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Abstract: This study offers a thorough comparative analysis of space efficiency in skyscrapers across 

three distinct forms: prismatic, tapered, and free. By examining case studies from each form cate-

gory, this research investigates how architectural and structural design features impact space utili-

zation in supertall towers. The findings reveal form-based differences in space efficiency and design 

element usage. In prismatic skyscrapers, which are primarily residential and utilize concrete outrig-

ger frames, the average space efficiency was around 72%, with the core occupying 24% of the gross 

floor area (GFA). Tapered skyscrapers, commonly mixed-use with composite outrigger frames, 

showed an average space efficiency of over 70%, with a core-to-GFA ratio of 26%. Freeform towers, 

often mixed-use and using composite outrigger frames, demonstrated a space efficiency of 71%, 

with an average core-to-GFA ratio of 26%. Despite these variations, a consistent trend emerged: as 

the height of a building increases, there is a general decline in space efficiency, highlighting the 

challenges in optimizing space in taller structures. This analysis adds to the understanding of sky-

scraper design and space utilization, providing important insights for architects and urban planners 

aiming to improve the efficiency of future high-rise developments. 
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1. Introduction 

In the face of rapid urbanization and escalating demands for residential and com-

mercial space, skyscrapers have become central to the development of modern cities [1]. 

These towering structures, often seen as symbols of economic prosperity and architectural 

innovation, provide a vertical solution to the spatial limitations faced by densely popu-

lated urban environments [2–4]. As the global urban population continues to grow, with 

projections indicating an increase of over 2.5 billion people by 2050 [5], the importance of 

efficient land use through vertical construction has never been more critical [6]. In this 

context, skyscrapers, embodying the concept of vertical cities, have evolved from mere 

buildings to intricate systems that integrate structural efficiency, spatial utility, and aes-

thetic value. 

The design and form of skyscrapers have undergone significant transformations over 

the past decades, moving beyond the traditional prismatic shapes to embrace more com-

plex geometries such as tapered and free forms [7–9]. Each of these architectural forms 

presents distinct characteristics and challenges, particularly concerning space efficiency, 

a crucial parameter for both economic and environmental sustainability. Space efficiency 

in skyscrapers is generally described as the ratio of usable floor area to the building’s gross 

floor area (GFA). This metric is vital for evaluating the economic viability, functional per-

formance, and overall sustainability of high-rise buildings. 
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Prismatic skyscrapers are typically characterized by their straight, vertical lines and 

symmetrical forms, which make them relatively straightforward to design and construct 

[10]. The geometric simplicity of prismatic forms allows for efficient use of space, as the 

floor plans are uniform throughout the height of the building. This uniformity often leads 

to higher space efficiency, as it minimizes the need for complex structural systems and 

maximizes the usable floor area. However, in an era where urban skylines are increasingly 

seen as expressions of cultural identity and technological prowess, the conventional aes-

thetics of prismatic skyscrapers may be perceived as lacking in architectural dynamism. 

In contrast, tapered skyscrapers, which gradually reduce in floor size as they ascend, 

offer several advantages over their prismatic counterparts [11]. The tapering effect can 

significantly enhance the building’s aerodynamic performance, reducing wind loads and 

sway, which is especially beneficial for supertall structures. This form also allows for cre-

ative architectural expressions and can enhance the visual appeal of the skyline. However, 

the tapering shape often results in reduced space efficiency, as the decreasing floor area 

towards the top of the building can lead to underutilized space and increased construction 

costs. 

Freeform skyscrapers represent the latest trend in high-rise design, characterized by 

their non-linear, often organic shapes that break away from conventional geometric pat-

terns [12]. These forms provide architects with a canvas to experiment with innovative 

and expressive designs, resulting in iconic structures that stand out in urban landscapes. 

However, the irregular geometries of freeform skyscrapers present significant challenges 

in terms of structural engineering and space efficiency. The complex shapes typically re-

quire specialized structural systems to support the unconventional loads, and the irregu-

lar floor plans can lead to inefficient use of interior space, further complicating the opti-

mization of usable floor area. 

Comparison of space efficiency in skyscrapers with prismatic, tapered, and free 

forms plays a pivotal role in advancing our understanding of high-rise architecture and 

urban sustainability. As global urbanization accelerates, cities are increasingly reliant on 

vertical expansion to address the challenges of limited land availability, population 

growth, and environmental sustainability. This study fills a crucial gap by providing a 

systematic, data-driven comparison of space efficiency across three distinct skyscraper 

forms—prismatic, tapered, and freeform—each of which presents unique architectural, 

functional, and structural characteristics. By analyzing the space efficiency and core-to-

GFA ratios of these forms, this study offers critical insights for architects, engineers, and 

urban planners, helping them make informed decisions about building design based on 

factors like functional use, aesthetic goals, structural demands, and sustainability consid-

erations. This research not only highlights the spatial trade-offs inherent in each form but 

also underscores the importance of maximizing usable space to enhance the economic vi-

ability of skyscrapers, reduce material consumption, and improve user comfort. Ulti-

mately, this study aids in the advancement of more efficient, cost-effective, and environ-

mentally sustainable skyscrapers, which are essential to the future of sustainable urban 

growth. Overall, this article aims to conduct this comparative analysis, synthesizing data 

and findings from three recent architectural studies [13–15] that focus on these diverse 

forms. 

It is worth noting that the interplay between space efficiency and adaptability in tall 

buildings is a fundamental consideration in contemporary architectural design, particu-

larly in the context of growing urban density and resource constraints. Space efficiency 

aims to optimize the utilization of available floor area, ensuring that every square meter 

contributes to functionality, occupant comfort, and economic viability. However, as urban 

environments evolve, adaptability becomes equally crucial. This refers to the building’s 

capacity to accommodate changes in use, technology, and user needs over time without 

requiring significant structural alterations. Tall buildings, due to their scale and long 

lifespan, must be designed with future flexibility in mind, allowing for the reconfiguration 

of spaces for different functions, tenants, or technological advancements. Achieving this 
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balance often involves the integration of modular design elements, flexible partitions, and 

advanced building systems that can be easily adjusted. The synergy between space effi-

ciency and adaptability not only enhances the utility and economic performance of high-

rise structures but also supports their long-term sustainability, making them resilient to 

the dynamic nature of urban development and future innovation. 

The significance of this research lies in its comprehensive comparative analysis of 

space efficiency in skyscrapers with prismatic, tapered, and free forms, which addresses 

a crucial aspect of sustainable high-rise design in rapidly urbanizing environments. The 

objective of this study is to evaluate how each skyscraper form influences space utiliza-

tion, and architectural and structural designs, providing valuable insights for architects, 

engineers, and contractors in optimizing skyscraper design. By examining the trade-offs 

between space efficiency, architectural expression, and structural performance, this re-

search offers concrete recommendations for selecting appropriate building forms based 

on specific project goals and urban contexts, ultimately contributing to more efficient, 

functional, and iconic skyscrapers. 

