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Abstract: Space efficiency is one of the most important design considerations in any tall building,
in terms of making the project viable. This parameter becomes more critical in supertall (300 m+)
residential towers, to make the project attractive by offering the maximum usage area for dwellers.
This study analyzed the space efficiency in contemporary supertall residential buildings. Data was
collected from 27 buildings, using a literature survey and a case study method, to examine space
efficiency and the main architectural and structural design considerations affecting it. The results
of this research highlighted that: (1) central core was the most common type of design parameter;
(2) prismatic forms were the most preferred building forms; (3) the frequent use of reinforced concrete
was identified, compared to steel and composite; (4) the most common structural system was an
outriggered frame system; (5) the space efficiency decreased as the building height increased, in
which core planning played a critical role; (6) when building form groups were compared among
themselves, no significant difference was found between their effects on space efficiency, and similar
results were valid for structural systems. It is believed that this study will help and direct architects
in the design and implementation of supertall residential projects.

Keywords: supertall residential building; space efficiency; building form; core planning; structural
system; structural material

1. Introduction

At the end of the 19th century, beginning with the invention of the elevator system
as a form of vertical transportation with a metal rigid frame as the structural system, the
construction of tall buildings emerged as an American building type, owing to the advances
in structural systems, high-strength concrete, and mechanical systems. This is the main
driver stimulating the race for height in tall buildings that has spread around the world [1].
Furthermore, over the years, the number of supertall buildings has been increasing.

As a new 21st century phenomenon, supertall residential towers are associated with
socio-technical developments [2–5]. The diffusion of these typologies, that often seem
contextually unrelated to the regions or cultures in which they were erected, can be divided
into three main periods [6–8]: (1) the period before the global financial crisis, when the
first examples were built in Australia (before 2008), as in the case of Q1 Tower (Gold Coast,
2005); (2) the global period in which typology proliferates in Europe, Asia and the Middle
East (2010–2015), as in the case of Princess Tower (Dubai, 2012); (3) the pencil-tower period
in Manhattan (2015–2018), as in the case of 432 Park Avenue (New York, 2015).

Approximately 13% of supertall buildings that were completed as of the 2000s have
residential use only [9], where increasing the rentable area is one of their most crucial
design inputs. At this point, the term ‘space efficiency’ comes to the forefront, as the
residential function is expected to meet the investment cost. As an essential input for
financial return, space efficiency is affected by the service core arrangement, size of the
floor plan, and structural elements.

In the literature, many studies have been conducted on the technological, environmen-
tal, social, and financial aspects of the tall building phenomenon (e.g., [10–15]), whereas a
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limited number of studies have concentrated on the interrelated decisions regarding the
space efficiency of tall buildings, with a limited number of sample buildings. Among them,
in the study carried out by Kim and Elnimeiri [16], architectural considerations for the
design of multi-use tall buildings (including the function, lease span, and floor-to-floor
height) were scrutinized, alongside their interrelation with space efficiency, by analyzing
10 case studies. It was found that: (i) space efficiency should be considered together
with other efficiencies (e.g., structural and energy efficiency); (ii) functional distribution
determines the space efficiency; (iii) space efficiency could be improved when the opti-
mum structural systems and building forms are developed together. Additionally, Sev
and Özgen [17] conducted a similar comparative study on 10 high-rise office cases from
Turkey and across the world in terms of space efficiency, where lease span, floor-to-floor
height, core planning, and the structural system and materials were assessed as the main
considerations. This study highlighted that: (i) the structural system, together with the
core arrangement, were the most critical factors affecting space efficiency; (ii) the central
core typology was the most frequently used type; (iii) a reinforced concrete tube-in-tube
(without an outrigger system), and composite mega-columns (with a central core and
an outrigger) were the two most common structural systems; (iv) the efficiency of the
net-to-gross floor area was crucial for creating a balance between the construction cost
and the entire rental rate. On the other hand, Nam and Shim [18] focused on the effect
of tall buildings’ corner shapes on the spatial efficiency of their inner use of the space.
Some of their significant findings were as follows: the average effect on spatial efficiency
is approximately 4% higher than the building with no corner cuts, and the relationship
between the lease span and its spatial efficiency is directly proportional.

