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ORIGINAL RESEARCH
PAPER ABSTRACT

The optimization of high-rise office buildings” envelope and the application of energy-efficient measures
q have become a priority nowadays. Therefore, this investigation aims to assess the role of the fagade’s
Check for geometry design factors, e.g., folded fagade perforation, window orientation, and window-to-wall ratio
updates on building comfort and energy performance. The energy simulations were performed using IDA ICE
4.8 thermal simulation program to evaluate the thermal and visual comfort and the energy consumption
of various facade test models. The optimization resulted in a fagade model with a great level of thermal
and visual comfort as well as a total energy reduction of 14%, representing a good compromise solution
in the trade-off between thermal and visual comfort as well as energy efficiency.
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1. INTRODUCTION

The design and the construction of high-rise office buildings are increasing in response to the
several needs and challenges of today’s modern society. New implementation plans are found
all over the world. However, there are only a few well-performing examples. A poorly
designed high-rise building envelope can considerably increase the building’s appetite for
energy. Therefore, high-rise building facade optimization is a major stake to consider during
the design process [1, 2]. For this reason, study [3] attempts to promote skyscraper energy
efficiency by investigating climate responsive design strategies, for example orientation,
thermal properties of the building envelope, and the effect of altitude on high-rises. The
subject of the investigation was two reference models, a residential and an office one located
in a hot humid climate. Initial thermal simulations were performed on a 100m high
structure, to gradually upgrade the building envelope and to examine its relationship with the
changing microclimate between the ground and the upper levels. Then the advanced enve-
lope was simulated again at higher altitudes up to 400 m height, to gain a better under-
standing of the wind acceleration effects, and the air temperature drops on energy
consumption. Therefore, comparisons of the heating and the cooling loads of different

building heights and building types were made. The results showed that the microclimate
’j Journals changing with height affects the energy performance: the cooling energy decreases, while the
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heating energy increases. Findings also indicated that the use
of shading devices reduces the cooling energy consumption
by around 30% for both office and residential towers.

A further study [4], investigated a high-rise building
envelope applying passive design strategies to reduce the
building energy loads. Thermal simulation-based initial
analysis was carried out on three single-skin and a ventilated
double-skin envelopes located in the Mediterranean climate.
The analysis evaluated the heating and cooling loads as well
as their relationship with the changing environmental vari-
ables and building height. Thereafter, the focus was shifted
to increase the energy efficiency of the double-skin facade. A
comparison was made between four double-skin fagade
scenarios, with different glazing types and orientations. The
findings were in favor of the double skin facade options. As a
result, the study supports that considerable energy saving
can be achieved by adapting the building envelope design to
the specific location and climate conditions, and by taking
advantage of passive strategies, such as natural ventilation of
a double skin facade cavity. Drawing from the conclusions of
this investigation, a next double-skin facade study [5] aimed
at the reduction of the high cooling loads relevant to the
Mediterranean climate. The energy efficiency of different
double-skin facade cavities was tested by calculations of
thermal models. Results revealed that increasing the width of
the cavity from 0.2 to 0.5m can considerably decrease the
cooling load, and also great reductions can be achieved with
1.0 and 2.0 m double-skin fagade cavity width solutions.

Although, there have been several studies on envelope
parameters of offices buildings [6], and tall office buildings
such as window thermal properties, shading systems [7, 8],
as well as double-skin fagade strategies [9], the effects of
building envelope geometry factors for instance comfort and
energy consequences of the perforation and morphological
structure of the facade, have been only partially covered in a
few studies. These projects focused mainly on the integration
of active systems Photo Voltaic (PV) panels for example
[10-12], or studies dealing with low-rise buildings [13-15].