This study focuses exclusively on space efficiency, intentionally omitting other im-

portant aspects such as climate change, energy efficiency, and environmental sustainabil-

ity. The rationale for this exclusion is the lack of comprehensive data across the case stud-

ies, making it difficult to conduct a thorough analysis of these sustainability-related pa-

rameters. By narrowing its focus, the research aims to provide a more in-depth and precise 

evaluation of space efficiency without the interference of incomplete or inconsistent infor-

mation on sustainable design factors. This approach allows for a detailed examination of 

how architectural and structural elements impact the effective use of space in tall build-

ings, ensuring that the findings are both robust and relevant. While the absence of sus-

tainability considerations may limit the scope, this focused analysis delivers clear insights 

into space utilization, laying the groundwork for future research that could integrate a 

more holistic perspective when the necessary data becomes available. 

The sections were structured as follows: First, a comprehensive literature review was 

conducted. Next, the research methodology was outlined, followed by the presentation of 

the results. Afterward, the discussion section provided an analysis and interpretation of 

the findings. Finally, this study concluded by addressing practical implications. 

2. Literature Survey 

To enhance the understanding of efficient space use, several prominent studies have 

explored different factors and configurations, offering valuable methodologies and in-

sights. Refs. [16–19] focused on supertall towers serving various purposes such as resi-

dential, office, hotel, and mixed-use. Throughout these studies, a frequent application of 

outrigger systems and central service cores was identified, suggesting a link between 

height and spatial efficiency. 

Exploring less conventional architectural forms, ref. [20] discovered patterns of spa-

tial efficiency in atypical office towers, revealing that design choices greatly impact spatial 

performance, with conical structures demonstrating notable efficiency. This emphasizes 

the importance of creative architectural approaches in maximizing space usage. In another 

study, ref. [21] examined space utilization in residential buildings in Kabul, observing sig-

nificant discrepancies from regulatory standards due to insufficient consideration of ar-

chitectural design and building codes. These observations highlight the crucial im-

portance of adhering to regulatory frameworks to maintain spatial efficiency. 

Ref. [22] examined how emerging technologies affect space efficiency in densely pop-

ulated urban settings, suggesting that these innovations have the potential to increase spa-

tial efficiency by two to threefold compared to conventional techniques. This underscores 

the significant impact that technological advancements can have on the design of urban 

housing. Meanwhile, ref. [23] investigated the strategic positioning of buildings in corner 

locations within Sudanese residential zones and found that such placements enhance land 
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use efficiency. This finding highlights the importance of thoughtful placement strategies 

in architectural planning to optimize land utilization. 

Ref. [24] focused on the use of space in hotel properties, highlighting the benefits that 

come with effective space management within the hospitality industry. In a separate in-

vestigation, ref. [25] analyzed the elements affecting load-bearing structures in prismatic 

high-rise buildings, offering valuable information on the structural components that im-

pact spatial efficiency. Ref. [26] proposed a collaborative method that includes stakehold-

ers early in the design process to improve space utilization, supporting a participatory 

approach to architectural design. 

Ref. [27] provided guidance on how digital technologies are shaping interior space 

layouts, emphasizing the increasing role of digital tools in the field of architectural design. 

On another front, ref. [28] evaluated how the design of corners and the length of lease 

spans affect spatial efficiency, discovering that corner modifications had a minor effect, 

whereas the lease span significantly influenced efficiency outcomes. Furthermore, ref. [29] 

created a model aimed at maximizing solar radiation capture in cold climates while con-

sidering spatial efficiency, demonstrating the connection between sustainable design 

practices and the optimization of space. 

Ref. [30] analyzed how space is utilized in tall office buildings, highlighting the cru-

cial role of load-bearing methods and core layouts in enhancing spatial efficiency. In a 

separate study, ref. [31] explored the link between optimizing space and reducing overall 

project expenses in office towers, illustrating the cost advantages associated with efficient 

spatial design. Meanwhile, ref. [32] examined spatial efficiency ratios in skyscrapers with 

multiple functions, stressing the necessity for well-designed structural systems and con-

figurations. Together, these studies underscore the intricate nature of achieving spatial 

efficiency in architecture, emphasizing the value of innovative design, technological inte-

gration, compliance with regulations, and thoughtful structural planning. 

On the other hand, smart building technologies are essential for enhancing the effi-

ciency of modern infrastructure by integrating interconnected systems and devices [33]. 

These systems include conventional components such as HVAC, lighting, and electrical 

networks, along with advanced technologies like sensors, controllers, and energy storage 

solutions. Together, they facilitate real-time data collection and communication, optimiz-

ing overall building performance. Smart buildings can regulate energy usage based on 

demand and occupancy, utilizing energy meters, storage systems, and sensors to manage 

lighting, temperature, and air quality. These capabilities not only improve energy effi-

ciency but also enhance occupant comfort, sustainability, and cost-effectiveness. 

Advancements in smart building technologies have significantly progressed across 

various domains, such as communication [34], computing [35], and control systems [36]. 

However, their implementation often remains fragmented, with systems designed and 

installed as isolated solutions [37]. For example, in a building with both a demand-con-

trolled ventilation system and an occupancy-responsive lighting system, each system 

might rely on occupancy data but operate independently due to proprietary technologies 

that hinder integration. This “one–function–one–box” approach, where each system opti-

mizes its specific function, limits the sharing of data and components, resulting in ineffi-

ciencies and higher operational costs [38–40]. The fragmented nature of these systems, 

combined with a complex and disjointed supply chain, further exacerbates the challenge 

of creating cohesive smart building environments. A promising alternative is the “appli-

cation stack paradigm” [41], enabled by innovations in building operating systems (BOS) 

like XBOS [42], which allows multiple functions to share components, data, and resources 

through centralized control and management. This holistic approach not only improves 

system interoperability but also enhances energy efficiency, reduces redundancy, and 

lowers costs by enabling greater flexibility and scalability. As a result, smart buildings 

designed with this paradigm can deliver a more seamless, responsive, and sustainable 

built environment, improving occupant experience while reducing environmental impact. 
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The shift toward integrated, interoperable systems represents a transformative step in op-

timizing space, energy use, and overall building performance. 

An extensive survey of existing literature highlights a notable lack of research fo-

cused on comparing spatial efficiency in contemporary skyscrapers with different forms. 

To bridge this gap and deepen the understanding of current trends, this paper aims to 

methodically gather and evaluate data on spatial efficiency in these buildings. Through 

an in-depth analysis of 110 case studies, this study aims to uncover key architectural and 

structural characteristics, with the goal of identifying trends and providing valuable in-

sights into this relatively unexplored subject. 

3. Research Method 

To collect and systematically organize data from 110 cases, a case study methodology 

was employed (Figure 1). This research approach is widely regarded as an effective tool 

for gathering and analyzing both qualitative and quantitative data, while also enabling 

comprehensive literature reviews [43,44]. The case study method is particularly well-

suited for the detailed examination of architectural and structural elements in real-world 

buildings, as it provides a framework for in-depth, context-specific investigation. 

 

Figure 1. Research method (by authors). 

