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Summary

The building industry's energy usage has sharply risen in recent years, causing
depletion of energy sources and environmental issues such as the urban heat island
effect and global warming. Lowering energy consumption and implementing energy-
efficient methods are now crucial. High-rise structures are particularly known for their
high energy consumption and are mainly used for office spaces, which have extensive

glass facades, resulting in a high energy demand.

This research aims to improve the design of the building envelope structure for high-
rise office buildings in temperate climates. The study looked at different factors in the
facade geometry design, for instance, window orientation, window-to-wall ratio,
shading systems, and the level of facade perforation, to identify which parameters have
the greatest impact on comfort and energy efficiency. Simulations were carried out on

different building orientations, including east, west, south, south-east, and south-west.

Further simulations were conducted on the enhanced envelope to investigate the
potential of natural summer ventilation strategies by experimenting with various
summer natural ventilation methods on the building-specific folded envelope design to
reduce energy consumption for cooling and mechanical ventilation and improve the
health and comfort of occupants. The IDA ICE 4.8 complex dynamic building energy
simulation program was used for thermal and lighting modelling and for building

physics calculations.

The optimization of the facade morphology led to the development of high-performing
facade typology models suitable for each orientation considered, providing excellent
thermal and visual comfort, energy efficiency, and environmental performance. This
research can provide useful insights for similar office tower envelope structures in

future projects.

Keywords: High-rise office building, fagcade morphology optimization, orientation,
natural summer ventilation, thermal simulation, energy efficiency, thermal and visual

comfort.
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1. Introduction

1.1 Background
1.1.1 High-rise buildings Optimization

Buildings are a major contributor to global energy consumption and climate change,
accounting for a significant portion of the world's energy usage and CO2 emissions
(Allouhi et al., 2015; Kolokotsa et al., 2011; Taib et al., 2010). In Europe, over 40% of
primary energy consumption is attributed to buildings (Cao et al., 2016; Giouri et al.,
2020; Gonzélez-Torres et al., 2022). Improving the energy efficiency of buildings can
play a crucial role in addressing energy shortages, reducing carbon emissions, and
protecting our environment (Cao et al., 2016; Langevin et al., 2019). As the need and
challenges of modern society increase, the design and construction of high-rise
buildings are becoming more common worldwide. However, not all buildings are
designed to be energy-efficient. A poorly designed high-rise building can consume a
significant amount of energy, making optimization of the design of these buildings a
critical aspect of the building process (Bano & Sehgal, 2018; Giouri et al., 2020;
Javanroodi et al., 2019; Szolomicki & Golasz-Szolomicka, 2019).

In this regard, the study (Saroglou et al., 2017) aims to improve the energy efficiency
of skyscrapers by analyzing climate-responsive design strategies such as orientation,
building envelope thermal properties, and the impact of altitude on high-rise buildings.
Two model buildings, a residential and an office building in a hot and humid climate,
were used as the subjects of the investigation. The study began with thermal
simulations of a 100-meter-tall structure, and then gradually improved the building
envelope to examine its relationship with microclimate change between the ground and
upper levels. Next, the advanced envelope was simulated at higher altitudes up to 400
meters to better understand the effects of wind acceleration and air temperature drops
on energy consumption. Comparisons were made of the heating and cooling loads for
different building heights and types. The results revealed that the changing
microclimate with height has an impact on energy performance - the cooling energy
decreases while the heating energy increases. The study also found that the use of



shading devices can reduce cooling energy consumption by around 30% for both office

and residential towers.

In the same context, study (Raji et al., 2014) examined the impact of architectural
design elements on building energy performance. The study analyzed existing literature
and conducted a case study on six high-rise buildings with varying levels of
sustainability, located in two different climate zones: subtropical and temperate. The
research focused on the exterior envelope, building shape and orientation, placement
of service core, floor plan layout, and special design elements such as atria and sky
gardens. A key conclusion from the study was that the use of a double-skin facade with
automated blinds can lead to significant energy savings in tall buildings.

In a subsequent study (Raji et al., 2017), the influence of geometric factors on the
energy efficiency of high-rise office buildings in three different climates: temperate,
subtropical, and tropical was examined. The research was performed on 12 different
plan shapes, 7 plan depths, 4 building orientations, and different window-to-wall ratio
values. The findings revealed that the overall design of the building plays a critical role

in the energy consumption of high-rise buildings, potentially impacting it by up to 32%.
1.1.2 High-rise office buildings - Envelope design

Poor architectural design can greatly contribute to the excessive energy consumption
of buildings (Raji et al., 2014), thus it's crucial to apply energy efficiency measures
during the design process. The envelope, which covers more than 95% of the building's
exterior surface, is a key element in architectural design, particularly for high-rise
buildings (Energy et al., 2008). However, if it's not designed efficiently, it can
significantly affect the entire building's energy consumption, creating a significant
energy disadvantage. Nevertheless, by properly designing and orienting the building
envelope, significant energy savings can be achieved (de Oliveira Neves & Marques,
2017; Lau, Salleh, et al., 2016; Raji et al., 2016). This can be done by incorporating
elements for instance solar shading, and high-performance glazing, as well as designing

the building envelope to optimize solar orientation. Additionally, by implementing



advanced building simulation tools, it's possible to analyze and optimize the building's
energy performance, allowing for the optimal design of the building envelope.

In study (Giouri et al., 2020), efforts were made to implement decision-making
techniques in the creation of zero-energy high-rise buildings. The optimization of
building design and construction parameters was carried out with the goal of
identifying the factors that have the greatest impact and potential for thermal comfort
and energy efficiency. The study used a typical high-rise office building located in a
Mediterranean climate zone in Greece as a case study. Initial simulations were run to
evaluate the effects of factors such as window-to-wall ratio, wall U-value, glazing
construction U-value, glazing G-value, airtightness of the fagade, cooling set-point of
the mechanical cooling system, and Photovoltaic (PV) facade surface area. In the
second step, the tested parameters were narrowed down to window-to-wall ratio,
shading area, and PV surface area, and were adapted for four different facade
orientations. The end result was a highly efficient building that achieved energy savings
of 33%.

A similar study (Raji et al., 2016), aimed to find energy-efficient solutions for the
design of the exterior of high-rise office buildings in temperate climates by analyzing
an existing tall office building in the Netherlands. Four measures were chosen to
improve the building's energy performance, for instance the type of glass used, the
window-wall ratio, solar shading, and roofing strategies, which were all evaluated
through computer simulations. The results showed that the proposed design could lead
to significant energy savings of 42% for total energy use, 64% for heating, and 34%

for electric lighting.

Another study (Saroglou et al., 2019), examined the use of passive design strategies
to reduce the energy consumption of a high-rise building's exterior in a Mediterranean
climate. The study conducted a thermal simulation-based analysis on three single-skin
and one ventilated double-skin exterior designs. The analysis evaluated the heating and
cooling loads and their relationship with changing environmental variables and

building height. The focus then shifted to improving the energy efficiency of the
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double-skin facade by comparing four different double-skin fagade scenarios with
different types of glass and orientations. The findings showed that double-skin facade
options were more energy-efficient. The study concluded that energy savings can be
achieved by designing the exterior to fit the specific location and climate conditions,
and by utilizing passive strategies such as natural ventilation in a double-skin fagade

cavity.

Based on these conclusions, a follow-up study (Saroglou et al., 2020) was conducted
to focus on reducing the high cooling loads in the Mediterranean climate by testing the
energy efficiency of different double-skin fagade cavities through thermal model
calculations. The results revealed that increasing the width of the cavity from 0.2 m to
0.5 m can greatly decrease the cooling load and even greater reductions can be achieved

with 1.0 m and 2.0 m double-skin facade cavity width solutions.

A subsequent study (Algaed, 2022) examined the impact of three different types of
building facade s on a high-rise office building in the cities of Jeddah, Abha, and Tabuk
in Saudi Arabia. These facade types included a simple facade, a double-skin facade,
and a double-skin facade filled with Phase-Change Materials (PCM) in glass. Design
builder software was utilized as a simulation tool to evaluate the building's heat transfer
processes during different months of the year. The results revealed that in Jeddah and
Tabuk, the utilization of double-skin facade s filled with PCM decreased energy
consumption by 11.5% and 40% during the cold months, and by 5.6% and 25% during
the warm months when compared to a simple facade. However, for the city of Abha,
the use of the double-skin fagade and the double-skin fagade filled with phase-change

materials was found to be much less effective.

A further examination (Generalova et al., 2017) delved into the utilization of
revolutionary techniques in the design of bioclimatic high-rise building envelopes
taking into account weather conditions. Based on a comprehensive examination, the
study presented the principles of bioclimatic architecture and explored the use of
double fagades in varying climate conditions and how they interact with other

architectural components such as solar chimneys, passive and active solar control
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systems, landscaping, and intelligent temperature and humidity control systems within
buildings. The examination highlighted that the fagade system plays a critical role in
climate adaptation and energy efficiency, and the most effective strategy for
bioclimatic high-rise buildings is the implementation of multi-layered ventilated facade
systems, for instance double-skin facade s that are tailored to specific climate

conditions.
1.1.3 High-rise office buildings - Natural ventilation

High-rise office buildings are known for their significant cooling energy consumption.
Due to the heavy wind loads on their structures, these buildings typically rely on
mechanical ventilation year-round, resulting in a high demand for cooling energy (Lau,
Salleh, et al., 2016; Sha & Qi, 2020a, 2020c). As cooling is a major energy-intensive
process for indoor conditioning, these buildings often fall short in terms of energy
efficiency and can lead to comfort and health issues, such as Sick Building Syndrome
(Lu et al., 2007; Norhidayah et al., 2013). However, incorporating natural ventilation
into high-rise office buildings can greatly reduce energy usage and create a healthier
and more comfortable work environment for employees (Alnusairat & Jones, 2020;
Nasrollahi & Ghobadi, 2022; Tong et al., 2017).

A study (Zhou et al., 2021) was conducted to examine the potential of different
window shapes in super-tall buildings to improve natural ventilation efficiency. The
study evaluated several types of windows and found that narrow and long windows
were most effective in providing ventilation. Recommendations were also made for

future super high-rise building designs.

Another study (Kim, 2022), evaluated the effect of different double-skin facade
(DSF) configurations on wind-driven ventilation in the upper floors of a 40-story office
building. Using computational fluid dynamics (CFD) analysis, indoor airflow
simulations were performed on 16 DSF configurations to assess the impact of factors
such as opening size, number of outer skin openings, cavity depth, and cavity
segmentation. Results revealed that the size of the outer skin opening had the greatest

impact on indoor airflow, while the cavity depth and segmentation did not have a
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significant effect. However, the size of the inner skin openings and the number of outer
skin openings had a significant impact on airflow distribution and high air velocity

regulation near the windows.