It is also worth noting that, in the literature, concerns about the sustainability, eco-
logicality, or circular economy of supertall buildings have been raised in many studies
(e.g., [19–22]). For example, according to Al-Kodmany [20], these buildings have features
that hinder their social, economic, and environmental sustainability. From a social per-
spective, because of their vertical arrangement, supertall buildings can encourage social
isolation and are, therefore, often considered unsuitable for family life and child rearing
in general. Furthermore, they have mostly been turning into a group of progressively
self-referential, inward-focused, and vertically stratified objects, without cultural and/or
social references to their surroundings [23–25]. On the other hand, from an economic
standpoint, supertall towers are costly to construct because they require complex structural,
mechanical, and electrical systems. They also necessitate far greater amounts of materials
and energy to be built and run, and far greater amounts of embodied energy to be involved,
in comparison to low-rise buildings [26]. From an environmental perspective, the construc-
tion and maintenance of supertall buildings results in large amounts of carbon dioxide
emissions. Moreover, due to their great height and gigantic size, they can interfere with
natural ventilation by negatively affecting wind patterns.

Furthermore, the contemporary history of supertall residential towers, often unrelated
to the cities, cultures, and geographies in which they were built, can be regarded as the
history of their technical progress, rather than the differences and development of their
architectural, contextual, or typological features [8].

This paper aims to identify, collect, and combine the information about space efficiency
in contemporary supertall residential buildings, from the standpoint of the main archi-
tectural and structural design considerations, to understand how space efficiency differs,
along with what the buildings’ key design features are. To achieve this goal, information
was gathered from 27 case studies, including the tallest residential buildings completed in
the last two decades.

Regarding the scope of the study, four main points were used to scrutinize the sig-
nificant parameters for design and their relationship with space efficiency in supertall
residential construction: general information (building name, country and city, height,
number of stories, and completion date), main design considerations affecting space effi-
ciency (core planning, building form, structural system, and structural material), space
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efficiency, and interrelation of space efficiency and main design considerations. Conse-
quently, this study, which reveals the current state of supertall residential applications,
provides insights into making more viable design decisions for future living at height.

2. Research Methods

This study was conducted using a comprehensive literature survey, including the
Council of Tall Building and Urban Habitat database [9], peer-reviewed papers, MSc and
PhD dissertations, and conference proceedings, as well as architectural and structural
design magazines. Besides this, the case study method was used to identify, collect, and
combine the information about contemporary supertall residential buildings, to examine
critical parameters for the design and their relationships with space efficiency. These
selected cases were 27 contemporary supertall residential towers from different countries
(4 from Asia (Korea and India), 13 from the Middle East, 6 from North America, 2 from
Russia, and 2 from Australia) [9]. Furthermore, in this study, exceptionally detailed
information about supertall residential towers was analyzed (see Tables 1 and 2), where
those without adequate information about their load-bearing systems and floor plans
were excluded from the building list. Taking building form into account, a vigorous effort
was made in finding and selecting floor plans, which were from lower levels, to create
comparable and consistent data for space efficiency in 27 cases. The case study method
is a commonly used approach to assessments of the built environment, where projects
are identified and recorded for qualitative and quantitative data analysis by utilizing an
in-depth literature review (e.g., [27,28]).

Table 1. Contemporary supertall residential buildings.

