].
d = Thickness of material [m].
p = Conversion value [kg/m3].
6 = Conversion value [kg/mz].
GWPporm = Normalised global warming potential [kgCOo/kg].
GWP,,, = Total global warming potential [kgCO-].

2.6. Carbon efficiency

The carbon efficiency indicator was developed to be able to assess
the efficiency of renovation measures in jointly reducing cooling de-
mand and materials’ carbon footprint. The carbon efficiency is defined
as the carbon footprint that corresponds to the reduction of annual
cooling energy demand and maximum indoor temperature, calculated
for each case and climate scenario. The carbon efficiency for a case is
calculated according to the following equations:

GWP;
RCDgpi

= CEan,i

GWPi
RCDpeak.i

= CEpeak,i

Where:
GWP; = Global warming potential of measure [t CO5].
RCDgp; = Reduced annual cooling demand for measure [kWh].
RCDyqr; = Reduced peak cooling demand for measure [kW].
RMT; = Reduced maximum temperature during peak conditions for
measure [°C].
CEgn; = Carbon efficiency annual cooling demand [t CO2/kWh].
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CEpeqki = Carbon efficiency annual energy demand [t COo/kW].

CE,; = Carbon efficiency maximum indoor temperature [t CO2/°C].

Concerning the reduction in annual and peak cooling demand, the
indicators of carbon efficiency CEgn; and CEpeq i, measured in t COoe per
kWh reduced and t COze per kW reduced, was used to evaluate all
renovation cases for the RCP4.5 and RCP8.5 climate scenarios in 2018,
2030 and 2050. For the maximum temperature during peak conditions,
the carbon efficiency indicator CE;; was calculated for the RCP4.5
climate scenario in 2050 and for all passive measures, measured in t
COqe per °C reduced.

3. Results

In this section, the results from the energy simulation are presented,
followed by the results of the carbon efficiency calculations and a case
comparison.

3.1. Energy performance

The annual cooling demand, peak cooling demand and overheating
hours of the eight cases were simulated for RCP4.5 and RCP8.5, and the
years 2018, 2030 and 2050, as displayed in Figs. 3-5. For the renovated
case, i.e. the base case, the annual cooling demand is 0.46 kWh/m? in
2018, and increases by 180—230 % in 2030 and 280-400 % in 2050
depending on the climate scenario due to increased outdoor air tem-
peratures, corresponding to 1.3-1.9 kWh/m?. The peak cooling demand
is 1.2kW in 2018, simulated as the total demand for the worst per-
forming apartment, and is estimated to increase by 34-98 % corre-
sponding to 1.7 — 2.3kW by 2050, depending on climate scenario. It
should be noted that the annual cooling demand is around 0.9 - 4.3 % of
the annual energy demand for heating and cooling for this case study.

For the annual cooling demand performance, the triple glazing and
natural ventilation cases are the most effective of the individual passive
measures assessed, reducing annual cooling demand with 52-56 % and
24-45 % for the year of 2050 respectively, compared to the base case.
The combined case keeps annual cooling demand at the current level in
2050 for the RCP4.5 climate scenario and increases by around 80 % for
the RCP8.5 climate scenario, indicating a possible synergy effect when
combining the individual measures.

Considering peak cooling demand, the triple glazing case is again the
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Fig. 3. Total annual cooling demand [kWh] for all cases, for the RCP4.5 (left) and RCP8.5 (right) future climate scenarios, in 2018, 2030 and 2050.
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Fig. 4. Total peak cooling demand [kW] for all cases, for the RCP4.5 (left) and RCP8.5 (right) future climate scenarios, in 2018, 2030 and 2050.
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Fig. 5. Overheating hours [%] for all cases, for the RCP4.5 (left) and RCP8.5 (right) future climate scenarios, in 2018, 2030 and 2050. The dashed line represents the

threshold for maximum recommended overheating hours.

most effective with a reduction of 36-37 % in 2050 compared to 2018.
Moreover, the solar shading case proves to be the second most efficient
with the possibility of reducing peak cooling demand with 13 % by 2050
for RCP4.5 and RCP8.5, compared to the base case. The combined case
shows little to no synergy effects in most climate scenarios as the
reduced peak cooling is very close to the triple glazing case, however, in
2050 for the RCP8.5 it shows a further reduction of 12 %.

The natural ventilation case shows an increase or only slight decrease
compared to the base case, ranging from a 25% increase to a 10 %
decrease in peak cooling demand, depending on climate scenario,
further discussed in the limitations section. Moreover, the effects from
the added insulation and increased solar reflectivity cases are small both
in terms of peak and annual cooling demand reduction.