Further research (Raji et al., 2020) examined the effects of natural ventilation
techniques on energy savings for cooling and mechanical ventilation in high-rise
buildings located in temperate climate zones. A typical 21-story office building with
mechanical ventilation was used as the model for this study. CFD analysis was
conducted for six different natural ventilation scenarios. The DesignBuilder CFD
package was used to predict airflow patterns under two summer conditions, and
EnergyPlus was utilized to assess the operative temperature and fresh air changes per
hour in comparison to European comfort standards. The findings suggest that natural
ventilation strategies can provide comfortable conditions for over 90% of summer
occupancy, resulting in significant energy savings compared to conventional

mechanical ventilation and air conditioning systems.
1.2 Problem Statement

As urbanization and population growth continue to increase, it is becoming
increasingly necessary to build high-rise buildings. However, these structures often
have poor energy efficiency and are known to have high energy consumption (Raji et
al., 2014). The design of the building's exterior, known as the envelope architectural
design, plays a crucial role in determining its energy efficiency and the quality of the
indoor environment (AYDIN & MIHLAYANLAR, 2020; Generalova et al., 2017;
Saroglou et al., 2019). This design covers up to 95% of the building's exterior surface
in tall buildings (Energy et al., 2008), making it a significant factor in determining the
building's energy gain or loss. High-rise buildings, specifically those used as offices,
often have large or fully glazed fagade s which can lead to high indoor illuminance,
glare, and overheating due to high solar radiation. These issues result in high cooling
energy consumption and discomfort for occupants (Lau, Salleh, et al., 2016; Lim &
Heng, 2016).
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Several studies have been conducted to explore energy-saving solutions in offices
(Bano & Sehgal, 2019; Kheiri, 2018; Nomura & Hiyama, 2017; Shi et al., 2018; Wang
& Wei, 2021), with a focus on high-rise office buildings by optimizing individual
subsystems such as orientation, altitude, ventilation, or sensitivity analysis of
subsystems (Liu et al., 2017; Mangkuto et al., 2022; Sha & Qi, 2020b). However, there
have only been a limited number of studies that focus on simulation-based conceptual
and architectural design. While most design optimization studies have investigated
envelope parameters in tall office buildings for instance window thermal properties,
shading systems, wall-window ratios, glazing configurations, and double-skin facade
strategies (de Oliveira Neves & Marques, 2017; Hashemi et al., 2010; Lau, Lim, et al.,
2016; Lau, Salleh, et al., 2016; Zhao & Du, 2020), the effects of building envelope
geometry design factors, such as the comfort and energy consequences of the
perforation and morphological design structure of the fagade, have only been partially
covered in a few studies. These studies mainly focused on integrating active systems
for example Photovoltaic (PV) panels (Chen et al., 2019; Giostra et al., 2019; Mendis
et al., 2020; Nguyen et al., 2021) or dealt with low-rise buildings (Luo et al., 2017;
Ornetzeder et al., 2016; Skandalos & Tywoniak, 2019). Therefore, further research is
needed to investigate the perforation geometrical aspects and morphological design

structure of the facade to make high-rise office buildings more energy efficient.
1.3 Research Objectives

The aim of this study is to enhance energy efficiency, thermal comfort, and visual
comfort in high-rise office buildings located in temperate climates by optimizing the

morphological design structure of the building's facade.
The principal research objectives are formulated as follows:

— To investigate the impact of the geometric aspect and morphological design of
the facade on the energy consumption, thermal comfort, and visual comfort of
high-rise office buildings in temperate climates.
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To examine the effect of natural summer ventilation strategies on the energy
consumption and thermal comfort of high-rise office buildings in temperate

climates.

To elaborate energy-efficient and comfortable facade design concepts suitable
for east, west, south, South-east, and South-west orientations of high-rise office
buildings in temperate climates.

To perform a simulation-based performance sensitivity analysis of the designed
facade concepts and assess the impact on comfort levels and energy

performance.

Based on the gained insights, develop recommendations to support the design
decision-making process for future similarly oriented high-rise office building

envelope structures in temperate climates.
1.4 Research Questions

The main questions of the research are defined as follows:

To what extent do the geometric aspects and morphological design of the
building's facade impact the energy performance, thermal comfort, and visual

comfort of high-rise office buildings in temperate climates?

— What are the specific design considerations for the fagade of high-rise office
buildings in temperate climates, based on orientation (such as east, west, south,

south-east, and south-west)?

— To what extent do natural summer ventilation strategies impact the energy
performance and thermal comfort of high-rise office buildings in temperate

climates?

— How to elaborate fagade design concepts that optimize energy and comfort for

high-rise office buildings in temperate climates?
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— What levels of comfort and energy efficiency can be achieved by implementing

these designed facade concepts?
1.5 Research limitations

The study concentrated on analyzing the geometric aspects and architectural design of
high-rise building facade s. The research specifically focused on buildings that range
between 50 and 300 meters in height and are of the office typology. The research was
limited to buildings in temperate climates and the designs described were specific to
that particular climate zone. However, some of the findings may be able to be applied
to different types of buildings and climates. The nearby surrounding neighborhood of
low-rise buildings did not influence the study's results. The performance analysis was
done using thermal simulation to decrease energy consumption and improve the
thermal and visual comfort for occupants, however, there were limitations with the
energy simulation tool used, including limitations in the computational fluid dynamics

analysis for aerodynamic conditions.

1.6 Research Methodology

1.6.1 Research steps and approaches

The research objectives and questions were addressed by using two data collection
methods: a literature review and simulation-based performance sensitivity analysis.

After the data collection, a summary of the recommended design strategies is presented.
— Literature review:

Examining high-rise office building envelope design research and applications through
a literature review, including the study of optimization strategies such as double-skin
facade approaches and natural ventilation to determine key factors that affect occupant

comfort and energy consumption.

— Simulation-based performance sensitivity analysis:
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The initial focus of the research was on the fully glazed envelope and shading systems
of a high-rise office building. A variety of facade designs were analyzed through
dynamic thermal and lighting simulation modeling. The study then examined the
impact of fenestration geometry parameters, such as the window-to-wall ratio and
window orientation, in addition to the degree of facade perforation, to determine the
morphological parameters that have the most significant influence on thermal and
visual comfort, as well as energy efficiency for heating and cooling. The investigation
was carried out for different orientations: East, West, South, South-east, and South-
west. As the next step, the feasibility of utilizing natural ventilation strategies during
summer was evaluated, various approaches for instance manual control and automated
control were tested on the building's advanced envelope designs and the results of

thermal simulations were used to assess thermal comfort and energy demand.
Reference building description:

For the assessment, a typical high-rise office building model located in a temperate
climate zone, Budapest, Hungary, was selected as the reference. The building was 88.0
m tall, featuring 22 floors, fully glazed, and towers above its surrounding area. The
adjacent neighborhood consisted of low-rise buildings and did not impact the study's
results. The building's dimensions were generic and appropriate for optimizing a
typical high-rise office building in temperate climates. The building model was created
in the IDA ICE 4.8 dynamic building indoor climate and energy simulation program to
examine: daylight autonomy, thermal comfort, indoor air quality, heating, cooling,
lighting, and ventilation energy demand. The thermal simulations were conducted for
all offices on an intermediate floor (14th story), approximately 60.0 m above ground

level.
— Summery and recommendations:

Based on the research findings, conceptual design guidelines were developed, taking
into account the different orientations. Three optimized facade designs were proposed
and strategies and recommendations for creating comfortable and energy-efficient

high-rise office buildings were established.
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The methodological scheme of the research is presented in Figure 1.

Indicative

methodology

Research literature review

Empirical

methodology

Envelope design approaches and

Natural ventilation strategies

Envelope design approaches:

- East and West
- South
- South-east and South-west

- Facade geometric aspect
- Fenestration parameters

- Degree of facade perforation

Natural summer ventilation strategies:

- East and West
- South
- South-east and South-west

- Window position, type and size
- Control mechanisms

- Night-time cooling

Facade typology development:

- East and West
- South
- South-east and South-west

Synthesis

- Thermal comfort
- Visual comfort
- Indoor air quality

- Energy efficiency

Conclusion and recommendations

Energy-efficient and comfortable

new facade design concepts

Figure 1. The overall methodological scheme of the research

1.6.2 Simulation tool

The research methodology was completed by conducting a simulation-based

performance analysis using the IDA ICE 4.8 software, a multi-zonal building

performance simulation program. This tool was utilized for thermal and lighting

modeling and building physics calculations, with the purpose of evaluating the

following building physics properties:
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Delivered energy: Heating and cooling energy demand (kWh/m?a);

— Thermal comfort: Operative temperature (No. of hours Top > 26 °C);

Indoor Air Quality (IAQ mean): CO2 concentration of indoor air;

— Visual comfort: Average Daylight Factor (DFave) and Average Daylight level
(Dave).

1.6.3 Research structure

The first Chapter of the research introduces the background and context of the study,
outlines the problem being addressed, presents the research objectives and main
questions, lists the limitations of the study, and describes the methodology and overall
structure of the research.

In chapter 2, the optimization of high-rise office building facade typology for East
and West orientations is discussed, based on detailed dynamic thermal simulations. The
chapter is divided into two parts; the first part focuses on optimizing the building's
envelope and shading systems, and the second part examines the impact of fenestration
geometry parameters and the degree of facade perforation on the building's

performance.

Chapter 3 evaluates the effectiveness of natural summer ventilation strategies in
terms of indoor thermal comfort and energy performance for the building-specific
perforated envelope design with East and West orientations, previously studied in

Chapter 2. The results and discussions of the analysis are also presented in this chapter.

Chapter 4 is divided into two parts. The first part discusses the optimization of
facade typology for high-rise office buildings facing South, while the second part
examines the effects of South-East and South-West orientations through complex
dynamic thermal simulations, assessing both thermal and visual comfort, as well as

energy consumption. The results of these simulations are analyzed and discussed.
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In Chapter 5 the natural summer ventilation strategies that have potential for indoor

thermal comfort and energy performance are evaluated for the building-specific

perforated envelope designs for South, South-East, and South-West orientations,

previously discussed in Chapter 4. The main findings and discussions are also

presented.

Finally, the main research findings and conclusions, including the thesis statements

and future research perspectives, are highlighted in Chapter 6.

The diagrammatic representation of the research structure is presented in Figure 2.

Chapters Research method
v
Chap.1 [ Introduction Literature review
v
Chap.2 [® Facade concept: East and West
Chap.3 [® Natural ventilation: East and West Simulation-based
performance
analysis
Chap.4 [* Facade concept: South, South-east and South-west
Chap.5 [™ Natural ventilation: South. South-east and South-west
v
Chap. 6 [® Conclusion Synthesis

Figure 2. The diagrammatic representation of the research structure
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2. Facade typology development - East and West orientations

This chapter examines the morphological design of the envelope of a high-rise office
building located in a temperate climate zone with a focus on optimizing comfort and
energy efficiency. The study specifically examines the East and West orientations and

is divided into two parts, as described below.
2.1 Facade optimization concept: part |

The purpose of this study was to improve the design of the envelope and shading
systems of a high-rise office building that faces East and West directions. A variety of
facade designs were evaluated using dynamic thermal and lighting simulation
modeling to assess thermal comfort, visual comfort, and energy efficiency. The
reference building model and the surrounding urban structure were initially oriented
along the north-south axis, with the two shorter sides of the building facing north and
south, resulting in the two large fully glazed surfaces facing east and west. Figure 3
illustrates the 3D design of the reference building model and the neighborhood

developed in the IDA ICE 4.8 energy software.

<
w

Figure 3. The reference building model developed in the IDA ICE 4.8

For the second phase of the study, to further improve the energy efficiency of the
envelope, three different fagade versions were implemented: a Curtain wall fagade, a
Double-skin fagade, and a Double-skin fagade with a zig-zag configuration. The first
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version, the curtain wall fagade, served as a reference case for comparison. The second
version, the double-skin facade, featured a two-glass layers structure with a 1.4 m
intermediate cavity. The third version, the double-skin facade with a zig-zag
configuration, consisted of a double-skin facade with a 45-degree vertically folded
outer layer geometry. This design included two tilted facade faces that provided
efficient shading for low-elevation angle solar radiation from the East and West and
enabled outlook and daylight provision from the south. The tilted design's cavity depth

ranged between 0.8 m to 1.9 m. see Figure 4.

