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Abstract
This paper presents the innovative architectural design concept, which is to integrate the new material and
technology into the building design to achieve the thermal comfort and at the same time reduce the energy
consumption of the building by making use of the renewable energy, including solar and wind energy. The
system is developed based on the idea of regional thermal comfort in building. The advantage of the system
is the environmental friendly approach, costless operation, reliability, flexibility, scalability and adaptability
for the integration to the building design. With the design concept, we tried to do two application designs in
two virtual sites. One is a badminton court for the 2008 Beijing Olympic Games and the other is a cooling
pond in a shopping mall. We will introduce how computational simulation can contribute to the prediction of
the performance of the design. We will also discuss how the computation simulation can help in the design
optimization process. Through the development of the new design integration of the material to the building,
we would like to feedback to the material industry to encourage further collaboration and development in the
material enhancement, so that both industries and the society can benefit from the advancement.
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Introduction—Thermal Comfort and Smart
Wall
Usually thermal comfort is achieved by robust
ambient temperature control by centralized HVAC
system. The weaknesses of conventional HVAC
system are high energy consumption and
complexity of system. In this project, we are going
to explore the new way of thermal comfort and
energy saving by applying scientific simulation
to integrate the thermoelectric conductor module
into the architectural design.
Smart Wall for Thermal Comfort
Have you ever imagined a column is no longer
merely a structural support that blocks the space
but a cooling oasis that people will love to get
close to and stay for a while or a gateway not only
magnificent in gesture but also welcome you by
real warm ambience? Corridor is always
considered as a transition, cooling down and
sanctifying journey before entering an sacred
space, now the effect could be achieved not only
by architectural design but enhanced by regionally
cooling. So the main idea here is regional thermal
comfort, overcoming the limitation of robust
HVAC for sensitive thermal delight.
Rationale
Smart Wall is new architectural design integration
for the provision of thermal comfort in the indoor
environment. The Smart Wall project aims at
integrating the smart material, advanced
technology and innovative architectural design in
order to achieve regional thermal comfort and also
energy saving in buildings.

The “smart material’ here means the
Thermoelectric Conductor Module (TEC) (Figure
1), which is well known for its ability to convert
electrical energy into thermal energy. When there
is a current passing through the Smart Wall, one
side will be cold and the other will be hot. Through
the intelligent control and system integration in
the building design, the Smart Wall can achieve
the regional thermal comfort.
Advantages of Smart Wall

a) Environmental friendly approach. The Smart
wall does not produce any pollution during the
operation. And at the same time, it makes use
of the renewable energy such as the wind and
solar energy for its operation. The operation cost
could be reduced.
b) Reliability. There are no movable parts and
hence, will not wear or fatigue. This makes the
system very reliable. In case of malfunction, the
module design makes it easy to repair / replace.
c) Flexibility. The system can be integrated with
the partition wall, ceiling or even be mobile. It
can be integrated into different areas depending
on the needs of regional thermal comfort
through architectural design.
d) Scalability. The cooling load can be easily
adjusted through the intelligent control system
depending on the thermal requirement of the
occupants. Also the size and the scale of the
system can be changed up to the volume of the
space. It gives large flexibility to the design
integration.
e) Adaptability. The system can adapt to
different functional requirement. Since the
working rationale is through radiation and/or
with low speed fan assisted, it can adapt to strict
requirement such as the badminton court, where
requires no air movement in the playing field.
Computational simulations
The computation simulation plays an important
role in the design process and the optimization
process. To achieve the thermal comfort, we do
consider the air movement and the temperature
distribution in the space. In order to predict the
system performance, computation simulation is a
must to be applied due to its high precision.