# Building Name Country City Height (m) # of Stories Completion

1 Chicago Spire United States Chicago 609 150 NC

2 Pentominium Tower UAE Dubai 515 122 OH

3 Central Park Tower United States New York 472 98 2020

4 Marina 106 UAE Dubai 445 104 OH

5 World One Mumbai India 442 117 NC

6 111 West 57th Street United States New York 435 84 UC

7 432 Park Avenue United States New York 425 85 2015

8 Princess Tower UAE Dubai 413 101 2012

9 23 Marina UAE Dubai 392 88 2012

10 Burj Mohammed Bin Rashid UAE Abu Dhabi 381 88 2014

11 Elite Residence UAE Dubai 380 87 2012

12 II Primo Tower 1 UAE Dubai 356 79 UC

13 The Torch UAE Dubai 352 86 2011

14 NEVA TOWERS 2 Russia Moscow 345 79 2020

15 LCT The Sharp Residential Tower A Korea Busan 339 85 2019

16 DAMAC Heights UAE Dubai 335 88 2018

17 LCT The Sharp Residential Tower B Korea Busan 333 85 2019
18 Q1 Tower Australia Gold Coast 322 78 2005

19 Palace Royale Mumbai India 320 88 OH

20 53 West 53 United States New York 320 77 2019

21 Australia 108 Australia Melbourne 316 100 2020
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Table 1. Cont.

# Building Name Country City Height (m) # of Stories Completion

22 Ocean Heights UAE Dubai 310 83 2010

23 The One Canada Toronto 308 85 UC

24 Amna Tower UAE Dubai 307 75 2020

25 Noora Tower UAE Dubai 307 75 2019

26 Cayan Tower UAE Dubai 306 73 2013

27 Capital City Moscow Tower Russia Moscow 301 76 2010

Note on abbreviations: ‘UAE’ indicates the United Arab Emirates; ‘NC´ indicates never completed; ´OH´ indicates on hold; ‘UC’ indicates
under construction.

Table 2. Supertall residential buildings by core type, building form, and structural system and material.

# Building Name Core Type Building Form Structural System Structural Material

1 Chicago Spire Central Twisted Outriggered frame RC

2 Pentominium Tower Central Free Outriggered frame RC

3 Central Park Tower Central Setback Outriggered frame RC

4 Marina 106 Central Prismatic Framed-tube RC

5 World One Central Setback Buttressed core RC

6 111 West 57th Street Peripheral Setback Outriggered frame RC

7 432 Park Avenue Central Prismatic Framed-tube RC

8 Princess Tower Central Prismatic Framed-tube RC

9 23 Marina Central Prismatic Outriggered frame RC

10 Burj Mohammed Bin Rashid Central Free Outriggered frame RC

11 Elite Residence Central Prismatic Framed-tube RC

12 Il Primo Tower 1 Central Prismatic Outriggered frame RC

13 The Torch Central Prismatic Outriggered frame RC

14 NEVA TOWERS 2 Central Prismatic Outriggered frame RC

15 LCT The Sharp Residential Tower A Central Prismatic Outriggered frame RC

16 DAMAC Heights Central Tapered Outriggered frame RC

17 LCT The Sharp Residential Tower B Central Prismatic Outriggered frame RC

18 Q1 Tower Central Prismatic Outriggered frame RC

19 Palace Royale Central Prismatic Outriggered frame RC

20 53 West 53 Peripheral Tapered Diagrid-framed-tube RC

21 Australia 108 Central Free Outriggered frame RC

22 Ocean Heights Central Tapered Outriggered frame RC

23 The One Central Prismatic Outriggered frame Composite

24 Amna Tower Central Prismatic Outriggered frame RC

25 Noora Tower Central Prismatic Outriggered frame RC

26 Cayan Tower Central Twisted Framed-tube RC

27 Capital City Moscow Tower Central Free Outriggered frame RC

Note on abbreviation: ‘RC’ indicates reinforced concrete.

Even though there is no absolute definition of what constitutes a ‘tall building’
(e.g., [1,21]), according to the Council on Tall Buildings and Urban Habitat (CTBUH) [9],
14 or more stories—or more than 50 m in height—could, characteristically, be used as
a threshold for a ‘tall building’. A tall building of 300 m or higher could be classified
as ‘supertall’, and a tall building of 600 m or higher can be considered as ‘megatall’. A
‘supertall building’ is defined as a building of 300 m or higher in this study.



Architecture 2021, 1 29

3. Findings
3.1. Main Design Considerations Affecting Space Efficiency

This section examines the main architectural and structural design parameters that
have an effect on space efficiency in the 27 supertall residential cases. These parameters
are: (i) core planning; (ii) building form; (iii) structural system; and (iv) structural material.
They are considered because these parameters are among the significant architectural and
structural considerations in the design of supertall buildings (e.g., [17,29–32]).

3.1.1. Core Planning

Core planning plays the most significant role in increasing the overall space efficiency
of a building, as it is a critical architectural design parameter. The core classification
suggested by Ilgın et al. [31], below, was employed in this study, owing to its more
comprehensive nature compared to the existing literature (e.g., [33–35]).

• Central core (central and central split);
• Atrium core (atrium and atrium split);
• External core (attached, detached, partial split, and full split);
• Peripheral core (partial peripheral, full peripheral, partial split, and full split).

