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It is expected that heatwaves will strike more frequently and with higher temperatures with the contin-
uation of global warming. More extreme heatwaves concurrent with disruptions in the cooling system
can lead to significant overheating problems in buildings affecting occupants’ health, productivity, and
comfort. This paper projects current and future heatwaves on an optimized nearly Zero-Energy terraced
dwelling in Brussels, assuming the outage of the cooling system. Initially, a multi-objective optimization
is performed considering 13 passive design strategies using the Genetic Algorithm (GA) based on the
Non-dominated Sorting Genetic Algorithm 2 (NSGA-II) method. It is found that high ventilation rate,
low infiltration rate, high insulation, high thermal mass, integration of green roof, and application of
operable roller blinds are beneficial in reducing the final HVAC energy use up to 32% and enhancing ther-
mal comfort up to 46%. Subsequently, three optimal solutions are selected and analyzed under the high-
est maximal temperature heatwaves detected during the 2001–2020, 2041–2060, and 2081–2100
periods. It is found that non of the optimal solutions are able to fully suppress overheating during heat-
waves and the cooling system outage. The indoor operative temperatures reach more than 29 �C; which
can cause serious health issues for the occupants. The situation will be exacerbated in the future since an
increase in maximum Heat Index (HI) between 0.28 �C and 0.49 �C, an increase in the maximum operative
temperature between 1.34 �C and 2.33 �C, and a decrease in Thermal Autonomy (TA) between 17% and
28% are estimated. Finally, some recommendations are provided for practice and future research.

� 2023 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Background

Climate change is the long-term shift in weather patterns due to
natural causes (e.g., variations in solar cycles) or human activities
(mainly due to the use of fossil fuels). The Intergovernmental Panel
on Climate Change (IPCC) Sixth Assessment Report (AR6) [1] pre-
dicted that the average global surface temperature will increase
between 1 and 5.7 �C by the end of the century. Similarly, the Euro-
pean Environment Agency (EEA) foresees an increase in average air
temperature between 2.5 �C and 4 �C by 2071–2100 over Europe.
The situation will be worse in cities due to the Urban Heat Island
(UHI) effect. According to [2,3], the ambient temperature in cities
is 5 �C-10 �C higher compared to the surrounding areas. This unde-
sirable warming can exacerbate existing problems in large cities,
such as water scarcity, air pollution, and heatwaves.
Although there is no commonly accepted definition of heat-
waves, they are understood to be a period of sweltering weather
that can or cannot be accompanied by high humidity levels, usually
with an obvious effect on humans or natural systems [4]. Heat-
waves usually happen due to the trapped air in a specific region
that can last for two or more days during the hot season. As climate
change continues to raise global temperatures, the heatwaves start
earlier in some places around the world [5]. It is also found that
with the continuation of global warming, future heatwaves will
tend to be longer and more severe [6]. In late June and July 2019,
most European countries experienced consecutive days above 30
�C, and some countries, such as Belgium, France, Germany, the
Netherlands, and the UK, set a new all-time high [7]. Such extreme
heatwave events can lead to water shortages, blackouts, and over-
heating problems in buildings [8].

Overheating or accumulation of heat in buildings forfeits occu-
pants’ productivity, comfort, and health, which in severe cases can
lead to heat exhaustion, dehydration, and heat stroke [9,10].
According to the UK Housing Health and Safety Rating System
(HHSRS), indoor temperatures above 25 �C can increase mortality

http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2023.112998&domain=pdf
https://doi.org/10.1016/j.enbuild.2023.112998
mailto:ramin.rahif@uliege.be
https://doi.org/10.1016/j.enbuild.2023.112998
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enb


R. Rahif, M. Kazemi and S. Attia Energy & Buildings 287 (2023) 112998
rates [11]. Over 2500 excess deaths were reported across Europe
during the summer 2019 heatwaves [12], of which 716 died in Bel-
gium [13], 1435 in France [14], 400 in the Netherlands [15], 900 in
the UK [16], and 500 in Germany [17]. It is urged to optimize and
enhance the thermal performance of buildings so that they act as a
shelter and keep the occupants safe during hot weather conditions.

Optimization is the procedure of making a design or a system
perform as perfectly or most effectively as possible [18]. In other
words, it is the process of identifying designs that minimize or
maximize a specific goal. Simulation-based optimization is
undoubtedly a great approach to reach many design targets, open-
ing a new era for building designers and modellers. Several simu-
lation programs have been introduced in recent decades to
perform building optimization, such as DesignBuilder, BuildSim-
Hub, jEPlus + EA, Autodesk Insight, etc. It should be noted that
the aim of optimization in Building Performance Simulation (BPS)
is not necessarily to find globally optimal solutions to a problem
due to the limitations of the simulation program itself [19] or the
nature of the problem [20]. The optimization methods and their
applications are extensively reviewed in some previous studies
[18,20–23].
1.2. Literature review

Several studies have been conducted to optimize the energy
efficiency and thermal comfort of buildings in different regions
by considering various input factors and employing metaheuristic
algorithms. These studies have demonstrated promising results in
terms of reducing energy consumption and improving thermal
comfort. Chegari et al. [24] optimized a two-floor residential unit
in Morocco by considering thermo-physical parameters of the
building envelope as the input factor. They aimed at minimizing
the computation time via the integration of Artificial Neural Net-
works (ANN) coupled with multiple metaheuristic algorithms such
as Multi-Objective Particle Swarm Optimization (MOPSO), Multi-
Objective Genetic Algorithm (MOGA), and Non-dominated Sorting
Genetic Algorithm 2 (NSGA-II). They found that the coupling
between ANN and MOPSO has the greatest desired performance
among others by reducing the total heating and cooling thermal
needs by 74.52% while enhancing the indoor thermal comfort
(quantified by degree-hours ‘‘Dh”) by 4.32%. Vukadinović et al.
[25] discussed a performed optimization for a detached passive
house building in Serbia based on the NSGA-II method. The opti-
mization variables include the parameters of the passive solar
Table 1
Summary of some studies that optimized thermal comfort in residential buildings.

Author(s) Country Case study Optimization metho

Chegari et al. (2021)
[24]

Morocco Two-floor residential
unit

ANN coupled to MOP
MOGA, and NSGA-II

Vukadinović et al.
(2021) [25]

Serbia Detached passive
house

NSGA-II

Ebrahimi-Moghadam
et al. (2020) [45]

Iran Residential tower GA(1)

Bre et al. (2020) [26] Argentina Single-family house ANN coupled to NSGA
Gou et al. (2018) [27] China Apartment building ANN coupled to NSGA
Li et al. (2017) [28] China Simple model & typical

residential unit
Proposed method,
GenOpt�, and ANN

Ascione et al. (2015)
[29]

Turkey &
Italy

Six-story residential
building

MPC(2)

Yu et al. (2015) [31] China Three-story typical
residential building

ANN coupled to NSGA

(1) GA: Genetic Algorithm,
(2) MPC: Model Predictive Control
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design, such as glazing type, window shading, wall construction,
and the window-to-wall ratio of each façade individually. Prior
to optimization, a sensitivity analysis is conducted using the Latin
hypercube Sampling (LHS) method to identify the most influential
variables affecting the optimization objectives: heating energy use,
cooling energy use, and thermal comfort (quantified by discomfort
hours ‘‘DH”). They found that low-emissivity glazing, high thermal
capacity and insulation levels for the opaque elements, and no/
smallest shading for south facing façade are beneficial in achieving
optimal thermal comfort and heating energy performance. Bre
et al. [26] carried out a multi-objective optimization to improve
energy efficiency and thermal comfort in a single-family house in
Argentina. They used a novel metamodel-based approach by
dynamic coupling between NSGA-II and ANN metamodels, which
were trained previously by the results of building performance
simulations. In total, 12 discrete and categorial design variables,
such as shading dimension, solar absorptance, window type, roof
type, and external/internal wall type, are considered input factors.
It was claimed that the presented method is able to reduce the
number of simulations by up to 75% without affecting the accuracy
of the results. In addition to the abovementioned studies, some
other similar studies exist [27–33] that are analyzed in Table 1
based on four criteria (i.e., multi-objective, multizonal modeling,
reference case study, and comprehensive or specific input factors).
It is clear that, except [26] conducted for a case study in a hot and
humid climate, other reviewed studies either do not have a com-
prehensive approach to selecting the input factors for the opti-
mization (i.e., they focus on specific elements such as HVAC
control parameters, solar design parameters, etc.) or fail to fulfill
at least one of the specified criteria.

