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Abstract

Climate adaptive design is a prerequisite for designing sustainable tall buildings. With rapid
globalization and urbanization, different kinds of techniques and technologies developed
abroad are introduced and applied to tall buildings in a region featuring a hot-summer and a
cold-winter climate. Is it appropriate and responsive in the region with this climate? This paper
aims to investigate the advanced design techniques and technologies by studying the latest
tall buildings in the hot-summer and cold-winter climate regions. It discusses the criteria for the
advanced techniques and technologies based on the climate, and thenexplores the strategies
and criteria used in supertall building design. Finally, prospective techniques and technologies
are examined. The result can help the developers and designers to utilize the suitable
techniques and technology for supertall buildings in this region at an early design stage.

Keywords: Climate adaptive design, Hot-summer and cold-winter climate
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Introduction

Climate adaptive design is the essential
approach for designing sustainable buildings.
It promotes passive design strategies and
makes the best use of local climate conditions,
which in turn improves the built environment
quality and reduces energy consumption.
This kind of building design method has
been used for a long time, and it has been
improved by combining with modern
technologies. Climate adaptive design has
been successfully applied in architectural
design, such as Yeang's bioclimatic
skyscrapers, Piano's Tjibaou Cultural Center,
Foster's Swiss Re and other notable examples.

Supertall buildings, defined as buildings
higher than 300m by the CTBUH, are
developing in the hot-summer and cold-
winter climate region in China. The number
of super tall buildings to be constructed in the
next five years will be more than three fold

of that in the last five years (see Figure 1). As
this region is about 180 million km?, is densely
populated and economically active in China, it
implies that the number of super tall buildings
will rapidly increase in this region in the near
future. However, the super tall building is still
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a new type of building in this region. How to make a supertall building
adaptive to the climate still needs examination. Supertall buildings
have their own micro-climate as the building increases in height.

As a consequence, it is necessary to do an in-depth study on the
complicated climate condition around the supertall building and the
climate adaptive design within this region.

This paper aims to develop some design and technique guidelines for
the climate adaptive design of supertall buildings in the hot-summer
and cold-winter climate region. It firstly analyzes the characteristics

of the regional climate and microclimate of supertall buildings, and
then proposes the climate adaptive design strategies. Consequently,
the investigation of the local supertall buildings is carried out. Finally,
the current and prospective design strategies and techniques are
discussed.

The hot-summer and cold-winter climate and related design
strategies

Building design usually assumes the regional climate as the design
conditions, but the supertall buildings have to consider both

the regional climate and the microclimate around the buildings.
The building design strategies need to be responsive to these
characteristics.

The Regional Climate

The characteristics of the regional climate are hot summer and cold
winter with damp weather. This region has long, hot summers for 4
months a year. The only three so-called ‘stove cities'in China are all in
this region because they have more than 70 days in which the daily
temperature is higher than 30°C with 80% relative humidity. It has a
rainy season with high temperatures and humidity between late spring
and early summer. In addition, the cold winter lasts for 4 months, in
which the average daily temperature, among 5 consecutive days, is
lower than 10°C. It has the lowest temperature in winter than any other
region at the same latitude in the world. Furthermore, the annual
rainfall in this region is greater than 1000mm, approximately 60%

of rainfall happening in the summer. Annual solar radiation is about
110-160W/m?, and solar duration is 1000-2400h. The prevailing wind is
north in winter and south in summer.

People in this region have summarized design strategies from their
past experiences (MCPRC, 2005). For example, the building geometry is
compact in order to reduce the shape coefficient; the ratio of window
to wall cannot be larger than 0.7; external walls and windows should
have lower U values and windows should also consider the shading
coefficient; natural ventilation is popularly used to decrease energy
consumption and improve indoor environmental quality. The potential
for natural ventilation in this region accounts for more than 150 days
per year, including spring, autumn and the cool period in summer. The
yard and green roof are used to make the building adaptive to climate.
These design strategies have been widely used in local buildings,
particularly in the low-rise buildings. However, these design strategies
are not always suitable for supertall buildings in the same region.