A central core design was the most common typology in the 27 cases, by a wide
margin (93%), while a peripheral core design occurred in two cases, as seen in Table 2.
This result is similar to the findings by Ilgın et al. [31]. Among the 93 supertall towers in
their study, 95% were identified to have a central core typology. Similarly, in the study
carried out by Oldfield and Doherty [35], 85% of 500 tall buildings were observed to
have a central core design. The advantages of a central core arrangement, such as its
considerable structural contribution, its superiority in fire safety concern, and its ability to
provide more openings for light and views on the exterior façade, may have enabled its
prevalence [31,35]. On the other hand, low space efficiency resulting from longer circulation
paths, together with challenging fire escape distances, could be considered as a weaknesses
of the peripheral core configuration. Additionally, the lack of the external core typology
in the case studies could be explained by its disadvantages that are similar to those of
peripheral core arrangements [30].

3.1.2. Building Form

Building form is also an important parameter affecting the space efficiency in supertall
residential buildings among the architectural design factors. Considering the accounts
from the previous literature [36–38], the following classification by Ilgın et al. [31] was used
to categorize the form of the 27 cases in this study:

• Prismatic forms;
• Setback forms;
• Tapered forms;
• Twisted forms;
• Leaning/tilted forms;
• Free forms.

Based on the classification above, prismatic form was the most frequently used form
in the 27 cases, with a proportion of 56% (Table 2). The reason behind this dominance could
be its ease of workmanship, compared to the complex and free forms, and that it allows for
the effective use of interior space (particularly for rectangular plans). On the other hand,
the high gravity-induced lateral displacement, depending on the angle of the tilt, in the
leaning form [39], may have contributed to this typology’s absence in the general sample
of supertall residential buildings.

3.1.3. Structural System

The selection of structural systems is a significant factor that directly affects the
space efficiency of supertall residential towers because of the size and arrangement of
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the structural members. In the literature, there are numerous structural systems and
classifications for supertall buildings (e.g., [1,30,40–43]. In this study, the structural system
classification presented by Ilgın et al. [31] and Ilgın [32] (as shown below) was preferred,
owing to its more complete nature.

• Shear-frame system;

# Shear-trussed frame;
# Shear-walled frame;

• Mega core system;
• Mega column system;
• Outriggered frame system;
• Tube system;

# Framed-tube system (with the subset of diagrid-framed-tube system);
# Trussed-tube system;
# Bundled-tube system;

• Buttressed core system.

As shown in Table 2, an outriggered frame system was used most often (74%) in
the 27 residential cases. This was similar to the results in the study carried out by Ilgın
et al. [31], where this system was predominantly (65%) used. The common use of an
outriggered frame system might be explained by its flexible nature regarding the perimeter
column arrangement and, thus, providing relatively more freedom in the building’s ex-
terior composition, as well as great height potential, as in the cases of Chicago Spire and
Pentominium Tower. While a tube system (framed-tube) was preferred in six cases, there
was only one case with a buttressed core system.

3.1.4. Structural Material

Structural material selection is another critical factor that directly affects the space
efficiency of supertall residential buildings because of its effect on the dimensions of
the structural members. Structural materials can be categorized as follows: (i) steel;
(ii) reinforced concrete (RC); (iii) composite. Considering columns, beams, shear trusses
and walls, and outriggers as the main structural components, this study used ‘composite’
to refer to: a construction in which some of the structural members are made of RC and
other structural members are made of steel; those in which some structural members are
made of both structural steel and RC together; a combination of both of these.

As a structural material, reinforced concrete was predominantly (>96%) used for
supertall residential construction (Table 2), unlike the findings in the study carried out by
Ilgın et al. [31], where composite was the most preferred (66%) structural material. The
prevalence of reinforced concrete might be explained by its cost-competitiveness in many
countries, its comparative ease of use in construction and manufacturing, its fire-resistant
nature, and its stronger performance in mitigating wind-induced building sway, compared
to steel.