Numerous studies have examined the risk of overheating and
indoor thermal comfort in different types of buildings during heat-
waves, with some focusing on specific regions and employing dif-
ferent analysis methods. Ozarisoy [34] studied thermal comfort
conditions in a prototype terraced building located in Watford,
UK, from May to September 2018. It was found that indoor opera-
tive temperatures remain relatively high during the heatwaves,
ranging from 26.5 �C to 32.5 �C. The situation is worse in the bed-
rooms on the first floor, where indoor operative temperatures
exceed EN 15251 Category II upper limit for 15% of the hours.
Laouadi et el. [35] assessed overheating risk in a typical detached
house (assuming old and current construction practice) located
in Ontario, Canada, during the extreme heatwave from 5th to
11th July 2010. They applied the CIBSE TM52 [36], Passive House
d Features

Multi-
objective

Multizonal
modeling

Reference
case study

Comprehensive (C) or
Specific (S) input factors

SO, U U U S (envelope thermo-physical
parameters)

U U � S (Passive solar design
factors)

U U � S (light shelves)

-II U U U C
-II U U � C

U U � C

U U U S (HVAC system control
parameters)

-II U � U C
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Institute (PHI) [37], and heat stress (using transient Standard Effec-
tive Temperature ‘‘t-SET” index) methods to analyze overheating
considering four different passive measures (combination of inte-
rior and exterior solar shadings with window opening). The results
showed that naturally ventilated buildings cannot fully satisfy the
overheating criteria during the heatwaves according to the above-
mentioned methods. It was also found that older and leakier
houses are less prone to overheating than highly-insulated and air-
tight buildings. Zhou et al. [38] analyzed overheating risk in a room
(dimensions: 5 m � 3 m � 2.5 m) of a residential unit located in
Zurich, Switzerland, during the heatwave from 24th July to 9th
August 2018. Four different orientations (north, south, east, and
west) are assumed for the test room, and 26.5 �C is set as the over-
heating threshold. The results showed 51.3%, 44.3%, 51.3%, and
35.7% hours of exceedance during the heatwave for east, south,
west, and north-facing orientations, respectively, where indoor
operative temperature and relative humidity reach up to 27.8 �C
and 60.9%, respectively. In addition to the abovementioned studies,
some other similar studies exist [39–44] that are analyzed in
Table 2. Among the reviewed studies, only [41] incorporates future
heatwaves in the analysis; however, only comfort indices are used
for overheating evaluations. Other studies neglect climate change
scenarios and fail to picture future overheating incidents under
more severe heatwaves.
1.3. Knowledge gap, aim, and research questions

Despite several studies on building optimization and thermal
comfort analysis during heatwave events, there is relatively less
research that couples both. Most studies perform optimization to
find the best combinations of passive design strategies but do
not proceed with the evaluation of optimal solutions under
extreme events. In addition, most studies dealing with overheating
risk during heatwave events are performed for passive houses or
Table 2
Summary of some studies that analyzed overheating in residential buildings during heatw

Author(s) Country Case study Indices

Ozarisoy
(2022)
[34]

UK Three-story
terraced
building

Indoor Operative Temperature
(IOpT), Relative Humidity (RH), &
Percentage of Exceedance Hours (%
EH)

Laouadi
et al.
(2020)
[35]

Canada Typical
detached home

Percentage of Exceedance Hours (%
EH), Degree Hours (DH), Daily
Weighted Exceedance (DWE), &
transient Standard Effective
Temperature (t-SET)

Zhou et al.
(2020)
[38]

Switzerland A room in a
residential
building

Indoor Operative Temperature
(IOpT), Relative Humidity (RH), Heat
Index (HI) & Percentage of
Exceedance Hours (%EH)

Kwok et al.
(2017)
[39]

Hong Kong Four types of
public rental
housing

Air Temperature (AT), Standard
Predicted Mean Vote (SPMV),
Adjusted Predicted Mean Vote
(APMV), & Percentage of Exceedance
Hours (%EH)

Porritt et al.
(2012)
[40]

UK A row of three
terraced house

Indoor Operative Temperature (IOpT
& Degree Hours (DH)

Sakka et al.
(2012)
[42]

Greece Apartments &
detached houses

Air Temperature (AT) & Percentage o
Exceedance Hours (%EH)

Porritt et al.
(2011)
[41]

UK A row of three
terraced house

Air Temperature (AT), Degree Hours
(DH), & peak occupied operative
temperature reduction
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assume that the cooling system is running without any disruption
in air-conditioned ones. The latter is not the case in reality due to
probable failure in the cooling system. In addition, very limited
studies incorporate climate change scenarios to forecast the impact
of aggravating heatwaves on overheating risks in buildings. There-
fore, as members of the International Energy Agency (IEA) EBC
Annex 80 – ‘‘Resilient cooling of buildings” project, we carried
out this research to address the abovementioned knowledge gap
inspired by the frameworks and guidelines developed within the
project [46–48]. This research aims to broaden the knowledge on
overheating risk evaluations in high-performance residential
buildings during critical conditions in the context of climate
change. The research questions are:

� Q1: What will be the changes in outdoor weather conditions
assuming a plausible scenario for climate change in Brussels?

� Q2: How to optimize the building for final HVAC energy use and
thermal comfort using passive design strategies?

� Q3: How will optimal solutions perform in current and future
heatwave scenarios coinciding with the outage of the cooling
system?

1.4. Paper contribution

This study contributes to the new body of knowledge from an
international perspective by performing multi-objective optimiza-
tion and overheating analysis for a case study in a temperate ocea-
nic climate (Cfb) according to the Köppen-Geiger-Peel climate
classification. Such a climate is particularly dominant in Western
Europe, in addition to some other major cities around the world,
such as Vancouver, Auckland, Canberra, Nairobi, etc. The results
and findings can be generalized to those cities with some provi-
sions. It should be mentioned that the applicability range of the
results and findings of the current study is limited to the temperate
aves using multiple indices.

Features

Climate
change

Short-term (S) or
Long-term (L)
heatwaves

Static (S) or
Adaptive (A)
comfort model

Heat stress (H) or
Comfort (C)
indices

� L S & A C

� S S & A H & C

� L S H & C

� L S & A C

) � L S C

f � S & L S C

U S S C
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oceanic climate; therefore, similar studies must be conducted to
achieve valid and reliable results concerning other climates. In
addition, this paper considers a wide range of passive design
strategies as input factors for the optimization of a benchmark
nearly Zero-Energy terraced building in Belgium. The findings are
representative and can be extended to other buildings in the same
typology to enhance energy efficiency and thermal comfort. Fur-
thermore, this paper performs overheating analysis under current
and future heatwaves and provides a clear picture of climate
change impact assessment in buildings that are being built accord-
ing to the current legislation in Belgium. Last but not least, this
paper analyzes overheating during heatwaves coinciding with
the cooling system outage shedding light on the importance of
building thermal analysis under abnormal conditions.
Fig. 1. Study Conceptua

4

2. Methodology

Fig. 1 shows the Study Conceptual Framework (SCF) adopted for
the current study. The methodology consists of two main stages. In
the first stage, a multi-objective optimization is performed to min-
imize the final HVAC energy use and thermal comfort, considering
13 passive design strategies. Three optimal solutions are then
selected on the resulting Pareto front to proceed with the second
stage. In the second stage, the simulations are performed for the
selected optimal solutions during the short-term heatwave events
assuming the outage of the cooling system.

DesignBuilder v7.0.0 software is used in both stages, which is a
Graphical User Interface (GUI) for the EnergyPlus simulation
engine. EnergyPlus, developed by the U.S. Department of Energy
l Framework (SCF).
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(U.S. DOE), is accounted as one of the twenty major energy simula-
tion programs [49], in which the simulation results are in close
agreement with other well-known tools such as ESP-r, TRNSYS,
DOE-2.1E, and IDA-ICE. DesignBuilder is validated based on a pro-
cedure specified by ANSI/ASHRAE 140, ‘‘Method of Test for Evaluat-
ing Building Performance Simulation Software” [50]. DesignBuilder
uses Genetic Algorithm (GA) for optimization based on the Non-
dominated Sorting Genetic Algorithm 2 (NSGA-II) method. NSGA-
II method provides a feasible trade-off between a well-converged
and well-distributed set of solutions and is highly effective in clas-
sifying the competing objectives. In this study, a combination of
Energy Management System (EMS) and Python codes is also used
to implement all the desired input variables for optimization. In
total, over 4100 simulations are run in 48 h using a workstation
with CPU: AMD 3990X � 64 � 2.9 GHz, Cache: 256 MB, RAM:
64 GB, and Graphics card: 24 GB (2 � 32 GB). The post-
processing and visualizations are done using the CBE Clima tool
[51] and a homemade MATLAB script [52].
2.1. Boundary conditions

This section is allocated to explain the boundary conditions of
the current study. First, the focus is restricted to a case study
located in a temperate oceanic climate (Cfb). Such a climate gener-
ally has cool summers and mild winters, with a relatively low-
temperature gradient between different seasons. In Cfb climate
regions, the Heating Degree Days (HDD) overlap the Cooling
Degree Days (CDD); therefore, they are recognized as heating-
dominated regions. In such regions, the building design concept
is more on heat preservation during the cold seasons to reduce
heating energy consumption. This results in highly insulated and
airtight buildings that are more prone to overheating during the
summer [53,54].

The second boundary condition assumed for this paper relies on
the selection of single building typology representing the nearly
Zero-Energy terraced dwellings in Belgium. This is because (i)
newly built/renovated Passive house complying buildings are at a
higher risk of overheating compared to less insulated old buildings
[55–57], (ii) people spend most of their time at home [58], espe-
cially after the COVID pandemic and the rising tendency toward
remote working [59], and (iii) overheating during the sleeping per-
Fig. 2. The benchmark nearly Zero-Energy terraced dwelling in Belgium: (
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iod at homes is identified as a critical risk for the occupants’ health
[60,61].
2.2. Building model

This paper selects a benchmark terraced dwelling in Belgium as
the case study based on the work of [62]. The building is located in
Woluwe-Saint-Lambert municipality in Brussels. As shown in
Fig. 2, it was constructed in three floors and renovated in 2010 to
comply with the nearly Zero-Energy Building (nZEB) requirements.
The envelope was externally insulated during the renovation, and
photovoltaic panels were added to the roof for on-site electricity
generation of 3000 kWh/year. The multizonal building model
includes the conditioned zones categorized as (i) living areas (liv-
ing room and open kitchen as one zone), (ii) office room, (iii) bed-
rooms, and (iv) short-presence areas (two corridors, two
bathrooms, one WC) [63].

Table 3 provides an overview of the general building’s charac-
teristics. The building has a total area of 259 m2 and is occupied
by a four-member family (two adults and two children). The occu-
pancy schedules are derived differently for weekdays and week-
ends from ISO 18253–2 [33]. The lighting power density of 8 W/
m2 for the bedrooms and 10 W/m2 for other zones are set based
on the data collected from the surveys. The lighting densities are
adjusted for the winter season and validated using the reports pub-
lished by IP Belgium and the Flemish Energy Agency (FEA). The
building model in this paper is obtained from [63], which has been
checked against the public statistics and verified through model
calibration and utility bill comparison between 2015 and 2019.