The Microclimate

The microclimate around supertall buildings is generated by the
increasing height. As atmosphere is inhomogeneous, air temperature,
wind speed, humidity and solar radiation are all in variation with
increased altitude. The effects of altitude on these parameters are
tiny and can be ignored in the low-rise buildings, but they cannot be
neglected in the supertall buildings. These effects are mainly in air
temperature, air pressure, wind velocity, rainfall, solar radiation, etc.

Figure 1. The number of supertall buildings in the hot-summer and cold-winter climate
region (Source: CTBUH)
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Air temperature and altitude. The air temperature has a vertical
gradient from warmer at the ground to cooler in the atmosphere
(see Figure 2). Its lapse rate is dependent upon surface conditions,
the transport of heat upwards and the extent of air mixing, regardless
of the effect of the surrounding area (Geiger, 1973). The standard
atmospheric model indicates a lapse rate of approximately 1°C with
each 150m of additional height (Clair, 2010).

The air temperature lapse with increasing height indicates that the

top of a supertall building will be 2°C lower than its ground level. It

can produce an upper level of a supertall building at different climate
zone. This temperature difference is helpful in reducing the cooling
load but does increase the heating load caused by infiltration. It
requires improving the insulation and air tightness of the upper level of
buildings.

Air pressure and altitute. Air pressure on building envelopes is
generated by the different densities in warm and cold air, which
increases with the height between the openings. The pressure gradient
of the cold air declines more than that of the warm air with the
increase in height, as the density of the former is greater than the latter
(see Figure 3). The warm air inside flows out at the top of the building
and the cold air enters the building from the outside, at a position

that is near the building’s base. The neutral plan level (NPL) is the
height at which the internal pressure is equal to the external pressure.
The position of NPL is related to the size of the openings. When the
opening areas at the upper level and the lower level are equal, the NPL
is positioned in the middle, between the openings.

The air pressure in a large space generated by stack effect can be
employed for natural ventilation in the supertall building if the
openings can avoid the crosswind. It can solve the problem of wind
driven ventilation in the supertall building. Care should be taken
regarding a high space that can cause uncomfortable air draughts
within the space.

Wind velocity and altitude. \Wind velocity is affected by the surface
roughness and typically increases along the vertical. Wind speeds with
increasing height follow the power law or log law. The gradient wind
in an urban area is reached at about 500m. According to the typical
urban condition (power law exponent = 0.28), the wind speed at the
top of the supertall building can be more than 2.6 times the speed
near ground at 10m in height.

The average wind speed in the hot-summer and cold-winter climate
region is 3m/s. The average wind speed at the top of a supertall
building could be 7.8m/s, which can cause the serious problems

of opening windows and straining the external shading system.

It requires innovation in building envelope and shading systems,
which are different from the low-rise or high-rise buildings. On the
other hand, the high wind speeds at the top of supertall buildings
could harness wind energy for electricity. Assuming a wind turbine is
mounted above the roof, the available power per square meter (P) can
be calculated from where p is the air density (@about 1.2kg/m?), Vis the
wind velocity, which is about 1.24 times of average wind velocity, T is
numbers of hours per year (8760h), and n is the efficiency of the wind
turbine (about 0.4). The electricity generated by a turbine on the super
tall building in this region could produce 1902kWh/a.m?.

The wind turbine has two modes for supertall buildings; horizontal
and vertical. A horizontal axis wind turbine can collect the maximum
amount of wind energy by a variable blade pitch. Its disadvantages
are that it causes noise around the area, especially at night, and is
sometimes visually annoying in appearance in the landscape. A
building with horizontal axis turbines is the Strata in London (see
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Figure 2. The thermal image of a super tall building (Source: Claire)
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Figure 3. The diagram of air pressure inside and outside of a building vertical space
(Source: Jiangiang Li)
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Figure 4. The combination of wind turbine and super tall building (Source: a: Waite,
2009, b: SOM)
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Figure 4, a). The other mode is a vertical axis wind turbine, which has
a low noise signature and lower startup speeds of about 2.8m/s. Its
disadvantages are that its efficiency is only half of the horizontal one
and it is difficult to change after completion (van Bussell & Mertens,
2005). A building with vertical axis turbines is Pearl River Tower in
Guangzhou (see Figure 4, b).