3.2. Overheating hours

The results show that in 2018 the as-built and renovated cases both
significantly exceed the 10% indoor thermal comfort threshold for
overheating hours, with calculated overheating hours of 20 % and 25 %
respectively. However, it should be noted that case 5 — NV which in-
cludes the use of natural ventilation and has the calculated overheating
hours of 14 % can be considered as a closer approximation of current
overheating conditions. Projecting the future climate data on the base-
line case, overheating hours reaches 38 % for the renovated case and
22-27 % including the use of natural ventilation depending on climate
scenario. In terms of reducing overheating hours, the different cases
show similar efficiencies to the annual cooling demand results, where
the triple glazing and natural ventilation are the most effective. The
combined case shows a synergy effect which is effective enough to keep
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Fig. 6. Temperature profile during hot temperatures, 21st-23rd of July, in 2050
for the RCP4.5 climate scenario. The dotted line represents the outdoor air
temperature Tout.
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Fig. 7. Heating demand for the assessed measures in 2050, for climate sce-
narios RCP4.5 and RCP8.5.

overheating hours below the 10 % threshold for the year 2050 in the
RCP4.5 climate scenario. Due to modelling limitations, the number of
overheating hours as well as the annual cooling demand for the natural
ventilation case can be overestimated.

3.3. Maximum indoor temperature

To further assess the thermal performance of the building at high
temperatures, the average indoor temperature for the apartment with
the worst thermal performance during the hottest three consecutive days
of the year was simulated for the RCP4.5 climate scenario in 2050, see
Fig. 6. The warmest days of the TMY for 2050 were between the 21st and
23rd of July, reaching a maximum outdoor temperature of 29.5°C. In
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Fig. 8. Carbon efficiency considering annual cooling demand reduction in
2050, for the RCP4.5 and RCP8.5 climate scenarios. The top left area of the
chart represents carbon efficient measures, and the bottom right area of the
chart represents the most carbon inefficient measures. The bottom left area of
the chart represents measures with a relatively small carbon footprint and a
small cooling reduction potential, whilst the top right area shows measures
which have a high cooling reduction potential together with a high relative
carbon footprint.

accordance with previous simulations, the added insulation and
increased solar reflectivity cases show a negligible difference. Looking at
the maximum average indoor temperature, measured at 2 PM in the
afternoon on the 22nd of July, the solar shading option has the potential
of reducing the maximum average indoor air temperature with around
0.6 °C, the triple glazing case has the potential to reduce the peak
temperature with 1.9 °C, and the natural ventilation case has a reduction
potential of 2.2°C, proving most efficient. In addition, the natural
ventilation case shows the lowest peak temperatures during the other
days, 21st and 23rd of July. The combined case shows the potential of
reducing the maximum interior air temperature below outside air tem-
perature during the hottest day, lowering peak indoor temperature with
2.7 °C to a maximum of 28.8 °C.

3.4. Annual heating demand

In traditional cold climates energy measures for reducing cooling
demand can have negative effects on heating demand. For this reason,
results for all climate scenarios were also analysed from a heating
perspective as shown in Fig. 7. The comparison of the annual heating
demand was made to assess the potential increase in heating energy
demand associated with each measure. The solar shading option, case 4
— SHAD, showed an increase in heating demand of 1.5% in 2050
compared to RENO (baseline case). Increasing solar reflectivity, case 3 —
REF, presented an increase of 1.3 % compared to RENO case. When
measures are combined in case 6 — COMB, heating demand is influenced
by the solar shading and thus sees a similar increase. The remaining
cases presented no change or a decrease in heating demand.
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Fig. 9. Carbon efficiency considering peak conditions, represented by peak cooling demand reduction (left) in 2050, for the RCP4.5 and RCP8.5 climate scenarios,
and maximum temperature reduction (right) in 2050 for the RCP4.5 climate scenario.

3.5. Carbon efficiency

The carbon efficiency results for annual cooling reduction are pre-
sented in Fig. 8. The carbon efficiency for the annual cooling demand
and peak cooling demand indicators is presented as the difference in
demand compared to the base case, i.e., the renovated case (RENO),
together with the carbon footprint of the material used for the different
measures assessed. Additionally, the indicator of carbon efficiency for
the maximum temperature during peak conditions indicator is presented
as the difference in maximum temperature compared to the base case,
together with the carbon footprint.

The carbon efficiencies depending on annual cooling reduction po-
tential show that the natural ventilation and triple glazing cases are the
best performing alternatives. For the RCP4.5 scenario, the triple glazing
case is more than twice as effective compared to the natural ventilation
case in terms of reducing annual cooling, whilst the difference is smaller
in the RCP8.5 scenario. It should be noted that due to the modelling
limitations described in section 2.2.6 and the effects of which is further
discussed in section 4.1, the efficiency of natural ventilation might be
underestimated. As the natural ventilation option had no associated
carbon footprint compared to the mid-range carbon footprint of the
triple glazing case, it can be considered more carbon efficient. The
combined case has the highest efficiency in cooling reduction, however,
there is a large trade-off in terms of carbon footprint. Solar shading,
added insulation, and increased solar reflectivity have a similar carbon
footprint to the triple glazing option but since they are associated with a
worse energy performance the carbon efficiency is lower.

