
 

 
 

 

 
Sustainability 2024, 16, 4146. https://doi.org/10.3390/su16104146 www.mdpi.com/journal/sustainability 

Article 

Analysis and Reflection on the Green, Low-Carbon, and  

Energy-Saving Design of the Super High-Rise Building 

Yangluxi Li 1, Huishu Chen 2, Peijun Yu 3,* and Li Yang 4,* 

1 Welsh School of Architecture, Cardiff University, Cardiff CF10 3NB, UK; liy209@cardiff.ac.uk 
2 School of Architecture & Urban Planning, Shenzhen University, Shenzhen 518060, China; 

2161140206@email.szu.edu.cn 
3 School of Materials Science and Engineering, Hainan University, Haikou 570228, China 
4 College of Architecture and Urban Planning, Tongji University, Shanghai 200092, China 

* Correspondence: pyu@hainanu.edu.cn (P.Y.); yangli.arch@tongji.edu.cn (L.Y.) 

Abstract: Shanghai Tower has become a new landmark of Shanghai. In the current trend advocating 

green building and energy efficiency, considerations of wind loads and thermal characteristics of 

the perimeter structure of Shanghai Tower are crucial. This paper conducts comparative simulation 

studies on the wind environment of Shanghai Tower using Ecotect software, and stress analyses 

and thermal simulations of the perimeter structure using ANSYS software. The study compared 

three buildings’ surface wind pressure distributions using models with equal-volume and circular 

cross-sections. We found that the unique exterior design of the Shanghai Tower results in a more 

regular and uniform distribution of wind pressure on its surface compared to both circular and 

square planar models, with a lower average wind pressure value. In addition, the stress analysis 

results indicate significant differences in deformation and stress distribution between the windward 

and leeward sides. Enhancing the bending moment detection of the peripheral structure and opti-

mizing the layout of detection points are recommended. Thermal simulation results show excessive 

heat conduction flux in winter conditions, suggesting optimization using passive energy-saving 

methods such as light-sensitive thermal insulation materials during winter. This research is a refer-

ence for designing other super-tall buildings prioritizing low-carbon energy efficiency and struc-

tural safety. 

Keywords: green environment; numerical simulation; super high-rise building; intelligent  

ventilation; building envelope; heat transfer 

 

1. Introduction 

As urbanization continues to progress, more and more high-rise buildings are emerg-

ing, and there is a growing emphasis on the energy efficiency of tall structures. With in-

creasing building heights, a host of challenges also arise. As the height of buildings in-

creases, a host of challenges arise. With taller buildings, it becomes crucial to address the 

significant increase in wind loads, coupled with the escalating energy consumption of 

buildings. Effective architectural design, characterized by streamlined shapes, can help 

reduce wind pressure and wind loads. It also promotes airflow inside and outside the 

building, facilitating natural ventilation and achieving energy-saving objectives. For rela-

tively low-rise buildings, in addition to the consideration of high-rise buildings and build-

ing energy efficiency, the architectural shape of a city is also essential [1,2]. 

High-rise buildings generate significant carbon emissions during construction and 

operation, posing severe environmental and human health threats. Building material pro-

duction, transportation, and construction phases consume large amounts of energy, re-

leasing substantial greenhouse gases that exacerbate global climate change, leading to ris-

ing temperatures and increased extreme weather events. Additionally, pollutants emitted 
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during construction, such as nitrogen oxides and particulate matter, pollute the air and 

impact the health of surrounding residents. Improper waste disposal also contributes to 

additional carbon emissions and environmental pollution. The high energy consumption 

and emissions from high-rise buildings further contribute to global energy shortages, 

driving unsustainable energy extraction and utilization practices [3,4]. Therefore, reduc-

ing carbon emissions from high-rise buildings is critically important. Measures such as 

using low-carbon materials, adopting energy-efficient technologies, and implementing car-

bon offsetting initiatives are essential to steer the construction industry towards a more envi-

ronmentally friendly and sustainable path, safeguarding the Earth and human well-being. 

Considering the importance of wind loads in the design of high-rise buildings holds 

significant implications for urban sustainability. Given the height and scale of high-rise 

structures, they are particularly susceptible to wind forces, making wind load a critical 

factor that must be carefully addressed. Thoroughly considering wind loads can enhance 

a building’s resilience and safety, ensuring stable operation during extreme weather con-

ditions, reducing disaster risks, and safeguarding urban residents [5,6]. Additionally, sci-

entifically designing building facades and ventilation systems contributes to optimizing 

energy usage, improving building efficiency, and promoting environmental sustainability 

in cities. The rational application of wind load principles also guides the selection of ap-

propriate building materials and structural forms, enhancing a building’s wind resistance 

and durability, lowering maintenance costs, and elevating the overall quality and sustain-

ability of urban architecture [7,8]. Therefore, giving due consideration to wind loads is 

essential in the design of high-rise buildings, with positive impacts on urban safety, en-

ergy efficiency, environmental conservation, and sustainable development. 

The energy-efficient design of the external envelope structure of high-rise buildings 

is critical in reducing energy consumption and improving building efficiency. Energy loss 

can be minimized by controlling thermal bridging effects and using high-quality insula-

tion materials and layers. Optimizing external wall insulation design and using energy-

saving glass curtain walls effectively reduces heating in winter and cooling loads in sum-

mer, thereby reducing energy consumption. Additionally, integrating solar energy utili-

zation systems and intelligent control systems and optimizing building form and orienta-

tion contribute to improving energy utilization efficiency and reducing energy consump-

tion. By comprehensively applying these design measures, the energy consumption of the 

external envelope structure of high-rise buildings can be effectively reduced, promoting 

the development of buildings in a more sustainable direction [9,10]. 