In its original mode, the building is naturally ventilated and
heated by a gas-fired boiler coupled with water radiators. In addi-
tion, a mechanical ventilation system with heat recovery operates
to provide a minimum fresh air of 25 m3/h during the occupied
hours according to the Belgian norm NBN D50-001. Based on the
findings of [64,65], this paper replaces the gas-fired boiler with a
reversible air-to-water heat pump to provide heating and cooling
along with natural ventilation (mixed-mode). The set-point tem-
peratures for heating and cooling modes and the minimum and
maximum indoor temperatures for natural ventilation are listed
in Table 3. The HVAC components’ design flow rates and thermal
capacities are auto-sized by EnergyPlus based on the building con-
figuration and external weather conditions using the ASHRAE siz-
left) south-facing façade and (right) DesignBuilder simulation model.



Table 3
General description of the case study’s construction, operational, and HVAC characteristics derived from [62,64].

Description Value

Number of floors 3
Total area [m2] 259
Conditioned area [m2] 173
Unconditioned area [m2] 86
Number of occupants 4
Total volume [m3] 873
Window-wall ratio [%] 19
Occupancy density [m2/person] 43
Occupancy, lighting, and equipment schedules Ref. [62]
Lighting power density [W/m2] 8 (bedrooms) & 10 (other zones)
Holidays (Easter) start: 30/03 end: 05/04, total: 7 days

(Summer) start: 01/08 end: 155/08, total: 15 days
(All saint’s day) start: 28/10 end: 05/11, total: 7 days
(Christmas) start: 24/12 end: 01/01, total: 7 days

HVAC System type Reversible air-to-water heat pump + mechanical ventilation
Heated and cooled zones Heated: Living & kitchen, office, bedroom 01, bedroom 02, bedroom 03, corridors, WC,

bathroom 01, and bathroom 02; Cooled: Living & kitchen, office, bedroom 01,
bedroom 02, and bedroom 03

HVAC schedule � occupancy schedules in Ref. [62]
Heating and cooling capacities [W] Auto-sized to design days
Heating and cooling schedules [h] Occupied hours
Set-point temperatures ½�C� 21 �C for heating (living & kitchen, and office); 18 �C for heating

(bedrooms and short-presence areas, e.g., corridors, bathrooms,
and WC); 24 �C for cooling (all areas)

Maximum indoor temperature for natural ventilation ½�C� 23.5 �C for all areas
Minimum indoor temperature for natural ventilation ½�C� 21.5 �C for living & kitchen and office; 19 �C for bedrooms and short-presence areas,

e.g., corridors, bathrooms, and WC
Minimum ventilation rate [m3/h] 25
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ing method [66]. The auto-sizing feature sizes the HVAC compo-
nents in a way to fulfil the heating/cooling loads for all periods
except for more extreme conditions than the design days (i.e.,
there is still a chance of overcooling/overheating in the building).
In line with the authors’ previous works [47,64], the availability
schedule of the HVAC system is considered identical to the occu-
pancy schedules defined in [62].

2.3. Climate data

Obtaining high-quality and detailed climate data is crucial in
any study related to climate change and adaptation decisions
[67]. The current study uses climate data based on the General Cir-
culation Model (GCM) outputs. GCM outputs are not directly appli-
cable to building simulations due to their high spatial and
temporal resolution. They should be transformed using statistical
or dynamical downscaling techniques in order to generate compat-
ible weather data. For this aim, a dynamical downscaling technique
called the Regional Climate Model (MAR) ‘‘Modèle Atmosphérique
Régional‘‘ (in version 3.11.14) [68] was used to generate the
weather data in this paper. MAR is calculated by coupling a
three-dimensional atmospheric model to a one-dimensional trans-
fer scheme between the surface, vegetation, and atmosphere [69].
MAR results in physically consistent climate parameters and
extreme weather events and is widely adapted for Belgium [70,71].

Two different methods were used to ensure the validity of
future weather data:

� MAR ERA5: In this method, MAR was initially forced every 6 h
by its lateral boundaries (temperature, specific humidity, and
etc.) based on the reanalysis ERA5 [72] assimilated by different
sources of observation between 1980 and 2014. The sources of
observation were in-situ weather stations, satellites, etc. There-
fore, MAR ERA5 is assumed to be the reconstruction of the
observed climate data.
6

� MAR BCC-CSM2-MR: In this method, MAR was forced based on
the Earth System Model (ESM) BCC-CSM2-ME (mean tempera-
ture of all ESMs up to 2100 over Belgium) from the 6th Coupled
Model Intercomparison Project (CMIP6). CMIP6 characterizes
the average evolution of climate parameters between 1980
and 2014 based on observations and 2015–2100 based on
Shared Socioeconomic Pathway (SSP) scenarios [73]. SSPs are
used to project the Green House Gas (GHG) emission scenarios
based on global socioeconomic evolution by 2100. In other
words, they quantify the GHG emissions under different global
climate policies. In total, there are five SSPs, i) SSP1-1.9 – CO2 -
emissions cut to net zero around 2050 (1.4 �C estimated global
warming by 2100), ii) SSP1-2.6 – CO2 emissions cut to net zero
around 2075 (1.8 �C estimated global warming by 2100), iii)
SSP2-4.5 – CO2 emissions around current levels until 2050, then
falling but not reaching net zero by 2100 (2.7 �C estimated glo-
bal warming by 2100), iv) SSP3-7.0 – CO2 emissions double by
2100 (3.6 �C estimated global warming by 2100), and v) SSP5-
8.5 – CO2 emissions triple by 2075 (4.4 �C estimated global
warming by 2100) [74,75]. In this paper, the SSP2-4.5 scenario
is selected, which is the most plausible scenario according to
[76], in which the evaluation of 1184 IPCC AR5 [77] and 127
IPCC AR6 [1,74] scenarios are compared to observations over
2005–2020 [78] and projections to 2021–2050 from the Inter-
national Energy Agency’s (IEA) 2021 World Energy Outlook
(WEO) [79]. From the perspective of the IPCC scenarios, it is evi-
dent from [76] that the globe is not now very far off the Fossil
Fuel and Industry (FFI) emission trajectory envisioned in IPCC
scenarios to be consistent with meeting 2 �C policy goals and
all plausible scenarios fall between 2 �C and 3 �C by 2100 ( glo-
bal warming estimation in SSP2-4.5). This is also in line with the
IPCC AR6 [1], which recently determined that mid-range sce-
narios (e.g., SSP2-4.5) are more likely and high-emission scenar-
ios (e.g., SSP5-8.5) have a low likelihood.
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MAR BCC-CSM2-MR was validated using the results of MAR
ERA5 to confirm whether it can be used to calculate future climate
data [68].

This paper uses the annual weather data for the optimization
stage based on the protocol defined by ISO 15927–4 [80]. Accord-
ingly, the Typical Meteorological Year (TMY) is used for the period
2001–2020 based on the outcomes of MAR BCC-CSM2-MR. TMYs
are widely used by building designers and modelers [81] since they
are accounted to be reasonably accurate and useful in estimating
long-term building energy and thermal performance [82].

During the second stage of this paper, the heatwave weather
data are used. According to the Royal Meteorological Institute
(RMI) of Belgium, a heatwave is a period of a minimum of five con-
secutive days with a maximum air temperature higher than 25 �C,
in which at least three days have a maximum air temperature
higher than 30 �C [83]. The above definition is static and does
not consider the climate variations in different regions. In addition,
a fixed threshold for heatwave definition leads to artifacts when
comparing the data obtained from different ESMs, since each
ESM has its own biases and variations. The heatwave weather data
used in the second stage are derived based on a statistical method
by [84] coupled to the RMI static heatwave definition. Therefore,
they lack the abovementioned limitations. The calculation method
was based on three principles, which can be found in [68]. All the
heatwaves are characterized based on three criteria, including
duration (number of consecutive days during the heatwave per-
iod), maximal temperature (maximum daily mean air tempera-
ture), and intensity (the cumulative difference between the air
temperature and Sdeb during the heatwave period, divided by the
difference between Sdeb and Spic). Sdeb and Spic are 97.5%, and
99.5% percentiles of the reference period air temperature dataset,
respectively. In this paper, the highest maximal temperature heat-
waves are selected during three different periods, including 2001–
2020 (historical scenario), 2041–2060 (mid-future scenario), and
2081–2100 (future scenario). The selection of the periods is based
on the recommendations of the dynamic simulation guideline pro-
vided by the International Energy Agency (IEA) EBC Annex 80 –
‘‘Resilient cooling of buildings” project [46,85] and a previous
study in the scientific literature [47]. All the weather data in this
paper are obtained from [68].

2.4. Stages of analysis

As mentioned earlier, this paper consists of optimizing passive
cooling design strategies (Stage 01) and a short-term analysis dur-
ing heatwave events and the cooling system outage (Stage 02). The
following sections (i.e., Section 2.4.1 and Section 2.4.2) are allo-
cated to describe each stage and its corresponding indicators.

2.4.1. Stage 01: Optimization using passive design strategies
Optimization in building design is the practice of using mathe-

matical models to formulate a design problem in order to select the
optimal design solutions among many other alternatives. In this
paper, the NSGA-II algorithm is used to determine non-
dominated design solutions developed by the combinations of 13
passive design strategies (see Table 4) to minimize final HVAC
energy use and Indoor Discomfort Degree (IDD). The NSGA-II
multi-objective genetic algorithm method [86] is widely used to
optimize the design of new buildings and the renovation of exist-
ing ones [87–89]. The NSGA-II is based on crowding distance sort-
ing mechanisms and is defined by some main features such as
generation population size, crossover probability, mutation proba-
bility, the maximum number of generations, and the number of
objectives. Based on the literature analysis and considering the
available computational capacity, the following parameters are
set for the analysis in this paper, (i) generation population size = 50,
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(ii) crossover probability = 1, (iii) mutation probability = 0.4, (iv)
the maximum number of generations = 400, and (v) number of
objectives = 2.