By focusing on individual skyscraper designs, this approach enables researchers to 

uncover critical insights into the unique design attributes, construction techniques, and 

structural challenges associated with each building. Through this focused lens, this study 

not only highlights overarching trends and innovations in modern skyscraper architecture 

but also uncovers specific variations that may arise due to geographical, cultural, or engi-

neering constraints. 

Furthermore, the flexibility of the case study method supports the integration of di-

verse data sources, including architectural drawings, construction plans, historical docu-

ments, and interviews with key stakeholders. This multidimensional approach fosters a 

holistic understanding of skyscraper design, allowing researchers to triangulate data from 

multiple perspectives and produce a richer, more nuanced analysis. Such an integrative 

approach is critical for identifying emergent patterns and addressing complex research 

questions related to both the aesthetic and functional dimensions of contemporary high-

rise buildings. 

Ultimately, the use of a case study methodology in this research enables a robust 

comparative analysis, facilitating the identification of commonalities across cases while 

also bringing to light novel or anomalous design features that may influence future archi-

tectural practices and innovations in skyscraper construction. 
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In this research, 110 skyscrapers were chosen from the extensive Council on Tall 

Buildings and Urban Habitat (CTBUH) database [45]. CTBUH is a prominent global non-

profit organization dedicated to advancing urban development, with a particular empha-

sis on sustainability and resilience in urban planning to tackle the issues posed by rapid 

urbanization and climate change. The organization is well-regarded for establishing cri-

teria for classifying tall buildings and for recognizing outstanding architectural achieve-

ments through awards like ‘The World’s Tallest Building’ and ‘Buildings of Distinction’. 

Drawing on data from the CTBUH database, this study classifies buildings exceeding 300 

m in height as ‘supertall’, underscoring their importance and the high level of technical 

and design expertise required for their construction. 

In this research, a carefully curated case study sample was selected to provide a ro-

bust and representative analysis of skyscrapers serving various functions across the globe. 

While geographical limitations and access restrictions impacted the availability of certain 

cases, the final sample was meticulously assembled to offer a comprehensive view of spa-

tial efficiency and architectural features in tall buildings. The sample comprises a diverse 

range of skyscrapers: 52 from China, 19 from the UAE, 10 from the United States, 6 from 

South Korea, 5 from Russia, 3 each from Saudi Arabia and Malaysia, 2 each from Kuwait, 

India, and Australia, and one each from Canada, Chile, UK, Qatar, Taiwan, Indonesia. 

This varied selection, shown in Figure 2, enables a detailed exploration of contemporary 

skyscraper design and spatial approaches across different global regions and urban con-

texts. 

 

Figure 2. Case studies on the world map (by authors). 
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In the design of prismatic, tapered, and free-formed skyscrapers, as in many other 

structures, architectural and structural requirements serve as the fundamental decision-

making criteria. These core parameters are crucial in shaping the overall design and func-

tion of the building. The key considerations include: 

Core Planning: This impacts the arrangement of vertical mobility systems, such as 

elevators and staircases, as well as the distribution of service shafts and mechanical sys-

tems [46]. The positioning and configuration of the core directly influence circulation ef-

ficiency and space utilization. 

Building Form: The form of the building affects the size and shape of the floor slabs, 

which in turn dictates the flexibility of interior layouts and the potential for maximizing 

usable space [30]. The building’s geometric form is also a critical factor in determining 

aesthetic and functional design outcomes. 

Structural System: The choice of structural system plays a significant role in deter-

mining the dimensions, placement, and efficiency of structural members such as columns 

and beams [16]. The system selected must balance load distribution, structural integrity, 

and space efficiency to optimize the building’s performance. 

Structural Material: The material chosen for the structural elements, whether con-

crete, steel, or composites, directly influences the size and configuration of the building’s 

load-bearing components [19]. The material’s strength, stiffness, and fire resistance deter-

mine how compact or expansive the structural framework can be. 

These parameters—core planning, building form, structural system, and material se-

lection—govern critical design aspects such as floor slab dimensions, lease span, struc-

tural layout, and core arrangement, all of which have a direct impact on space efficiency 

[47]. As a result, this study focuses on these four design criteria to analyze space efficiency 

in tall towers. 

From an architectural perspective, this study applies the core layout model from [18], 

which categorizes cores into four main types, as shown in Figure 3a. Additionally, build-

ing forms are classified into several distinct categories, as depicted in Figure 3b. Selecting 

an appropriate structural system is crucial for optimizing space utilization in tall build-

ings, as it greatly affects the configuration and size of structural components. This research 

adopts the classification of skyscraper structures provided by [19], presented in Figure 3c. 

The choice of structural materials, including steel, concrete, and composite materials, 

plays a significant role in determining the size and placement of structural elements, 

which directly impacts spatial efficiency. In this context, ‘composite’ refers to skyscrapers 

where vertical load-bearing components, such as shear walls and columns, are con-

structed using a combination of steel, concrete, or both. 



Buildings 2024, 14, 3345 8 of 22 
 

 

Figure 3. Classifications by (a) core planning; (b) form; and (c) structural system (by authors).  
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4. Results 

4.1. Main Design Parameters 

Prismatic skyscrapers are known for their simplicity and efficiency in both design 

and space utilization. The primary architectural consideration in these buildings is the use 

of a central core, which houses essential services such as elevators, stairwells, and me-

chanical systems. This centralized core layout is ideal for maximizing space efficiency be-

cause it minimizes circulation pathways and ensures consistent floor layouts across levels. 

However, as the building height increases, the core must grow proportionally to accom-

modate additional elevators and stairwells, which can reduce usable space. 

Prismatic forms are most employed in residential and mixed-use towers, where the 

simplicity of their layout allows for straightforward construction and the efficient alloca-

tion of interior spaces. The regularity in floor plans helps ensure that space utilization is 

maximized, as the uniformity of the design simplifies the division of the internal space 

into functional zones. 

Tapering form allows for enhanced aesthetics, improved wind resistance, and max-

imized views from upper floors. However, it introduces more complexity in terms of spa-

tial efficiency. As the floor area decreases with height, the allocation of space becomes 

more intricate, and core-to-floor ratios must be carefully managed to maintain efficiency. 

The primary architectural design consideration for tapered skyscrapers is again the 

central core strategy, which is widely adopted for its structural efficiency and ability to 

centralize vertical circulation. This core design is crucial in ensuring that the structural 

loads are properly distributed, particularly given the unique wind loads that tapered 

forms must withstand. 

Tapered forms are commonly used in mixed-use developments, where the varying 

floor sizes can accommodate different functions. For example, larger lower floors may 

house commercial spaces, while smaller upper floors can be designated for residential or 

office use. This flexibility allows for the efficient use of space within the constraints of the 

form. 

Freeform skyscrapers, which are characterized by their non-uniform and often highly 

irregular shapes, provide a unique architectural challenge. These forms allow for a great 

degree of aesthetic freedom and the creation of iconic landmarks, but they also introduce 

significant difficulties in maintaining high space efficiency. The irregular shapes compli-

cate the core design and require more sophisticated structural systems to handle the non-

linear distribution of loads. 