This paper is the extension of a facade morphology
optimization research, presented previously [16]. A case
study task has been set to optimize the envelope and the
shading systems for a design competition entry. This design
optimization task represents generic dimensions, appropri-
ately suitable for typical high-rise office building optimiza-
tion in a temperate climate zone. A large fully glazed facade
of a bank tower project in Budapest, Hungary had to be
optimized to avoid summer overheating and glare effect.
Multiple facade variants were tested by assessing the thermal
and visual comfort, as well as the energy demand with
thermal simulations. Results revealed the best-performing,
optimized fagade configuration in terms of comfort and
energy efficiency. The present paper draws from the findings
of the previous study to investigate the fenestration geom-
etry parameters of the building (window to wall ratio, and
window orientation) together with the grade of the facade
perforation, and to define the morphological parameters
with the highest impact and potential in thermal and visual
comfort as well as in heating and cooling energy efficiency.
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2. METHODOLOGY

In a previous study, the envelope parameters of a high-rise
office building in the temperate climate zone were investi-
gated: the building’s two large fully glazed fagades facing
East and West had to be optimized based on energy simu-
lations. The best performing fagade configuration in terms of
comfort and energy efficiency was represented by the ‘zig-
zag’ double-skin fagade, a horizontally folded surface that
saved up to 47% heating and cooling energy in comparison
with a simple curtain wall or the simple double-skin facade.
This version serves as the reference case for comparison
purposes. The typical floor level of the reference zig-zag
facade design and the orientation are shown in Fig. 1.

The high-rise office building reference model is 88.0 m
high, including 22 floors, oriented along the North-South
axis. Simulations were conducted at two intermediate floors
(13 and 14), approximately 57.0 m above ground level. The
building model was developed in the IDA ICE 4.8 dynamic
building indoor climate and energy simulation program to
assess:

— Thermal comfort (No. of hours with operative tempera-
tures, Top > 26 °C);

— Visual comfort (average daylight factor) and (average
daylight level);

— Heating and cooling energy demand (delivered energy,
kWh/m?a).

The methodological scheme that shows the concept of
this study is illustrated in Fig. 2. The focus of the research was
the modification of the reference double-skin fagade zig-zag
configuration, which consists of two different horizontally

&

Fig. 1. Reference case - the zig-zag double-skin fagade with the

orientation
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Fig. 2. Methodological scheme of the facade investigation cases
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tilted facade faces (45°) to provide effective shading to the
low-elevation angle solar radiation from East and West. The
methodology comprises two basic steps:

First step: Based on the previous research result data, the
two best-performing models, the 45° zig-zag double-skin
facades with solar protective glazing and with integrated
shading were selected. By changing the glazing of each
second fagade face to an Insulated Sandwich Panel (ISP), the
shading (and hence cooling) efficiency should be increased.
The ISPs were added to each second North-oriented face,
then to the South sides of the zig-zag facade surfaces.

Second step: As the South facing ISP performed the best
results, the tilt angle of the facade folding was changed
several times from 45° to 15°, 30°, 60°, and 75°, as well as the
Window-to-Wall Ratio (WWR) from 90% (fully glazed
reference version) to 81%, 67%, 55%, 44%, and 32% (Figs 3
and 4 and Table 1).

The different facade configurations implemented in the
study and the simulation input data and operation details
are presented in the following Tables 1 and 2. Fagade Sce-
narios (FS) 01, FS02, and FS03 represent the zig-zag double-
skin fagade with integrated shading cases group. FS01, the
reference model, is fully glazed, FS02 has ISP to the North,
and FS03 is equipped with ISP on the South-oriented sur-
face. The variations of (FS04-FS10) represent the zig-zag
double-skin facade group with solar protective glazing cases.
FS04 is fully glazed, FS05 has ISP to the North, and all other

Reference

/NN AN
NN NN

\ \ \ \ \ \

ISP North
ISP South

15°
300 VNN
PRAAAVAAE

S
\’7
snage N N
Fig. 3. Folding versions and the orientation of the zig-zag facade -
eight base facade units’ detail

75060
45° =
30° (’«S
15° o/

Fig. 4. Folding versions and the orientation of the zig-zag facade -
one base facade unit detail
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cases have ISP to the South with different tilt angles, and
different window-to-wall ratios (Table 1). Besides the 45°
folded facade geometry, four tilting steps are considered as
15°, 30° 60° and 75° to test different grades of South-ori-
ented structural shading solutions. Finally, the last model
FS11 which includes the two best performing configurations,
FS08 and FS09, each on a floor, whereas alternating 30° and
60° tilted and folded fagade perforation should provide
eventually optimal results among the investigated cases.