Figure 4. Plan typologies

In the next phase, different glazing types, shading devices, automation, and controls
were applied to achieve energy savings and comfort, such as thermally insulated
glazing, solar protective glazing, shading blinds, sun control, temperature control, etc.

The overall research methodology is outlined in Figure 5.
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Fagade scenarios

v . v
] Curtain wall fagade ] Double-skin fagade — | Double-skin fagade Zig-zag
—® No shading ™ No shading | No shading
—* Shading ™ Shading —® Shading
—*| Solar protective glazing —* Solar protective glazing —™ Solar protective glazing
| Shading + Temperature control
—™ Shading + Sun path control

Figure 5. Methodological scheme of research

The final result of the fagade optimization was eleven different fagcade scenarios
(FS), which are described as follows:

— The curtain wall facade scenarios; FS01, FS02, and FS03. These cases consisted
of thermal insulation glass (3-pane glazing); FS01 had no shading, FS02 had
internal shading with sun control (the shading is activated when the solar
radiation level on the outer pane reaches 100W/m2 and when the solar radiation
incident angle is below 90°) and FS03 had solar protective glazing (on the outer

pane). See Table 1 for more details.

— The double-skin fagade scenarios; FS04, FS05, and FS06. These cases consisted
of thermal insulation glass (2+1 pane); FS04 had no shading, FSO5 had internal
shading with sun control (same control mechanism as in FS02) and FS06 had

solar protective glazing (on the outer pane). See Table 2 for more details.

— The double-skin facade Zig-zag; FS07, FS08, FS09, FS10, and FS11. These
cases consisted of thermal insulation glass (2+1 pane); FSO7 had no shading;
FS08 had internal shading with sun control (same control mechanism as in
FS02 and FS05); FS09 had solar protective glazing (on the outer pane); FS10
had internal shading, sun control, and temperature control (when the

temperature is above 25°C) and finally, the last case model FS11 had internal
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shading, sun control, and sun path control (from May to September). See Table

3 for more details.

the tables below.

The facade scenarios, the simulations inputs, and the operation details are presented in

Table 1. Simulation inputs and operation details (Curtain wall fagade scenarios)

Model description FSO1 FS02 FS03
Curtain wall Curtain wall Curtain wall
facade with no facade with facade with solar
shading shading protective glazing
Inner Solar Heat Gain - - -
Glazing | Coefficient
Tvis, Visible - - -
transmittance
Glazing U-value - - -
[W/m?K]
Pane - - -
Outer Solar Heat Gain 0.68 0.68 0.25
Glazing Coefficient
Tvis, Visible 0.74 0.74 0.46
transmittance
Glazing U-value 0.8 0.8 0.7
[W/m?K]
Pane 3 pane thermal 3 pane thermal external pane solar
insulation glazing, insulation protective glazing
4-12-4-12-4 mm glazing, 4-12-4-
12-4 mm
Integrated Window Shading - Blinds -

Auto control

Solar radiation 100

[W/m?] outer pane
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Table 2. Simulation inputs and operation details (Double-skin fagade scenarios)

Model description FS04 FS05 FS06
Double-skin Double-skin Double-skin facade
facade with no facade with with solar protective
shading shading glazing
Inner SHGC 0.76 0.76 0.76
Glazing | Tvis, Visible 0.81 0.81 0.81
transmittance
Glazing U-value 1.1 1.1 1.1
[W/m2K]
Pane 2 pane thermal 2 pane thermal 2 pane thermal
insulation glazing, insulation insulation glazing,
4-12-4 mm glazing, 4-12-4 4-12-4 mm
mm
Outer | SHGC 0.85 0.85 0.2646
Glazing| Tvis, Visible 0.9 0.9 0.54
transmittance
Glazing U-value 5.8 5.8 5.8
[W/m?K]
Pane 1 pane thermal 1 pane thermal external pane solar
insulation glazing, insulation protective glazing
4 mm glazing, 4 mm

Integrated Window Shading

Blinds

Auto control

Solar radiation 100

[W/m?] outer pane
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Table 3. Simulation inputs and operation details (Vertical double-skin fagade Zig-zag

scenarios)
Model description FSO7 FS08 FS09 FS10 FS11
DSF Zig- | DSF Zig- | DSF Zig-zag | DSF Zig-zag | DSF Zig-zag
zag with no | zag with with solar | with shading | with shading
shading shading protective and and Sun Path
glazing Temperature control
control
Inner SHGC 0.76 0.76 0.76 0.76 0.76
Glazing |[Tvis, Visible 0.81 0.81 0.81 0.81 0.81
transmittance
Glazing U-value 1.1 1.1 1.1 1.1 1.1
[W/m2K]
Pane 2 pane 2 pane 2 pane 2 pane 2 pane
thermal thermal thermal thermal thermal
insulation | insulation | insulation insulation insulation
glazing, 4- | glazing, 4- |glazing, 4-12-|glazing, 4-12-|glazing, 4-12-
12-4 mm 12-4 mm 4 mm 4 mm 4 mm
Outer  |SHGC 0.85 0.85 0.26 0.85 0.85
Glazing |Tvis, Visible 0.9 0.9 0.54 0.9 0.9
transmittance
Glazing U-value 5.8 5.8 5.8 5.8 5.8
[W/m?K]
Pane 1 pane 1 pane |external pane 1 pane 1 pane
thermal thermal solar thermal thermal
insulation | insulation | protective insulation insulation
glazing, 4 | glazing, 4 glazing glazing, 4 glazing, 4
mm mm mm mm
Integrated Window Shading - Blinds - Blinds Blinds
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Auto control

Solar
radiation
100 [W/m?]

outer pane

Solar
radiation 100
[W/m?] outer

pane +

Temperature

Solar
radiation 100
[W/m?] outer

pane +

Sun Path
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2.2 Results and Discussion
The outcomes obtained from the simulations are evaluated as follows:
2.2.1 Comfort:

Thermal comfort: Figure 6 shows the average level of thermal comfort, represented by
the number of working hours with an operative temperature above 26 °C. The study
found that the curtain wall fagcade with solar protective glazing FS03 provided the best
thermal comfort, with no discomfort hours. However, the double-skin facade FS04 and
double-skin facade zig-zag FSO7 performed poorly, with a high number of discomfort
hours due to a lack of shading systems and overheating in the climate facade's buffer
zone. The integration of internal and double-skin integrated shading decreased
discomfort hours in all facade case packages. The Double-skin facade Zig-zag with
integrated shading FS08 and the double-skin facade Zig-zag with integrated shading +
temperature control FS10 improved thermal comfort by 36% and 55% respectively
compared to the regular double-skin facade with integrated shading FS05. However,
sun path schedule-controlled shading did not improve thermal comfort compared to
other scenarios FS08, FS09, and FS10. The Double-skin facade FS09 with solar
protective glazing had the least number of discomfort hours, 95% less than the worst-

performing model.

Indoor Air Quality: Figure 6 illustrates the levels of Carbon dioxide within the interior
office spaces as a measure of Indoor Air Quality performance. The results show that
the CO2 levels were low and ranged between 614 ppm and 651 ppm for all fagade
scenarios, indicating a high level of Indoor Air Quality performance.
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Figure 6. Thermal comfort and Indoor Air Quality

Visual comfort: As shown in Figure 7, the visual comfort values were determined based
on the average Daylight Factor (DFave) results of four different fagade configurations:
curtain wall, solar protective glazing, double-skin, and double-skin zig-zag. The curtain
wall facade had the highest DFave values as it allows the most light transmission.
However, it's important to note that the DFave results for all fagade versions were well
above the minimum threshold of 1.7 (Mardaljevic & Christoffersen, 2017). Therefore,

all facade types performed satisfactorily.

16 1

12 1

o

= 4 4

a

0
Curtain wall Solar protective Double-skin Double-skin
facade glazing facade facade zig-zag
Facade scenarios
Figure 7. Visual comfort: Daylight Factor
2.2.2 Energy

Figure 8 illustrates the results of the assessment of cooling, heating, and total energy
demand. The results revealed that the energy used for cooling was significantly higher

than the energy used for heating due to the high internal load, lighting, and
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concentration of equipment and occupants in the work area. The integration of shading
devices resulted in a decrease in cooling demand, and the best performance was
achieved by the use of solar protective glazing FS03, FS06, and FS09. The double-skin
exterior versions demonstrated significant energy savings compared to the simple
curtain wall versions: 51% FS04 vs. FS01, 65% FSO05 vs. FS02, and 47% FS06 vs.
FS03. Similar to the thermal comfort results, the double-skin fagade zig-zag with
shading and temperature control FS10, and the double-skin exterior with solar
protective glazing FS06 offered notable advantages in terms of energy savings.
However, using shading controlled by a sun path schedule FS11 did not lead to
significant cooling conservation compared to other options FS08, FS09, and FS10. The
energy demand results showed that the double-skin facade zig-zag with solar protective
glazing was the most energy-efficient configuration, reducing total energy
consumption by 47% (FS03 vs. FS09) and cooling demand by 58%. This was mainly
due to the folding of the exterior and the use of solar protective glazing.

EHeating B Cooling ' Total
250 H

200 4
150 o
100 A
50 o

[KWh/m?]

1 2 3 4 5 6 7 8 9 10 11

Facade scenarios

Figure 8. Energy: Cooling, Heating, and Total

The study found that double-skin facade strategies can effectively save energy by
acting as a thermal buffer zone between the outdoor and indoor environment. The
Double-skin fagade Zig-zag with shading and radiation control was found to have less
solar load compared to the simple double-skin facade solution with the same shading
options, resulting in higher thermal comfort and lower cooling energy requirements.

The most effective fagade configuration in terms of comfort and energy efficiency was
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the Double-skin facade Zig-zag with solar protective glazing, which achieved over
47% in energy savings.(Naili et al., 2021)
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2.3 Facade optimization concept: part |1

The aim of this study is to evaluate the impact of various facade geometry design
factors, such as folded facade perforation, window orientation, and window-to-wall
ratio, on the building's energy performance. Energy simulations were conducted using
the IDA ICE 4.8 thermal simulation program to evaluate thermal comfort, visual
comfort, and energy consumption for different fagade test models. The research focuses
on modifying the reference double-skin facade zig-zag configuration, which was
previously identified as the best-performing model. The reference design model
incorporates two vertically tilted facade faces to provide effective shading for low-
elevation angle solar radiation from the east and west. The typical floor level of the

double-skin facade design is illustrated in Figure 9.

s

Figure 9. Double-skin facade Zig-zag design

The study began by selecting two types of 45-degree double-skin facade zig-
zag, one with solar protective glazing and one with integrated shading. To further
increase shading and cooling, each second exterior surface was then changed to an
Insulated Sandwich Panel (ISP). These ISPs were added first to the North-facing
surfaces, and then to the South-facing surfaces. In the next step, different South-facing
structural shading solutions were tested by adjusting the tilt angle of the exterior folding
from 45 degrees (the reference design) to 15 degrees, 30 degrees, 60 degrees, and 75
degrees, as well as adjusting the Window-to-Wall Ratio from 90% (the fully glazed
reference version) to 81%, 67%, 55%, 44%, and 32%. Figure 10 and provide visual
representations of these changes. The study's methodology, including the different

folding versions, is illustrated in Figure 12.