The Shanghai Tower features a distinctive design with a continuous spiral appear-

ance, which is unique and eye-catching. The building utilizes a double-layer curtain wall 

structure with built-in and air insulation layers to reduce energy consumption. Multiple 

wind tunnel tests were conducted during the design phase to optimize the structural de-

sign and ensure stability in high wind conditions. Advanced seismic dampening technol-

ogy has been implemented to enhance earthquake resistance. Intelligent systems, includ-

ing bright lighting, air conditioning, and energy management systems, have improved 

building comfort and energy efficiency. Overall, the Shanghai Tower embodies modern 

skyscrapers’ innovative and sustainable development principles. Previous research on the 

Shanghai Tower has mainly focused on its green and low-carbon design concept [11,12], 

structural seismic resistance [13,14], and intelligent operation and maintenance [15,16]. 

This study first employs numerical simulation to compare the form of the Shanghai Tower 

and assess its unique shape’s advantages in handling wind conditions. Additionally, 

stress analysis and heat transfer simulations of the Shanghai Tower’s external envelope 

structure are conducted to provide recommendations for structural maintenance and im-

provements of the curtain wall system from a low-carbon and sustainability perspective. 
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2. Material and Methods 

2.1. Shanghai Tower 

The Shanghai Tower is the tallest building in Shanghai, situated amidst the high-rises 

of the Lujiazui Financial Center. It occupies a total area of 433,954 square meters. With five 

basement floors, the tower rises to 128 floors, reaching a height of 632 m with a structural 

height of 580 m [17]. Vertically divided into nine zones, each zone features an atrium at its 

basement level. The floors serve various functions, including commercial complexes, of-

fices, hotels, and observation decks. The construction took 9.5 years to complete and 

launched on 27 April 2016 [18] (Figures 1 and 2). Its versatile design serves various func-

tions, including offices, hotels, observation decks, and retail spaces. The tower’s structural 

integrity is fortified through a sophisticated system comprising a mega-frame core, exte-

rior enclosure structure, and diagonal trusses, meticulously designed to maximize re-

sistance against horizontal loads such as wind and seismic forces. 

 

Figure 1. Site plan of Shanghai Tower. 

 

Figure 2. Shanghai Tower renderings. 
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Multiple design departments submitted a design program, including the SOM archi-

tectural design firm from the United States, The KPF Architects, and the Shanghai Modern 

Architectural Design Group. The “dragon” program from the United States Gensler ar-

chitectural design firm and the “steeple” program from the British Foster Construction 

Services were finalists [19]. After the selection, the “dragon” program won. The building 

details of the deepening of the design took the “dragon” program as a concept scheme, 

and the Tongji Architectural Design and Research Institute completed the construction 

map. 

2.1.1. Shape Analysis 

Shanghai Tower’s building geometry is divided into datum plane forming and actual 

elevation plane forming, and datum plane and plane grid forming is divided into the fol-

lowing steps (Figure 3): 

(1) Select WP1 on the plane, draw a 47,565 mm line from WP1 to determine the point 

WP2. Respectively, two rays are drawn from the two points WP1 and WP2, with an 

angle of 60 ° and 23.3°, and the intersection point is the point WP3; 

(2) Take point WP2 as the center and draw a 46.6° arc with a radius of 88,380 mm, and 

then take WP1 as the center and rotate the circular section 120° clockwise and coun-

terclockwise to form three arcs; 

(3) Take the point WP3 as the center, and take R2 as the radius of the arc segment to 

determine the three small arcs and connect them to the large arc to form a triangular 

plane; 

(4) Take one-third of the radius from the midpoint of the arc, and make an angle of 95° 

symmetrically around the radius from the obtained point. Cut the small arc with the 

two sides of the angle to form a “V” mouth; 

(5) The complete reference plane profile is determined as shown in Figure 3. 

 

Figure 3. Shanghai Tower shape formation. 

As is shown in Figure 3, the overall geometrical form of the Tower Building in Shang-

hai Tower can be simply described via the following four control points (Figure 4): 

(1) Determine the dimensions of the four datum planes. According to the positioning 

principles and parameters given by the building, determine the ±0 m, 45 m, 605 m 

and 632 m elevation of the typical plane shape [20]; 

(2) To determine the starting direction of the building rotation, rotate the “V” mouth of 

the ±0 m plane 50° clockwise from the south direction; 

(3) Determine the rotation angle. The total height of 632 m equals 632,000 copies, and 

each unit height of the building rotates at an angle of 120/605,000 = 0.000214286°, after 

which the overall rotation of the building itself is 135.429°. The rotation angle corre-

sponds to elevation Z R = Z × 0.000214286°, as is shown in Figure 4. 
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Figure 4. Architectural shape zoom and rotation process changes from the top view. 

The rotation angle and scale ratio of part of the elevation plane and reference plane 

are shown in Table 1. In Table 1, it can be seen that in the direction of height, the plane 

counter-rotates clockwise, and the cross-sectional size gradually gets smaller. 

Table 1. Building shape scaling. 

Height 0 45 100 200 300 400 500 600 605 632 

Rotation angle 0 8.92562 19.8347 39.6694 59.5041 79.3388 99.1735 119.008 120 125.355 

2.1.2. Overview of Exterior Enclosure Structure 

With the rapid development of architectural technology, the design of high-rise 

buildings has become increasingly complex, placing higher demands on materials and 

structures. The glass curtain wall support system of the Shanghai Tower is an excellent 

case study of an exterior enclosure structure, demonstrating how engineering design 

meets these requirements through innovation (Figure 5). We conducted a detailed study 

of its structural performance through theoretical derivation and assistance from ANSYS 

2021R1 software, aiming to offer guidance and inspiration for the future design of similar 

structures. 