In this paper, the input factors for optimization are selected
among those representing passive and bioclimatic design strate-
gies. For this aim, a set of 13 design strategies are chosen based
on the literature review [90–93], in order to determine their rela-
tive impact on thermal comfort and energy performance of the
studied model. Those strategies are applicable to the examined
model considering its components and climate. All the input fac-
tors’ characteristics, including type, minimum/maximum/step
value (for numeric factors), and options (for non-numeric factors),
are listed in Table 4. The objective functions are based on two indi-
cators, final HVAC energy use (Ef,HVAC) for energy efficiency analy-
sis and Indoor Discomfort Degree (IDD) for thermal comfort
analysis. The final HVAC Energy use includes the electricity con-
sumption of the compressor, condenser/evaporator pump, con-
denser/evaporator fan, and tank supplementary internal heating
coil for the reversible air-to-water heat pump system. The opti-
mization process is conducted using the Typical Metrological Year
(TMY) weather data for the period 2001–2020 (see Section 2.3).

In this paper, the Indoor Discomfort Degree (IDD) indicator is
proposed for thermal comfort assessment, inspired by the recom-
mendations of the guidelines developed in the International
Energy Agency (IEA) EBC Annex 80 – ‘‘Resilient cooling of build-
ings” project [46,48,94] and the scientific literature [47,64,95].
IDD [�C] is a symmetric time-integrated thermal discomfort index
that sums up Indoor Overheating Degree (IOhD) [�C] and Indoor
Overcooling Degree (IOcD) [�C] [64,94]. IOhD and IOcD are multi-
zonal indices that accumulate the heating and cooling degree
hours over the total number of zonal occupied hours, respectively.
The multizonal feature of IOhD and IOcD allows for the implemen-
tation of zone-specific thermal comfort models (i.e., static or adap-
tive) and requirements (e.g., comfort categories) tracking the zonal
occupied hours. The formulas to calculate IDD, IOhD, and IOcD are
as follows,

IDD ¼ IOhDþ IOcD(1).

IOhD �
PZ

z¼1

PNocc zð Þ
i¼1

Tin;z;i�Tcomf ;upper;z;ið Þþ�hi;z
� �

PZ

z¼1

PNocc zð Þ
i¼1

ti;z
(2).

IOcD �
PZ

z¼1

PNocc zð Þ
i¼1

Tcomf ;lower;z;i�Tin;z;ið Þþ�hi;z

� �
PZ

z¼1

PNocc zð Þ
i¼1

hi;z
(3).

Where Z [-] is the total number of building zones, z is zone
counter, Nocc zð Þ [-] is the total number of occupied hours in zone
z, i is hour counter, Tin;o;z is the indoor operative temperature in
zone z at hour i, Tcomf ;upper;z;i is maximum comfort threshold in zone
z at hour i, Tcomf;lower;z;i is the minimum comfort threshold in zone z
at hour i. This paper refers to ISO 17772–1 standard to define the
upper and lower limits of comfort (i.e., Tcomf ;upper;z;i and
Tcomf;lower;z;i). ISO 17772–1 standard provides category-based static
(Cat. I, Cat. II, Cat. II and Cat. IV) and adaptive (Cat. I, Cat. II, and
Cat. III) thermal comfort criteria. This paper selects, (i) the static
criterion that is recommended to actively heated and cooled build-
ings [47] and (ii) Category II that is recommended for new build-
ings and renovations [96]. As a result, Tcomf ;upper;z;i and Tcomf;lower;z;i

are set to 26 �C and 20 �C, respectively, assuming a sedentary activ-
ity for the occupants ( 1.2 met) as well as clothing factors of 0.5 clo
for summer and 1 clo for winter. It should be noted that the target
zones for the calculation of IDD are living + kitchen, bedroom 01,
bedroom 02, and office.
2.4.2. Stage 02: Overheating analysis during heatwaves and cooling
system outage

In Stage 02, a set of optimal solutions obtained from Stage 01 is
analyzed under short-term heatwave conditions coinciding with
the outage of the cooling system. The heatwave weather data used



Table 4
The ranges/options of input factors for optimization.

Factor Type Min. value Max. value Step Number of values /
optionsOptions

F1 Natural ventilation rate [ac/h] Discrete 1 5 2 3
F2 Building orientation [�] Discrete 135 315 180 2
F3 Wall solar absorptance [-] Discrete 0.40 0.90 0.10 6
F4 Roof solar absorptance [-] Discrete 0.40 0.80 0.10 5
F5 Infiltration rate [ac/h] Discrete 0.10 1.20 0.10 12
F6 Shading strategy(1) Discrete No shading, Electrochromic glazing, Roller blind,

venetian blind
4

F7 Glazing type Discrete Thermochromic, U0.8(2)-SHGC0.2(3), U0.8-SHGC0.5,
U0.8-SHGC0.8, U0.9-SHGC0.2, U0.9-SHGC0.5, U0.9-
SHGC0.8, U1-SHGC0.2, U1-SHGC0.5, U1-SHGC0.8,
U1.1-SHGC0.2, U1.1-SHGC0.5, U1.1-SHGC0.8, U1.2-
SHGC0.2, U1.2-SHGC0.5, U1.2-SHGC0.8
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F8 Window frame type Discrete Aluminum frame with no thermal break, Aluminum
frame with thermal break, Painted wood, UPVC

4

F9 External wall construction Discrete U0.1-ThM1000(4), U0.1-ThM2000, U0.1-ThM3000,
U0.2-ThM1000, U0.2-ThM2000, U0.2-ThM3000,
U0.3-ThM1000, U0.3-ThM2000, U0.3-ThM3000

9

F10 Ground floor construction Discrete U0.1-ThM1000, U0.1-ThM2000, U0.1-ThM3000,
U0.2-ThM1000, U0.2-ThM2000, U0.2-ThM3000,
U0.3-ThM1000, U0.3-ThM2000, U0.3-ThM3000

9

F11 Internal wall construction Discrete U1-ThM1000, U1-ThM2000, U1-ThM3000, U1.5-
ThM1000, U1.5-ThM2000, U1.5-ThM3000, U2-
ThM1000, U2-ThM2000, U2-ThM3000

9

F12 Internal floor construction Discrete U0.8-ThM1000, U0.8-ThM2000, U0.8-ThM3000,
U0.9-ThM1000, U0.9-ThM2000, U0.9-ThM3000, U1-
ThM1000, U1-ThM2000, U1-ThM3000

9

F13 Roof construction Discrete U0.1-ThM1000, U0.1-ThM1000 + GR(5), U0.1-
ThM2000, U0.1-ThM2000 + GR, U0.1-ThM3000,
U0.1-ThM3000 + GR, U0.2-ThM1000, U0.2-
ThM1000 + GR, U0.2-ThM2000, U0.2-ThM2000 + GR,
U0.2-ThM3000, U0.2-ThM3000 + GR, U0.3-
ThM1000, U0.3-ThM1000 + GR, U0.3-ThM2000,
U0.3-ThM2000 + GR, U0.3-ThM3000, U0.3-
ThM3000 + GR
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(1) all shading devices are positioned outside and controlled by inside air temperature set-point of 24 �C during occupied hours
(2) U-Value (thermal conductivity) [W/m2K],
(3) Solar Heat Gain Coefficient [-],
(4) Thermal Mass [KJ/m2K], and
(5) Green Roof ! substrate layer = 15 cm, drainage layer = 5 cm, plant height = 0.1 m, leaf reflectivity = 0.22, and leaf emissivity = 0.95 [97].

Table 5
Classification of the Heat Index ranges based on the effect on the human body.

Classification Heat
Index

Effect on the body

Caution 26.6 �C � 32.2 �C Possible fatigue with
prolonged exposure and/
or physical activity

Extreme caution 32.2 �C � 39.4 �C Heat stroke, heat
cramps, or heat
exhaustion possible with
prolonged exposure and/
or physical activity

Danger 39.4 �C � 51.1 �C Heat cramps or heat
exhaustion likely, and
heat stroke possible with
prolonged exposure and/
or physical activity

Extreme danger More than 51.1 �C Heat stroke highly likely
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in this stage represents the heatwaves with the highest maximal
temperature over three periods, including 2001–2020 (historical),
2041–2060 (mid-future), and 2081–2100 (future) (see Section 2.3).

Initially, a zonal thermal comfort analysis is carried out using
three fit-to-purpose indices, including maximum operative tem-
perature (derived from air temperature, mean radiant tempera-
ture, and air velocity), maximum Heat Index (HI) [98], and
Thermal Autonomy (TA) [99]. HI metric, also known as the appar-
ent temperature, is a metric that quantifies the human body’s ther-
mal sensation by coupling relative humidity (RH) and air
temperature (Tair). HI [�C] metric is proposed by RELi 2.0. [98]
guideline developed by U.S. Green Building Council (USGBC) to
ensure thermal safety or thermally habitable conditions in build-
ings during the power outages. The formula to calculate HI has
resulted from multiple regression analyses performed by [100]
that requires adjustments for different ranges of air temperature
and relative humidity. HI is calculated via Rothfusz’s equation as
below,

HI ¼ �42:379þ 2:04901523� Tair þ 10:1333127� RH�
0:22475541� Tair � RH � 0:00683783� T2

air � 0:05481717� RH2þ
0:00122874� T2

air � RH þ 0:00085282� Tair� RH2 � 0:00000199�
T2
air � RH2 (4).
whereifRH < 13%&26:66�C < Tair < 44:44�

C : adjustmentðsubtractedÞ ¼ ½ð13� RHÞ=4��
SQRTf½17� ABSðT � 95Þ�=17g

ifRH > 85%&26:66�C < Tair < 30:55�C : adjustmentðaddedÞ ¼
½ðRH � 85Þ=10� � ½ð87� TairÞ=5�
8

Where SQRT and ABS are square root function and absolute
value, respectively. The US National Oceanic and Atmospheric
Administration (NOAA) defines different ranges for HI index based
on their effect on the human body (see Table 5). HI has become
popular in environmental health research and has been widely
used in previous studies [101–104].