The carbon efficiency of the peak cooling demand and maximum
indoor temperature reduction is shown in Fig. 9. The results show that
the natural ventilation option does not decrease peak cooling demand,
however, it is very effective in reducing maximum indoor temperatures
during hot days. Furthermore, the increased solar reflectivity and added
insulation cases have no effect in reducing peak cooling demand or
maximum indoor temperature, and the inefficiency proves even greater
considering the carbon footprint associated with the options. The solar
shading and triple glazing options both show a potential to reduce peak
cooling loads, and the triple glazing option is more efficient due to a
larger peak cooling reduction with similar carbon footprint. For the
RCP4.5 climate scenario, the combined case shows no greater potential
in reducing peak cooling demand than the triple glazing option, and
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since it is associated with a substantially larger carbon footprint, the
results indicate that the combined case is an inefficient solution. The
efficiency is greater in the RCP8.5 scenario.

Overall, the triple glazing and the natural ventilation measures prove
to be the two most carbon efficient solutions in reducing annual energy
cooling demand, overheating hours and maximum indoor temperature
during hot days. The case combining all five passive cooling measures
shows the greatest efficiency in cooling demand and indoor temperature
reduction; however, this case is found to have the largest carbon foot-
print, making it a seemingly carbon inefficient option in certain aspects.
On the other hand, the combined case is the only assessed option which
keeps the overheating hours below or close to below 10 % in 2050. Case
1 — INS, (added insulation), and case 3 — REF, (increased solar reflec-
tivity), were found the most carbon inefficient cases. Implementing solar
shading (case 4 — SHAD), has a higher efficiency in reducing annual
cooling demand, overheating hours, peak cooling as well as indoor
temperature during hot days compared to case 1 and case 3 despite a
similar carbon footprint.

4. Discussion

In this study, a methodological framework for calculating carbon
efficiency was developed to include the carbon footprint of climate
adaptation measures in the assessment of residential buildings’ reno-
vation. The results of the integrated assessment show a large difference
in carbon efficiency between the investigated passive measures, indi-
cating that the material carbon footprint of the considered options is
relevant to support the selection of the most carbon efficient measures.

Previous studies suggest that natural ventilation is an effective
method of cooling also in future climate scenarios, however, the level of
efficiency differs between studies. Nik and Kalagasidis [36] and Hosseini
et al [25] both suggest that natural ventilation is an adequate measure to
completely mitigate the increased cooling demand by 2090 and 2070
respectively, both using climate data projected from regional climate
models. The results of this study suggest that natural ventilation is
effective, however, needs to be combined with other passive measures to
fully mitigate the increased annual and peak cooling demand. The
discrepancy in results can be explained by the different methodologies
used, as well as climate data sourcing and building type assessed. Dodoo
and Gustavsson [14] also suggest that a combination of solar shading
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and natural ventilation is nearly sufficient to mitigate the increased
cooling demand in 2050 for all climate scenarios. Moreover, Tettey et al
[45] and Tettey and Gustavsson [46] suggest that a combination of BAT
of appliances, improved envelope and solar shading has the potential of
almost eliminating the increased cooling demand over the next century
for the RCP4.5 scenario, however, not for the RCP8.5 scenario.

These results, suggesting that a combination of measures is needed to
mitigate the increased cooling demand, is in line with the results of this
study, however, the incorporation of the carbon efficiency indicator in
this study shows that the combination of measures has a significantly
lower efficiency when considering carbon footprint. In fact, when
considering the carbon footprint of measures, natural ventilation is the
most efficient method of reducing cooling demand. The carbon effi-
ciency is the second highest for triple glazing, an improvement measure
not typically assessed by itself in previous studies. Solar shading, sug-
gested as an effective passive cooling measure by previous studies, has a
distinctly lower carbon efficiency in comparison but is still amongst the
three most carbon-efficient solutions.

While this study has compared traditional passive cooling solutions
that can be applied at the building level, a larger set of passives
measured should be tested through this integrated assessment approach.
For example, studies suggest that urban design solutions, such as green
and blue cooling infrastructure or the application of phase change ma-
terials, can contribute to thermal comfort improvements in outdoor and
indoor environments, resulting in higher building energy efficiency
[6,22]) . From another perspective the technological advancement in
sustainable cooling systems and their combination with renewable en-
ergy sources is making active cooling solutions energetically more effi-
cient [1,38] . Integrated environmental and energy assessments should
further be used to evaluate a larger range of solutions and offer multiple
efficient options to decision-makers.

Additionally, this study confirms general patterns of increased
overheating hours and annual cooling demand in future climate condi-
tions. Previous studies by Tettey and Gustavsson [46] and Tettey et al.
[45], that simulated total overheating hours in future climate scenarios,
had found overheating hours in the range of 25-36 % and 16-22 % by
2090 respectively. However, the results of the modelling in this study
indicate overheating hours between 24 % and 38 % with a warmer
climate scenario already by 2050, suggesting a more severe exposure to
high temperature in a shorter time span. Differently, the relative in-
crease in annual cooling demand found in this study (280-400 % by
2050, corresponding to 1.3-1.9kWh/m? by 2050) is slightly lower
compared to previous studies by [15], and [25] (33-510 %, corre-
sponding to 1-10 kWh/m? by 2090); while peak cooling demand in-
crease observed in this study (of 34-98 % by 2050) has a smaller range
than the one found in studies by [14], and [25] (14-290 % by 2100).
These cooling demand and peak cooling demand values are however
difficult to compare to previous research results due to the differences in
timespan, calculation methods and the variety in building typologies.