 

Figure 5. Support system analysis framework. 

The project adopts a double-skin curtain wall system as the main exterior enclosure 

structure. The double-skin curtain wall forms a buffer zone of approximately 60 m in each 
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zone (14 floors), providing both a courtyard landscape for indoor users while reducing 

the impact of the outdoor environment on the indoor environment, thus reducing the load 

on air conditioning and heating [21] (Figure 6). 

Consisting of inner and outer glass facades, the structure features a circular inner 

layer surrounded by a triangular outer layer. The spacing between the glass facades spans 

from 3 feet to 33 feet, providing space for the atrium while serving as an insulating layer 

akin to a thermos, diminishing the heating and cooling requirements of the total building 

[22] (Figure 7). 

  

Figure 6. Actual scene photos of double-skin enclosure structure. 

 

Figure 7. Schematic diagram of double-skin glass curtain wall. 

The first structural system: A 90 feet × 90 feet (approximately 27 m × 27 m) core col-

umn, constructed of reinforced concrete, offers vertical support. 

The second structural system: A steel “mega-columns” ring encircles the reinforced 

concrete core column. These steel columns, connected to the ring via steel bearing brack-

ets, support the building and resist lateral forces. 

The third structural system: On every 14 floors, a two-story-high belt truss encircles 

the entire building, with each truss band marking the start of a new zone. 

2.2. Methodology 

In our study of the structural and environmental performance of the Shanghai Tower, 

we utilized three main simulation techniques: wind simulation, stress simulation, and 

heat transfer simulation. These simulations were conducted using numerical analysis 
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methods known as Finite Element Analysis (FEM), allowing us to precisely predict and 

analyze the building’s behavior under various environmental and operational conditions. 

Firstly, the wind simulation employed Computational Fluid Dynamics (CFD) tech-

nology, which is used to simulate the flow of fluids (such as air) around objects (like build-

ings). With the Autodesk Ecotect 2011 software, we conducted detailed analyses of wind 

pressure and velocity distribution on the surfaces of the Shanghai Tower. This simulation 

considered the unique geometric features of the building, including its height, corners, 

and curved surfaces, which significantly influence local wind patterns’ and pressure dis-

tribution. Through this analysis, we could predict the aerodynamic performance of the 

building under strong wind conditions, guiding architectural design to reduce wind loads 

and optimize ventilation [23]. 

Next, stress simulation was conducted using ANSYS software, applying finite ele-

ment methods to assess structural stress responses under physical loads. This involved 

detailed inputs of material properties, such as elastic modulus, Poisson’s ratio, and actual 

loads like gravity and wind pressure. The stress simulation helped us identify stress dis-

tribution in critical structural components and potential weaknesses, ensuring structural 

safety and durability in design [24]. 

Lastly, heat transfer simulation, also utilizing ANSYS software, focused on the ther-

mal performance of the building, particularly concerning its double-layer curtain wall sys-

tem. By simulating various indoor and outdoor temperature conditions, we analyzed heat 

flow, temperature distribution, and heat transfer efficiency to evaluate the building’s en-

ergy performance. Heat transfer simulation is essential for optimizing the configuration 

of heating, ventilation, and air conditioning (HVAC) systems in buildings, particularly in 

extreme climate conditions, to reduce energy consumption and enhance comfort in living 

and working environments [25]. 

2.2.1. Analytical Modeling 

During the wind simulation process for the Shanghai Tower, we first used Rhino 7.0 soft-

ware to accurately construct a three-dimensional model of the building, ensuring it included 

all key external shapes and structural features. After simplifying and optimizing the model to 

meet the requirements of Computational Fluid Dynamics (CFD) analysis, it was imported into 

Ecotect software for detailed analysis of wind pressure and velocity distribution. By setting 

different wind directions and speeds, this simulation helped us assess and optimize the build-

ing design to reduce wind loads and improve its environmental adaptability. 

For stress and heat transfer simulations, we directly built the model using ANSYS 

software, inputting the building’s basic geometric shape and structural dimensions. By 

defining detailed material properties and loading boundary conditions, the model was 

prepared for accurate finite element analysis (Figure 8). Following detailed meshing, the 

stress simulation helped us evaluate the structure’s safety and stability, while the heat 

transfer simulation provided insights into the building’s thermal efficiency and energy 

performance, which are essential factors in optimizing architectural design. 

 

Figure 8. Analytical modeling of ANSYS. 
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2.2.2. Material Components 

The primary materials used in this study are glass, aluminum alloy, and steel. Each 

material possesses specific physical and mechanical properties crucial in model construc-

tion and simulation. 

Glass: Glass is a brittle material known for its transparency and heat resistance. The 

glass used in the model is highly transparent and is primarily employed in the building’s 

curtain wall system. Its mechanical properties include compressive strength, tensile 

strength, and elastic modulus. Additionally, factors such as the thermal conductivity and 

coefficient of thermal expansion of glass were carefully considered during the simulation. 

The composition and structural design of the glass adhere to relevant architectural stand-

ards and regulations to ensure model accuracy [26]. 

Aluminum alloy: Aluminum alloy is widely used in building structures due to its 

lightweight nature, high strength, and corrosion resistance. This study primarily uses alu-

minum alloy for curtain wall supports and connectors. Its characteristics include high 

elastic modulus and low density, contributing to the model’s light weight and stability. 