Thermal Autonomy (TA) [%] index is defined as ‘‘the percentage
of the occupied time over a period where a thermal zone meets or



R. Rahif, M. Kazemi and S. Attia Energy & Buildings 287 (2023) 112998
exceeds a given set of thermal comfort acceptability criteria through
passive means only” [99]. TA puts forward the building construction
as the main factor in defining the building’s thermal performance.
It is different from the conventional design approach of ensuring
thermal comfort via a prosthetic mechanical system remedially.
Therefore, TA fits to the aim of the current study at this stage while
evaluating the building’s thermal performance assuming the out-
age of the active cooling system. The formula to calculate TA is,

TA ¼
Poccupiedhours

i¼1
wfiPoccupiedhours

i¼1
hi
where

wfi ¼ 1; Tin < Tcomfort;upper

wfi ¼ 0; Tin > Tcomfort;upper

�
(5)

Where wfi is the weighting factor [-], Tin is indoor operative or
air temperature [�C], and Tcomfort,upper is the maximum temperature
threshold.

Subsequently, the resistivity of building to overcome the
increasing risk of overheating due to climate change is assessed
using the Climate Change Overheating Resistivity (CCOR) index
developed in [47]. CCOR metric shows the rate of change in indoor
overheating risk represented by IOhD metric (See Section 2.4.1)
with the change in outdoor weather conditions represented by
the Ambient Warmness Degree (AWD) metric. In other words, it
couples the indoor and outdoor environments to assess the ability
of the building to withstand the warming outdoor weather condi-
tions. AWD metric is used to quantify the severity of outdoor ther-
mal conditions by averaging the Cooling Degree hours (CDh)
calculated for a base temperature (Tb) of 18 �C over the total num-
ber of building occupied hours [94]. The formulas to calculate AWD
and CCOR are,

AWD �
PNocc;building

i¼1
½ðTout;a;i�TbÞþ�h�PNocc;building

i¼1
hi

(6)

1
CCOR ¼

PSc¼M

Sc¼1
ðIOhDSc�IOhD

�
Þ�ðAWDSc�AWD

�
ÞPSc¼M

Sc¼1
ðAWDSc�AWD

�
Þ
2 (7)

Where Tout;a;i is the outdoor dry-bulb air temperature and N is
the total number of building occupied hours, Sc is the weather sce-
nario counter, M is the total number of weather scenarios, and

IOhD
�

and AWD
�

are the averages of all IOhDs and AWDs calculated
for different scenarios. Only the positive values of ðTout;a;i-TbÞþ are
taken into account in the summation. CCOR> 1 means that the
building is able to suppress the increasing outdoor thermal stress
due to climate change, and CCOR< 1 means that the building is
unable to suppress the increasing outdoor thermal stress due to
climate change. CCOR metric is recommended by Thermal Condi-
tions Task Force [48] and Dynamic Simulation Task force [46] in
(IEA) EBC Annex 80 – ‘‘Resilient cooling of buildings” project.
Fig. 3. The graph shows the daily outdoor dry-bulb temperature for d
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3. Results

3.1. Outdoor weather conditions

Fig. 3 shows the daily outdoor dry-bulb air temperature for the
Typical Meteorological Year (TMY) generated for Brussels consider-
ing the 2001–2020 period based on the Regional Climate Model
(MAR) ‘‘Modèle Atmosphérique Régional” (BCC-CSM2-MR). Heat-
ing Degree Days (HDD10 �C) 929 �C. days and Cooling Degree Days
(CDD18 �C) 294 �C. days are calculated, showing that Brussels is
generally a heating-dominated region with an annual average air
temperature 10.83 �C. January and February are the coldest
months, with a mean air temperature 3.18 �C and 4.75 �C, respec-
tively. At the same time, July and August are the hottest months,
with a mean air temperature 17.88 �C and 17.86 �C, respectively.
The minimum air temperature �11.5 �C (-7.1 �C assuming 1% per-
centile) is estimated during January, and the maximum air temper-
ature 36.8 �C (29.8 �C assuming 99% percentile) is estimated during
July. It is clear from Fig. 3 that the fluctuations between the day
and night temperatures during the summer are higher than in
the winter. In the cold months (January, February, and December),
the average day and night temperature difference is 3 �C; in the hot
months (June, July, August, and September), it becomes 8 �C. Also,
April has the highest standard deviation 8.07 �C, making it the
month with the highest temperature gradient.

As explained in Section 2.3, the highest maximal temperature
heatwaves are selected during three periods, including 2001–
2020 (historical scenario), 2041–2060 (mid-future scenario), and
2081–2100 (future scenario). It should be noted that the mid-
future and future scenarios are based on the SSP2-4.5 emission sce-
nario. According to the heatwave characterization in [68], the high-
est maximal temperature heatwave occurred in 2019 during the
2001–2020 period and will occur in 2047 and 2098 during the
2041–2060 and 2081–2100 periods, respectively.

Fig. 4 shows the heat maps representing the distribution of out-
door air temperature for the years with the highest maximal tem-
perature heatwave (i.e., 2019, 2047, and 2098). It also provides
weather summaries, including Heating Degree Days (HDD10 �C),
Cooling Degree Days (CDD18 �C), average, hottest, and coldest
yearly air temperature, and annual cumulative horizontal solar
radiation. According to the results, the average annual air temper-
ature will increase 1.4 �C in 2047 and 4 �C in 2098 compared to
2019. HDD10 �C decreases 18.29% in 2047 and 55.52% in 2098,
whereas CDD18 �C increases 39% in 2047 and 148.94% in 2098
ifferent months in Brussels for the TMY of the period 2001–2020.



Fig. 4. The heat maps and weather summary for 2019, 2047 (under SP2-4.5 emission scenario), and 2083 (under SP2-4.5 emission scenario). The heatwaves are distinguished
with green dashed lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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compared to 2019. With the decrease of HDD10 �C and the increase
of CDD18 �C, the average heating and cooling loads in buildings are
expected to decrease and increase, respectively [105–107]. The
highest hottest air temperature 36.5 �C is estimated in 2098, and
the lowest coldest temperature �7.2 �C is estimated in 2047. Based
on the climate data in this paper, the annual cumulative horizontal
solar radiation inconsistently varies between 607.84 kWh/m2 and
698.19 kWh/m2 among the weather scenarios.

Fig. 5 depicts hourly outdoor dry-bulb air temperature during
the highest maximal temperature heatwaves, and Table 6 sum-
marizes their main characteristics. The heatwave detection is
based on a statistical method [84] by calculating the three per-
centiles of the daily mean air temperature over the 2001–2020
period, including Sint = 23.8 �C (95th percentile) Sdeb = 26.9 �C
(97.5th percentile) and Spic = 33.2 �C (99.5th percentile). The
10
highest maximal temperature heatwaves generally start in late
June and end by the end of the month or early July, depending
on the duration of the event. According to the heatwave data
used in this paper, the duration and average air temperature of
heatwaves will increase with the continuation of global warm-
ing. The highest maximal temperature heatwave detected in
2019 lasted for 120 h (five days), while it increases to 168 h
(seven days) by 2047 and 240 h (10 days) by 2098. Similarly,
the average air temperature during the detected heatwaves in
2047 and 2098 will increase 3.28% and 12.15%, respectively,
compared to the one in 2019. The intensity of heatwave as the
cumulative difference between the air temperature and Sdeb,
divided by the difference between Sdeb and Spic, increases 115%
by 2047 and 498% by 2098 due to the increase in temperature
and duration of future heatwaves.



Fig. 5. Hourly outdoor air temperature during the highest maximal temperature heatwaves detected in 2019 for 2001–2020, 2047 for 2041–2060, and 2098 for 2081–2100.

Table 6
Summary of main parameters characterizing the three highest maximal temperature heatwaves: Scenario 01 HW (2019), Scenario 02 HW (2047), and Scenario 03 HW (2098).

Scenario 01_HW (2019) Scenario 02_HW (2047) Scenario 03_HW (2098)

Date 25 Jun-29 Jun 25 Jun-01 Jul 26 Jun-05 Jul
Duration [days] 5 7 10
Intensity [-] 1.38 2.98 8.29
Max. Air Temperature [�C] 41.02 43.64 43.37
Avg. Air Temperature [�C] 28.64 29.58 32.12
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3.2. Optimal solutions

Fig. 6 shows the optimization solution space to minimize final
HVAC energy use (Ef,HVAC) and Indoor Discomfort Degree (IDD).
The optimization problem can be mathematically expressed as,
11
minfEf ;HVAC xð Þ; IDD xð Þgforx 2 XsubjecttoWDðxÞ ¼ TMY2001�2020(8)
In multi-objective optimization, a set of solutions that are non-

dominated by each other but are superior to the rest of solutions in
the search space are denoted as the Pareto front or set of the opti-
mal solutions in the space of objective functions. This means that



Fig. 6. Scatter plot of final HVAC energy use (Ef,HVAC) vs. Indoor Discomfort Degree (IDD) for all optimization cases, with green Pareto front and three optimal solutions
distinguished. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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no single solution can be found that is superior to all other solu-
tions in terms of all objectives, making it impossible to simultane-
ously improve all objectives by altering the vector of design
variables in a Pareto front made up of numerous non-dominated
solutions. As a result, each solution of the Pareto front includes
at least one objective inferior to another solution in that Pareto
front, although both are superior to others in the rest of search
space. In this paper, the selection of optimal solutions from the
resulting Pareto front depends on the trade-off between both
objective functions. As illustrated in Fig. 6, the Pareto front can
be normalized considering the minimum and maximum values of
the objective functions via coefficients REf ;HVAC and RIDD. The optimal
solution OS01 is the most thermally comfortable solution (i.e.,
RIDD ¼ 0) with the highest final HVAC energy use (i.e., REf ;HVAC ¼ 1).
Differently, the optimal solution OS02 is the most energy-
efficient solution (i.e., REf ;HVAC ¼ 0) with the highest discomfort
(i.e., RIDD ¼ 1). In addition, the optimal solution OS03 (or compro-
mise solution) is selected as a trade-off, using REf ;HVAC and RIDD

weighting factors (Eq. (9) and Eq. (10)). The compromise solution

OS03 is characterized by the minimum value of R
�
using the follow-

ing equations,
f ð x!ÞOS03 ¼ REf ;HVAC :Ef ;HVACð x!Ef ;HVAC ;REf ;HVAC

Þ þ RIDD:IDDð x!IDD;RIDD Þ (8)

REf ;HVAC ¼
Ef ;HVAC ð x

!
Ef ;HVAC ;REf ;HVAC

Þ�Ef ;HVACmin

Ef ;HVACmax�Ef ;HVACmin
(9)

RIDD ¼ RIDD :IDDð x
!