This region, as others generally characterised by cold climate, is
going to experience warmer temperatures during summer periods. On
this Swedish case study, passive cooling measures traditionally devel-
oped in hot-arid regions may increase heating and electricity demand
during winter months. Despite this study shows that the increase in
heating demand for the majority of the measured applied is below 1.5 %
it is necessary to reflect on the benefit of integrated assessment ap-
proaches and the potential of introducing air and light quality assess-
ments to further offer holistic approaches to complement the cooling
and environmental assessment components.

4.1. Limitations

The results of the integrated assessment show a large difference in
carbon efficiency between the available passive measures. However, a
few limitations of the study are related to the method developed for the
integrated assessment. First, regarding the material carbon footprint
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assessment, no material waste was assumed, which is not representative
of reality. Secondly, there was no available data for the specific building
component for the triple glazing and added solar shading cases, meaning
the carbon footprint was based merely on the material use. This might
have led to an underestimation of the carbon footprint of these two al-
ternatives, since carbon footprint associated with the production and
transportation of the component is excluded, as well as the impact from
any other materials used, e.g., for mounting. However, the assessments
of carbon footprint associated with building materials and components
are still under development, and the results are in accordance with the
climate declaration legislation currently in practice.

The results of the maximum temperature during peak conditions and
the peak cooling demand are contradictory for the natural ventilation
case, since the reduction potential in peak cooling demand is small or
negative whilst the reduction potential for maximum indoor air tem-
perature during hot days is large. This is likely due to the modelling
limitations introduced in section 2.2.6, suggesting that when simulating
peak cooling, the opening of windows occur when the outside air tem-
perature is warmer than the inside air temperature, leading to a rapid
warming effect. This could be avoided by opening windows during the
night to precool the space and consequently reduce the peak cooling, or
by keeping windows closed during the day to theoretically achieve the
same peak cooling demand as in the renovated case. However, manually
operated natural ventilation will perform inconsistently due to the
dependence on occupancy behaviour. For instance, residents may not
occupy the space at optimal hours to control the opening and closing of
windows or have the desired knowledge to optimally control the
opening and closing of windows. Other aspects that suggest an incon-
sistent performance of natural ventilation implemented on a larger scale
is for instance the risk of compromised air quality, noise and safety.
Considering the many examples of limiting factors to an optimal
implementation of natural ventilation controlled manually the incon-
sistent results is still relevant for the comparison of passive cooling
measures, and the discrepancy in results illustrates the importance of an
informed implementation of natural ventilation.

Due to the identified modelling limitations of the natural ventilation
case and considering that an increase in peak cooling demand due to the
use of natural ventilation is contradictory to previous research, the
natural ventilation option is estimated to be one of the most efficient
cases also during peak conditions in accordance with the maximum
temperature simulation results. Moreover, if natural ventilation is not an
available option to the residents during night-time due to for example
safety or noise, the implementation of other adaptation measures be-
comes increasingly important in a future climate scenario to sustain
thermal performance.

For the case under study as for a large number of buildings to retrofit,
assumptions are needed for the energy model in case of unavailable
measured data. For example, infiltration rate was estimated and then
calibrated though comparison to a reference case. According to the
building owner, the infiltration rate varies a lot between individual
apartments, which makes an estimation of an average difficult, however
after the calibration the applied infiltration rate is clearly within the
span of measured infiltration rates in flats of similar building years.
Moreover, any calculated U-value for the constructions could deviate
from the current building performance, especially since the building has
been exposed to different weather conditions for over 50 years. The
window construction is specified as a simplified component in the en-
ergy model to be more broadly representative of different options,
however, this could impact the results since no material layers are
specified and the heat exchange calculations in the simulation engine
therefore could differ depending on type of window frame, glass pane
and any gas that could be used for insulation. The extra insulation in the
wall has been added into the existing insulation layer, i.e., the middle of
the wall, whilst in real life the insulation would be placed either on the
interior or the exterior of the existing wall. This is a theoretical simpli-
fication to keep the surface material properties of the base case and not
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present a case that is affected by a particular type of construction. Due to
lack of measured weather data for the location of the case study and
reference building, the model validation options were limited. A cali-
bration of the infiltration rate was made to fit as closely as possible to the
real case, which was within 15 % variation of the annual heating load,
however, future studies should aim to monitor the performance of in-
terventions by measuring also indoor and outdoor temperature together
with heating and cooling consumption.

According to the results, the solar shading case is a rather inefficient
option, at least in comparison with natural ventilation or the imple-
mentation of triple glazing. However, the efficiency of solar shading
largely depends on the design and placement. Although it is outside the
scope of this study, the solar shading alternative might have performed
better if a solar shading design optimisation was performed. For
instance, the current type and placement does not effectively reduce the
solar radiation when the sun is at a low angle, i.e., during morning or
afternoon hours. The solar shading could also be optimised by using a
seasonally variable option, to eliminate the increased heating demand.