The composition and mechanical properties of the aluminum alloy were calibrated ac-

cording to current building codes to ensure simulation accuracy [27]. 

Steel: Steel is a high-strength material commonly used in building structures for 

frames and support systems. The steel used in the model exhibits high tensile strength 

and toughness, enabling the model to withstand significant loads. Considerations for 

steel’s thermal conductivity and coefficient of thermal expansion were also incorporated 

into the simulation. The mechanical properties of steel directly influence the structural 

stability and durability of the model during simulation [28]. 

2.2.3. Simulation Method and Mesh Size 

 Wind Simulation 

The study primarily focused on simulating the wind environment around the Shang-

hai Tower, analyzing parameters such as wind speed and pressure to assess the building’s 

performance under different wind directions and speeds. This simulation approach helps 

understand the high-rise building’s behavior in wind conditions and aids in optimizing 

architectural design. 

The grid size used for wind simulation was set at 0.5 m × 0.5 m. This grid size is 

commonly employed when simulating wind environments around large-scale buildings. 

The larger mesh size ensures computational efficiency while providing sufficient detail to 

analyze wind speed and pressure distribution. 

 Heat Transfer Simulation 

The study employed steady-state heat transfer analysis, focusing primarily on heat 

transfer and temperature distribution under indoor and outdoor conditions. Steady-state 

heat transfer simulation is characterized by high computational efficiency and model sta-

bility. It explicitly examines the building’s heat transfer and temperature distribution un-

der given temperature conditions without considering time variations. This approach is 

commonly used in heat transfer simulations, particularly for analyzing the thermal prop-

erties of buildings. 

The reason for using steady-state heat transfer simulation is its applicability in as-

sessing the long-term thermal performance of building designs under specific environ-

mental conditions. The system assumes a constant thermal state in steady-state heat trans-

fer analysis, indicating that heat transfer reaches equilibrium with no time-varying heat 

flow. This assumption is particularly suitable for analyzing buildings’ thermal resistance 

and efficiency because these systems are typically designed to achieve thermal balance 

under unchanging environmental conditions. Therefore, this study adopts steady-state 

heat transfer simulation. Steady-state simulation is computationally more straightforward 

and faster, which is especially important for large-scale projects such as the Shanghai 

Tower, where a wide range of structures and systems require evaluation. By reducing 
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computational resources and time, steady-state simulation enables us to assess the ther-

mal performance of design schemes more efficiently, thereby optimizing building energy 

use and indoor comfort [29,30]. 

The grid size for the heat transfer simulation was set at 0.1 m × 0.1 m. This relatively 

smaller mesh size allows for more precise simulation results, aiding in capturing detailed 

heat transfer and temperature distribution. Smaller mesh sizes enhance computational ac-

curacy, especially when simulating heat transfer processes in complex structures. 

3. Simulation Analysis 

3.1. Analysis of Wind Environment 

3.1.1. Program Comparison 

As the Shanghai Tower is unique in shape, it can reduce the wind pressure on the 

building surface [31]. In this paper, the actual building model of Shanghai Tower is set as 

Program A, and the cylindrical model of the square cross-section is set as Program B. Pro-

gram C is a cylindrical model with a circular cross-section. As is shown in Figure 9, the 

three programs are equal in terms of cross-sectional area at any height. This ensures that 

the model volumes of the three programs are consistent. Figure 10 shows an axonometric 

diagram of the three scenario models. 

 

Figure 9. The three programs have equal cross-sectional area at any (same) height. 

   

(A) (B) (C) 

Figure 10. (A,B,C) The three models of the model axis mapping. 

Due to the symmetry of Program A, when considering its ventilation, only the posi-

tive wind direction and diagonal wind direction, that is, the southerly and southeasterly 

wind, need to be considered, as is shown in Figure 11. The arrows in the diagram mean 

the wind direction. 
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(a) (b) 

Figure 11. Program A of the four conditions (a,b) (top view). 

In Program B, the model’s cross-sectional shape is circular and symmetrical, and only 

one wind direction needs to be considered. Therefore, as shown in Figure 12, only the 

southerly wind is considered. 

 

Figure 12. Program B (top view). 

Taking into account that the outline of Program C is unique in the course of compar-

ative research, in order to avoid the significant difference that may occur due to the dif-

ferences in the shape, different directions (See Figure 13, the direction of the blue arrow is 

the wind direction) are considered in ventilation performance [32,33]. 

  

(a) (b) 

  

(c) (d) 

Figure 13. Program C of the four conditions (a,b,c,d) (top view). 

3.1.2. Simulation Results 

Regarding the outcomes of the wind simulation, we analyze the wind speed distri-

bution and wind pressure distribution from different heights of horizontal sections and 

side views [34]. For Model A, the distribution of wind speeds at heights of 100 m, 200 m, 

300 m, 400 m, 500 m, and 600 m is shown in the figures. At each height, the wind speed 

close to the building is comparatively low, and an area with slower winds forms on the 

leeward side. The larger the section, the larger the area of low wind speed. 
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As shown in Tables 2–16, for both southerly and southeasterly wind directions, all 

three models demonstrate that with increasing height, the overall wind speed and wind 

pressure continue to grow; meanwhile, the cross-sectional area of the buildings decreases, 

resulting in reduced obstruction to the wind. 

Table 2. Wind speed distribution of Model A in southerly wind direction. 

Horizontal Cross-Section Side Cross-Section 

   

 

100 m 200 m 300 m 

   

400 m 500 m 600 m 

Table 3. Wind pressure distribution of Shanghai Tower Model A in southerly wind direction. 