IDD;RIDD
Þ�IDDmin

IDDmax�IDDmin
(10)

R
�
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

Ef ;HVAC þ R2
IDD

q
(11)

Table 7 summarizes the combinations of input factors and the
outputs for the three selected optimal solutions (OS01, OS02, and
OS03). F1-F13 are the input factors considered during the opti-
mization process (see Table 4) that characterize each optimal solu-
tion. In addition to the optimization objectives/outputs, Table 7
lists additional outputs such as cooling energy use, heating energy
use, Indoor Overheating Degree (IOhD), and Indoor Overcooling
12
Degree (IOcD). In order to get the parameter values in Table 7,
the optimization output (with a distinction of Pareto front and
other solutions) is exported in.csv format from DesignBuilder,
which includes all characteristics (i.e., input factors and outputs)
of each solution. The exported.csv file is then imported into the
Orange data analysis and visualization tool. Using the interactive
feature in Orange, initially, the input factors’ and outputs’ values
for the Min. IDD (OS01) and Min Ef,HVAC (OS02) cases are extracted

and recorded. Subsequently, the R
�
is calculated for the rest of the

solutions in the Pareto front to find the case with minimum R
�
value

(i.e., compromise solution) and extract corresponding input fac-
tors’ and outputs’ values.

It should be noted that Ef,HVAC and IDD for the base case are
24.19 kWh/m2 and 0.80 �C, respectively. OS01 has the lowest IDD
value of 0.425 �C and the highest Ef,HVAC value of 22.37 kWh/m2

among all optimal solutions. On the other hand, OS02 has the high-
est IDD value of 0.741 �C and the lowest Ef,HVAC value of 16.36 kWh/
m2 among all optimal solutions. OS03 has IDD value of 0.487 �C
and Ef,HVAC value of 19.53 kWh/m2, falling between the minimum
and maximum ranges of IDD and Ef,HVAC owned by OS01 and
OS02. OS01 has 2118.31 kWh higher cooling energy use, 674.4
kWh lower heating energy use, 91% higher overheating discomfort,
and 44% lower overcooling discomfort compared to OS02. It is
since: (i) the south-oriented zones that are more exposed to the
sun in S01 (i.e., living + kitchen and bedroom 02 zones) have larger
glazing areas than S02 (i.e., bedroom 01 and office zones), (ii)
south-oriented zones (with larger glazing areas) in S01 has rela-
tively higher occupancy hours compared to S02 (note that the
HVAC operates and IDD is calculated during occupied hours; e.g.,
the living + kitchen zone with higher occupancy hours has more
influence on the final HVAC energy use and IDD than the office),
(iii) the solar heat gains through the envelope and glazing areas
is higher in S01 than S02 due to higher wall solar absorptance, roof
solar absorptance, and Solar Heat Gain Coefficients (SHGC) of
windows.



Table 7
The characteristics of the selected optimal solutions: minimum Indoor Discomfort Degree (IDD) case (OS01), minimum final HVAC energy use (Ef,HVAC) case (OS02), and
compromise solution case (OS03).

Optimal
solutions

Min. IDD
(OS01)

Factors

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13
5 135 0.50 0.60 0.10 Roller

blind
U0.8-
SHGC0.8

UPVC U0.1-
ThM3000

U0.1-
ThM2000

U1-
ThM3000W

U1-
ThM3000W

U0.1-
ThM3000 + GR

Outputs
Final
HVAC
energy
use
[kWh/
m2]

Cooling
energy
use
[kWh]

Heating
energy
use
[kWh]

IDD
[�C]

IOcD
[�C]

IOhD
[�C]

22.37 2435.01 1331.18 0.425 0.413 0.012
Min. Ef,HVAC

(OS02)
Factors

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13
5 315 0.40 0.40 0.10 Roller

blind
U0.8-
SHGC0.2

UPVC U0.1-
ThM3000

U0.1-
ThM1000

U1-
ThM3000W

U0.8-
ThM3000

U0.1-
ThM2000 + GR

Outputs
Final
HVAC
energy
use
[kWh/
m2]

Cooling
energy
use
[kWh]

Heating
energy
use
[kWh]

IDD
[�C]

IOcD
[�C]

IOhD
[�C]

16.36 316.70 2005.58 0.741 0.741 0.001
Compromise

solution
(OS03)

Factors

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13
5 135 0.80 0.50 0.10 Roller

blind
U0.8-
SHGC0.5

Painted
wood

U0.1-
ThM3000

U0.1-
ThM1000

U1-
ThM3000W

U1 -
ThM3000

U0.1-
ThM3000 + GR

Outputs
Final
HVAC
energy
use
[kWh/
m2]

Cooling
energy
use
[kWh]

Heating
energy
use
[kWh]

IDD
[�C]

IOcD
[�C]

IOhD
[�C]

19.53 1535.56 1559.79 0.487 0.487 0.004
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There are some factors that are common between the selected
optimal solutions. The first common factor is the natural ventila-
tion rate of 5 ac/h, which is the maximum specified value. This is
in line with the findings of previous research [94,108–110] on
the positive impact of high natural ventilation rates on improved
cooling energy efficiency and summer comfort. It is since high
rates of natural ventilation in mixed-mode buildings can ade-
quately provide fresh outdoor airflow to maintain comfort during
intermediate and summer seasons and delay the operation of
active cooling systems. However, its potential is expected to
diminish with the continuation of global warming
[94,108,110,111]. The second common factor is the infiltration rate
of 0.1 ac/h, which is the minimum specified value. Previous
research [112–114] also confirmed that the infiltration rate nega-
tively correlates with HVAC energy consumption and thermal com-
fort in buildings. It is because the infiltration rate is an
uncontrolled phenomenon and consistently blows cold air in the
winter and hot air in the summer into the building, adding to the
heating and cooling loads. The third common factor is the lowest
specified U-value for building envelope components. This shows
that high insulation levels in an actively heated and cooled build-
ing in a temperate climate contribute to both energy-saving and
thermal comfort. It is because high insulation levels can prevent
the unwanted heat flux from the indoor environment in the winter
and to the indoor environment in the summer. The same result is
achieved in [115] for an envelope-dominated building with low
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levels of internal gains in a temperate climate. The fourth common
factor is the highest specified thermal mass value of 3000 KJ/m2K
for envelope components. High thermal mass sets a high heat stor-
age capacity for the building. It can help dampen the hot and cold
peak temperatures, and if coupled with active systems, it helps in
lowering the overall HVAC energy consumption [116]. The fifth
common factor is the integration of green roofs. Like insulation,
green roofs enhance the roofs’ insulation, minimizing heat transfer
[117]. Therefore, they can help reduce heating and cooling loads
and improve thermal comfort in air-conditioned buildings [118].
The sixth common factor is the application of roller blinds as a
shading strategy. Even though operable shading devices have lim-
ited benefits in lowering heating loads and overcooling discomfort,
they are helpful in reducing cooling loads and overheating discom-
fort. According to the optimization objectives in this study, roller
blinds are the best choice for achieving optimal thermal comfort
and final HVAC energy use.

3.3. Thermal comfort assessment during heatwaves for optimized
solutions

3.3.1. Zonal analysis
Fig. 7, Fig. 8, and Fig. 9 show the zonal indoor operative temper-

ature for OS01, OS02, and OS03 during Scenario 01 HW (2019), Sce-
nario 02 HW (2047), and Scenario 03 HW (2098) concurrent with
the outage of the cooling system. Full-year simulations are per-



Fig. 7. The plots show the indoor operative temperature for different zones during the three heatwave scenarios for OS01 (including three days shoulder periods).

Fig. 8. The plots show the indoor operative temperature for different zones during the three heatwave scenarios for OS02 (including three days shoulder periods).
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formed; only heatwaves and three-days shoulder periods are
reported in the graphs. The shoulder periods are intended to indi-
cate the building’s thermal state before and after the heatwave
occurrence.