33



Reference

ISP North / / / / / /
st NN NN NN\

15° T (I S S
IR Sl Pl U
PRAAVAYA A
o Y OSONSITNSTN

75° S ST A SN e SRR e O Sl e Sl

N N Y VW O

Figure 10. Folding versions of the facade Zig-zag - nine base fagade units’ detail

Figure 11. Folding versions of the facade Zig-zag - one base facade unit detail
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Figure 12. Methodological scheme of research

The study evaluated eleven different exterior scenarios, which are described as follows:

The double-skin fagade with integrated shading group (FS01-FS03): FS01 was
the fully glazed model, FSO2 included ISPs on the North-facing surfaces, and
FSO03 included ISPs on the South-facing surfaces.

The double-skin fagade zig-zag with solar protective glazing group (FS04-
FS11): FS04 was the fully glazed model, FSO5 included ISPs on the North-
facing surfaces, and all other cases included ISPs on the South-facing surfaces,
ranging from FS06 to FS11, but with different tilt angles and window-to-wall
ratios. FS06, FS07, FS08, FS09, and FS10 represented 45 degrees, 15 degrees,
30 degrees, 60 degrees, and 75 degrees respectively. Lastly, FS11 included both
60 degrees and 30 degrees on alternating floors to provide the best results
among the investigated cases. A summary of the different exterior

configurations is presented in Table 4.

In this study, the ISPs consisted of a double-sided aluminum sandwich structure with

an Expanded Polystyrene (EPS) foam core. The thermal properties of the material are

presented in Table 1. The inner glazing was composed of two panes of thermal

insulation glazing (4-12-4 mm) in all scenarios. For the outer glazing, two different

configurations were applied; a 4mm one-pane thermal insulation glazing with
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integrated shading (blinds) and automated solar radiation control for FS01, FS02, and

FS03, and a 4mm one-pane external solar protective glazing pane for all other cases,

FS04 to FS11. The simulation input data and operational details are provided in Table

5.

Table 4. Fagcade optimization scenarios

Facade scenarios Folding WWR Double-skin fagcade Zig-zag configuration
angle

FSO1 45° 90% Fully glazed — reference case

FS02 S 45° 55% ISP North Integrated

FS03 AN 45° 55% ISP South shading

FS04 45° 90% Fully glazed — reference case

FS05 S 45° 55% ISP North Solar

FS06 N | 45° 55% ISP South protective

FS07 \ | 15° 81% ISP South glazing

FS08 \ | 30° 67% ISP South

FS09 ~. | 60° 44% ISP South

FS10 ~. | 75° 32% ISP South

FS11 ™y 60°+30° 53% ISP South

Table 5. Simulation input data and operation details

FS01 FS (02-03) FS04 FS (05-11)

Sandwi | Thermal - 0.0225 - 0.0225
ch conductivity [W/(m
panel K)]
100 Density [kg/m3] - 20 - 20
mm Specific heat [J/(kg - 1400 - 1400

K

SHGC 0.76 0.76 0.76 0.76
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Tvis, Visible 0.81 0.81 0.81 0.81
transmittance
Glazing U-value 1.1 1.1 1.1 1.1
Inner [WimK]
Glazing Pane 2 pane thermal 2 pane 2 pane 2 pane
insulation thermal thermal thermal
glazing, 4-12-4 insulation insulation insulation
mm glazing, 4- glazing, 4- glazing, 4-
12-4 mm 12-4 mm 12-4 mm
Outer | SHGC 0.85 0.85 0.26 0.26
Glazing | Tvis, Visible 0.9 0.9 0.54 0.54
transmittance
Glazing U-value 5.8 5.8 5.8 5.8
[W/m2K]
Pane 1 pane thermal 1 pane 1 pane solar | 1 pane solar
insulation thermal protective protective
glazing, 4 mm insulation glazing 4 glazing 4 mm
glazing, 4 mm
mm
Integrated Window Shading Blinds Blinds - -
Auto control Solar radiation Solar - -
100 [W/m?] radiation 100
outer pane [W/m?] outer

pane
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2.4 Results and Discussion
The simulation results were evaluated as follows:
2.4.1 Comfort

Thermal comfort: The average thermal comfort assessment is presented in Figure 13,
showing the number of hours with a temperature of 26°C or higher. The integration of
ISP-s in the fagade generally decreased the number of thermal discomfort hours in all
cases. The use of ISP-s on the North side of the facade improved thermal comfort by
58% FS01 vs. FS02 and 94% FS04 vs. FS05. The use of South-oriented ISP-s resulted
in even better performance, with an improvement of 92% FSO01 vs. FS03 and 98% FS04
vs. FS06. The cases with solar protective glazing had the best thermal comfort
performance overall. In cases FS04 and FSO7, there were slightly more discomfort
hours due to the high window-to-wall ratio (90% and 81% respectively). However, in

all other model cases, the results were very suitable with nearly no discomfort hours.

Indoor Air Quality: The results of the CO2 concentration levels in the interior office
spaces are illustrated in Figure 13. The results were found to be between 648 ppm and

650 ppm in all cases, indicating a high level of Indoor Air Quality performance.

Thermal comfort IAQ
800 1

600
400 4

200 4

[No. of howrs]

Facade scenarios

Figure 13. Thermal comfort and Indoor Air Quality

Visual comfort: Figure 14 displays the results of the average Daylight Factor (DFave)
for the different models. The models that performed the best were FS04 and FSO1,
which are fully glazed designs, with DFave values of 9.9 and 7.2, respectively. The
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inclusion of ISP-s in the design resulted in a decrease in DFave values for all models,
ranging from 4.4 to 2.2 depending on the window-to-wall ratio. These values are still
above the minimum threshold of 1.7 (Mardaljevic & Christoffersen, 2017), and
therefore considered acceptable. However, for models FS09 and FS10, which have
very low window-to-wall ratios (44% and 32%, respectively), the results were very low
(1.5-0.9) and considered not appropriate. Figure 15, which shows the average Daylight
level (Dave), also showed similar trends, with the level decreasing as the ISP-s were

placed on the south side and the window-to-wall ratio was reduced.
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Figure 14. Visual comfort: Daylight Factor
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Figure 15. Visual comfort: Daylight level
2.4.2 Energy

The results of the energy demand for heating, cooling, and overall were similar to the
thermal comfort performance, but not the visual comfort, see Figure 16. The use of
insulating shading panels (ISP-s), particularly on the south side, greatly reduced energy
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consumption. The double-skin facade zig-zag group with integrated shading was the
least efficient, FS01-03. The FS02 case with ISP-s on the north side decreased energy
consumption by 12.5%, and FS03 with ISP-s on the south side decreased it by 14%.
However, the double-skin facade zig-zag group with solar protective glazing (FS04-
FS10) performed the best overall. FSO5 with ISP-s on the north side had a 10% saving
and FS06 with ISP-s on the south side had a 13% saving, FSO7 had a 3% saving, FS08
had an 8% saving, FS09 had a 20% saving, and FS10 had 27% saving (35% compared
to reference FS01). The FS10 had the highest energy savings due to a very low window-
to-wall ratio of 32%. The last model version FS11, which contained both 60° and 30°
tilted and folded fagade, had significant advantages in terms of energy, with more than
14% savings. Both the FS06 and FS11 facade morphology allowed for relatively great
solar gains during the heating period, with a window-to-wall ratio of 53%. This

provided sufficient shading during the cooling operation season.

60 - EHeating ®Cooling = Total

45 A

30 A
O B
1 2 3 4 5 6 7 8 9 10 11

Facade scenarios

[kWh/m?]

Figure 16. Energy: Cooling, Heating, and Total

Simulation outcomes indicate that optimizing the geometry of a building's facade, such
as by folding the exterior surface of a double-skin climate facade to gradually adjust
the amount of solar radiation that penetrates the building based on the orientation of
the transparent, shaded transparent (blinds or solar protective glazing), and opaque
(ISP-s) sections of the facade towards the South and North, can significantly enhance
the building's energy performance. The folding of the outer fagade surface also alters
the windows to walls ratio and the orientation of the windows. The results showed that

the development of a folding facade could decrease energy consumption by up to 35%
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(in the FS10 case with a 75° folding angle) compared to the reference FS01, and up to
27% compared to the reference FS04. The thermal comfort performance was consistent
with the energy results. However, the visual comfort (daylight provision) was lowest
in the FS10 case, as the window-to-wall ratio was greatly reduced (32%). On the other
hand, the models with the best daylight performance (FSO1 and FS04) had the worst
energy results due to their high window-to-wall ratio. As the window-to-wall ratio was
reduced and the windows were oriented more toward the North, energy consumption
decreased, and thermal comfort improved. In terms of visual comfort, the opposite
effect was observed. Among the test cases, FS06 and FS11 were the models that
achieved the best performance in energy consumption while maintaining good thermal
and visual comfort for office workers. In FS06, the window-to-wall ratio was in a good
middle range of 55%, and the opaque ISP-s provided effective shading from the South.
In FS11, the combination of a 30° and 60° folded facade morphology provided similar
window-to-wall ratio and shading properties.(Naili et al., 2022)

41



CHPTER 03

42



3. Natural summer ventilation strategies - East and West orientations
3.1 Natural summer ventilation concept

The purpose of this study is to examine the impact of various natural ventilation
techniques on reducing energy consumption for cooling and ventilation, as well as
improving indoor thermal comfort for occupants, by experimenting with different
summer natural ventilation methods on the perforated envelope design of the high-rise
office building facing East and West. This research builds upon previous studies that
have investigated the relationship between fenestration geometry and facade

morphology in high-rise office buildings.

To conduct the research, both computer modeling and experimental simulation
methods were used. The IDA ICE 4.8 complex dynamic building energy simulation
program was utilized to assess thermal comfort, Indoor Air Quality, and energy demand
for heating and cooling in office spaces. The thermal simulations were carried out for
offices facing East and West. The research focuses on the implementation of natural
ventilation during the summer period from April 15 to October 15, while the building

uses mechanical ventilation (air handling unit AHU) for the rest of the year.

The research process includes three main steps: The first step involves determining
which side of the double-skin facade zig-zag the ventilation window should open,
either on the transparent glazed side facing north or on the opaque side facing south
and determining the type of opening, either central or lateral (sided windows), see
Figure 17. As the central window on the glazed side of the facade performed the best,
the following steps focused on applying two types of opening controls; Manual and

Automated.

Window = N\ NN\ N\ N\ - 15
s

Figure 17. The Double-skin facade Zig-zag units’ detail
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The Manual control system used in this study is a manual window opening applied
during working hours from 8:00 a.m. to 5:00 p.m. The window opening was set to
100% and the air handling unit was turned off. The size of the openings was gradually
increased from 10% to 100% of the window surface, with each increment of 10%, in

order to determine the optimal window size for the best performance.