Horizontal Cross-Section Side Cross-Section 

   

 

100 m 200 m 300 m 

   

400 m 500 m 600 m 
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Table 4. Wind vector distribution of Shanghai Tower Model A in southerly wind direction. 

Horizontal Cross-Section Side Cross-Section 

   

 

100 m 200 m 300 m 

   

400 m 500 m 600 m 

Table 5. Wind speed distribution of Shanghai Tower Model A in southeasterly wind direction. 

Horizontal Cross-Section Side Cross-Section 

   

 

100 m 200 m 300 m 

   

400 m 500 m 600 m 
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Table 6. Wind pressure distribution of Shanghai Tower Model A in southeasterly wind direction. 

Horizontal Cross-Section Side Cross-Section 

   

 

100 m 200 m 300 m 

   

400 m 500 m 600 m 

Table 7. Wind vector distribution of Shanghai Tower Model A in southeasterly wind direction. 

Horizontal Cross-Section Side Cross-Section 

   

 

100 m 200 m 300 m 

   

400 m 500 m 600 m 

Tables 2–4 show that in the southerly wind direction, Model A exhibits a relatively 

small elliptical area of lower wind speed and lower wind pressure on the leeward side. A 

circular area of higher wind pressure is seen on the windward side with a square cross-

section. Naturally, as the height increases, the windward area of the building decreases, 

and the area of higher wind speed also decreases. Additionally, on either side of the wind-

ward face, two triangular regions of higher wind speed are generated [35,36]. 

In Tables 5–7, Model A features a windward face corresponding to a corner of the 

square cross-section for the southeasterly wind direction, with the negative pressure area 

on the leeward side divided into two elongated segments. A circular area of higher wind 

pressure is also seen on the windward face. As with the southerly wind direction, the 

windward area of the building decreases with increasing height, resulting in a reduction 

in the area of higher wind speed. Similarly, two triangular regions of higher wind speed 

are generated on either side of the windward face [37]. 
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Table 8. Wind speed distribution of Shanghai Tower Model B in south windward direction. 

Horizontal Cross-Section Side Cross-Section 

   

 

100 m 200 m 300 m 

   

400 m 500 m 600 m 

Table 9. Wind pressure distribution of Shanghai Tower Model B in southerly windward direction. 

Horizontal Cross-Section Side Cross-Section 

   

 

100 m 200 m 300 m 

   

400 m 500 m 600 m 
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Table 10. Wind vector distribution of Shanghai Tower Model B in southerly windward direction. 

Horizontal Cross-Section Side Cross-Section 

   

 

100 m 200 m 300 m 

   

400 m 500 m 600 m 

As shown in Tables 8–10, two curved regions with reduced wind velocities are found 

on the sheltered side of the circular cross-section. Furthermore, a circular zone with ele-

vated wind pressure is observed on the windward side. With increasing height, the wind-

ward area and the region of higher wind speeds decrease. Two triangular areas with 

higher wind speeds are generated on both sides of the windward side [38,39]. 

Table 11. Wind speed distribution of Shanghai Tower Model C in southerly windward direction. 

Horizontal Cross-Section Side Cross-Section 

   

 

100 m 200 m 300 m 

   

400 m 500 m 600 m 
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Table 12. Wind pressure distribution of Shanghai Tower Model C in southerly windward direc-

tion. 

Horizontal Cross-Section Side Cross-Section 

   

 

100 m 200 m 300 m 

   

400 m 500 m 600 m 

Table 13. Wind vector distribution of Shanghai Tower Model C in southerly windward direction. 

Horizontal Cross-Section Side Cross-Section 

   

 

100 m 200 m 300 m 

   

400 m 500 m 600 m 
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Table 14. Wind speed distribution of shanghai Tower Model C in southeasterly windward direc-

tion. 

Horizontal Cross-Section Side Cross-Section 

   

 

100 m 200 m 300 m 

   

400 m 500 m 600 m 

Table 15. Wind pressure distribution of Shanghai Tower Model C in southeasterly windward direc-

tion. 

Horizontal Cross-Section Side Cross-Section 

   

 

100 m 200 m 300 m 

   

400 m 500 m 600 m 
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Table 16. Wind vector distribution of Shanghai Tower Model C in southeasterly windward direc-

tion. 

Horizontal Cross-Section Side Cross-Section 

   

 

100 m 200 m 300 m 

   

400 m 500 m 600 m 

As shown in Tables 11–13, for Model C in the southerly wind direction, there is a 

small area of lower wind speed in the triangular cross-section, with a smaller area than 

the other two models. On the windward face, there is also a circular area of higher wind 

pressure, which is more minor in area compared to the other two models. Additionally, 

two triangular regions of higher wind speed are generated on either side of the windward 

face [40,41]. 

In Tables 14–16, the windward face corresponds to a corner of the triangular cross-

section for the southeast wind direction, with the negative pressure area on the leeward 

side divided into two narrow segments. However, this area is smaller than the negative 

pressure area of the square cross-section. A circular area of higher wind pressure is also 

seen on the windward face. Naturally, as the height increases, the windward area of the 

building decreases, resulting in a reduction in the area of higher wind speed. Similarly, 

two triangular regions of higher wind speed are generated on either side of the windward 

face [42,43]. 