Finally, the uncertainties regarding the projected climate data are
addressed. There are large uncertainties in climate models, such as the
extent of future GHG accumulation, the climate’s response to GHG
accumulation and the condensation of data to representative climate
models, implying that results based on climate data projection should
not be considered as definite but rather be viewed as an indicator for
future trends. Furthermore, since the results are based on Typical
Meteorological Year, potential peak and annual cooling energy demand
for unusually hot years or heat waves are disregarded. If there is a
heatwave, outdoor air temperatures are likely to rise above the
maximum temperature of the data used in this study, which could
particularly affect the results regarding energy performance during peak
conditions. Further research is recommended to assess energy perfor-
mance and indoor thermal performance during extreme weather con-
ditions. Additionally, this study did not assess the coupling of selected
compatible measures and did not include active cooling measures as
well as the potential effect of urban microclimate. A further exploration
of different combinations of measures is recommended as a development
of the study.

5. Conclusions

This study assessed the carbon efficiency of passive cooling measures
by exploring potential synergies between cooling demand reduction and
carbon footprint in building renovation processes. Natural ventilation
measures show a significant synergy between low carbon footprint and
high potential of annual cooling demand reduction and maximum
temperature reduction during peak conditions, as the option has no
carbon footprint. However, the implementation heavily affects the
cooling demand reduction potential of the measure and if correct
implementation cannot be ensured, alternative adaptation measures
should be considered. When accounting for the carbon footprint and
cooling demand reduction potential, triple glazing and solar shading
proved to be among the most efficient solutions. The study also found
that combining multiple passive cooling measures results in the highest
cooling demand reduction for all climate scenarios and is the only option
which keeps overheating below the 10 % threshold in 2050 for the
RCP4.5 climate scenario, yet, since the option is associated with the
largest carbon footprint due to the carbon footprint of materials used for
the measure implementations, the carbon efficiency is low.

Overall, results showed that the carbon footprint and energy per-
formance varied greatly between different passive measures, and that
the integrated evaluation method has the potential to aid decision-
making processes related to adapting existing buildings to climate
change, to improve thermal performance whilst avoiding increased en-
ergy demand during the cooling period as well as increased carbon
footprint. The study contributes with novel indicators to an integrated
assessment method, through the combination of a climate and energy
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model with a carbon footprint assessment to evaluate the carbon effi-
ciency of passive cooling renovation measures. By including carbon
footprint in the assessment, the study suggests a broader perspective
when considering climate change adaptation measures and demon-
strates how integrative assessment methods can support decisions to
synergically support decarbonisation while preparing buildings for a
warmer climate.

CRediT authorship contribution statement

Hedda Egerlid: Writing — review & editing, Writing — original draft,
Visualization, Validation, Methodology, Formal analysis, Data curation,
Conceptualization. Xinyue Wang: Writing — review & editing, Super-
vision. Liane Thuvander: Writing — review & editing, Writing — original
draft, Supervision. Daniela Maiullari: Writing — review & editing,
Writing — original draft, Supervision.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.enbuild.2025.115502.

Data availability
Data will be made available on request.

References

[1] O. Abedrabboh, M. Kog, Y. Biger, Sustainability performance of space-cooling
technologies and approaches, Energy Sources Part A 44 (4) (2022) 9017-9042,
https://doi.org/10.1080/15567036.2022.2127979.

I. Andric, K. Muammer, S.G. Al-Gamdi, A review of climate change implications for
built environment: impacts, mitigation measures and associated challenges in
developed and developing countries, J. Clean. Prod. 211 (2019) 83-102, https://
doi.org/10.1016/j.jclepro.2018.11.128.

L. Andric, A. Pina, P. Ferrao, J. Fournier, B. Lacarriére, O. Le Corre, The impact of
climate change on building heat demand in different climate types, Energ.
Buildings 149 (2017) 225-234, https://doi.org/10.1016/j.enbuild.2017.05.047.
I. Andric, A. Pina, P. Ferrao, B. Lacarriére, O. Le Corre, The impact of renovation
measures on building environmental performance: an emergy approach, J. Clean.
Prod. 162 (2017) 776e790, https://doi.org/10.1016/j.jclepro.2017.06.053.
ASHRAE. (2004). Thermal Environmental Conditions for Human Occupancy.
ASHRAE, Atlanta. Retrieved 2022-04-12 from http://arco-hvac.ir/wp-content/
uploads/2015/11/ASHRAE_Thermal_Comfort_Standard.pdf.

D.K. Bhamare, M.K. Rathod, J. Banerjee, Passive cooling techniques for building
and their applicability in different climatic zones - the state of art, Energ. Buildings
198 (2019) 467-490, https://doi.org/10.1016/j.enbuild.2019.06.023.

Boverket. (2003). Battre koll p& underhall (In English: Better track keeping of
maintenance). Retrieved 2022-04-19 from https://www.boverket.se/globalassets/
publikationer/dokument/2003/battre_koll_pa_un derhall.pdf.