The central core remains the most common strategy for vertical circulation in 

freeform skyscrapers. However, the irregularity of the forms often necessitates the use of 

complex structural systems, such as outrigger frames, to manage lateral forces and ensure 

structural stability. The variability in floor sizes and shapes can result in lower space effi-

ciency compared to prismatic and tapered forms, as the irregular geometries lead to more 

wasted or unusable space. Despite these challenges, freeform designs are favored for their 

iconic status and ability to create distinctive urban landmarks. 

Overall, all three forms generally adopt a central core strategy for structural effi-

ciency and centralized vertical circulation. However, in freeform skyscrapers, the com-

plexity of the form often necessitates additional structural systems like outrigger frames. 

Prismatic skyscrapers tend to be the most efficient in terms of space utilization due to their 

simple, regular floor plans. Tapered skyscrapers strike a balance between aesthetics and 

efficiency, while freeform skyscrapers, though iconic, often have lower space efficiency 

due to their irregular shapes. Prismatic forms are well-suited for residential and mixed-

use developments where simplicity and efficiency are paramount. Tapered forms are 

more flexible, accommodating a range of functions such as offices, hotels, and residential 

spaces. Freeform skyscrapers are primarily used in high-profile, mixed-use projects where 

the aesthetic impact is a priority. 
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Prismatic skyscrapers often rely on outrigger frame systems to handle lateral forces 

such as wind and seismic activity. These systems distribute the load from the core to the 

perimeter columns, improving overall stability and allowing for flexible placement of col-

umns. This flexibility is essential for maximizing usable interior space, as the outrigger 

system allows for unobstructed floor plans. Prismatic skyscrapers typically use reinforced 

concrete as the dominant structural material, chosen for its strength, durability, fire re-

sistance, and cost-effectiveness. In some cases, composite materials are used, combining 

the tensile strength of steel with the compressive strength of concrete. These materials 

offer a balance between cost efficiency and structural performance, making them ideal for 

supporting the vertical loads in prismatic towers. Reinforced concrete accounts for about 

57% of prismatic skyscrapers, while composite construction is used in 40% of cases. 

In tapered skyscrapers, structural design must accommodate the changing load dis-

tribution and wind forces that result from the tapering form. Outrigger frame systems are 

again the preferred choice, providing the flexibility needed to manage lateral forces and 

ensure structural stability as the building height increases. The outrigger system’s capac-

ity to place perimeter columns at various positions allows for better structural perfor-

mance in managing the taper’s aerodynamic profile, which significantly reduces wind 

loads. 

Composite materials dominate in tapered skyscrapers, accounting for more than 80% 

of the structural materials used. This combination of steel and concrete provides the nec-

essary balance of strength, fire resistance, and stability needed to support both vertical 

and lateral loads in these tall, slender structures. The lightweight nature of the tapering 

upper sections also reduces the overall material requirements, making tapered skyscrap-

ers structurally efficient. 

Freeform skyscrapers, with their complex, non-linear geometries, require even more 

sophisticated structural systems. Like their prismatic and tapered counterparts, freeform 

skyscrapers commonly employ outrigger frame systems, but these systems must be 

adapted to support the irregular and asymmetrical load distributions inherent in freeform 

designs. The flexibility of the outrigger system allows for unique façade designs, enabling 

architects to realize the full aesthetic potential of freeform structures while maintaining 

structural integrity. 

Given the complexity of freeform geometries, composite materials are again the ma-

terial of choice, providing the strength and versatility needed to manage the various forces 

acting on the structure. These materials allow the building to maintain its shape and sta-

bility while reducing weight, which is critical for managing the stress created by the irreg-

ular form. 

Overall, outrigger frame systems are used in all three forms to manage lateral loads 

and provide stability at height. However, the complexity of freeform designs requires 

more advanced adaptations of these systems to handle non-linear load distributions. 

Composite materials, combining steel and concrete, dominate in all three types of sky-

scrapers. Their ability to balance tensile and compressive forces makes them ideal for both 

vertical and lateral loads. Reinforced concrete is also widely used in prismatic towers for 

its fire resistance and cost-effectiveness. Tapered and freeform designs optimize material 

use by reducing weight at higher levels, enhancing both structural efficiency and aesthetic 

appeal. In contrast, prismatic forms emphasize simplicity and uniformity, with a focus on 

maximizing space and cost efficiency. 

Tables 1 and 2 show the outcomes on architectural and structural design parameters 

for prismatic, tapered, and freeform skyscrapers. 

Table 1. Comparison of architectural design considerations. 

Findings Prismatic Tapered Free 

Function 
Residential (43%) 

Office (26%) 

Residential (7%) 

Office (33%) 

Residential (11%) 

Office (40%) 
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Mixed-use (31%) Mixed-use (60%) Mixed-use (49%) 

Core type 
Central (97%) 

External (3%) 
Central (100%) Central (100%) 

Table 2. Comparison of structural design considerations. 

Findings Prismatic  Tapered Free 

Material 

Concrete (57%) 

Composite (40%) 

Steel (3%) 

Concrete (10%) 

Composite (82%) 

Steel (8%) 

Concrete (31%) 

Composite (69%) 

System 

Outrigger frame (63%) 

Tube (25%) 

Mega column & core 

(6%) 

Shear-frame (6%) 

Outrigger frame (70%) 

Tube (20%) 

Buttressed core (3%) 

Shear-frame (7%) 

Outrigger frame (74%) 

Tube (9%) 

Mega column & core 

(11%) 

Shear-frame (6%) 

4.2. Space Efficiency in Towers with Different Forms 

Average space efficiencies of prismatic, tapered, and free towers were 72%, 72%, and 

71%, respectively, whereas core area to GFA ratios were 24%, 26%, and 26%, respectively. 

Values fluctuated from the lowest of 55% and 11% to the highest of 84% and 38%, respec-

tively, as seen in Table 3. 

Table 3. Comparison of space efficiency and ratio of core to GFA. 

Findings Prismatic Tapered Free 

Space efficiency 
72% 

(max. 84%, min. 56%) 

72% 

(max. 84%, min. 55%) 

71% 

(max. 84%, min. 

56%) 

Core to GFA 
24% 

(max. 36%, min. 12%) 

26% 

(max. 38%, min. 11%) 

26% 

(max. 36%, min. 

11%) 

As seen in Table 3, prismatic skyscrapers achieve an average space efficiency of 72%, 

with values ranging between 56% and 84%. The regular, uniform floor plans in prismatic 

buildings contribute to their generally high space efficiency. These buildings are typically 

designed with repetitive floorplates, which allow for straightforward spatial planning. 