The ISP consists of a double-sided aluminum sandwich
structure with Expanded PolyStyrene (EPS) foam core. The
thermal properties are shown in (Table 2). In all facade
scenarios, the inner glazing is composed of two-panes of
thermal insulation glazing (4-12-4 mm). As outer glazing,
two different configurations have been applied; the first one
involves FS01, FS02, and FS03 containing one 4 mm thermal
insulation glazing pane with integrated shading (blinds) and
automated solar radiation control (blinds are drawn when
radiation is above 100 W/m? at the outer pane). The other
glazing consists of one external solar protective glazing pane,
for the following cases: FS04 - FS11.

3. RESULTS AND DISCUSSION

3.1. Thermal comfort

As it is presented in Fig. 5, the simulation results show the
performance result for the Indoor Air Quality (IAQ), which
represents the CO, level in the interior office spaces. The
results vary between 648 and 650 ppm in all the cases, which
is considered a high TAQ performance. For the average
thermal comfort assessment (No. of hours with Top > 26
°C) see Fig. 5. The general trend of the results indicates a
gradual decrease of thermal discomfort hours by the inte-
gration of the ISP-s. Adding the ISP-s to the North side of
the facade improved the results by 58%, then with South-
oriented ISP-s, thermal comfort was further improved by
92%. The solar protective glazing cases generated better
results in general. In FS04 and FS07, the number of
discomfort hours was slightly higher due to the high win-
dow-to-wall ratio (FS04 with 90% and FS07 with 81%). In
the rest of the models, the results were the best, with almost
no discomfort hours. Summing up, the thermal comfort
performance was highest by implementing the ISP in South
orientation.

3.2. Visual comfort

Regarding the average Daylight Factor (DFyg) results,
indicating the visual comfort values, see Fig. 6. The best
performing models were FS04 and FS01 with DF syg 9.9 and
7.2 respectively, due to the fully glazed fagades. By inte-
grating the ISP-s the DF syg value decreased between 4.4 and
2.2 depending on the variation of the window-to-wall ratio.
Being above the 1.7 threshold [17], for all facade scenarios,
these performances are still acceptable. However, due to the
very low window-to-wall ratio of FS09 and FS10 cases, the
results here were not suitable (1.5-0.9).
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Table 1. Facade optimization scenarios

Fagade scenarios Folding angle WWR Zig-zag double skin fagade configuration
FS01 45° 90% Fully glazed - reference case Integrated shading
FS02 / 45° 55% ISP North
FS03 \ 45° 55% ISP South
FS04 45° 90% Fully glazed — reference case Solar protective glazing
FS05 / 45° 55% ISP North
FS06 \ 45° 55% ISP South
FS07 '\ 15° 81% ISP South
FS08 \ 30° 67% ISP South
FS09 \ 60° 44% ISP South
FS10 \ 75° 32% ISP South
FSi1 N 60°+30° 53% ISP South
L]
Table 2. Simulation input data and operation details
FS01 ES (02-03) FS04 FS (05-11)
Sandwich Thermal conductivity - 0.0225 - 0.0225
panel [W/(m K)]
100 mm Density [kg/m’] - 20 - 20
Specific heat - 1,400 - 1,400
/(kgK)]
Inner Solar Heat Gain 0.76 0.76 0.76 0.76
Glazing Coefficient
Tvis, Visible 0.81 0.81 0.81 0.81
transmittance
Glazing U-value 1.1 1.1 1.1 1.1
[W/m?K]
Pane 2 pane thermal 2 pane thermal 2 pane thermal 2 pane thermal
insulation glazing, insulation glazing, insulation glazing, insulation glazing,
4-12-4 mm 4-12-4 mm 4-12-4mm 4-12-4 mm
Outer Solar Heat Gain 0.85 0.85 0.26 0.26
Glazing Coefficient
Tvis, Visible 0.9 0.9 0.54 0.54
transmittance
Glazing U-value 5.8 5.8 5.8 5.8
[W/m?K]
Pane 1 pane thermal 1 pane thermal 1 pane solar 1 pane solar

Integrated Window Shading

Auto control

insulation glazing,
4 mm
Blinds

>100 [W/m?] solar
radiation at outer pane

draws shading

insulation glazing,
4 mm
Blinds
>100 [W/m?] solar
radiation at outer pane
draws shading

protective glazing
4 mm

protective glazing
4 mm
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Fig. 5. Results: indoor air quality No. of hours with CO, concen-
tration <1,000 ppm and thermal comfort No. of hours with Top >
26 °C
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Facgade scenarios

Fig. 6. Results: visual comfort (average daylight factor)
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Facade scenarios
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Fig. 7. Results: visual comfort (average Daylight level)

Assessing the average Daylight level (Dsvg), the general
character of the results is very similar to the average daylight
factor results, progressively decreasing, depending on the
window-to-wall ratio changes and the presence of the ISP-s
and their orientation (Fig. 7).