Boverket. (2011). Teknisk status i den svenska bebyggelsen (In English: Technical
status in the Swedish building stock). Retrieved 2023-09-12 from https://www.
boverket.se/globalassets/publikationer/dokument/2011/betst-teknisk-status.pdf.
Boverket. (2013). Forslag till nationell strategi for energieffektiviserande
renovering av byggnader (In English: Proposition of national strategy for energy
efficiency renovations of buildings). Retrieved 2023-08-21 from https://www.
boverket.se/sv/om-boverket/publicerat-av-boverket/publikationer/2013/forslag-
till-nationell-strategi-for-energieffektiviserande-renovering-av-byggnader/.
Boverket. (2018). Klimatdeklaration av byggnader (In English: Climate
Declarations of Buildings). Retrieved 2022-04-12 from https://www.boverket.se/
sv/om-boverket/publicerat-av-boverket/publikationer/2018/klimatdeklaration-
av-byggnader2/.

Boverket. (2021a). Boverkets klimatdatabas (In English: The National Board of
Housing, Building and Planning’s Climate Database). Retrieved 2022-03-09 from
https://www.boverket.se/sv/klimatdeklaration/klimatdatabas/.

Boverket. (2021b.). Syftet med att klimatdeklarera byggnader. Retrieved 2022-04-
20 from https://www.boverket.se/sv/klimatdeklaration/om-klimatdeklaration/
syfte/.

CIBSE. (2006). Guide A: Environmental Design. Chartered Institution of Building
Services Engineers, London.

(2]

[3]

[4]

[5]

[6]

[7

—

[8]

[9

—_

[10]

[11]

[12]

[13]


https://doi.org/10.1016/j.enbuild.2025.115502
https://doi.org/10.1016/j.enbuild.2025.115502
https://doi.org/10.1080/15567036.2022.2127979
https://doi.org/10.1016/j.jclepro.2018.11.128
https://doi.org/10.1016/j.jclepro.2018.11.128
https://doi.org/10.1016/j.enbuild.2017.05.047
https://doi.org/10.1016/j.jclepro.2017.06.053
https://doi.org/10.1016/j.enbuild.2019.06.023
https://www.boverket.se/globalassets/publikationer/dokument/2011/betst-teknisk-status.pdf
https://www.boverket.se/globalassets/publikationer/dokument/2011/betst-teknisk-status.pdf

H. Egerlid et al.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

A. Dodoo, L. Gustavsson, Energy use and overheating risk of Swedish multistorey
residential buildings under different climate scenarios, Energy 97 (2016) 534-548,
https://doi.org/10.1016/j.energy.2015.12.086.

A. Dodoo, L. Gustavsson, F. Bonakdar, Effects of future climate change scenarios on
overheating risk and primary energy use for Swedish residential buildings, Energy
Procedia 61 (2014) 1179-1182.

EnergyPlus. (n.d.) EnergyPlus. Retrieved 2022-04-20 from https://energyplus.net/

Engineering ToolBox. (n.d.) Materials, light reflecting factors. Retrieved 2022-04-
13 from https://www.engineeringtoolbox.com/light-material-reflecting-factor-d_
1842.html.

EU. (2021). Buildings Renovation: Data Supporting Investment Measures.
Retrieved 2022-01-17 from https://ec.europa.eu/jrc/en/news/buildings-
renovation-data-supporting-investment-measures.

EU. (2024). Directive (EU) 2024/1275 of the European Parliament and of the
Council. Retrieved 2025-05-25 from http://data.europa.eu/eli/dir/2024/1275/0j.
EU. (2023). EU-level technical guidance on adapting buildings to climate change —
Best practice guidance. Publications Office of the European Union. doi/10.2834/
585141.

FEBY. (2018). Kravspecifikation for energieffektiva byggnader, bostdder och
lokaler (In English: Requirements for Energy Effective Buildings, Residential and
Commercial). Retrieved 2022-04-12 from https://www.feby.se/files/2019- 01/
kravspecifikation-feby18.pdf.

M. Ghamari, C.H. See, D. Hughes, T. Mallick, K.S. Reddy, K. Patchigolla,

S. Sundaram, Advancing sustainable building through passive cooling with phase
change materials, a comprehensive literature review, Energ. Build. 312 (2024)
114164, https://doi.org/10.1016/j.enbuild.2024.114164.

A.A. Hamid, K. Farsater, A. Wabhlstrom, P. Wallentén, Literature review on
renovation of multifamily buildings in temperate climate conditions, Energy Build.
172 (2018) 414-431, https://doi.org/10.1016/j.enbuild.2018.04.032.

T. Van Hooff, B. Blocken, H.J.P. Timmermans, J.L.M. Hensen, Analysis of the
predicted effect of passive climate adaptation measures on energy demand for
cooling and heating in a residential building, Energy 94 (2016) 811-820, https://
doi.org/10.1016/j.energy.2015.11.036.