The higher end of space efficiency (up to 84%) is attainable in prismatic buildings 

because their simple geometries allow for efficient layout and consistent floor use. How-

ever, the lower range (56%) may occur in extremely tall or heavily serviced prismatic 

buildings, where additional circulation cores or structural elements become necessary to 

manage vertical loads and circulation. The simplicity of prismatic designs is particularly 

effective in reducing spatial inefficiency caused by irregular shapes, resulting in less 

wasted or unusable space. Their geometry often makes it easier to optimize floor layouts, 

especially for commercial or residential functions, which require efficient space distribu-

tion. 

Tapered skyscrapers also exhibit an average space efficiency of 72%, with a broader 

range between 55% and 84%. Although they share the same average space efficiency as 

prismatic buildings, their variability is higher, which can be attributed to the changing 

floorplate sizes as the building rises. Tapered forms are often narrow towards the top, 

which creates more challenges in terms of space efficiency. As the floor area decreases 

with height, the usable space becomes less consistent, leading to more variability in space 

efficiency. In buildings where this taper is more pronounced, space efficiency may drop 

towards the lower end of the range (55%). However, the aerodynamic and aesthetic ben-

efits of tapered forms, such as reducing wind loads and improving structural stability, 
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justify this variability. Even so, when carefully designed, tapered buildings can still 

achieve high efficiency (up to 84%), particularly in the lower sections where floorplates 

are larger and more efficiently utilized. 

Freeform skyscrapers show a slightly lower average space efficiency of 71%, with a 

range from 56% to 84%. Freeform designs introduce more complexity due to their irregu-

lar and often non-repetitive shapes. This complexity can make it difficult to maintain con-

sistently high space efficiency throughout the building. The lower average efficiency in 

freeform designs is largely due to the irregular geometries, which can result in unusable 

or inefficiently shaped floor areas, particularly in the corners and peripheries. The dy-

namic forms may limit the potential to organize space efficiently, particularly in the upper 

sections or in areas where the form significantly deviates from a standard shape. None-

theless, freeform designs can still achieve high space efficiency (up to 84%) when the ar-

chitectural form is well-integrated with efficient spatial planning, particularly on the 

lower floors or where the design allows for large, flexible interior spaces. These high-effi-

ciency cases often occur in mixed-use buildings or in areas where aesthetic and functional 

considerations are well-balanced. 

On the other hand, prismatic buildings have an average core-to-GFA ratio of 24%, 

with a range from 12% to 36%. The lower end of this range reflects the inherent efficiency 

of prismatic forms in managing space. Their simple, uniform layouts allow for compact 

and centralized core placements, minimizing the need for extensive circulation or me-

chanical shafts. However, as prismatic buildings grow taller or serve more complex func-

tions, the core size may need to increase to accommodate additional elevators, stairwells, 

and structural support. This explains the upper limit of 36%, where a larger core reduces 

the proportion of usable space, particularly in super-tall prismatic towers. In general, the 

regularity of prismatic designs makes them highly efficient in distributing services, result-

ing in lower core-to-GFA ratios and more usable floor area, especially in mid-rise build-

ings or those with straightforward vertical circulation needs. 

Tapered buildings exhibit a slightly higher average core-to-GFA ratio of 26%, with a 

range from 11% to 38%. The increasing structural complexity of tapered forms, especially 

in the upper sections where the building narrows, often requires a larger proportion of 

floor space to be dedicated to the core. As the building tapers, the floor area reduces, but 

the core size does not necessarily shrink at the same rate, leading to a higher core-to-GFA 

ratio, particularly at the top of the structure. This is a key factor in reducing space effi-

ciency in some tapered skyscrapers, especially as the taper becomes more pronounced. 

Despite this challenge, tapered buildings can achieve lower core-to-GFA ratios in the 

lower sections, where the wider floorplates provide more space for circulation and me-

chanical systems without significantly impacting the usable area. 

Freeform buildings share the same average core-to-GFA ratio as tapered buildings 

(26%), with a range from 11% to 36%. The irregular and asymmetrical shapes of freeform 

buildings make it challenging to efficiently place the core, often requiring more space to 

accommodate the structural and mechanical needs. The dynamic geometries of freeform 

buildings frequently lead to uneven or less centralized core layouts, contributing to a 

higher core-to-GFA ratio in certain sections of the building. In some cases, this inefficiency 

is compensated by innovative engineering solutions, but it often results in a greater pro-

portion of floor area being used for non-functional purposes, particularly in areas where 

the form deviates significantly from a standard shape. However, freeform buildings can 

still achieve lower core-to-GFA ratios (as low as 11%) in sections where the building’s 

design allows for more compact core placement or where structural demands are lower. 

Achieving this efficiency requires careful coordination between architectural design and 

engineering. 

In summary, prismatic buildings tend to have better space efficiency and lower core-

to-GFA ratios due to their simple, regular geometry, making them easier to optimize for 

both functional use and circulation. Tapered buildings, while visually and aerodynami-

cally advantageous, experience more variability in space efficiency and core size, 
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particularly as the building narrows toward the top. Freeform buildings, with their irreg-

ular and dynamic shapes, present the most challenges in maintaining space efficiency and 

minimizing core-to-GFA ratios, though they can achieve high performance with careful 

planning and innovative design solutions. Ultimately, the choice of form depends on bal-

ancing aesthetic, structural, and functional considerations, with space efficiency and core-

to-GFA ratios serving as key indicators of the building’s overall efficiency. 

Relation of Space Efficiency and Location, Core Typology, Form, Structural Material, 

and System 

Figures 4–7 provide a comprehensive analysis of empirical data, highlighting the 

complex relationship between spatial efficiency and the architectural and structural ele-

ments that impact it. In these figures, a bar chart on the right visually represents the total 

number of skyscrapers categorized by relevant classifications, giving a clear snapshot of 

data distribution. Colored dots represent the spatial efficiency of individual towers in dif-

ferent regions, correlating with their specific design features, offering a visually engaging 

depiction of these intricate interactions. Additionally, the bars emphasize the prevalence 

of buildings within the sample that exhibit similar design characteristics. 

 

Figure 4. Different forms by function. 

Figure 4 illustrates the comparison of space efficiency for three distinct skyscraper 

forms across residential, office, and mixed-use building functions. Prismatic buildings (or-

ange) generally display lower and more consistent space efficiency. In residential build-

ings, which account for 15 out of the 22 analyzed, the space efficiency ranges from around 

60% to 75%, with a majority of the values clustering near 65%. In office buildings (9 out of 

36), the space efficiency increases slightly, ranging from 65% to 75%. For mixed-use build-

ings (11 out of 52), prismatic forms maintain a similar efficiency range, spanning from 60% 

to 75%. 

Tapered skyscrapers (blue) exhibit more variability in space efficiency, particularly 

in office and mixed-use buildings. In residential buildings (3 out of 22), the space effi-

ciency is more widely distributed, ranging from 55% to 80%, indicating a larger degree of 

variability than prismatic forms. In office buildings (13 out of 36), the efficiency spans 

from 60% to 85%, with several buildings approaching the upper range, showing the ta-

pered form’s potential for optimization in commercial applications. In mixed-use build-

ings (24 out of 52), tapered designs display one of the highest space efficiencies, with val-

ues ranging from 60% to 85%. 