A supertall building can have significant negative effects on the
pedestrian wind comfort environment. When the wind impacts the
building block, the considerable air flowing down produces a vortex at
ground level, which will accelerate wind speed at the pedestrian level
greater than the comfort criteria of 5m/s. A canopy or podium above
the ground level is required to block this descending flow.

Rainfall and altitude. The amount of harvested rainwater is
dependent upon the quantity and trajectory along the height. The
driving rain intensity in light wind is on the roof while the upper level
of the windward facade receives the largest rain intensity in a strong
wind. The windward face can receive more than double the rain
intensity than the roof in very high winds (Page, 1976). The wind-driven
rain on the vertical facade is approximate equal to 0.222-V+Rh.cos6,
where V is wind velocity, Rh is unobstructed horizontal rainfall intensity
and 6 is the angle between the wind direction and the line normal to
the wall (Blocken & Carmeliet, 2004).

The hot-summer and cold-winter climate region has large amounts of
annual rain but is still considered a water-deficient area. The roof area
compared to the supertall building facade area is a small percentage.
This creates the necessity of harvesting rainwater from supertall
building facades. The design strategies for rainwater harvesting need
to consider the building orientation, geometry and the prevailing
winds in order to determine the amount of rain to be harvested.

Solar radiation and altitude. Solar radiation is affected by the ground
surface forms and lower atmosphere and increases 4-5% with each
additional 300m of building height under clear sky conditions (Leung &
Weismantle, 2008). In urban areas, the level of solar radiation is reduced
as the exposure to solar radiation is influence by building clustering,
density and height leading to shade and reflection from adjacent
buildings. The area of a tall building above the urban canopy layer can
receive greater solar radiation than below the urban canopy.

Supertall buildings have large sections above the urban canopy layer,
so solar radiation on the building facade is likely to be exposed for a
greater period of time than the typical high-rise building. This provides
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Figure 5. Zifeng Tower in Nanjing (Source: Jiangiang Li)

E5. WRKEAE (FHEE: FHEB)

more potential opportunities to harness the solar radiation for solar
heating or photovoltaic by optimizing the parameters of building
orientation, geometry, building envelope design and shading systems
etal.

After the above study on climate parameters and design strategies, the
relationship between the microclimate and building climate adaptive
design can be shown in Table 1. The first row indicates the climate
parameters and the left column indicates the building elements,
which are affected by the climate parameters. The points in the table
indicate that the climate parameters may change the building design
strategies. A blank in the grid indicates the climate parameter has little
effect on building components.

Case Studies

The case studies investigate the two new supertall buildings in the
summer-hot and cold-winter climate region. One is Zifeng Tower,
completed in 2010 in Nanjing, and the other is Shanghai Tower, which
is still under construction and will be completed in 2014. Both of these
represent their own city culture and adapt climate by the advanced
techniques and technologies.

Zifeng Tower

Zifeng Tower, 450m in height and 89 stories, is the 7th tallest building
in the world. It is a mixed-use supertall building, including shopping
mall on the lower levels, offices on the middle floors and a hotel at the
top. The building rises up with diverse tiers. Its standard floorplan is
triangular in shape (see Figure 5).

This building applies some passive design strategies responding to
microclimate. Its building envelope is designed as a triangular curtain
wall. This shape is helpful to reduce the solar radiation and has the
function of self-shading. As the supertall building cannot mount an
external shading system due to safety concerns, the self-shading,
Low- E glass with an interior shading system are a hybrid strategy

for shading in the hot-summer and cold-winter climate zone. The
vertical facade consists of a porous steel panel and operable windows
(see Figure 6 ). It is much more effective to separate the daylight,
natural ventilation and shading system in the supertall building by the
different building components.