The Automated control system used in this research utilizes motorized windows that
open and close based on outdoor temperature. When outdoor temperatures are suitable,
the windows open, and the air handling unit is turned off. When temperatures are too
high or too low, the windows close, and the air handling unit resumes operation. To
implement this control system, temperature tests were conducted to define an
appropriate range for the windows to open. Different window sizes were also evaluated,
starting at 10% and increasing by 10% up to 100%. The control system operates during
working hours, from 8:00 a.m. to 5:00 p.m. later it was extended to day + night to take
advantage of passive natural ventilation at night, cool the building, and improve
occupant comfort and health. The overall research method and the following steps are

outlined in Figure 18.
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Figure 18. Research Methodological scheme
3.2 Results and Discussion
The findings from the thermal simulations are presented in three parts: a Manual

control assessment, an Automated control assessment, and a final comparison.
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3.2.1 Manual control assessment

The evaluation of manual control for natural ventilation during summer, as shown in
Figure 19 and Figure 20, highlights the energy needs for heating and cooling, the level
of thermal comfort (the number of comfortable hours), and the quality of indoor air
(the CO2 concentration), in relation to varying window opening sizes, which range
from 10% to 100%.

The energy consumption assessment shown in Figure 19 revealed that the bigger the
aperture size, the more energy was required. Specifically, the model with a 100%
aperture size had the lowest efficiency and highest energy consumption. This was
primarily caused by the window being left open for extended periods of time (working
days, from 8:00 a.m. to 5:00 p.m.), regardless of the temperature inside and outside,
and the air handling unit being turned off. However, as the window opening was
reduced, the energy performance improved, particularly in terms of heating energy
consumption. By having smaller openings, it allowed for better control over the
operation of natural ventilation in office spaces, and the best results were seen with the

20% and 10% aperture size designs.

The results of the thermal comfort evaluation, as shown in Figure 20, were in line
with the energy demand assessment. The patterns with smaller openings performed
better than those with larger openings. The designs with 20% and 10% opening sizes
had the highest levels of thermal comfort, the most comfort hours, and operative
temperatures that met European standards for thermal comfort. As for the assessment
of indoor air quality (IAQ), as shown in Figure 20, all of the model cases had acceptable
IAQ results, with concentrations below 800 ppm. However, the design with a very
small 10% aperture had a high concentration of CO2 and did not meet appropriate IAQ
standards. Ultimately, the design with a 20% opening size was the best performing for
the manually operated summer natural ventilation, as it achieved a balance between

energy performance, thermal comfort, and 1AQ.

45



50 - mHeating ®Cooling Total

g 40 4
&ZO'J|||I||I||||I|I|\”L
0-
10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Opening size
Figure 19. Energy: Cooling, Heating, and Total
Thermal comfort HIAQ
2500 -
— 2000
S 1500 -
T 1000 A
=]
Z, 500 -

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Opening size

Figure 20. Thermal comfort and Indoor Air Quality

3.2.2 Automated control assessment

The results of the assessment of heating and cooling energy demand, thermal comfort
levels, and indoor air quality for different window apertures (10% to 100%) during
natural ventilation for day and day + night are presented in Figure 21, Figure 22 and

Figure 23, respectively.

The implementation of various opening control strategies resulted in improvements
in both energy efficiency and thermal comfort for all window sizes. The results for
automated summer natural ventilation strategies during both day and night were
similar, but the combination of both yielded the best overall results. The specific
window size had only a minor impact on performance. However, the use of automation
allowed for passive cooling through natural ventilation. During the day, the system
would activate cooling or mechanical ventilation as needed, and at night, the building's

envelope would open to allow for cool air to enter, venting excess heat, improving
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internal conditions, and reducing the need for energy-intensive cooling systems. The

most efficient model, in terms of energy demand and thermal comfort, for automated

summer natural ventilation during both day and night was a 60% opening size, which

resulted in the lowest energy consumption and highest number of comfort hours.

However, all aperture sizes between 40% and 100% were deemed efficient.

Additionally, indoor air quality and CO2 concentrations were appropriate for all case

groups.
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Figure 21. Energy: Cooling, Heating, and Total
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Figure 22. Thermal comfort
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Figure 23. Indoor Air Quality

3.2.3 Final comparison

The figures below show the final energy demand and thermal comfort simulation
results for the most efficient summer natural ventilation (NV) scenario designs from
previous analyses. Figure 24 and Figure 25 display the results. NV1 represents the
reference model case that only uses mechanical ventilation. NV2 represents the best-
performing natural ventilation manual control scenario, with a 20% window opening
size. NV3 and NV4 represent the best-performing scenarios for automated natural
ventilation control, with a 60% opening size during the day and a 60% opening size
during the day and night, respectively.

The study found that the manual summer natural ventilation strategy had minimal
impact (<5%) on building energy performance (4% savings) and thermal comfort
(3.3% savings) when compared to the reference model case NV1. However, the NV3
natural ventilation strategy reduced energy consumption by 20% compared to the NV2
case and 24% compared to the NV1 reference case. Additionally, the day and night
automated summer natural ventilation strategy greatly improved the building envelope
performance, resulting in over 40% reduction in overall energy consumption (NV4 vs.
NV1), 36% compared to NV2, and 20% compared to NV3 while maintaining high

indoor air quality and thermal comfort levels.
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Figure 25. Thermal comfort and Indoor Air Quality

Natural ventilation strategies have been found to greatly improve indoor thermal
comfort in office spaces and decrease energy usage in the building. Specifically, using
automated summer natural ventilation during the day resulted in a 24% reduction in
energy consumption, while using it both during the day and night led to even greater
energy savings of over 40%. Implementing summer natural ventilation not only
improves a building's energy efficiency but also allows for passive cooling at night,
reducing the need for mechanical cooling systems and providing a comfortable

environment for office workers.
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4. Facade typology development - South, South-east and South-west

orientations

This chapter conducts a thorough examination of the morphological design of the
envelope for a high-rise office building located in a temperate climate zone, focusing
on optimization for comfort and energy efficiency. The study specifically focuses on
South, South-east, and South-west orientations and is divided into two parts, with the
first part covering the South orientation, and the second part addressing the South-East

and South-West orientations, as described below:
4.1 Fagade optimization concept: South

This research aims to examine the geometrical design factors of fenestration and folded
facade perforation for high-rise office buildings with a south orientation. The study
aims to identify the parameters that have the highest potential for thermal comfort,
visual comfort, and energy performance through dynamic thermal and lighting
simulation modeling. The study starts by orienting the two large facades of the building
north and south, as shown in the 3D reference building model and neighborhood
developed in the IDA ICE 4.8 energy software see Figure 26. Then, to improve the
building envelope performance, three fagade configurations were tested: Curtain wall
facade, Double-skin fagade, and Double-skin fagade zig-zag.

Figure 26. The reference building model developed in the IDA ICE 4.8

o1



The first version, a simple curtain wall facade, was used as a reference model; the
second version, a double-skin facade, featured a two-glass layer structure with an
intermediate cavity of 1.4m; the third version, a double-skin facade Zig-zag, included
a double-skin facade with a horizontally folded outer layer geometry to provide
effective shading for solar radiation from the south. The proposed design cavity depth
ranged from 0.8m to 1.9m. The upper face was covered with an Insulated Sandwich
Panel (ISP), a double-sided aluminum sandwich structure with Expanded Polystyrene
(EPS), the thermal properties are shown in Table 7, while the lower surface remained
glazed. The facade folding was only applied to the south and the tilt angles tested were
20°, 30°, and 40°, the Window-to-Wall Ratio has also varied accordingly, see Figure
27. Different glazing and shading configurations were used to provide further energy
savings and comfort, such as thermally insulated glazing, solar protective glazing,
shading blinds, and sun control. The overall methodology of the research is illustrated
in Figure 28.

[
(=]
o

40°

Figure 27. South-oriented facade typologies
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Fagade scenarios

v r v
] Curtain wall facade ] Double-skin fagade | Double-skin fagade Zig-zag
20/ 30/ 40°
™ No shading ™ No shading ™ No shading
™ Shading ™ Shading ™ Shading
—*| Solar protective glazing | Solar protective glazing ™ Solar protective glazing

Figure 28. Methodological scheme of research

This study includes several fagade scenarios:

— FS01, FS02, and FS03 are curtain wall fagcade scenarios that consist of thermal

insulation glass (3-pane glazing). FSO01 has no shading, FS02 has internal

shading with sun control (shading is activated when solar radiation level on the

outer pane reaches 100W/m2 and when the solar radiation incident angle is

below 90°) and FSO3 has solar protective glazing (external pane).

FS04, FS05, and FS06 are double-skin facade scenarios that consist of thermal

insulation glass (2+1 pane). FS04 has no shading, FSO5 has internal shading

with sun control (same control mechanism as in FS02) and FS06 has a solar

protective glazing (external pane).

— FS07, FS08, and FS09 are double-skin facade Zig-zag 20° folding angle and

ISPs scenarios that consist of thermal insulation glass (2+1 pane). FSO07 has no

shading, FS08 has internal shading with sun control (same control mechanism

as in FS02 and FS05), and FSO9 has solar protective glazing (external pane).

— FS10, FS11, and FS12 are double-skin fagade Zig-zag 30° folding angle and

ISPs scenarios that consist of thermal insulation glass (2+1 pane). FS10 has no

shading, FS11 has internal shading with sun control (same control mechanism

as in FS02 and FS05), and FS12 has solar protective glazing (external pane).
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— FS13, FS14, and FS15 are double-skin facade Zig-zag 40° folding angle and
ISPs scenarios that consist of thermal insulation glass (2+1 pane). FS13 has no
shading, FS14 has internal shading with sun control (same control mechanism

as in FS02 and FS05), and FS15 has solar protective glazing (external pane).
Table 6 presents the fifteen fagade scenarios that were evaluated in this study.

The input data for the simulations and the operational details for each scenario are also
provided in the tables below (Table 7, Table 8 and Table 9).

Table 6. South oriented facade scenarios

Facade scenarios (FS) Folding angles Shading ISP
Curtain wall fagcade FS 01 No folding angle No Shading No ISPs
FS 02 No folding angle Shading Blind No ISPs
FS 03 No folding angle Solar protective glazing | No ISPs
Double-skin facade FS 04 No folding angle No Shading No ISPs
FS 05 No folding angle Shading Blind No ISPs
FS 06 No folding angle Solar protective glazing | No ISPs
Double-skin facade FS 07 | 20° south No Shading With ISPs
Zig-zag (horizontal) FS08 | 20° south Shading Blind With ISPs
FS09 | 20° south Solar protective glazing | With ISPs
FS10 | 30° south No Shading With ISPs
FS11 | 30° south Shading Blind With ISPs
FS12 | 30° south Solar protective glazing | With ISPs
FS 13 | 40° south No Shading With ISPs
FS 14 | 40° south Shading Blind With ISPs
FS 15 40° south Solar protective glazing | With ISPs
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Table 7. Simulation input data and operation details (Curtain wall fagade)

FS01 FS02 FS03
Inner Solar Heat Gain - - -
Glazing | Coefficient
Tvis, Visible - - -
transmittance
Glazing U-value - - -
[W/m?K]
Pane - - -
Outer Solar Heat Gain 0.68 0.68 0.25
Glazing Coefficient
Tvis, Visible 0.74 0.74 0.46
transmittance
Glazing U-value 0.8 0.8 0.7
[W/m?K]
Pane 3 pane thermal 3 pane thermal external pane solar
insulation glazing, insulation protective glazing
4-12-4-12-4 mm glazing, 4-12-4-
12-4 mm
Integrated Window Shading - Blinds -