M. Hosseini, K. Javanroodi, V.M. Nik, High-resolution impact assessment of
climate change on building energy performance considering extreme weather
events and microclimate — investigating variations in indoor thermal comfort and
degree-days, Sustain. Cities Soc. 78 (2022) 103634, https://doi.org/10.1016/j.
5cs.2021.103634.

IEA. (2018). The Future of Cooling. IEA, Paris. Retrieved 2022-04-11 from https://
www.iea.org/reports/the-future-of-cooling.

IEA. (2023). Sustainable, Affordable Cooling Can Save Tens of Thousands of Lives
Each Year. IEA, Paris. Retrieved 2024-04-07 from https://www.iea.org/reports/
sustainable-affordable-cooling-can-save-tens-of-thousands-of-lives-each-year.
IPCC. (2014a). Climate Change 2014: Mitigation of Climate Change. Cambridge
University Press.

IPCC. (2014b). Climate Change 2014: Synthesis Report. Contribution of Working
Groups I, IT and III to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change [Core Writing Team, R.K. Pachauri and L.A. Meyer (eds.). IPCC,
Geneva, Switzerland, 151 pp.

IPCC. (2021). Climate Change 2021: The Physical Science Basis. Contribution of
Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change [Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S.
Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy,
J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekgi, R. Yu, and B. Zhou (eds.).
Cambridge University Press. In Press.

Kronvall, L., Boman, C-A. (1993). Energy Impact of Ventilation and Air Infiltration.
14th AIVC Conference, Copenhagen, Denmark. Retrieved 2025-01-06 from https://
www.aivc.org/sites/default/files/AIVC_1993_CP14.pdf.

L. La Fleur, B. Moshfegh, P. Rohdin, Measured and predicted energy use and indoor
climate before and after a major renovation of an apartment building in Sweden,

13

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Energy & Buildings 334 (2025) 115502

Energy and Building 146 (2017) 98-110, https://doi.org/10.1016/j.
enbuild.2017.04.042.

S. Lasvaux, D. Favre, B. Périsset, J. Bony, C. Hildbrand, S. Citherlet, Life cycle
assessment of energy related building renovation: methodology and case study,
Energy Procedia 78 (2015) 3496-3501, https://doi.org/10.1016/j.
egypro.2016.10.132.

E. Mata, A.S. Kalagasidis, F. Johnsson, Energy usage and technical potential for
energy saving measures in the Swedish residential building stock, Energy Policy 55
(2012) 404-414, https://doi.org/10.1016/j.enpol.2012.12.023.

K. Mjornell, A. Boss, M. Lindahl, S. Molnar, A tool to evaluate different renovation
alternatives with regard to sustainability, Sustainability 6 (2014) 4227-4245,
https://doi.org/10.3390/su6074227.

V.M. Nik, A.S. Kalagasidis, Impact study of the climate change on the energy
performance of the building stock in Stockholm considering four climate
uncertainties, Build. Environ. 60 (2012) 291-304, https://doi.org/10.1016/j.
buildenv.2012.11.005.

A. Pyrgou, V.L. Castaldo, A.L. Pisello, F. Cotana, M. Santamouris, On the effect of
summer heatwaves and urban overheating on building thermal-energy
performance in central Italy, Sustain. Cities Soc. 28 (2017) 187-200, https://doi.
0rg/10.1016/j.scs.2016.09.012.

A. Qamar, A. Kanwal, M. Amjad, M. Farooq, A. Munir, S. Ahmad, M. Abdollahian,
Advancing sustainable cooling: performance analysis of a solar-driven
thermoelectric refrigeration system for eco-friendly solutions, Case Stud. Therm.
Eng. 60 (2024) 104781, https://doi.org/10.1016/].csite.2024.104781.

R. Ramirez-Villegas, O. Eriksson, T. Olofsson, Life cycle assessment of building
renovation measures—trade-off between building materials and energy, Energies 12
(2019) 344, https://doi.org/10.3390/en12030344.

Remund, J., Miiller, S. C., Schilter, C., Rihm, B. (2010). The use of Meteonorm
weather generator for climate change studies. Retrieved 2023-09-23 from https://
ui.adsabs.harvard.edu/abs/2010ems.confE.417R/abstract.

C. Roux, P. Schalbart, E. Assoumou, B. Peuportier, Integrating climate change and
energy mix scenarios in LCA of buildings and districts, Appl. Energy 184 (2016)
619-629, https://doi.org/10.1016/j.apenergy.2016.10.043.

Santamouris, M. (2019). Recent Progress on Urban Overheating and Heat Island
Research. Integrated Assessment of the Energy, Environmental, Vulnerability and
Health Impact. Synergies with the Global Climate Change. Energy Build., 207. Doi:
10.1016/j.enbuild.2019.109482.

Sveby. (2012). Brukarindata bostdder (In English: User behaviour data for
dwellings). Retrieved 2022-03-10 from https://www.sveby.org/wp-content/
uploads/2012/10/Sveby_Brukarindata_bostader_version_1.0.pdf.

Swedish National Board of Health and Welfare [SNBHW]. (2005). Temperatur
inomhus (In English: Interior temperatures). Retrieved 2022-04-20 from https
://www.folkhalsomyndigheten.se/contentassets/a22abd3cdc1042e195d50fe
4484a 7fb9/temperatur-inomhus.pdf.