Shanghai Tower
Shanghai Tower, known as the tallest green building, will be completed
in 2014. It has 121 stories with 632m in height. Itis located in the

Figure 6. The details of operable walls in Zifeng Tower (Source: Jiangiang li)
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Table 1. Climate adaptive design assessment.
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financial and trade area of Shanghai that constitutes a supertall
building cluster with the other two supertall buildings: Shanghai
Financial Center and Jin Mao Tower (see Figure 7).

This building applies various climate adaptive design strategies. Its
twisted 120° geometry is controlled by the three key components:
horizontal profile, vertical profile and rate of twist (Zeljic, A, 2011). The
building’s geometry, deduced by wind tunnel experiment and CFD
test, reduces 32% of the wind load compared to a rectangular tower.
The building consists of 9 vertical zones. Zones 1 through 8 have three
atria per floor, which play the role of buffer space for thermal comfort.
The building envelope adapts the curtain wall system, which consists
of two glazed walls, with a tapering atrium in between (see Figure 8).
This space can reduce cooling and heating load. The exterior curtain
wall plays the role as a weather enclosure for the atrium space, so the
curtain wall uses a laminated glass assembly. The interior curtain wall
is the true building envelope, and its material includes an insulated
glass assembly. The building shading system is accomplished by the
different patterns of glass glazed for the differing building curtain
walls (Fan et al, 2011). The tower collects the rainwater from a spiraling
parapet and the roof, for watering plants.

Discussion

Compared to the low-rise and high-rise buildings, the supertall
building has its own characteristics in climate adaptive design. The
air temperature gradient and wind speed increasing with the height
provide the supertall building with a unique microclimate. Full
utilization of these features can shape the supertall building. Even
with the drawback of the wind pressure on the building envelope,

it is possible to resolve it by using stack effect ventilation if carefully
designed, such as at Commerzbank Building in Frankfurt (Etheridge &
Ford, 2008).

Supertall buildings have more opportunities to generate and utilize
renewable energy. One resource is from solar energy. Both PV and solar
heat are possible to employ in the super tall building. In addition, the
atrium, double skin facade can be taken as a buffer space for passive
solar. Wind energy is another source for renewable energy in supertall
buildings. Installing wind turbines at the top of a supertall building has
the potential for renewable energy ( Irwin et al,, 2008).

In the near future, supertall buildings can use more advanced
technologies to adapt the climate, which promote the passive

design strategies and new technology. For example, the intelligent
daylighting control system with double skin facades can conserve
energy and optimize task illumination levels. This technology is
becoming more common. Electrochromic windows can change from
clear to opaque for reducing glare without losing vision. Their features
include controlled visibility, partial dimming and privacy. They are
often preferable to mechanical louvers. Supertall buildings applying
electrochromic windows will not need shading systems.

Conclusion

Climate adaptive design of supertall buildings in the hot-summer

and cold-winter climate region needs to consider not only the region
climate but also consider the effect of micro climate. The following
can provide the developer and designer guidelines at the early design
stage:

Figure 7. Shanghai Tower (Source: Gensler)
E7. s (KR &IE: Gensler)

Figure 8. The buffer space in Shanghai tower (Source: http://openingbuilding.com)
H8. EiEF oz E (AR IE: http://openingbuilding. com)
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Supertall building, below the urban canopy, is most affected by
the surroundings. The part above the urban canopy is mainly
affected by microclimate.

The ratio of window to wall can be variable to adapt to the solar
radiation , insulation and building infiltration along the vertical.

Shading systems can be applied by self shading and coating
the glazing with interior shading systems, in order to avoid
the hazard of external high wind speeds. In the near future,
electrochromic windows may replace louvers.

Stack effect for ventilation in the vertical space can be applied
in a supertall building, provided the wind speed has less effect
on internal ventilation.

Supertall buildings have more potential to utilize the climate’s
resources, such as solar radiation and wind energy for
renewable energy in the top levels.

Passive design, along with intelligent systems, provides low
energy consumption and flexible strategies for safe, healthy,
environmentally friendly buildings and comfortable interior
environments.
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