3.2. Analysis of Exterior Enclosure Structure 

To analyze the stress situation of the glass curtain wall support system, the following 

assumptions were made: 

(1) Geometric simplification of the curtain wall support system. The entire curtain wall 

support system is simplified to a circular ring structure with a radius of 50 m. This 

ring represents the centerline of the ring beam, which is the main structure support-

ing the curtain wall; 

(2) Distribution of structural supports. Structural supports, both vertical and radial, are 

considered to be evenly spread across the entirety of the ring structure. A horizontal 

radial steel pipe support is set every 8 to 10 m along the circumferential direction, 

and a total of 25 radial supports connect the curtain wall to the main floor structure 

[44,45]; 

(3) Material properties. The entirety of the support structure is constructed from steel, 

featuring a modulus of elasticity measuring 206 GPa and a coefficient of thermal ex-

pansion of 12 × 10−6/°C [46]; 

(4) Types of loads. Wind loads are considered uniformly distributed loads. Wind tunnel 

test results show that the maximum negative wind pressure reaches 6.5 kN/m². In 
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addition, the weight of the glass curtain wall is also considered, with a plate weight 

of 1.2 kN/m² [47]; 

(5) Connection method. All connections are assumed to be fixed, meaning that the inter-

action between support structures can transmit forces and moments. 

We used ANSYS software to establish the geometric model, set material parameters, 

and divide the mesh. After setting reasonable constraints and loads, we obtained calcula-

tion results regarding deformation and stress. There are three main operating conditions: 

static wind state, wind pressure of 60 kN/m², and wind pressure of 120 kN/m². The pa-

rameters of interest include deformation, strain, stress, and support axial force, and for 

the critical radial supports, the distribution of bending moments along the axis is also 

provided [48,49]. 

As shown in Tables 17 and 18, the numerical simulation shows that the maximum 

displacement occurs at the ring beam, measuring 2 cm. The maximum stress appears at 

the inner fixed end of the radial support, measuring 69 MPa, which is below the yield 

stress of the structural steel, indicating that the structural form is safe. 

Table 17. Simulation of curtain wall support forces under different working conditions. 

Vertical support 

simulation cloud 

diagram 

Condition 1 Condition 2 Condition 3 

   

Static wind condition Wind pressure 60 KN/m2 Wind pressure 120 KN/m2 

Radial support 

simulation cloud 

diagram 

Condition 1 Condition 2 Condition 3 

   

Static wind condition Wind pressure 60 KN/m2 Wind pressure 120 KN/m2 

After applying horizontal wind loads, a difference in deformation between the wind-

ward and leeward sides is observed. Taking the condition with a wind pressure of 60 

kN/m² as an example, the deformation of the support system corresponding to the lee-

ward side (affected by negative wind pressure) is more significant, reaching a maximum 

of 2.2 cm. Conversely, the deformation observed in the support system on the windward 

side (influenced by positive wind pressure) is comparatively minor, reaching a maximum 

of 1.8 cm. The stress situation remains, with the maximum stress occurring at the fixed 

end of the radial support, measuring 72 MPa, which is still within the normal range of 

structural steel usage. 

Likewise, for the condition with a wind pressure of 120 kN/m², the deformation of 

the support system corresponding to the leeward side (affected by negative wind pres-

sure) is more significant, reaching a maximum of 2.35 cm. Meanwhile, the support sys-

tem’s deformation on the windward side (influenced by positive wind pressure) is lower, 

reaching a maximum of 2.09 cm. The stress situation remains, with the maximum stress 
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occurring at the fixed end of the radial support, measuring 75 MPa, which is still within 

the normal range of structural steel usage [50,51]. 

Table 18. Summarization of the numerical results for three operational conditions. 

 Operational Condition Static Wind State Wind Pressure 6 kN/m2 Wind Pressure 12 kN/m2 

Deformation 

Maximum Deformation (cm) 2.18 2.2 2.35 

Location of Maximum Deformation Mid-span of Ring Beam 
Mid-span of Ring Beam 

on Windward Side  

Mid-span of Ring Beam 

on Windward Side 

Strain 

Maximum Equivalent Strain (μ) 405.5 417.2 432.85 

Location of Maximum Equivalent 

Strain 

Radial Support at Fixed 

End 

Radial Support at Fixed 

End 

Radial Support at Fixed 

End 

Stress 

Maximum Equivalent Stress (MPa) 69.86 72.22 75.09 

Location of Maximum Equivalent 

Stress 

Radial Support at Fixed 

End 

Radial Support at Fixed 

End 

Radial Support at Fixed 

End 

Support axial 

force 

Radial Support Axial Force (kN) 5630 (Pressure) 5600 (Pressure) 5600 (Pressure) 

Vertical Support Axial Force (kN) −2002.7 (Pressure) −1767.1 (Pressure) −2316.9 (Pressure) 

Bending 

moment 
Fixed End Bending Moment (kNm) 1455.4 1504.6 1564.4 

An analysis of bending moments’ distribution along their axial direction is conducted 

for the critical radial supports. Measurement points are arranged on a particular radial 

support, with a spacing of 1 m, to analyze the internal force situation of each cross-section. 

This approach is utilized to examine the stress state of the radial supports meticulously. 

The locations of the measurement points are illustrated in Figure 14. 

 

Figure 14. Layout of measurement points for radial support internal force analysis. 

The data presented in Table 19 show the distribution of axial force and bending mo-

ments of radial supports under different scenarios. These data can be utilized to optimize 

the structure, as the distribution of internal forces along the axial direction varies, and 

their fatigue states under load conditions also differ. More economically efficient judg-

ments can be made during subsequent maintenance and monitoring processes, focusing 

on regions with higher internal forces. Figure 15 provides a graphical representation of 

the data from Table 19. It is noteworthy that even with the application of wind loads, the 

distribution of internal forces remains essentially unchanged compared to the static wind 

condition. The three curves in the graph almost overlap, indicating minimal change. To 

highlight these variations, Figure 15b,d illustrate the rate of change. It can be observed 

that the rate of increase in internal force due to wind loads is 0.59% for axial force, with 

similar increments across different wind pressures within the considered range. For bend-

ing moment, the rates of increase are 0.84% and 1.24%, respectively, indicating varying 

degrees of increase under different wind pressures. This suggests that wind loads have 

minimal impact on the distribution of internal forces in the glass curtain wall support sys-

tem, with gravitational loads being the primary influence. Moreover, bending moment is 
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more sensitive to variations in wind pressure than axial force, emphasizing the need to 

carefully monitor bending moment changes during subsequent inspections [52,53]. 