3.2. Space Efficiency

The term ‘space efficiency’ can be described as the ratio of Net Floor Area Over Gross
Floor Area. Taking the codes and regulations into consideration, to secure the maximum
return for the investor, building floors should provide the sufficient space for functional
operations; that is, high space efficiency [16]. As underlined in the previous sections, space
efficiency is determined by core planning, building form, the structural system, and the
structural material. These parameters vary according to the architectural and structural
needs, which are the main decision-making criteria in the design of supertall residential
towers, as they are in many buildings. Among these, for example, core planning affects the
arrangement and distribution of the vertical mobility of shafts [44], while building form
has an effect on slab size and shape [17]. On the other hand, while the structural system
affects the dimensions and placement of the building’s elements [31], the building material
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has an effect on the dimensions of the building’s elements [30]. Therefore, these four factors
all have an impact on space efficiency. Furthermore, space efficiency can be increased by
the lease span, which can be defined as the distance between a fixed interior element (e.g.,
core wall) and an exterior envelope (e.g., window).

Based on the studies carried out by Yeang [33,45], 75% could be taken as a threshold
value of space efficiency in the design of high-rise buildings. However, as the building gets
taller, securing high space efficiency turns into a more difficult task to achieve, because
of the increase in size of the core area and structural elements that is necessary to resist
particularly lateral loads, and to meet the requirements of vertical circulation [46,47]. In a
comparative study focusing on 10 high-rise office cases from Turkey and across the world,
Sev and Özgen [17] found that the space efficiency and core over gross floor area ratio
changed from 60% to 77%, and from 22% to 30%, with average values of 69% and 26%,
respectively. In the current research, the average space efficiency and core over gross floor
area ratio of the 27 cases were 76% and 19%, respectively; ranging from 56% and 11% at
the lowest, to 84% and 36% at the highest, respectively (see Figure 1).
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Figure 1. Floor plans of supertall residential with space efficiency (%) and core/gross floor area
ratio (%).

Among the 27 cases, Elite Residence, Australia 108, and Ocean Heights have the
highest space efficiencies (84%), and low ratios of core over gross floor area (11–14%).
The main reason behind these remarkable ratios might be explained by the effective and
compact layout of the circulation elements that may have helped to keep the core area small.

3.3. Interrelations of Space Efficiency and Main Design Considerations

The interrelations of space efficiency and the main design considerations affecting it,
such as building height, building form, and structural system was examined in this section.

Since reinforced concrete was the most frequently used building material (>96%) and
the central core type was the most preferred typology (93%) in the case studies, no analysis
was carried out regarding the interrelation between space efficiency and structural material,
or space efficiency and core planning.

The interrelations detailed below were explored from the perspective of supertall
residential buildings, to provide an introductory design guide for architects and developers.

3.3.1. Interrelation of Space Efficiency and Building Height

Figure 2a,b demonstrates how space efficiency changes based on the building height,
where black dots represent the supertall residential buildings in this study. Buildings
at 333 m and 339 m heights, with a space efficiency ratio of 56%, and a core over gross
floor ratio of 36%, can be considered as outliers, and Figure 2b shows how these outliers
quantitatively affect the regression line. As shown by the red trendline in Figure 2a, space
efficiency tends to decrease as the building gets higher, and, as seen in Figure 2b, this
reduction becomes much more pronounced when the two outliers are removed. Therefore,
it can be stated that, as the height of the building increases in supertall residential buildings,
the space efficiency decreases. This can be explained by the fact that the higher the building,
the more difficult it is to achieve high space efficiency, due to the increase in the size of
both the core areas and structural components.
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Furthermore, Figure 3a,b shows that the taller the residential building, the more core
space is needed. When the aforementioned outliers are removed, this relationship becomes
more pronounced, as seen in Figure 3b. This can be considered as another manifestation of
the above fact.
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3.3.2. Interrelation of Space Efficiency and Building Form

In Figure 4, the bars show the total number of supertall residential buildings with
respect to the building form (right axis of the chart), while the dots correspond to the space
efficiency of these buildings for this type of building form (the left axis of the chart).
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As highlighted in Figure 4, the space efficiency of buildings with a prismatic form
ranges between 56% (only in two cases) and 84%, with an average of 77%; while the
average space efficiency of four supertall residential towers with a free form is 73%. Since
the number of setback (three, with an average space efficiency of 76%), tapered (three, with
an average space efficiency of 79%), and twisted (two, with an average space efficiency of
79%) forms is very small, it is difficult to establish an interrelation between space efficiency
and these building forms in a scientific manner.

As a result, considering the average values above, there are no significant differences
among the building groups regarding the different building forms analyzed in this study.