The results show that OS02 is the only case that can fully main-
tain the indoor operative temperature within the comfort limits
before the heatwaves start by only relying on passive measures.
It means that OS01 and OS02 require active cooling to prevent
14
overheating even during normal conditions. During the heatwaves,
all three optimal solutions deviate from the maximum comfort
limit of 26 �C (according to the Cat II static comfort model in ISO
17772–1) by different extents. For OS01, the maximum operative
temperature reaches 32.86 �C in the most critical zone (i.e., bed-
room 02) in the 2019 heatwave and increases up to 34.53 �C in
the 2098 heatwave. For OS02, the maximum operative tempera-
ture reaches 28.09 �C in the most critical zone (i.e., office) in the



Fig. 9. The plots show the indoor operative temperature for different zones during the three heatwave scenarios for OS03 (including three days shoulder periods).
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2019 heatwave and increases up to 29.35 �C in the 2098 heatwave.
For OS03, the maximum operative temperature reaches 31.27 �C in
the most critical zone (i.e., bedroom 02) in the 2019 heatwave and
increases up to 33.64 �C in the 2098 heatwave. Furthermore, the
indoor operative temperatures for the bedrooms significantly
exceed, in all cases, the healthy sleeping temperature limit of 24
�C recommended by the World Health Organization (WHO). The
results also show that non of the cases are able to recover right
away after the termination of the heatwave period. The situation
is worse for OS01 and OS03, in which the indoor operative temper-
atures remain at similar ranges as during the heatwaves.

Table 8 summarizes the zonal maximum operative tempera-
ture, maximum Heat Index (HI), and Thermal Autonomy (TA) for
OS01, OS02, and OS03 during Scenario 01 HW (2019), Scenario
02 HW (2047), and Scenario 03 HW (2098) concurrent with the
outage of the cooling system. According to RELi 2.0, HI should
not go beyond 32.2 �C; corresponding to the ‘‘Extreme Caution”
threshold (see Table 5) for residential units during the hot season.
The results show that OS01 and OS02 fail to keep the abovemen-
tioned limit for Bedroom 02 in all three heatwave scenarios. The
maximum HI values between 33.61 �C and 34.43 �C result for bed-
room 02 in OS01 and between 32.29 �C and 32.80 �C in OS02.
Therefore, there is a risk of heat stroke, cramp, or exhaustion for
the occupants in Bedroom 02 with prolonged exposure and/or
physical activity. On the other hand, OS02 can successfully main-
tain the maximum threshold of 32.2 �C in all scenarios.

Thermal Autonomy (TA) index correlates thermal comfort,
building fabric, building operation, and climate [99]. It shows to
what extent the building is able to maintain the comfort criteria
autonomously (i.e., without the need for active heating and cool-
ing) during occupied hours. In general, climate change causes a
decrease in TA during heatwaves between 17% and 28% in selected
optimal solutions. OS01 has TA values of 37.30% in Scenario 01_HW
(2019), 32.68% in Scenario 02_HW (2047), and 28.056% in Scenario
03_HW (2098) averaged over all zones. OS02 has TA values of
83.70% in Scenario 01_HW (2019), 73.23% in Scenario 02_HW
(2047), and 69.14% in Scenario 03_HW (2098) averaged over all
15
zones. OS03 has TA values of 57.1% in Scenario 01_HW (2019),
43.17% in Scenario 02_HW (2047), and 40.68% in Scenario
03_HW (2098) averaged over all zones. Consequently, OS02 and
OS01 are identified as the most autonomous and the least autono-
mous cases during the heatwaves, respectively.

3.3.2. Resistivity to overheating impact of climate change
The analyses of the Indoor Overheating Degree (IOhD), Ambient

Warmness Degree (AWD) and Climate Change Overheating Resis-
tivity (CCOR) are presented in this section. IOhD represents the fre-
quency and intensity of overheating by implementing zonal
comfort criteria. AWD shows the outdoor thermal severity by accu-
mulating the cooling degree hours averaged over total building
occupied hours. CCOR couples IOhD and AWD (i.e., couples indoor
and outdoor environments) to quantify the extent of variation in
IOhD corresponding to a variation in AWD. In other words, CCOR
is the inverse of the slope of the linear regression line between
IOhD and AWD. As shown in Fig. 10, there is a direct correlation
between IOhD and AWD; that is, when AWD increases, IOhD
increases as well. The severity of heatwaves is represented by
AWD in Fig. 10 as follows: AWD for the 2019 heatwave = 4.871
�C, AWD for the 2047 heatwave = 6.3 �C, and AWD for the 2098
heatwave = 8.855 �C.

This study calculated the highest IOhD value of 1.84 �C for sOS01
in the 2098 heatwave. It means that the building configuration (i.e.,
the combination of passive design strategies) in OS01 leads to the
highest risk of overheating in the future. The results also show that
the difference in IOhD between the three optimal cases increases
with worsening heatwave events in the future. In the 2019 heat-
wave, the IOhD difference between OS01 and OS02 is 0.87 �C; and
it increases up to 1.57 �C in the 2098 heatwave. This shows that
OS01 will be affected more by intensifying heatwave events due to
climate change. This is also confirmed by CCOR values for the
selected optimal solutions that vary between 4.63 and 21.16. OS01
has the lowest CCOR of 4.63, representing the case that will be
affected the most by climate change (i.e., least resistant case). On
the other hand, OS02 has the highest CCOR of 21.16 and therefore



Table 8
Summary of the maximum operative temperature, maximum Heat Index (HI), and Thermal Autonomy (TA) in different zones during the three heatwaves scenarios in OS01, OS02,
and OS03.

OS01
Scenario 01_HW (2019)
Zone Office Living + kitchen Bedroom 01 Bedroom 02

Max. Op. temperature [�C] 28.19 30.26 28.18 32.86
Max. Heat Index (HI) [�C] 29.29 31.35 29.19 33.61
Thermal autonomy (TA) [%] 36.36 23.10 65.15 24.62
Scenario 02_HW (2047)
Max. Op. temperature [�C] 29.61 31.75 29.25 34.53
Max. Heat Index (HI) [�C] 29.60 31.31 29.05 33.60
Thermal autonomy (TA) [%] 31.73 26.28 48.07 24.67
Scenario 03_HW (2098)
Max. Op. temperature [�C] 30.06 33.31 29.83 35.61
Max. Heat Index (HI) [�C] 29.59 32.21 29.20 34.43
Thermal autonomy (TA) [%] 31.71 23.43 38.80 20.31
OS02
Scenario 01_HW (2019)
Max. Op. temperature [�C] 28.09 27.03 27.19 26.68
Max. Heat Index (HI) [�C] 29.54 27.94 28.33 27.77
Thermal autonomy (TA) [%] 73.10 84.47 85.60 91.66
Scenario 02_HW (2047)
Max. Op. temperature [�C] 28.94 27.38 27.72 27.35
Max. Heat Index (HI) [�C] 29.37 28.05 27.97 27.71
Thermal autonomy (TA) [%] 60.89 73.07 78.84 80.12
Scenario 03_HW (2098)
Max. Op. temperature [�C] 29.35 28.80 28.27 27.95
Max. Heat Index (HI) [�C] 29.19 29.24 28.36 28.63
Thermal autonomy (TA) [%] 62.76 63.80 75 75
OS03
Scenario 01_HW (2019)
Max. Op. temperature [�C] 27.36 29.63 28.48 31.27
Max. Heat Index (HI) [�C] 28.63 30.99 28.67 32.34
Thermal autonomy (TA) [%] 71.59 31.81 84.47 40.53
Scenario 02_HW (2047)
Max. Op. temperature [�C] 28.49 30.85 28.30 32.68
Max. Heat Index (HI) [�C] 28.84 30.80 28.39 32.29
Thermal autonomy (TA) [%] 46.79 28.48 68.91 28.52
Scenario 03_HW (2098)
Max. Op. temperature [�C] 28.91 32.23 28.83 33.64
Max. Heat Index (HI) [�C] 28.70 31.36 28.90 32.80
Thermal autonomy (TA) [%] 46.61 26.04 65.36 24.74

Fig. 10. Indoor Overheating Degree (IOhD) vs. Ambient Warmness Degree (AWD). The inverse of the slope of the regression line shows the Climate Change Overheating
Resistivity (CCOR) for each optimal solution.
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is the most resistant case. Finally, the relative potential to adapt to
climate change P [94] is calculated. P is the difference in IOhDs
between optimal solutions in the 2098 heatwave
ðDIOhDi;j;Scenario03 HWð2098ÞÞþ divided by Max½IOhDi;Scenario03 HWð2098Þ;

IOhDj;Scenario03 HWð2098Þ� where i; j ¼ OS01, OS02, or OS03. By calculat-
ing P, OS02 shows 83% and 75% more potential to adapt to climate
change compared to OS01 and OS03, respectively.
4. Discussion

4.1. Findings and recommendations

According to the Intergovernmental Panel on Climate Change
(IPCC), the average global air temperature increased in the past
100 years and will continue to increase due to natural and anthro-
pogenic reasons. The weather data in this paper (derived fromMAR
BCC-CSM2-MR based on IPCC SSP2-4.5 emission scenario) show an
increase in annual mean air temperature 1.4 �C by 2047 and 3.6 �C
by 2098 compared to 2019 in Brussels. As illustrated in Fig. 4, the
cooling seasons are predicted to extend to shoulder seasons. At the
same time, the heating seasons will become warmer and outdoor
air temperatures in the range of 15 �C to 18 �C will be experienced
more. The HDD10�C will decrease 55% and CDD18�C will increase
148%, shifting Brussels from a heating-dominated region to a
cooling-dominated one by the end of the century. In addition, as
shown in Fig. 5, the intensity and duration of heatwaves will
increase. More severe heatwaves are expected to (i) make it more
troublesome for buildings to maintain a thermally safe indoor
environment by only relying on passive cooling strategies [119]
and (ii) lead to scarcity or failure of the power supply more fre-
quently due to the heavy use of air conditioning [120].