U.Y.A. Tettey, A. Dodoo, L. Gustavsson, Energy use implications of different design
strategies for multi-storey residential buildings under future climates, Energy 138
(2017) 846-860, https://doi.org/10.1016/j.energy.2017.07.123.

U.Y.A. Tettey, L. Gustavsson, Energy savings and overheating risk of deep energy
renovation of a multi-storey residential building in a cold climate under climate
change, Energy 202 (2020) 117578, https://doi.org/10.1016/j.
energy.2020.117578.

UN. (2015). Transforming our world: The 2030 agenda for sustainable
development. Retrieved 2023-10-01 from https://sdgs.un.org/sites/default/files/
publications/21252030%20Agenda%20for%20Sustainable%20Development%20
web.pdf.

A. Wu, J. Pett, Cold Comfort for Kyoto? ACE, London, 2006.

H. Yassaghi, S. Hoque, An overview of climate change and building energy:
performance, Responses and Uncertainties. Buildings 9 (2019) 166, https://doi.
0rg/10.3390/buildings9070166.

M. Osterbring, E. Mata, L. Thuvander, H. Walbaum, Explorative life-cycle
assessment of renovating existing urban housing-stocks, Build. Environ. 165 (2019)
106391, https://doi.org/10.1016/j.buildenv.2019.106391.


https://doi.org/10.1016/j.energy.2015.12.086
http://refhub.elsevier.com/S0378-7788(25)00232-4/h0075
http://refhub.elsevier.com/S0378-7788(25)00232-4/h0075
http://refhub.elsevier.com/S0378-7788(25)00232-4/h0075
https://doi.org/10.1016/j.enbuild.2024.114164
https://doi.org/10.1016/j.enbuild.2018.04.032
https://doi.org/10.1016/j.energy.2015.11.036
https://doi.org/10.1016/j.energy.2015.11.036
https://doi.org/10.1016/j.scs.2021.103634
https://doi.org/10.1016/j.scs.2021.103634
https://doi.org/10.1016/j.enbuild.2017.04.042
https://doi.org/10.1016/j.enbuild.2017.04.042
https://doi.org/10.1016/j.egypro.2016.10.132
https://doi.org/10.1016/j.egypro.2016.10.132
https://doi.org/10.1016/j.enpol.2012.12.023
https://doi.org/10.3390/su6074227
https://doi.org/10.1016/j.buildenv.2012.11.005
https://doi.org/10.1016/j.buildenv.2012.11.005
https://doi.org/10.1016/j.scs.2016.09.012
https://doi.org/10.1016/j.scs.2016.09.012
https://doi.org/10.1016/j.csite.2024.104781
https://doi.org/10.3390/en12030344
https://doi.org/10.1016/j.apenergy.2016.10.043
https://www.folkhalsomyndigheten.se/contentassets/a22abd3cdc1042e195d50fe4484a
https://www.folkhalsomyndigheten.se/contentassets/a22abd3cdc1042e195d50fe4484a
https://www.folkhalsomyndigheten.se/contentassets/a22abd3cdc1042e195d50fe4484a
https://doi.org/10.1016/j.energy.2017.07.123
https://doi.org/10.1016/j.energy.2020.117578
https://doi.org/10.1016/j.energy.2020.117578
https://sdgs.un.org/sites/default/files/publications/21252030%2520Agenda%2520for%2520Sustainable%2520Development%2520web.pdf
https://sdgs.un.org/sites/default/files/publications/21252030%2520Agenda%2520for%2520Sustainable%2520Development%2520web.pdf
https://sdgs.un.org/sites/default/files/publications/21252030%2520Agenda%2520for%2520Sustainable%2520Development%2520web.pdf
http://refhub.elsevier.com/S0378-7788(25)00232-4/h0250
https://doi.org/10.3390/buildings9070166
https://doi.org/10.3390/buildings9070166
https://doi.org/10.1016/j.buildenv.2019.106391

	Carbon efficiency of passive cooling measures in future climate scenarios: Renovating multi-family residential buildings in ...
	1 Introduction
	1.1 Cooling loads and temperature rising in Sweden
	1.2 Environmental impact and benefits from building renovation

	2 Methodology
	2.1 Case study building
	2.2 Set of renovation measures
	2.2.1 Case RENO – Base case
	2.2.2 Case 1 − INS
	2.2.3 Case 2 − GLZ
	2.2.4 Case 3 − REF
	2.2.5 Case 4 − SHAD
	2.2.6 Case 5 − NV
	2.2.7 Case 6 – COMB

	2.3 Climate data
	2.4 Energy assessment
	2.5 Carbon footprint assessment
	2.6 Carbon efficiency

	3 Results
	3.1 Energy performance
	3.2 Overheating hours
	3.3 Maximum indoor temperature
	3.4 Annual heating demand
	3.5 Carbon efficiency

	4 Discussion
	4.1 Limitations

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Appendix A Supplementary material
	Data availability
	References