Freeform skyscrapers (green) also show a broad range of space efficiency, particu-

larly in mixed-use buildings. For residential buildings (4 out of 22), freeform designs ex-

hibit slightly better performance, with efficiency ranging from 65% to 85%. In office build-

ings (14 out of 36), the efficiency ranges between 60% and 85%, similar to the tapered form 

but with slightly more variability. In mixed-use buildings (17 out of 52), freeform designs 
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achieve the highest space efficiency, ranging from 65% to 85%, making them well-suited 

for multifunctional uses. 

 

Figure 5. Different forms by core type. 

Figure 5 provides a detailed comparison of the space efficiency of skyscrapers with 

different forms based on three core typologies: central, external, and peripheral cores. 

Central core typology is the most commonly employed across all three forms, with 107 

buildings in total. Prismatic skyscrapers (orange, 34 buildings) have a space efficiency 

range from 60% to 80%, with most of the data points clustering around 70%. This indicates 

a moderate level of space efficiency, which is consistent but slightly lower compared to 

the other forms. 

Tapered skyscrapers (blue, 38 buildings) demonstrate a wider range of space effi-

ciency, from 60% to 85%, with several buildings achieving efficiencies above 80%. This 

suggests that tapered forms can better optimize the central core, possibly due to the var-

ying floor sizes that allow for flexible spatial planning. The higher variability in efficiency 

reflects the adaptability of the tapered form in balancing structural demands and maxim-

izing usable space. 

Freeform skyscrapers (green, 35 buildings) also show a broad range of space effi-

ciency, from 65% to 85%, with many buildings achieving efficiency levels at the higher 

end of the spectrum (above 80%). Despite the complexity and irregularity of their forms, 

freeform skyscrapers maintain a high level of space efficiency when using a central core. 

This performance demonstrates the potential of freeform buildings to be both architectur-

ally expressive and spatially efficient. 

External core typology is far less common, with only two buildings represented in 

the dataset—one prismatic and one tapered. Both buildings show lower space efficiency, 

with values ranging from 55% to 70%. The prismatic building has an efficiency closer to 

60%, while the tapered building shows slightly higher efficiency at around 70%. The lower 

space efficiency in buildings with external cores suggests that this core typology may limit 

usable space compared to central cores. 

Peripheral core typology is the least represented, with only one tapered building an-

alyzed. This building shows a space efficiency of approximately 65%, indicating a moder-

ate level of efficiency. However, the single data point limits the ability to draw broader 

conclusions about the effectiveness of the peripheral core in other buildings or forms. 
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Figure 6. Different forms by structural system. 

Figure 6 compares the space efficiency of prismatic, tapered, and freeform skyscrap-

ers across six different structural systems: shear-walled frame, mega column, mega core, 

outrigger frame, tube, and buttressed core. Shear-walled frame system, represented by 7 

buildings (2 prismatic, 3 tapered, and 2 freeform), shows moderate space efficiency across 

all forms. Prismatic buildings exhibit space efficiency in the range of 60% to 70%, while 

tapered and freeform buildings demonstrate a broader range, with efficiency spanning 

from 60% to 80%. Despite its moderate application, the shear-walled frame system does 

not appear to provide exceptionally high space efficiency compared to other structural 

systems, especially in prismatic forms. 

The mega column system is represented by 4 buildings, all in the tapered and 

freeform categories. Tapered buildings show a wide range of space efficiency, from 60% 

to 80%, indicating significant variability in how this system supports spatial optimization. 

Freeform buildings utilizing the mega column system display slightly higher space effi-

ciency, with values ranging from 65% to 80%. This suggests that the mega column system, 

while not commonly used, can provide higher space efficiency, particularly in more com-

plex geometries such as freeform skyscrapers. 

The mega core system, used in only 2 buildings, both freeform, demonstrates a higher 

range of space efficiency. These freeform buildings exhibit space efficiency from 70% to 

85%, showcasing the system’s potential for achieving high levels of spatial efficiency in 

non-linear building designs. The limited dataset prevents broader conclusions, but it sug-

gests that mega core systems may be particularly well-suited for freeform skyscrapers, 

where complex geometries demand a robust and flexible structural solution. 

The outrigger frame system is the most widely used structural system in the dataset, 

represented by 76 buildings (22 prismatic, 28 tapered, and 26 freeform). This system 

shows a wide range of space efficiency across all forms. Prismatic buildings using outrig-

ger frames exhibit efficiency from 60% to 80%, with most data points clustering around 

70%. Tapered buildings display a broader spread, ranging from 60% to 85%, with several 

buildings achieving efficiencies in the higher range. Freeform buildings show the highest 

levels of efficiency, spanning from 65% to 85%, indicating that the outrigger frame system 

is particularly effective for complex forms. This widespread use and adaptability of the 

outrigger frame system highlight its suitability for tall, structurally demanding buildings, 

and its capacity to maximize space efficiency, especially in non-standard geometries like 

freeform designs. 

The tube system, used in 20 buildings (9 prismatic, 8 tapered, and 3 freeform), shows 

a more consistent performance. Prismatic and tapered buildings have space efficiency 

ranging between 60% and 80%, with most values clustering around 70%, reflecting a bal-

anced use of this system for both forms. The freeform buildings in the dataset, though 

fewer, show slightly higher efficiency, with values ranging from 65% to 80%. This system 

appears to perform well across all forms, providing stable and efficient structural support, 
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particularly in traditional and linear building designs such as prismatic and tapered 

forms. 

The buttressed core system is the least represented, with only one tapered building 

using this structural solution. The space efficiency of this building ranges from 55% to 

80%, indicating that while the system can be effective, it may also introduce more varia-

bility in space efficiency compared to other structural systems. This system is typically 

used in extremely tall buildings, where lateral stability is a significant concern, but the 

data suggests that it may not consistently optimize space efficiency. 

 

Figure 7. Different forms by structural material. 

Figure 7 presents a comparison of space efficiency for prismatic, tapered, and 

freeform skyscrapers based on three types of structural materials: steel, concrete, and com-

posite. Steel structures are the least represented, with only 4 buildings (1 prismatic, 3 ta-

pered). The prismatic steel building shows a space efficiency of 70%, suggesting that while 

steel can offer efficient structural solutions for prismatic forms, its use is rare in these con-

figurations. The tapered steel buildings exhibit a broader range of efficiency, from 60% to 

75%, indicating moderate efficiency for tapered designs. There are no freeform buildings 

using steel in this dataset, suggesting that steel is not typically chosen for more complex 

geometries like freeform skyscrapers, possibly due to material limitations in accommo-

dating non-linear forms. 

Concrete is a more commonly used material, represented in 35 buildings (20 pris-

matic, 4 tapered, 11 freeform). Prismatic concrete buildings show a consistent space effi-

ciency range from 60% to 75%, with most buildings clustered around 70%, indicating re-

liable performance in terms of space optimization for these simpler forms. In tapered 

buildings, concrete shows a slightly wider spread, with efficiency ranging from 55% to 

80%, indicating that concrete allows for some flexibility in design but may not be as effi-

cient as composite materials in tapered structures. Freeform concrete buildings achieve 

higher efficiency, with values ranging from 65% to 80%, demonstrating that concrete is a 

strong choice for more complex forms, likely due to its adaptability in non-linear and ir-

regular shapes. 