  

(a) (b) 

   

(c) (d) 

Figure 15. (a) Radial support axial force distribution. (b) Rate of change of axial force under dynamic 

and static wind conditions. (c) Radial support bending moment distribution. (d) Rate of change of 

bending moment under dynamic and static wind conditions. 

Table 19. Internal force distribution of radial supports for three scenarios. 

Distance 

from Fixed 

End (m) 

Static Wind 

Axial Force 

(103 kN) 

Axial Force Due to 

60 kN Wind 

Pressure (103 kN) 

Axial Force Due to 

120 kN Wind 

Pressure (103 kN) 

Static Wind 

Bending 

Moment (103 

kN/m) 

Bending Moment 

Due to 60 kN Wind 

Pressure (103 kN) 

Bending Moment 

Due to 120 kN Wind 

Pressure (103 kN) 

1 −5.63 −0.056 −0.056 257.9 255.7 254.7 

2 −5.2 −0.0518 −0.0518 240.5 238.4 237.4 

3 −4.69 −0.0467 −0.0467 218.9 216.9 216.1 

4 −3.76 −0.0374 −0.0374 178.8 177.1 176.3 

5 −3.36 −0.0334 −0.0334 161.2 159.6 158.9 

6 −3.08 −0.0306 −0.0306 148.4 147 146.3 

7 −2.58 −0.0257 −0.0257 125.7 124.5 123.9 

8 −2.09 −0.0208 −0.0208 102.6 101.5 101.1 

9 −1.11 −0.011 −0.011 55.1 54.5 54.2 

10 −0.26 −0.0026 −0.0026 13.2 13.1 13.1 

In practice, it is advisable to monitor the internal forces of radial supports, particu-

larly focusing on monitoring changes in bending moment to prevent unexpected defor-



Sustainability 2024, 16, 4146 22 of 28 
 

mations or defects in regions with higher bending moments near the fixed ends. The de-

tailed simulation of bending moments presented in this study can assist in reducing the 

total number of monitoring points and lowering maintenance costs [54,55]. 

Regarding the axial force distribution of the vertical supports illustrated in Figure 16, 

it becomes apparent that the farther down the position, the higher the axial force. This con-

clusion can guide the subsequent inspection process, emphasizing the connection points be-

tween the vertical supports and the ring beam. In contrast, the influence of wind loads on 

the vertical supports is insignificant. It remains crucial to monitor any alterations in the load-

bearing condition of the support system amidst extreme weather conditions [56,57]. 

 

Figure 16. Axial force distribution of vertical supports. 

The XY-axis diagram mentioned can be interpreted as follows: the X-direction repre-

sents the outward radial direction, while the Y-direction represents the tangential direc-

tion. It illustrates that under the influence of the glass curtain wall and wind loads, the 

vertical supports’ bending moment distribution is more complex than the radial sup-

ports’. Therefore, special attention is required during monitoring (Figures 17 and 18) [58]. 

   

Figure 17. Bending moment distribution in two directions of vertical supports. 

 

Figure 18. Schematic diagram of bending moment direction in vertical supports. 
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3.3. Heat Transfer Simulation 

For the glass curtain wall support system of the Shanghai Tower, due to the consid-

erable distance between the inner and outer layers, there may be a temperature difference 

between the interior and exterior curtain walls, resulting in heat transfer processes that 

can affect the support system [59]. This section utilizes the steady-state heat analysis of 

the CFD fluid simulation module in ANSYS to conduct detailed thermal conductivity sim-

ulations of the support system. 

This simulation utilizes steady-state heat transfer analysis, focusing exclusively on 

temperature distribution and heat transfer processes within a glass curtain wall system 

under varying indoor and outdoor temperatures, without considering time-dependent 

factors. The choice of this method is based on its computational efficiency, model stability, 

and the ability to control model complexity effectively. Compared to dynamic heat trans-

fer analysis, steady-state heat transfer analysis offers advantages in computational speed 

and model stability, making it the optimal approach for studying the thermal characteris-

tics of the Shanghai Tower’s glass curtain wall (Table 20). 

The results of steady-state heat transfer analysis can be employed to optimize build-

ing design. The research findings can guide the building’s energy efficiency and temper-

ature control by simulating heat transfer under indoor and outdoor conditions. For exam-

ple, during winter, the simulation results indicate a significant increase in heat flow due 

to conduction, suggesting additional energy-saving measures are needed. In contrast, heat 

flow through conduction is relatively lower during summer, indicating easier temperature 

control. Through steady-state heat transfer analysis, researchers can accurately assess the 

building’s performance under diverse temperature conditions and provide optimization 

recommendations. 

For the climatic conditions corresponding to the Shanghai Tower’s geographical lo-

cation, the outdoor temperature is maintained at 5 °C, while the indoor temperature is set 

to 28 °C. In contrast, during summer, the outdoor temperature is adjusted to 40.3 °C, while 

the indoor temperature remains constant at 28 °C [60]. 

Table 20. Material parameters of the glass curtain wall. 