Auto control

Solar radiation 100

[W/m?] outer pane

Table 8 . Simulation input data and operation details (Double-skin fagade)

transmittance

FS04 FS05 FS06
SHGC 0.76 0.76 0.76
Tvis, Visible 0.81 0.81 0.81
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Glazing U-value 1.1 11 1.1
Inner [Wim?K]
Glazin Pane 2 pane thermal 2 pane thermal 2 pane thermal
g insulation glazing, insulation insulation glazing,
4-12-4 mm glazing, 4-12-4 4-12-4 mm
mm
Outer | SHGC 0.85 0.85 0.2646
Glazin| Tvis, Visible 0.9 0.9 0.54
g transmittance
Glazing U-value 5.8 5.8 5.8
[W/m?K]
Pane 1 pane thermal 1 pane thermal external pane solar

insulation glazing,

4 mm

insulation

glazing, 4 mm

protective glazing

Integrated Window Shading

Blinds

Auto control

Solar radiation 100

[W/m?] outer pane

Table 9. Simulation input data and operation details (Horizontal double-skin facade

Zig-zag)
FS (07,10, 13) | FS (08,11, 14) FS (09, 12, 15)

Sandwi [Thermal conductivity 0.0225 0.0225 0.0225
ch panel [W/(m K)]
100 mm | Density [kg/m3] 20 20 20

Specific heat [J/(kg K)] 1400 1400 1400
Inner SHGC 0.76 0.76 0.76
Glazing | Tvis, Visible 0.81 0.81 0.81

transmittance

Glazing U-value [W/m#K] 1.1 1.1 1.1
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Pane 2 pane thermal 2 pane thermal 2 pane thermal
insulation insulation insulation
glazing, 4-12-4 glazing, 4-12-4 glazing, 4-12-4
mm mm mm
Outer SHGC 0.85 0.85 0.26
Glazing | Tvis, Visible 0.9 0.9 0.54
transmittance
Glazing U-value [W/mZK] 5.8 5.8 5.8
Pane 1 pane thermal 1 pane thermal 1 pane solar

insulation

glazing, 4 mm

insulation

glazing, 4 mm

protective glazing

4 mm

Integrated Window Shading

Blinds

Auto control

Solar radiation 100
[W/m2] outer pane
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4.2 Results and Discussion

4.2.1 Energy:

Figure 29 illustrates the results of the cooling, heating, and total energy evaluation. The
highest energy consumption was observed in the curtain wall fagade group. The
integration of the double-skin fagade led to a significant reduction in consumption, as
follows: by 51% in FSO1 vs. FS 04; 58% in FS02 vs. FS05, and 48% in FS03 vs. FSO6.
The horizontal folding of the facade, the double-skin facade zig-zag, further decreased
consumption, first compared to the curtain wall facade cases by 70% in FS01 vs. FS13;
70% in FSO02 vs. FS14; and 54% in FS03 vs. FS15, then compared to the simple double-
skin facade by 39% in FS04 vs. FS13; 29% in FSO5 vs. FS14 and 10% in FS06 vs.
FS15. The best efficiency was achieved in each case package by the solar protective
glazing. The best-performing model was the FS15, with the 40° slope angle and solar
protective glazing, which achieved over 54% energy savings in total and 67% in
cooling (compared to FS03). The horizontal double-skin facade zig-zag cases with a
20° and 30° slope angle performed well in terms of energy savings, but the results
showed minimal variations (<15%) among the 3 tilted cases (20°, 30°, and 40°),
indicating that the angle of the facade has a minimal impact on energy performance.
The FS12 case, which has a 30° slope angle and solar protective glazing, had a
significant savings of 53% and is considered the best option for installing PV panels.
It is also considered to be the optimal tilt angle for the country of Hungary (Jacobson
& Jadhav, 2018; Talebizadeh et al., 2011; Yadav & Chandel, 2013).

200.0 EHeating ®Cooling = Total
150.0 A
T 100.0
=
= 50.0 1
24,
0.0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Facade scenarios

Figure 29. Energy: Cooling, Heating, and Total
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4.2.2 Comfort:
Thermal comfort:

The thermal comfort characteristics results, assessing the number of hours with Top >
26 °C, as shown in Figure 30, were consistent with the energy evaluations. The double-
skin fagade Zig-zag models performed at the highest thermal comfort levels overall,
while the worst-performing model was FS04, with the highest number of discomfort
hours Top > 26 °C, caused by the overheating of the double-skin fagcade cavity in the
absence of shading. The use of shading blinds reduced discomfort hours for all model
cases, and the application of sun-protective glazing decreased them even further. The
best-performing models were FS03, FS06, FS09, FS12, and FS15, with almost no

discomfort hours.
Indoor Air Quality:

The Indoor Air Quality level (IAQ mean), which assesses the carbon dioxide
concentration in the interior office spaces, as seen in Figure 30, ranged between 614
ppm and 648 ppm for all facade scenarios, which can be considered high-performing

IAQ results due to the mechanical ventilation settings.

2000 - Thermal comfort IAQ
1500 A
1000 A

500

[No. of hours]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Facade scenarios

Figure 30. Thermal comfort and Indoor Air Quality
Visual comfort:

The visual comfort assessment presented in Figure 31 showed that the curtain wall

facade had the highest levels of average Daylight Factor (DFave) due to its high level
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of light transmittance. The values of DFave decreased with the application of the simple
and folded double-skin fagade structures and the ISP-s. However, it is important to note
that all the results were still considered sufficient as they exceeded the minimum DFave
threshold value of 1.7 (Mardaljevic & Christoffersen, 2017).

20 A
15 4

10 4

DFave
L

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Facade scenarios

Figure 31. Daylight Factor

The study found that integrating a double-skin facade, particularly a double-skin facade
with different morphological designs, for instance, the horizontal double-skin facade
Zig-zag, considerably reduced overall energy consumption and improved comfort in
the working area. The energy savings were primarily due to a reduction in summer
solar loads. The most efficient design for south-facing buildings was the horizontally
folded double-skin facade zig-zag 40° with solar protective glazing, which reduced

energy consumption by 58% while maintaining high thermal and visual comfort levels.
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4.3 Fagade optimization concept: South-east and South-west

This study is a continuation of previous research, it aims to investigate the impact of
facade geometry design factors on South-east and South-west -oriented high-rise office
buildings, using advanced dynamic thermal simulations to optimize comfort and
energy efficiency. Initially, the building's two large fully glazed facade s were faced in
the South-east and North-west directions, and three types of facade s were evaluated:

a Curtain wall facade, a Double-skin facade, and a Double-skin facade zig-zag.

The first version, the simple curtain wall facade, consisted of a single-layer glazed
structure and was used as a reference model for comparison purposes. The second
version, the double-skin facade, featured a two-glass layer structure and an
intermediate cavity of 1.4 m. The third version, the double-skin facade Zig-zag,
consisted of a double-skin facade with a diagonally folded outer layer geometry (two
diagonal tilted facade faces) and ISPs added to each second south-oriented face of the
zig-zag fagade surfaces to provide effective shading from solar radiation from the
south. The tilt angles tested were 20° and 30°, as shown in Figure 32 and Figure 33.
The diagonal Zig-zag configuration was first applied on one side of the building, the
South-east direction, then on both sides, the South-east and North-west directions. The
tilted proposed design cavity depth ranged between 0.8 mto 1.9 m.

Figure 32. South-East oriented facade typologies
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Figure 33. South-East oriented facade typologies

Different glazing types and shading automation were also used, for instance thermally

insulated glazing, solar protective glazing, shading blinds, and sun control. The overall

methodology of the research is illustrated Figure 34 and Figure 35, and the eighteen

facade scenarios (FS’) established are described in Table 10.

Fagade scenarios

v r v
] Curtain wall facade ] Double-skin facade | Double-skin fagade Zig-zag
20°/ 30°
» No shading ™ No shading ™ No shading
™ Shading ™ Shading ™ Shading
| Solar protective glazing ~® Solar protective glazing ™ Solar protective glazing

Figure 34. Methodological scheme of research

- FS’01, FS’02, and FS’03 are curtain wall facade scenarios that consist of thermal

insulation glass (3-pane glazing). FS’01 has no shading, FS’02 has internal

shading with sun control (shading is activated when solar radiation level on the

outer pane reaches 100W/m2 and when the solar radiation incident angle is

below 90°) and FS’03 has solar protective glazing (external pane).

- FS’04, FS’05, and FS’06 are double-skin fagade scenarios that consist of thermal

insulation glass (2+1 pane). FS’04 has no shading, FS’05 has internal shading

with sun control (same control mechanism as in FS’02) and FS’06 has a solar

protective glazing (external pane).
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FS’07, FS’08, and FS’09 are double-skin facade Zig-zag 20° folding angle and
ISPs scenarios (south-east) that consist of thermal insulation glass (2+1 pane).
FS’07 has no shading, FS’08 has internal shading with sun control (same
control mechanism as in FS’02 and FS’05), and FS’09 has solar protective
glazing (external pane).

FS’10, FS’11, and FS’12 are double-skin fagade Zig-zag 20° folding angle and
ISPs scenarios (south-east and North-west) that consist of thermal insulation
glass (2+1 pane). FS’10 has no shading, FS’11 has internal shading with sun
control (same control mechanism as in FS’02 and FS’05), and FS’12 has solar
protective glazing (external pane).

FS’13, FS’14, and FS’15 are double-skin fagade Zig-zag 30° folding angle and
ISPs scenarios (south-east) that consist of thermal insulation glass (2+1 pane).
FS’13 has no shading, FS’14 has internal shading with sun control (same
control mechanism as in FS’02 and FS’05), and FS’15 has solar protective
glazing (external pane).

FS’16, FS’16, and FS’18 are double-skin fagade Zig-zag 30° folding angle and
ISPs (south-east and North-west) scenarios that consist of thermal insulation
glass (2+1 pane). FS’16 has no shading, FS’17 has internal shading with sun
control (same control mechanism as in FS’02 and FS’05), and FS’18 has solar
protective glazing (external pane).

Table 10. South-East oriented facade typologies

Facade scenarios (FS’) | Folding angles Shading ISP
Curtain wall | FS’01 No folding angle No Shading No ISPs
facade FS’02 No folding angle Shading Blind No ISPs
FS’03 No folding angle Solar protective glazing | No ISPs
Double-skin | FS’04 No folding angle No Shading No ISPs
facade FS’05 No folding angle Shading Blind No ISPs
FS’06 No folding angle Solar protective glazing | No ISPs
Double-skin | FS’07 20° South-east No Shading With ISPs
facade Zig- | FS’08 20° South-east Shading Blind With ISPs
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zag FS’09
FS’10
FS’11
FS’12
FS’13
FS’14
FS’15
FS’16
FS’17
FS’18

(diagonal)

20° South-east

30° South-east
30° South-east
30° South-east

20° South-east , North-west
20° South-east , North-west
20° South-east , North-west

30° South-east , North-west
30° South-east , North-west
30° South-east , North-west

Solar protective glazing
No Shading

Shading Blind

Solar protective glazing
No Shading

Shading Blind

Solar protective glazing
No Shading

Shading Blind

Solar protective glazing

With ISPs
With ISPs
With ISPs
With ISPs
With ISPs
With ISPs
With ISPs
With ISPs
With ISPs
With ISPs

In this study, a similar methodology was applied for the South-west orientation as was

previously used for the South-east orientation. This involved evaluating various fagade

configurations such as the curtain wall facade, the double-skin facade, the diagonal

double-skin fagade, the folding angles, the shading devices, and the control mechanism.

This was done to determine how each of these factors affects the building's energy

performance, thermal comfort, visual comfort, and energy consumption. The same

simulations were run for both orientations in order to compare the performance of the

different facade designs under different solar conditions.