Composite materials, which combine steel and concrete, dominate the dataset, with 

71 buildings (14 prismatic, 33 tapered, 24 freeform). Prismatic composite buildings exhibit 

space efficiency ranging from 60% to 75%, similar to concrete buildings but with a slightly 

tighter clustering around 70%. This consistency suggests that composite materials per-

form well in traditional, regular forms like prismatic skyscrapers. However, tapered 

buildings using composite materials show a wider and higher range of space efficiency, 

from 60% to 85%, with many buildings achieving efficiencies above 80%. This demon-

strates the superior adaptability of composite materials in tapered designs, where varying 

floor sizes and complex geometries benefit from the combined strength and flexibility of 

steel and concrete. Freeform buildings using composite materials also exhibit high space 
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efficiency, ranging from 65% to 85%, similar to tapered designs. This reflects the high 

structural efficiency of composite materials in complex, irregular skyscrapers, where spa-

tial optimization is critical. 

Steel is used sparingly, with space efficiency for prismatic and tapered buildings 

ranging from 60% to 75%, and no representation in freeform structures. While steel can 

offer moderate efficiency, its limited use suggests that it may not be the preferred material 

for maximizing space in high-rise buildings, particularly in more complex forms. 

Concrete performs well, especially in freeform buildings, with space efficiency rang-

ing from 65% to 80%. Prismatic concrete buildings are consistent, with efficiency cluster-

ing around 70%, while tapered concrete buildings show more variability, ranging from 

55% to 80%. Concrete is a versatile material but may be slightly less efficient than compo-

site in more dynamic forms like tapered and freeform skyscrapers. 

Composite materials are the most efficient and widely used across all forms. Tapered 

buildings using composite materials exhibit the highest efficiency, with values ranging 

from 60% to 85%, and many achieving over 80% efficiency. Similarly, freeform buildings 

using composite materials also demonstrate high space efficiency, ranging from 65% to 

85%, showing the material’s ability to accommodate both complex geometries and high 

spatial optimization. Prismatic buildings using composite materials are consistent with 

other materials, showing efficiency between 60% and 75%. 

Composite materials stand out as the best-performing structural solution for achieving 

high space efficiency, especially in tapered and freeform skyscrapers, where efficiency 

ranges from 60% to 85%. The flexibility of composite materials allows for better optimization 

of space in non-linear and irregular geometries. Concrete also performs well, particularly in 

freeform structures, with space efficiency values up to 80%, while steel, though less com-

monly used, offers moderate efficiency in prismatic and tapered buildings, generally rang-

ing between 60% and 75%. Overall, composite materials provide the highest level of space 

efficiency across all forms, particularly for more complex architectural designs. 

5. Discussion 

The comparative analysis of space efficiency in skyscrapers with prismatic, tapered, 

and free forms provides a comprehensive understanding of how different architectural 

designs influence the utilization of internal space, construction feasibility, and overall 

functionality. Each form presents distinct advantages and limitations, shaping its suitabil-

ity for specific contexts and influencing decisions in skyscraper design. 

Prismatic skyscrapers, characterized by their straightforward, uniform geometry, 

and vertical alignment, typically achieve the highest levels of space efficiency among the 

three forms analyzed. This efficiency is largely due to the simplicity and regularity of pris-

matic designs, which facilitate a standard approach to structural systems and material 

use. The consistency in floor plans throughout the building height allows for optimal 

placement and organization of service cores, structural elements, and usable floor space, 

thereby maximizing the ratio of net floor area to GFA. 

The high space efficiency of prismatic forms translates to significant economic bene-

fits. These skyscrapers are often more cost-effective to construct and maintain, as their 

design requires fewer custom solutions and allows for the use of standardized compo-

nents. This efficiency not only reduces construction time and costs but also enhances the 

building’s marketability by maximizing the rentable or sellable space. For developers and 

investors, prismatic skyscrapers represent a financially viable option, especially in high-

density urban areas where maximizing usable space is paramount. 

However, the uniformity and simplicity of prismatic designs can be perceived as visu-

ally monotonous, lacking the architectural dynamism that is increasingly sought after in 

modern urban environments. In cities aiming to create distinctive skylines and cultural 

landmarks, prismatic skyscrapers may fall short in terms of aesthetic appeal and symbolic 

representation. Despite these aesthetic limitations, prismatic forms remain a practical and 

efficient choice for urban contexts where functionality and cost-effectiveness are prioritized. 
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Tapered skyscrapers, which feature a gradual reduction in floor area as they ascend, 

offer a different set of spatial and structural considerations. The tapering design is partic-

ularly advantageous in improving a building’s aerodynamic performance, significantly 

reducing wind loads and sway. This attribute is critical for super-tall structures, where 

wind forces become a major concern. The tapering effect also allows for a more varied and 

aesthetically pleasing silhouette, contributing to a dynamic skyline and enhancing the 

building’s visual impact. 

However, the reduction in floor area towards the top of the building introduces chal-

lenges in terms of space efficiency. The tapering shape results in smaller upper floors, 

which can lead to underutilized spaces and complicate the integration of service cores, 

mechanical systems, and structural supports. These constraints often necessitate more 

complex and costly structural solutions to maintain stability and functionality, reducing 

the overall economic efficiency of the building. Despite these drawbacks, tapered sky-

scrapers are highly valued for projects where aesthetic considerations and structural per-

formance are prioritized over maximizing internal space. 

The trade-offs associated with tapered designs highlight the importance of context in 

skyscraper construction. While they may not offer the highest space efficiency, tapered forms 

provide significant benefits in terms of structural resilience and architectural expression. In 

regions prone to high winds or seismic activity, or where visual impact is a key consideration, 

tapered skyscrapers offer a compelling option that balances form and function. 

Freeform skyscrapers represent the most innovative and complex category of high-

rise buildings analyzed in this study. Defined by their non-linear, often organic shapes, 

freeform designs break away from traditional geometric patterns and offer architects a 

canvas for creativity and experimentation. These structures often become iconic land-

marks, contributing significantly to a city’s identity and attracting tourism, investment, 

and public interest. 

However, the irregular geometries of freeform skyscrapers pose substantial chal-

lenges in terms of space efficiency and structural integrity. The non-standard shapes re-

quire specialized structural systems capable of accommodating unconventional loads and 

maintaining stability. These systems often involve advanced materials and engineering 

techniques, which can increase both the cost and complexity of construction. Additionally, 

the irregular floor plans associated with freeform designs can lead to inefficient use of 

internal space, as the layouts may not align well with standard planning practices, result-

ing in wasted areas or reduced flexibility in space usage. 