Figure 1. The ration rationale of the TE module
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Computational Fluid Dynamics (CFD) involves
analysis of fluid flow, heat transform and other
related phenomena by means of computer-based
simulation. The technology is powerful and
spreads widely in industrial and non-industrial
application areas. In our research, we will apply
CFD to predict the internal flow and temperature
distribution. Through the CFD simulation, we can,
first verify the performance of the Smart Wall, and
second, further improve the architectural design
by knowing more about the flow and temperature
distribution pattern.
To verify the design options, we set up CFD
models and physical model to evaluate their
performance. We also explore the possibility to
integrate the Smart Wall with other green systems
and grey water system. This will be discussed in
the latter part of this paper.
Design experiment
In order to explore the possibility of using the
Smart Wall in the building design, we have chosen
two virtual sites for the design. The first one is a
badminton court for the 2008 Beijing Olympic
Games. And the second one is the shopping mall.
According to the different site contexts and design
criteria, we make use of the characteristics of the
Smart Wall to facilitate the function of the
buildings. The main concept is the regional cooing
which aims to achieve the thermal comfort for
designated region in an enclosed space.
New Material & Technology
Design of Smart Wall
The thermoelectricity was first discovered about
180 years ago. The thermoelectric materials could
operate as a heat engine to convert heat into
electrical energy (Seebeck effect), or convert
electrical energy into thermal energy for cooling
or heating (Peltier effect).
Smart Wall consists of two primary components,
TE modules and intelligent control system, and
two auxiliary components, a power supply (which
include a rechargeable battery and an AC power
rectifier) and a water circulation system. It has
three functions: heating, cooling, and power
generation.
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The water circulation system plays an important
role in Smart Wall. Compared with the
conventional forced air convection, it has much
better heat / cool dissipation capability. At the
mean time, it is also used for energy storage. For
future designs, it is also possible to add solar panel
and wind turbine to the system, so that more
renewable energy can be used.
Intelligent control system
The intelligent control system is an important
component, which manages the system operation,
such as choosing the power source (switching
between the battery and the rectifier), and
controlling the flow rate of the water circulation.
In order to provide precise temperature control,
some intelligent control methods can be adopted.
Under disturbance of ambient temperature and
heat load, the control system can adjust the input
current to guarantee the required temperature. In
addition, the control system can also be integrated
to modern building control system for more
functions, such as remote monitoring and control.
Integrating the Smart Wall with
Architectural Design
We identify the role of Smart Wall which is
regional thermal comfort. We recognize the
weakness of Smart Wall is its low COP (about
0.45) which is in no way competitive with
traditional AHU (about 2.5-3). However, there are
rooms for Smart Wall to emerge. The main idea at
this stage is: AHU targets ambient cooling; Smart
Wall targets regional cooling. Also, Smart wall has
some unique characteristics and advantages that
AHU cannot achieve.
The flexibility and the scalability are two of the
most powerful and useful characteristics. The size
of the Smart Wall can be customized. It can be
installed and fixed on the wall or ceiling, or be
installed as a sculpture or a panel for dividing the
space. With the effective heat dissipation system,
the limitation of the installation can be eliminated.
So the Smart Wall can be put closely to the human
and/or activity area. It is easier to achieve the
regional cooling since the space to be cooled can
be minimized. Also, the cooling load of the Smart
Wall is adjustable. It can be easily adjusted
depending on the occupant’s needs. Through the
intelligent control system and sensor, the smart
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Figure 2. Smart Wall units for cooling of the athletic field (left); the auditorium is cooled by low-speed-large-volume fan; the athletic
field is cooled by cold air units and radiation from Smart Wall (right)