Table 11, Table 12 and Table 13 provide the details and thermal properties of the facade

used in the research.

Table 11. Simulation input data and operation details (Curtain wall facade)

FS’01

FS’02

FS’03

Inner Solar Heat

Glazing | Coefficient

Gain -

Tvis,

transmittance

Visible -

Glazing
[W/m3K]

U-value -

Pane
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Outer
Glazing

Solar Heat Gain 0.68 0.68 0.25
Coefficient
Tvis, Visible 0.74 0.74 0.46
transmittance
Glazing U-value 0.8 0.8 0.7
[W/m?K]
Pane 3 pane thermal 3 pane thermal external pane

insulation glazing,
4-12-4-12-4 mm

insulation glazing,
4-12-4-12-4 mm

solar protective
glazing

Integrated Window Shading

Blinds

Auto control

Solar radiation 100

[W/m?] outer pane

Table 12. Simulation input data and operation details (Double-skin facade)

FS’04 FS’05 FS’06

Inner SHGC 0.76 0.76 0.76
Glazing | Tvis, Visible 0.81 0.81 0.81

transmittance

Glazing U-value 1.1 1.1 1.1

[W/m3K]

Pane 2 pane thermal 2 pane thermal 2 pane thermal

insulation glazing, insulation insulation glazing,
4-12-4 mm glazing, 4-12-4 4-12-4 mm
mm

Outer | SHGC 0.85 0.85 0.2646
Glazing| Tvis, Visible 0.9 0.9 0.54

transmittance

Glazing U-value 5.8 5.8 5.8

[W/m3K]
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Pane

1 pane thermal

insulation glazing,

4 mm

1 pane thermal
insulation

glazing, 4 mm

external pane solar

protective glazing

Integrated Window Shading

Blinds

Auto control

Solar radiation 100

[W/m?] outer pane

Table 13. Simulation input data and operation details (Diagonal double-skin fagade

Zig-zag)
FS’ (07,10, 13, [FS(08,11,14,17) | FS’ (09, 12, 15,
16) 18)
Sandwich [Thermal  conductivity 0.0225 0.0225 0.0225
panel [W/(m K)]
100 mm Density [kg/m3] 20 20 20
Specific heat [J/(kg K)] 1400 1400 1400
Inner SHGC 0.76 0.76 0.76
Glazing Tvis, Visible 0.81 0.81 0.81
transmittance
Glazing U-value 1.1 1.1 1.1
[W/mzK]
Pane 2 pane thermal 2 pane thermal 2 pane thermal
insulation insulation insulation
glazing, 4-12-4 glazing, 4-12-4 glazing, 4-12-4
mm mm mm
Outer SHGC 0.85 0.85 0.26
Glazing Tvis, Visible 0.9 0.9 0.54
transmittance
Glazing U-value 5.8 5.8 5.8
[W/m2K]
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Pane

1 pane thermal
insulation

glazing, 4 mm

1 pane thermal
insulation

glazing, 4 mm

1 pane solar
protective glazing

4 mm

Integrated Window Shading

Blinds

Auto control

Solar radiation 100
[W/m2] outer pane
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4.4 Results and Discussion

The simulation outcomes for thermal comfort, visual comfort, and energy demand for
the South-east and South-west -oriented models were comparable. Consequently, only

the results of the South-east -oriented models will be discussed in the following section.
4.4.1 Energy

The energy simulation results depicted in Figure 35 indicate that the double-skin facade
versions can achieve significant energy savings when compared to the curtain wall
facade versions: 51% in FS04 vs. FS01; 62% in FSO5 vs. FS02 and 48% in FS06 vs.
FS03. Furthermore, the folded double-skin fagade versions, the double-skin fagade Zig-
zag, performed even better than the simple double-skin fagade versions, particularly
when the diagonal folding was applied on both sides of the building (south-east and
North-west). This resulted in the following reductions: compared to the curtain wall
facade, 80% FSO1 vs. FS16, 75% FS02 vs. FS17 and 56% FS03 vs. FS18, and
compared to the simple double-skin facade, 58% FS04 vs. FS16, 44% FSO05 vs. FS17
and 16% FS06 vs. FS18. The integration of shading devices resulted in a reduction in
energy consumption. However, the most efficient results were obtained when solar
protective glazing was used. The most efficient facade configuration was the double-
skin fagade zig-zag FS18 with a 30° tilt angle, which decreased the overall energy
demand by 56% and cooling by 72% compared to FS03. This was mainly due to the
use of a tilted facade on both sides of the building (south-east and North-west),

insulated sandwich panels on the south side, and solar protective glazing.

200 - EHeating ®™Cooling Total

10 11 12 13 14 15 16 17 18

[kWh/m?]

Facade scenarios

Figure 35. Energy: Cooling, Heating, and Total
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4.4.2 Comfort
Thermal comfort:

The thermal comfort results evaluating the number of hours with Top >26 °C, as shown
in Figure 36, indicated that the double-skin facade zig-zag case groups had the best
performance and the least number of discomfort hours overall. However, the double-
skin facade models without shading performed the least efficiently and had the highest
number of discomfort hours, mainly due to overheating of the thermal buffer zone.
Nevertheless, with the integration of blinds first, followed by solar protective glazing,
the results improved significantly. The best results were observed for FS03, FSO6,
FS09, FS12, FS15, and FS18, with almost no discomfort hours (all the solar protective

glazing case models).
Indoor Air Quality:

The indoor air quality (IAQ mean) values, which evaluate the carbon dioxide
concentration in the interior office spaces, were very appropriate and varied between

611 ppm and 649 ppm for all facade scenarios, see Figure 36.

2000 - Thermal comfort ~ IAQ

1500 A
1000 A

500 o

[No. of hours]

1 2 3 4 5 6 789 10 11 12 13 14 15 16 17 18

Facade scenarios
Figure 36. Thermal comfort and IAQ

Visual comfort;

As shown in Figure 37, the curtain wall facade models had the best visual comfort

results, outperforming the simple and folded double-skin fagade structures. However,
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it should be noted that all facade scenarios had DFave values above the minimum
threshold of 1.7, indicating that all fagade types performed acceptably.

16 4

12 4

DFave

1 2 3 4 5 6 78 9 10 11 12 13 14 15 16 17 18

Facade scenarios

Figure 37. Daylight Factor

The findings of the investigation revealed that implementing a double-skin facade, with
variations such as the diagonal double-skin facade Zig-zag, significantly lowered the
energy consumption of the building and improved the comfort level in the workspace.
The energy savings were largely due to the reduction of solar heat gain in the summer.
For buildings facing South-east and South-west, the best performing model was the
diagonally folded double-skin facade zig-zag 30° with solar protective glazing, which
resulted in a 56% reduction in energy consumption while maintaining high levels of

thermal and visual comfort.
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5. Natural summer ventilation strategies - South, South-east and South-west

orientations
5.1 Natural summer ventilation concept:

This chapter's study aims to evaluate the potential benefits of using natural ventilation
strategies for high-rise office buildings facing South, South-east, and South-west
orientations. Different summer natural ventilation strategies were tested using the
building dynamic energy simulation program IDA ICE 4.8. The simulation assessed
thermal comfort levels, Indoor Air Quality, and Heating and Cooling energy demand
in the interior office spaces. The thermal simulations were conducted for all offices
facing South, South-east, and South-west orientations. The reference cases for the
study were the two best-performing facade configurations from the previous
investigation: the horizontally and diagonally folded double-skin facade Zig-zag,
consisting of two different tilted facade faces with sun-protective glazing and Insulated
Sandwich Panels (ISPs), see Figure 38 and Figure 39. The period considered for the
implementation of natural ventilation was summer, from April 15 to October 15. For
the rest of the year, the building operates with mechanical ventilation Air Handling
Unit (AHU). The window type, position, and orientation were also tested and defined.
The central window placed on the glazed side of the facade for both fagade typologies
(horizontal and diagonal) was selected. Then, two opening controls were applied:

Manual and Automated.

\

."rr

Figure 38. Horizontal double-skin facade Zig-zag

L

Figure 39. Diagonal double-skin facade Zig-zag
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The Manual control is a manual window opening applied during working days
from 8:00 a.m. to 5:00 p.m. with an aperture intensity set at 100%. The air handling
unit was turned off during this time. The dimensions of the openings were gradually
changed starting from 10% up to 100% of the window's surface, increasing the window
size by 10% each time in order to determine the optimal window size for best
performance results. The Automated control is a motorized window opening controlled
by outdoor temperatures. When outdoor temperatures are suitable, windows open, and
the air handling unit is turned off. When temperatures are not suitable, either too high
or too low, the windows close automatically, and the air handling unit resumes
operation. To implement this control, several temperature tests were carried out to
determine the appropriate temperature range for the window openings. Similar to the
manual control, different window sizes were assessed starting at 10% and going up to
100% while increasing the aperture size by 10% each time. The control was operating
during working days during the daytime from 8:00 a.m. to 5:00 p.m. and later during
the day and night to take advantage of passive natural ventilation at night, cool the
building, and improve occupants' health and comfort. The overall research method and

follow-up steps are illustrated in Figure 40.

Size : 10% to 100%
ISP-s

Double-skin

Manual control

facade Zig-zag

Day
Automated control
Day + Night

Size : 10% to 100%

Glazing

Position

Figure 40. Methodological scheme of research
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5.2 Results and Discussion

The results obtained from the thermal simulations are presented as follows: the manual

control evaluation, the automated control evaluation, and the final comparison.
5.2.1 Manual control evaluation:

The evaluation of the summer natural ventilation manual control, shown in (Figure 41,
Figure 42, Figure 43 and Figure 44), demonstrates the energy requirements for heating
and cooling, the levels of thermal comfort measured in hours, and the quality of indoor
air measured by CO2 concentration for the horizontally and diagonally folded double-

skin facade designs, all at various window opening sizes ranging from 10% to 100%.

The graphs in Figure 41 and Figure 42 illustrate that the energy consumption is
highest for the largest aperture sizes. Specifically, the models with the 100% aperture
size were found to be the least efficient, with the highest energy demand. This is
primarily because the air handling unit was turned off for long periods of time (working
days, from 8:00 a.m. to 5:00 p.m.), regardless of the outdoor and indoor temperatures.
However, as the window opening size was reduced, the energy performance improved,
particularly in terms of heating energy demand. This is because smaller openings
provide more control and regulation over natural ventilation in office spaces, resulting
in the best performance with a 10% aperture size design for both the horizontal and the
diagonal double-skin facade structures. The results of thermal comfort shown in Figure
43 and Figure 44, were in agreement with the energy evaluations and revealed that
smaller openings were more effective than larger ones. The designs with 10% and 20%
opening sizes were found to have the best thermal comfort levels, the highest number
of comfortable hours, and temperatures that met European standards. In terms of indoor
air quality (IAQ mean) as shown in Figure 43 and Figure 44, all models had acceptable

results with concentrations below 900ppm.
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Figure 41. Energy: Cooling, Heating, and Total (Horizontal zig-zag)
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Figure 42. Energy: Cooling, Heating, and Total (Diagonal zig-zag)
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Figure 43. Thermal comfort and Indoor Air Quality (Horizontal zig-zag)
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Figure 44. Thermal comfort and Indoor Air Quality (Diagonal zig-zag)

5.2.2 Automated control evaluation:

The figures (Figure 45, Figure 46, Figure 47 and Figure 48) illustrate the heating and
cooling energy demand, thermal comfort levels, and indoor air quality results of various
window apertures (10% to 100%) for natural ventilation during both day and night-

time.