Despite these challenges, freeform skyscrapers offer unique advantages that can justify 

their use in specific contexts. Their distinctive designs can enhance the aesthetic value of a 

skyline, serve as cultural symbols, and contribute to a city’s global image. Furthermore, 

freeform buildings can provide a variety of interior spaces that offer unique user experiences 

and support diverse functionalities, making them suitable for mixed-use developments or 

projects that prioritize iconic architecture over traditional efficiency metrics. 

The successful implementation of freeform skyscrapers needs a holistic method that 

incorporates architectural design, structural engineering, and urban planning. By lever-

aging advanced digital modeling tools and innovative construction techniques, architects 

and engineers can optimize the balance between form and function, creating buildings 

that are not only visually striking but also structurally sound and functionally effective. 

The findings of this study underscore the critical role of space efficiency in sustaina-

ble urban development and the need to balance aesthetic aspirations with practical con-

siderations in skyscraper design. In densely populated urban areas where land is scarce 

and expensive, maximizing usable space is essential to guarantee the financial feasibility 

and ecological sustainability of high-rise structures. Prismatic forms, with their high space 

efficiency and cost-effectiveness, are well-suited for these contexts, providing a straight-

forward solution to the challenges of urban density. 

However, as cities increasingly seek to distinguish themselves through iconic archi-

tecture and sustainable design, the trade-offs associated with tapered and freeform 
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designs become more relevant. While these forms may offer less space efficiency, they 

provide opportunities for architectural innovation and can contribute to the cultural and 

economic vitality of a city. For instance, freeform skyscrapers, despite their lower space 

efficiency, can incorporate sustainable design features such as green roofs, natural venti-

lation, and renewable energy systems, enhancing their environmental performance and 

social value. 

The choice of skyscraper form should be guided by careful consideration of the specific 

needs and goals of the project, as well as the broader urban context in which it is situated. 

For cities looking to balance density with iconic architecture, a mix of prismatic, tapered, 

and freeform skyscrapers may provide the optimal solution, combining the efficiency of tra-

ditional forms with the aesthetic and symbolic value of more innovative designs. 

This study provides a foundational understanding of the relationship between sky-

scraper form and space efficiency, but there is ample scope for further research to explore 

these dynamics in greater depth. Future studies could examine the impact of different 

structural systems, materials, and core configurations on space efficiency across various 

building forms. For instance, research into the use of hybrid structural systems or innova-

tive materials such as cross-laminated timber could provide valuable insights into new 

ways of optimizing space efficiency and sustainability in high-rise construction. 

Additionally, exploring the lifecycle environmental impacts of each form could offer 

a more comprehensive understanding of their long-term sustainability. This could include 

analyses of energy consumption, carbon emissions, and resource use throughout the 

building’s lifecycle, from construction to demolition. Such studies could help identify best 

practices for designing skyscrapers that minimize environmental impacts while maxim-

izing social and economic benefits. 

Comparative analyses of other emerging architectural typologies, such as twisted or 

leaning skyscrapers, could also contribute to a more nuanced understanding of space ef-

ficiency in high-rise design. By expanding the scope of research and exploring new di-

mensions of skyscraper design, the architectural community can continue to innovate and 

optimize the use of space in urban environments, ultimately contributing to more sustain-

able and vibrant cities. 

As observed in numerous studies [16–18,48], central cores are widely favored in pris-

matic, tapered, and freeform tall buildings due to their extensive functional and design 

advantages. One of their key benefits is the optimization of usable space along the build-

ing’s perimeter, which enhances access to natural light and provides improved views—

factors that greatly elevate the living and working experience for occupants. Additionally, 

central cores contribute significantly to fire safety by creating shorter, more efficient evac-

uation routes, ensuring rapid and secure exits during emergencies. Their design versatil-

ity allows architects to experiment with a broader array of architectural concepts while 

preserving the building’s structural integrity. Central cores also seamlessly integrate with 

a variety of architectural styles, making them adaptable to both contemporary and tradi-

tional designs. This balance of functionality, safety, and aesthetic flexibility positions cen-

tral cores as an essential feature in modern high-rise buildings, offering a practical and 

effective solution for maximizing both space efficiency and occupant comfort. 

This research, in contrast to studies on office [17] and mixed-use towers [19], aligns 

with findings from residential towers [16], showing that concrete was the preferred mate-

rial for prismatic tall buildings. Concrete’s selection is likely due to its exceptional com-

pressive strength, durability, and fire resistance, making it well-suited for preserving 

structural integrity in high-rise construction [49–51]. Concrete’s inherent qualities ensure 

that prismatic buildings can endure both vertical loads and fire hazards effectively, con-

tributing to their long-term safety and resilience. Meanwhile, tapered and freeform towers 

predominantly utilized composite materials, which combine the tensile strength of steel 

with the fire resistance and stiffness of concrete. This combination provides both struc-

tural flexibility and improved safety, enabling these materials to better handle the com-

plex geometries and loads associated with non-linear building forms. The widespread 
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application of composites in these advanced designs reflects a strategic approach that bal-

ances high-performance requirements with safety concerns, catering to the specific chal-

lenges of modern skyscraper construction [52–54]. This material choice highlights the 

careful consideration of both engineering demands and architectural innovation in the 

evolving landscape of tall building design. 

Consistent with prior studies [16,19], the outrigger frame system emerged as the most 

frequently utilized structural solution in the towers analyzed in this study. This broad adop-

tion is due to several key advantages [55–57]. Firstly, the system offers significant flexibility 

in the placement of exterior columns, providing architects with greater freedom to explore 

dynamic and innovative façade designs. This adaptability allows for more creative architec-

tural expression while maintaining the structural integrity of the building. Moreover, the 

outrigger frame system enhances the stability of taller structures by effectively distributing 

lateral forces, such as wind and seismic loads, across the building. This makes it particularly 

well-suited for skyscrapers that reach extreme heights, as it ensures both safety and perfor-

mance without sacrificing design versatility. Additionally, by improving the efficiency of 

load transfer, the system enables taller buildings to achieve slimmer profiles, further sup-

porting contemporary architectural trends. The widespread use of this structural approach 

reflects its ability to balance the demands of structural resilience, height, and design free-

dom, making it a cornerstone of modern high-rise construction. 

6. Conclusions 

This study offers a concise comparison of space efficiency in prismatic, tapered, and 

freeform skyscrapers, focusing on their unique advantages and challenges. Prismatic 

forms, with their straightforward geometry and construction, provide the highest space 

efficiency, making them ideal for projects prioritizing cost-effectiveness and space maxi-

mization. Tapered skyscrapers strike a balance between aesthetics and performance, well-

suited for environments requiring enhanced wind resistance or visual appeal, though 

with some reduction in space efficiency. Freeform skyscrapers prioritize iconic and inno-

vative design but face greater challenges in terms of space efficiency and construction 

complexity. The choice of skyscraper form should align with the project’s objectives, 

whether prioritizing space optimization, aesthetic impact, or a balance of both. By refining 

structural and construction strategies for each form, professionals can create efficient, re-

silient skyscrapers that contribute to vibrant urban landscapes. 
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