3.3. Energy: cooling and heating

The heating and cooling energy results (Fig. 8) produced
trend results similar to the thermal comfort performance
distribution but unlike the visual comfort characteristics.
The integration of the ISP-s, particularly in the South,
reduced energy consumption in general. The group of zig-
zag fagades with integrated shading (louvers) cases was the
least efficient (FS01-03 models). The FSO1 model had the
highest energy consumption overall. In the FS02 case with
ISP-s in the North sides, the consumption decreased by
12.5%, and with the ISP-s in the South (FS03), it decreased
further by 14%. However, the group of zig-zag facades with
solar protective glazing cases (FS04-FS10) performed better
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Fig. 8. Results: energy (cooling, heating, and total)

results: with the ISP-s in the North sides of the folded fa-
cades (FS05) 10% saving was made, then with the ISP-s in
the South the savings results improved as follows: FS06 13%,
FS07 3%, FS08 8%, FS09 20%, and FS10 27% (and 35%
compared to the reference FSO1). The FS10 had the greatest
energy savings due to the very low WWR (32%). The last
model version FS11, containing both the 60° and 30° tilted
and folded fagade represents relevant advantages in terms of
energy savings (14%), since its facade morphology allows
relatively great solar gains during the heating period (WWR
53%), yet it provides sufficient shading during the cooling
operation season.

4. CONCLUSION

In the present paper, a series of thermal simulations was
performed using the IDA ICE 4.8 indoor energy and climate
simulation software to find the optimal fagade configuration
of a high-rise office building, located in the temperate
climate zone. The results obtained from the simulations have
shown that the optimization of the building facade geometry
morphology such as folding the glazed external surface of
the double skin climate facade in a way that gradually
modifies solar radiation penetration due to variations of
transparent, shaded transparent (blinds or solar protective
glazing) as well as opaque (ISP-s) facade surface sections
towards South and North orientation could significantly
improve the building energy performance. The folding of the
outer facade surface evidently changed the window-to-wall
ratio and window orientation as well. The facade folding
development could decrease energy consumption up to 35%
(FS10, 75° folding) compared to the reference FSO1 and up
to 27% compared to the reference FS04. Thermal comfort
performance is in accordance with the energy result char-
acteristic. However, the visual (daylight provision) comfort
is the lowest in FS10, because the WWR is extremely low-
ered (32%). On the other hand, the best daylight-performing
models FS01 and FS04 delivered the worst energy results due
to high WWR. The energy consumption decreases, and the
thermal comfort gets improved each time the window-to-
wall ratio was reduced, and the windows were gradually
oriented more intensively towards the North. In terms of
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visual comfort, the exact opposite effect is the case. Among
the test cases, FS06 and FS11 were the two models, which
could achieve the best performance in energy consumption
while maintaining good thermal and visual comfort for of-
fice workers: the tradeoff between energy efficiency (savings
of 13% and 14%, respectively), thermal comfort (savings of
96% and 94% respectively), and visual comfort (savings of
47% and 29.4% respectively) is solved because in FS06 the
WWR is specified in a good middle range of 55%, and the
opaque ISP-s provide effective shading from the South. The
combination of the 30° and 60° folded fagade morphology in
ES11 provides similar WWR and shading properties. The
results could be of assistance to make decisions for future
similarly oriented tall office buildings.

Properly sized and designed climate fagades with folded
outer layer geometry, containing solar protective glazing as
well as transparent windows and opaque insulation panels
not only significantly improve energy efficiency in high-rise
office buildings under moderate climate, but also deliver a
good compromise solution for a good trade-oft between the
contradictory energy, thermal and visual comfort perfor-
mance results.
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