Implementing automated control strategies for openings improved both energy
efficiency and thermal comfort for all opening sizes. The results for natural ventilation
strategies during the day and day + night was consistent. However, the best overall
results were achieved with the day + night natural ventilation strategy. The control
system allowed for passive cooling through natural ventilation during the day and
opened the building envelope in the evening to allow cool air to enter and vent excess
heat, improving internal conditions and reducing the need for mechanical cooling
systems. Nevertheless, the size of the window openings had only a minor impact on
performance. For the horizontal double-skin facade design, the model with a 60%
opening size had the best results in terms of energy demand and thermal comfort for
natural ventilation during the day and both day + night. As for the diagonal double-
skin fagade pattern, the most efficient model was a 50% opening size. It had the lowest
energy consumption and highest number of comfortable hours. However, all opening
sizes ranging from 40% to 100% were considered efficient. Indoor air quality and CO2

concentrations were also within acceptable levels in all case groups.
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5.2.3 Final comparison: South orientation

The figures below present the final energy demand and thermal comfort simulation
results for the most efficient summer natural ventilation (NV) scenarios for the
horizontal double-skin facade design, Figure 49 and Figure 50 show the results. NV1
represents the reference model case that only uses mechanical ventilation. NV2
represents the best-performing summer natural ventilation manual control scenario,
which has a 10% window opening size. NV3 and NV4 represent the best-performing
scenarios for automated summer natural ventilation control, with a 60% opening size
for Day and Day + Night, respectively. The study found the NV2 strategy for natural
ventilation negatively impacted both energy performance and thermal comfort in the
building compared to the NV1 reference model, resulting in a 16% increase in energy
consumption. However, the NV3 model was able to decrease energy consumption by
34 % compared to the NV2 case, and 21% compared to the NV 1 reference case. Lastly,
the day + night summer natural ventilation strategy significantly improved the building
envelope performance, resulting in over 34% reduction of overall energy consumption,
45% compared to NV2, and 16% compared to NV 3, while also maintaining high indoor

air quality and thermal comfort levels.
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5.2.4 Final comparison: South-east and South-west orientations

Figure 51 and Figure 52 below show the final energy demand and thermal comfort
simulation results for the most efficient summer natural ventilation (NV”) scenarios for
the diagonal double-skin fagade designs from previous analyses. NV’1 represents the
reference model case that only uses mechanical ventilation. NV’2 represents the best-
performing summer natural ventilation manual control scenario, which has a 10%
window opening size. NV’3 and NV’4 represent the best-performing scenarios for
automated summer natural ventilation control, with a 50% opening size for Day and
Day + Night, respectively. The study found that the NV’2 natural ventilation approach
resulted in decreased building energy efficiency and thermal comfort compared to the
NV1 reference model, leading to a 10% increase in energy consumption. However, the
NV’3 strategy was found to decrease energy consumption by 35% compared to the
NV’2 case and 28% compared to the NV’1 reference case. Additionally, the day +
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night natural ventilation strategy was found to significantly improve building envelope
performance, resulting in over 40% reduction in overall energy consumption, 47% and
17% compared to NV’2 and NV’3, respectively, while maintaining high indoor air
quality and thermal comfort levels.
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Figure 52. Thermal comfort and Indoor Air Quality (Diagonal zig-zag)

Natural ventilation strategies, such as automated daytime ventilation and automated
day and night-time summer ventilation, have been shown to improve indoor thermal
comfort and reduce energy demand in office spaces. The most effective strategy,
automated day and night-time summer ventilation, can lead to over 34% and 40%
energy savings for horizontal and diagonal double-skin fagade designs, respectively.
Using natural ventilation in tall office buildings can not only save energy but also help
keep the building cool at night by getting rid of excess heat. This can decrease the need
for air conditioning and make the indoor environment more comfortable for office

workers.
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6. Conclusion and Findings
6.1 Thesis statements

1. High-rise office buildings are particularly challenging to optimize due to the
complex interactions between the building envelope, the mechanical systems,
and the occupants' comfort levels. In this research, | have demonstrated that
the Facade morphology optimization can significantly address these
challenges and identify the most effective design options to achieve energy

efficiency and comfort.

By conducting a sensitivity analysis of various design elements including
fenestration geometry, window-to-wall ratio, window orientation, shading
devices, and facade perforation patterns, | have identified the most effective
input design variables (IDV) and options for enhancing thermal and visual
comfort while reducing energy consumption in high-rise office buildings in
temperate climates considering various building orientations such as east,

west, south, southeast, and southwest.

Based on my findings, the integration of the double-skin facade with the
complex folded outer layer geometry on every level had the most significant
impact on the building's energy performance. This design incorporated two
tilted facade faces and a cavity depth ranging between 0.8 m to 1.9 m, which
gradually adjusted the amount of solar radiation entering the building based on
the orientation of the transparent, shaded transparent (blinds or solar protective
glazing), and opaque insulated sandwich panels (ISP-s) of the fagade towards
the South and North. Furthermore, the application of different shading
configurations, particularly the use of solar protective glazing on the outer pane,
had the greatest effect on thermal comfort. Additionally, the folding angles of
the outer facade surface affected the window-to-wall ratio and orientation of
the windows, which in turn significantly impacted visual comfort. Therefore,

when planning the facades of such buildings, these critical IDVs should be
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carefully considered. Through this process, these buildings can achieve energy

savings and contribute to a more sustainable built environment.

2. In temperate climates, utilizing natural airflow to cool high-rise office buildings
through natural summer ventilation is a proven technique. This involves
opening windows to allow fresh, cool outdoor air to enter the building and
remove hot, stale indoor air. The process can be controlled automatically using

sensors and control systems.

Through performing a sensitivity analysis on different natural ventilation
strategies for summer, including experimenting with various window types,
sizes, positions, and orientations, as well as implementing automation and
control systems, | have determined the most efficient passive air
conditioning strategies that can improve thermal comfort while decreasing
energy consumption in high-rise office buildings located in temperate

climates.

After conducting my research, 1 have concluded that the most efficient
passive air conditioning system for achieving optimal thermal comfort and
energy efficiency is the automated control system, which operates both
during the day and at night. This system includes motorized windows that are
controlled by the appropriate outdoor temperature range (18°C - 26°C) and
window apertures. When the outdoor temperature is suitable, the windows
open, and the air handling unit is turned off. Conversely, when the temperature

Is not suitable, the windows close, and the air handling unit resumes operation.

The control system allowed for passive cooling through natural ventilation
during the day and opened the building envelope in the evening to allow cool
air to enter and vent excess heat, improving internal conditions and reducing
the need for mechanical cooling systems resulting in energy savings and lower
emissions. Furthermore, it enhanced occupant comfort and health by bringing

in fresh outdoor air and improving indoor air quality. Therefore, it is
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recommended to prioritize the incorporation of these passive air conditioning
strategies during the planning phase of such buildings.

3. I have shown in my research that facade morphology optimization and
natural summer ventilation are two strategies that can be combined to
improve the energy efficiency and thermal comfort of high-rise office
buildings in temperate climates. The fagade morphology optimization
reduces the heat load and improves the use of natural light while preserving
thermal comfort. Meanwhile, natural summer ventilation helps to cool the
building passively by introducing cool outdoor air (by opening windows) to
reduce indoor temperatures, particularly during the cooler night-time hours.
Together, these two strategies provide a comprehensive approach to improving
the thermal comfort and energy efficiency of high-rise office buildings in
temperate climates and lead to more sustainable and energy-efficient building

designs.

Using these findings, | have developed three complex facade morphology
concepts that incorporate the most efficient input design variable
combinations and optimal passive air conditioning strategies. These
concepts are tailored to suit the various main facade building orientations

examined. The three facade concepts established are described as follows:

1. Facade Concept for High-Rise Office Buildings with East and West
Orientations:

Properly sized and designed double-skin facade with a 45-degree
vertically folded outer layer geometry, including two tilted fagade faces
to provide efficient shading for low-elevation angle solar radiation from
the East and West and enabling outlook and daylight provision from the
North. The system features shading and radiation control, (solar
protective glazing external pane SHGC: 0.264, Tvis: 0.54, U-value: 5.8)
as transparent windows (WWR 55%), opaque insulated sandwich

panels to the South, and implements passive air conditioning systems
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during summer, to cool the building naturally (automated day and night-
time summer ventilation strategy, 60% window opening intensity), not
only enhance energy efficiency in high-rise office buildings with East
and West main facade orientations in temperate climates , 51% saving
(total energy: heating, cooling, lighting and ventilation), but also result
in optimal thermal and visual comfort compared to the reference case,

the simple double-skin facade solution with the same shading options.

Facade Concept for High-Rise Office Buildings with South

orientation:

Designing double-skin fagades with a 40-degree horizontally folded
outer layer geometry to provide effective shading against solar radiation
from the south, incorporating solar protective glazing as transparent
windows (external pane SHGC: 0.264, Tvis: 0.54, U-value: 5.8), opaque
insulated sandwich panels covering the upper face (only applied to the
South) while the lower surface remains glazed to reduce heat load,
provide shading, and to utilize passive air conditioning systems during
summer (automated day and night-time summer ventilation strategy,
60% window opening intensity). The system significantly enhances
energy efficiency in high-rise office buildings with North and South
main facade orientations under temperate climates, 40% saving (total
energy: heating, cooling, lighting, and ventilation), while also providing
high levels of thermal and visual comfort for the building's occupants in
comparison to the reference case, the simple double-skin facade

solution with the identical shading options.

Facade Concept for High-Rise Office Buildings with South-east and

South-west orientations:

Well-designed and proportioned double-skin fagades, including a 30-
degree diagonally folded outer layer geometry that has solar protective
glazing (external pane SHGC: 0.264, Tvis: 0.54, U-value: 5.8) in from
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of clear windows to reduce heat load allowing daylight to enter the
building, opaque insulated sandwich panels on each south oriented
facade side to provide additional shading for low-elevation angle solar
radiation. It combines passive air conditioning methods during summer
(automated day and night-time summer ventilation strategy 50%
opening size) to cool the building passively using cool outdoor air and
vent excess heat, improving internal conditions and decreasing the need
for mechanical cooling systems. Together, these features significantly
improve energy efficiency, 50% saving (total energy: heating, cooling,
lighting, and ventilation), in these buildings and result in optimal
thermal and visual comfort levels when compared to the simple double-

skin facade solution with the same shading options.

6.2 Future research perspectives

Additional research could be conducted using computational fluid dynamics
(CFD) software to analyze the aerodynamics of natural ventilation in order to
gain a deeper understanding of air flow rates and temperature distribution. This
would improve the design of the new facade typologies and enhance the

comfort of indoor environments.

The potential impact of incorporating PV technology onto facade surfaces could

also be examined. As the envelope morphology allows for it, insulated
sandwich panels on facades could potentially be replaced with PV panels,
thereby harnessing solar energy, and improving the building efficiency.

This study focused on the temperate climate, but further studies could examine
the development of fagcade typology designs for other climates for instance sub-

tropical, tropical, cold, and hot arid regions.

The research only focused on office buildings, further investigations could be

conducted on residential and mixed-use high-rise structures.
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= The tall building examined in this study is located in an open area, future studies
could explore how the morphological fagade structures perform in denser urban
environments and how it affects natural ventilation and shading in relation to

neighboring buildings.
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