Building design optimization aims to reach energy and cost-
effective design with optimum performance in specific circum-
stances. The combinations of design factors that lead to optimal
solutions depend on some parameters, such as climate and build-
ing operational properties. In general, to optimize the final HVAC
energy use and thermal comfort in any building using passive
design strategies, there is a need for making a trade-off between
reducing heating energy use/overcooling and cooling energy use/
overheating. As shown in Section 3.2, for this specific case study
(i.e., nearly Zero-Energy terraced dwelling) and climatic region
(i.e., temperate), high ventilation rate, low infiltration rate, high
insulation, high thermal mass, integration of green roof, and appli-
cation of operable roller blinds are found to contribute to both
energy efficiency up to 32% and thermal comfort up to 46%. Whilst
some factors such as orientation, roof/wall solar absorptance, and
Solar Heat Gain Coefficient (SHGC) of windows differ between
the best solutions in terms of energy efficiency and thermal com-
fort. As shown in Table 7, the building orientation towards less
exposure to the sun in mostly occupied zones coupled with lower
values of wall/roof solar absorptance and windows’ SHGC can
reduce the cooling energy use, whereas increasing the heating
energy use and overcooling discomfort. Differently, the building
orientation towards more exposure to the sun in mostly occupied
zones coupled with higher values of wall/roof solar absorptance
and windows’ SHGC can reduce the symmetric thermal discomfort
arising mainly from overcooling. Therefore, it works the opposite
during the summer and forfeits cooling energy use and summer
comfort. This shows that in heating-dominated regions, it is not
always the solution to increase solar heat gains to optimize final
HVAC energy use and thermal comfort. It is since such a measure
may significantly increase the cooling energy use, which can over-
lap, in some cases, the heating energy use. This is more important
considering the impact of climate change and warming weather
conditions, which will change the building design concept in tem-
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perate regions from heat preserving to heat dissipating to enhance
energy efficiency and thermal comfort.

Occupants’ exposure to extreme heat in buildings can reach
dangerous levels if the mechanical cooling system becomes inoper-
able. In Fig. 7, Fig. 8, and Fig. 9, it is shown that none of the optimal
solutions can fully suppress overheating during concurrent heat-
waves and the cooling system outage. The indoor operative tem-
peratures go beyond 29 �C; which can cause serious health issues
to the occupants, especially elderly and vulnerable groups. The sit-
uation will be aggravated by climate change. By comparing the
current and future heatwaves (see Table 8), there is an increase
in maximum Heat Index (HI) between 0.28 �C and 0.49 �C, an
increase in the maximum operative temperature between 1.34 �C
and 2.33 �C, and a decrease in TA between 17% and 28% by 2098
over the three selected optimal solutions. Therefore, provisions
are required to increase the preparedness of the buildings against
more severe and abnormal conditions to avoid any potential health
and comfort issues in the future.

To summarize the main recommendations, the list below is
provided:

� It is recommended to analyze the actively heated and cooled
buildings not only in normal but also in abnormal conditions
such as concurrent heatwave and the outage of the HVAC sys-
tem. It reveals whether the building can withstand such
unprecedented events and keep the indoor environment safe
for the occupants.

� Back-up cooling and energy storage systems (e.g., batteries, fuel
cells, etc.) should be considered in buildings that fail to main-
tain a thermally safe environment by only relying on passive
measures.

� Due to the continuation of global warming, it is recommended
to detach from heat-preserving design concept in temperate
regions. The future weather predictions show that such regions
will shift from heating-dominated to cooling-dominated ones in
the coming decades.

� It is recommended to analyze new buildings and renovations
under climate change scenarios to ensure their future perfor-
mance. It is now imperative that new buildings are designed
to be adaptable to a changing climate.

� The use of optimization techniques is recommended during the
early design stages of new buildings and the renovation of exist-
ing ones. Optimized buildings improve energy, cost, operational
efficiency, occupant comfort, and equipment lifecycle [121–
123].

4.2. Strengths and limitations

There are numerous methods to conduct scientific research,
each with its strengths and limitations. The first strength of the
current study is related to the validity of the weather data used
for the simulations. As mentioned in Section 2.3, the weather data
in this paper are based on the Regional Climate Model (MAR)
‘‘Modèle Atmosphérique Régional‘‘ [68] that has high temporal and
spatial resolution (�5 km), detailed parametrization (including
mesoscale phenomena), and is tuned for the studied region. In
addition, the heatwaves are derived using a statistical method
[84], which is adaptable to the studied climate, periods, and geo-
graphic region. The second strength of the study relies on the selec-
tion of a reference building model as the case study. Therefore, the
results are representative and helpful in developing and revising
the national or regional building codes. The reference model was
developed and validated by some authors of the current paper in
a previous study [63]. Third, the paper entails an advanced
multi-objective optimization to identify the best combinations of
the passive design strategies to enhance energy efficiency and
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thermal comfort. Fourth, this paper uses multiple indices to evalu-
ate the overheating risk during heatwaves, including maximum
indoor operative temperature, Heat Index (HI), Thermal Autonomy
(TA), and Indoor Overheating Degree (IOhD). Such a multi-
indicator approach allows to evaluate the building’s thermal per-
formance through a more composite, complex, and informative
way. Fifth, this paper considers not only current climatic condi-
tions but also future weather projections to analyze the variations
in indoor overheating risk due to global warming.

It is plausible that several limitations may have influenced the
results obtained. First, the study only assesses three periods (i.e.,
TMYs for 2010–2020, 2041–2060, and 2081–2100) based on the
most likely SSP2-4.5 emission scenario. Therefore, it ignores the
intermediate periods (i.e., 2021–2040 and 2061–2080) and other
emission scenarios (i.e., SSP1-1.9 ‘‘very low GHG emissions” and
SSP1-2.6 ‘‘low GHG emissions”, SSP3-7.0 ‘‘high GHG emissions”, and
SSP5-8.5 ‘‘very high GHG emissions”). Second, this paper lacks
Uncertainty Analysis (UA) and Sensitivity Analysis (SA) to take into
account the uncertainties in modelling inputs and to find the most
influential factors affecting the final HVAC energy use and thermal
comfort. Third, only the indoor operative temperature and relative
humidity (latter only in calculating Heat Index ‘‘HI”) are considered
while evaluating thermal comfort. However, it is also crucial to
consider other comfort factors such as occupant’s metabolic rate,
clothing insulation, and air velocity. Therefore, more accurate stud-
ies are suggested to overcome the limitations of the current paper.

4.3. Implication on practice and future research

The present findings suggest several courses of action to revise
current building codes to incorporate compliance criteria during
heatwave events. In addition, the new legislation must provide
provisions to enhance the preparedness and resistivity of building
against global warming. This study also enlightens building profes-
sionals, designers, and constructors about the design for climate
change. The heat-preserving design concept for buildings in
heating-dominated regions should change since it can significantly
increase cooling energy use and overheating problems in the
future. This study also sheds light on the importance of developing
guidelines that include criteria for acute hazard preparation and
mitigation strategies as well as chronic risk prevention during
abnormal conditions such as power or cooling system outage.
Finally, the study establishes a foundation for (IEA) EBC Annex
80 – ‘‘Resilient cooling of buildings” project to test and compare
different cooling strategies during short-term heatwave events in
different climatic zones worldwide. The findings and results will
be disseminated publicly to raise awareness about adapting the
buildings to such disruptive events.

The findings suggest the following directions for future
research. First, future studies should perform similar analyses in
other building typologies and climatic regions. In particular, for
the Belgian context, the post-World War II buildings are recom-
mended to be studied as the main challenge in renovation schemes
[124,125]. Second, further work needs to be carried out by compar-
ing the future weather data obtained from different sources, such
as WeatherShift, CORDEX, CCWorldWeatherGen, and Meteonorm.
Third, more research is required to improve thermal comfort and
overheating indices to incorporate six major comfort parameters
(i.e., metabolic rate, clothing factor, relative humidity, air velocity,
radiant temperature, and air temperature). Fourth, future research
is recommended to perform complementary optimization analyses
with different objectives related to cost and environmental
impacts. Fifth, the effect of other predicted future global warming
scenarios (e.g., SSP1-1.9, SSP1-2.6, SSP3-7.0, and SSP5-8.5) and
heatwaves (e.g., the longest and most intense) is of value to be
studied in future research. Sixth, further work is recommended
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to examine the impact of the change of other climate parameters
(e.g., wind and humidity) due to climate change on optimal passive
design strategies.

5. Conclusion

This paper performs overheating analysis for an optimized
nearly Zero-Energy terraced dwelling in Belgium under extreme
conditions in two stages. In the first stage, a multi-objective opti-
mization is performed to minimize the final HVAC energy use
and thermal discomfort (sum of Indoor Overheating Degree ‘‘IOhD”
and Indoor Overcooling Degree ‘‘IOcD”), considering 13 passive
design strategies. In the second stage, three optimal solutions are
selected from the resulting Pareto front to analyze the overheating
risk during concurrent heatwaves and the cooling system outage.
The weather data used in this paper are derived from the Regional
Climate Model (MAR) ‘‘Modèle Atmosphérique Régional”. This paper
concludes that, i) even under an optimistic emission scenario of
SSP2-4.5, the cooling degree days will overlap the heating degree
days by the end of the century in a heating-dominated region like
Brussels, ii) high ventilation rate, low infiltration rate, high insula-
tion, high thermal mass, integration of green roof, and application
of operable roller blinds can be effective in enhancing thermal
comfort and energy performance in similar buildings and climates,
and iii) overheating in buildings (even in optimized ones) during
abnormal conditions such as heatwaves coincided with the cooling
system outage can reach critical and unhealthy levels for the occu-
pants. Overall, overheating in buildings is felt and recognized as a
major issue arising from climate change in many regions around
the world. There is a need today for additional adaptation and pro-
visions to enhance the preparedness of buildings. Multiple effec-
tive strategies have been developed so far that can limit the
health, productivity, and well-being impacts of overheating.
Governments and policymakers can play a critical role in limiting
overheating by encouraging proactive adaptation. This can be
achieved by establishing a clear path for well-adapted building
stock with quantitative targets backed up with appropriate inspec-
tion, enforcement, and access to finance [126].
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