Parameter Type Description Numeric Values Unit 

Thermal Conductivity (K Value) 
The ability to measure the material’s 

conduction of heat energy 
1.0 W/(m·K) 

Density 
The ratio of mass to volume of the 

material 
2500 kg/m³ 

Specific Heat Capacity 

The amount of heat absorbed or released 

by the material per unit mass to change 

its temperature by 1 °C 

750 J/(kg·K) 

Coefficient of Thermal 

Expansion 

The degree of volume or length change of 

the material under temperature variation 
9 × 10−6 1/K 

Light Transmittance 
The degree to which the material allows 

light to pass through 

Low-E variable, depending on the 

Low-E coating 
% 

U Value 

The overall heat transfer coefficient of the 

entire window assembly, including the 

frame and glass 

1.8 W/(m²·K) 

As shown in Table 21, the heat flux conductivity in winter conditions is significantly 

higher, close to twice that of summer conditions. Therefore, more energy-saving measures 

are needed in winter. Meanwhile, the difference in heat conduction in the radial support 

section is insignificant, so only considering heat exchange with the air environment is suf-

ficient [61]. 
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Table 21. Temperature distribution and heat transfer diagrams. 

Temperature distribution 

map (°C) 

Winter Summer 

  

Outdoor 5 °C Outdoor 40.3 °C 

Heat flux conduction 

diagram 

Winter Summer 

  
Outdoor 5 °C Outdoor 40.3 °C 

Through thermal simulation under different environmental conditions, the glass cur-

tain wall design can be optimized. When environmental factors change, the material pa-

rameters of the glass can be adjusted accordingly. For the existing Shanghai Tower glass 

curtain wall system, considering the high heat exchange in winter, photosensitive heat-

insulating materials can be installed on the inner wall surface of the glass curtain wall to 

improve the overall green and low-carbon characteristics of the building through passive 

energy-saving methods [62,63]. 

4. Limitations of the Study and Future Research 

In our simulation study of the Shanghai Tower structure, certain limitations could 

affect the accuracy and comprehensiveness of the results: The simulation may not fully 

account for initial material defects such as micro-cracks, stress concentrations, and other 

material imperfections, which could impact the accuracy of the results. The focus of the 

study primarily revolves around the glass curtain wall system of the high-rise building 

without encompassing the entire structure. In some instances, expanding the scope of the 

study may be necessary in order to include other parts of the building. 

In response to the mentioned limitations, future research can delve deeper into ex-

ploration in the following areas: Firstly, there could be a more detailed analysis of mate-

rials. Future studies can thoroughly analyze and test the microstructural characteristics of 

building materials, such as using advanced microscopy techniques to identify and quan-

tify material defects like microcracks and voids. This will aid in more accurately assessing 

material behavior, especially under extreme loading conditions. Secondly, comprehensive 

structural simulations could be expanded. Research directions should not only focus on 

glass curtain wall systems, but should encompass all critical structural components of the 

entire building. Through holistic structural simulations, the overall performance and 

safety of the building can be more comprehensively evaluated, ensuring design reliability 

and durability. 
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5. Conclusions 

This study compares the energy performance of the Shanghai Tower with a circular 

cross-section model of equal area. Programs A, B, and C were developed using the tower’s 

volume and height, accounting for potential environmental conditions using meteorolog-

ical data and field conditions in Shanghai. Computational Fluid Dynamics software Eco-

tect was employed to simulate various wind scenarios encountered by the model. 

The analysis of wind pressure distributions across different models reveals distinct 

characteristics in airflow patterns. Conversely, Program A shows more regular distribu-

tions, especially under southerly and southeasterly winds, signifying varied ventilation in 

different wind environments. Program B, with solid symmetry, maintains consistent wind 

environments in all directions, featuring regular pressure distributions. Model C exhibits 

irregular surface wind pressure distribution due to its unique shape, although the distri-

butions across different directions are similar. 

Considering the ventilation performance of three programs in different wind direc-

tions, the average positive wind pressure of Program B is 3.670159768 Pa, and the average 

positive wind pressure of Program C is 3.677149244 Pa. The average positive wind pres-

sure of the two programs is close to only 0.19%. The two programs are likely to have the 

same performance. The average positive wind pressure of program B is 4.147715 Pa. In 

comparison, Program C’s average positive wind pressure is lower than Program A’s by 

11.35%, which means that the Shanghai Tower adopts the average stream-lined shape. 

The positive wind pressure and the average positive wind pressure of the circular cross-

section model with equal cross-sectional area are almost the same, and are 11.35% lower 

than the average positive wind pressure of the square cross-section model with equal 

cross-sectional area. 

The analysis and thermal simulation results conducted using ANSYS software show 

that the peripheral support system of the Shanghai Tower’s glass curtain wall maintains 

structural integrity and stability under maximum wind pressure. Maximum displace-

ments and stresses are within safe limits, ensuring structural safety. Deformation and 

stress distribution analyses reveal significant differences between the windward and lee-

ward sides, especially at radial support points. It is recommended that the variation of 

bending moments at these points be monitored to prevent unexpected deformations or 

defects in the structure. Additionally, optimizing the placement of monitoring points is 

advised to reduce maintenance costs. 

The thermal simulation reveals that heat flux conductivity during winter signifi-

cantly exceeds that of summer, indicating the necessity for additional energy-saving 

measures. For the existing Shanghai Tower, it is recommended to implement passive en-

ergy-saving techniques like photochromic insulation materials during winter to enhance 

the building’s green and low-carbon attributes. These analyses and simulations offer val-

uable insights for optimizing the energy performance of high-rise buildings, demonstrat-

ing a design ethos that prioritizes structural safety and energy efficiency. 
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