wall can even “self-adjust” to incorporate with the
occupant’s activity. For example, we can integrate
the moving sensor to the Smart Wall in an activity
room. Once it senses the human movement which
implies the activity starts, the control system will
allow more current supply to the Smart Wall. So
that it can interact with the human behaviors. Other
sample such as an “intelligent door handle” (for
winter time) can also be designed based on the
characteristic and the concept of the Smart Wall.
But we will not further discuss here.
The efficiency and cooling capacity of the smart
wall are not competitive as AHU for large space
cooling. In some buildings, where part of the
enclosed space does not need the same amount of
cooling, presumably, Smart Wall can reduce the
overall energy consumption by cooling regionally
only spaces where users occupy. As Smart Wall
can operate with unsteady current, it gives
flexibility and opportunity in utilization of
renewable energy. Solar panel and wind turbine
can be easily integrated into the system. The Smart
Wall can contribute to reduce the energy
consumption by the HVAC system. Even in the
space where temperature should be well
controlled, with the integration of the intelligent
control system, precise temperature can be
achieved. The intelligent control system can also
allow automatic switch to different energy source
(battery or electricity net) or adjust the current in
order to save energy.

As it is known that badminton is very sensitive to
air movement, Smart Wall is very suitable to tackle
the strict requirement for the badminton court.
Since the court is required to accommodate certain
amount of audience, our design strategy is to
divide the court into few different regions –
auditorium and athletic field. We use low-speedlarge-volume cooling strategy for the cooling of
the auditorium (Figure 2). For the athletic field,
large area Smart Wall units will be mounted on
the wall and mobile Smart Wall units will be put
on the side of the field for the regional cooling for
the athletes (Figure 2). By low speed fans and
radiation, the playing region will be cooled down
by the Smart Wall units so that regional cooling
can be achieved without creating obvious air
movement (Figure 3).

Space cooling for badminton court of 2008 Beijing
Olympic Games
Figure 3. CFD simulation verifies that by using Smart Wall

This is a virtual site in Beijing to build the
badminton court for 2008 Beijing Olympic Games.
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and low-speed-large-volume fans, the air movement in the
stadium can be well controlled
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By the intelligent control system, the Smart Wall
units can be driven by two kinds of energy. The
first one is the renewable energy (solar and wind
energy). During the sunny day, the solar panels
outside the stadium can collect the solar energy
and convert it to electricity to supply the Smart
Wall units. During the non-match days, the
electricity can be stored in the battery for further
use. Wind energy is used and stored in the same
way. During the cloudy or rainy days, the control
system will automatically switch to the battery or
the in-house electricity supply to maintain the
service of the Smart Wall units.
The hot sides of the units are cooled down by a
water recirculation system to maintain the
efficiency of the units. The water comes from the
pond outside. By this design, multi-function of the
water pond can be achieved: to facilitate the
efficient operation of the Smart Wall and
aestheticize the external environment of the
stadium. We also make use of the shelter of the
seats. Solar panels are installed on top of the shelter
so that during the sunny days, the shelter can act
as shading devices and the solar energy collector.
The advantage of using the Smart Wall in the
badminton stadium is, first eliminating the air
movement; second making use of renewable
energy to achieve cooling; third making use of the
surrounding facilities such as seating area and
water pond to facilitate the operation of the units.

“Cooling pond” for thermal comfort in seating of
shopping mall
Further to the first design prototype used in the
badminton court, we further investigate the
potential of the Smart Wall for regional cooling.
The idea of this design project is to install cooling
ponds in shopping mall to provide a resting region
for users.
The resting area is regionally cooled by the Smart
Wall system. The essence design is the utilization
of renewable energy from the wind turbine. This
solely overcomes the weakness of TEC and further
revolves it into advantages over other cooling
devices.
Wind turbine as a renewable energy source is not
widely used because the fluctuating nature of its
energy supply which means there must be a storage
battery for a steady electricity outcome. For typical
use of wind turbine, it takes two steps of energy
transformation before the energy can be used,
which is, from the turbine to the battery and then
from the battery to the appliance. Each
transformation indeed dissipates a considerable
amount of energy.
With Smart Wall, this energy loss can be avoided.
We do not need a storage battery because we do
not need absolutely steady current to power up
Smart Wall. Instead, we use a piece of thermal