3.3.3. Interrelation of Space Efficiency and Structural System

In Figure 5, the bars show the total number of supertall residential buildings with
respect to the structural system (right axis of the chart), while the dots correspond to
the space efficiency of these buildings for this type of structural system (the left axis of
the chart).
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As seen in Figure 5, the space efficiency of buildings with an outriggered frame system
ranges between 56% (only in two cases) and 84%, with an average of 75%. A buttressed
core system is the least preferred type (only appearing in one case) for the construction of
supertall residential buildings, based on the study’s sample. As there is only one case with
a buttressed core system, deriving a correlation between space efficiency and the structural
system of this building is likely to be inaccurate. The space efficiency of buildings with
tube systems has an average of 81%.

In supertall residential towers, there is no significant difference in the effect of the use
of tube and outriggered frame systems on space efficiency, and if the outliers (mentioned in
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Section 3.3.1) are removed, the average space efficiency in the buildings with an outriggered
frame system increases to 77%.

4. Discussion and Conclusions

This study was based on the main architectural and structural parameters that have an
effect on space efficiency (including core planning, building form, the structural system, and
the structural material) in the design of supertall residential buildings, to help and direct ar-
chitects in the generation of economically sound and feasible supertall residential projects.

The central core design was the most used type, as was also reported in the research
by Sev and Özgen [17], Ilgın et al. [31], Ilgın [32], and Oldfield and Doherty [35]. Its ease
of integration into the main structural system to resist vertical and lateral loads more
efficiently, together with its potential for allowing more daylight and views through the
building exterior may have contributed to the dominance of this arrangement. On the
other hand, unlike Ilgın’s study [32] on supertall office buildings (in which the frequent
use of tapered and free forms was identified), prismatic forms were the most preferred
building forms in supertall residential construction. This may indicate the architects’ ten-
dency towards reasonable interior planning, to create a more efficient and leasable interior
layout, compared to sophisticated floor plans. Furthermore, as a structural advantage,
these comparatively uncomplicated and symmetrical floor layouts provide similar lateral
stiffness in each direction.

As was found in the studies carried out by Ilgın et al. [31] and Ilgın [32], the most
commonly used structural system was the outriggered frame system. However, unlike
these studies [31,32], the statistics regarding the structural materials showed that reinforced
concrete was the most preferred material in the design of residential towers. Its reasonable
price in the construction markets of many regions, its ease of use in both production
and construction, as well as its natural fire resistance features may have helped to make
reinforced concrete the dominant choice in residential use at height.

Similar to other studies in the literature (e.g., [32]), the findings of this study high-
lighted that space efficiency decreased as the building height increased. Additionally, the
core design played a critical role in the space efficiency of supertall residential towers,
because its planning and dimensions directly affected the net floor area, as was also stated
in the studies carried out by Sev and Özgen [17], and Ilgın [32]. On the other hand, when
the building form groups were compared among themselves, no significant differences
were observed in their effects on space efficiency. Similar results were also valid for the
structural systems group; namely, the outriggered frame and tube systems were the most
preferred types in the buildings that were analyzed in this study. The selection of the
structural system suitable for the relevant building may have resulted in similar ratios
among the structural system groups.

It is also worth mentioning that supertall residential towers have faced the accusation
that they are an unsustainable building type in many ways, including social, economic,
and environmental considerations. Strategies to overcome these critical issues should be
developed from the very beginning of the planning phase. In this sense, the design of
supertall residential buildings, like many other complex structures, is a complicated task
that requires interdisciplinary collaboration and advanced teamwork, and architects, in
particular, must be aware of this fact.

In this study, 27 supertall residential towers (300 m or taller) were examined regarding
their main architectural and structural design parameters, to provide a step towards
analyzing space efficiency as one of the key design parameters to make a project viable. In
addition to the general facts, information about core planning, building form, the structural
system, the structural material, and the interrelations between space efficiency and the
main design considerations of contemporary supertall residential towers were analyzed.

The empirical data provided in this study was limited to completed supertall residen-
tial buildings (300 m or taller). However, given the increasing demand for such buildings
today, it seems that many more supertall residential towers will be built in the near future.



Architecture 2021, 1 36

In addition, tall buildings below 300 m can be included in the sample group to increase the
number of buildings examined in future studies.
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