Figure 4. Operation mechanism of “Cooling pond” in shopping mall
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Figure 5. Thermal mass in front of the Smart Wall unit to regulate the temperature (left); CFD simulation, contour of static temperature
(right)

mass to regulate temperature (Figure 5). And we
use the wind energy directly by connecting the
TEC to the turbines through the intelligent control
system (Figure 4).
Figure 4 showing the design concept of the cooling
pond in the shopping mall. The two sides of the
mall are shops and the concave resting area in the
middle is the cooling pond. Surrounding is the
seating area where the Smart Wall is installed. The
dome shape roof can collect the hot air from the
human beings and exhaust to the exterior. It can
eliminate the accumulation of hot air nearby the
people. The shops are ventilated by conventional
HVAC system while the resting area is by the smart
wall.
As mentioned, the smart wall will directly connect
to the wind turbine through the intelligent control
system. The hot side is cooled down the water
circulation from the water pond. On the cold side,
the temperature is regulated by the thermal mass
to confront the fluctuation of the wind energy
supply (Figure 5). The thermal mass is installed
in front of the Smart Wall. It could be a piece of
thick concrete or stone. Since the Smart Wall can
operate 24 hours with the energy supply from the
wind turbines, the thermal mass can store the cold
/ heat generated from Smart Wall. By this way,
first, we can avoid the use of battery, which may
cause energy loss, for energy storage. Second, the
temperature nearby can be maintained at
designated level. Besides, we use low speed fan
between the thermal mass and Smart Wall to
provide cool air at daytime when the seating area
are occupied, so that the thermal comfort can be
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achieved by multi-means. With the CFD
simulation, we can optimize these detail design
such as the sizing and dimension. Figure 5 shows
the simulation result of temperature distribution
within the seating area.
Wind turbine and optimization
One of the interesting points of this project is the
multi-system optimization. Since the system is
making use of the wind energy, the quality of the
wind energy is crucial for its performance. We
have interesting investigation on how to optimize
the efficiency of the wind turbine in order to get
as much wind energy as we can.
We know that the building design, especially the
geometry of the blocks, affects the wind
environment a lot. We have done simulations on
three different building geometries (Figure 6). We
also design the special feature – the wind catcher
on the building edge – to enhance the wind speed
passing through the wind turbine so that more
energy can be generated.
Through this exercise, we are demonstrating the
process of parameter optimization by architectural
design and CFD verification. 4 parameters are
optimized: 1. the pressure difference created by
the wind catcher. 2. Wind catcher with the building
edge design, including the geometry of building
and how much the wind catcher cantilevers out of
the building edge. 3. Flow regime nearby the
building edge. 4. Installation detail, such as the
size and installation location of the catcher and
turbine.
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The convection coefficients on the cold and hot
sides are designed as 30 W / m 2 ⋅ K and 300
when cooling, and 20 and 30 when heating. The
experiment and simulation results of the
temperature in the prototype are indicated by solid
and dotted curves respectively, as shown in Figure
9.
From Figure 9, it is seen that in the experiment,
when Smart Wall is working in cooling mode
without heat load, it can achieve the lowest
temperature Ts = 16 °C in about 6 minutes, 8
°C lower than the ambient temperature. Under
the three cases above, COP from simulation results
can be given as 0.3, 0.42 and 0.56 respectively,
which are not as good as expected. Because the
heat insulation is not good and temperature
distribution in the prototype is not uniform, the
experimental COP values can’t be provided
precisely, but can be approximated as 0.2, 0.357
and 0.47, based on the measurement and
calculation.
Figure 6. Models for simulation of wind environment
surrounding different building geometries (left); simulation
results of wind environment (velocity vector) (right)

Scale Model for Design and System
Installation Verification
The Design of Prototype
In order to validate Smart Wall concept, a small
prototype is built, as shown in Figure 8. Note that
Smart Wall does not need to cool / heat the entire
space. Instead, it only needs to provide regional
cooling / heating at where the cool / heat is needed.
The prototype model is made of wood, and the
dimension is approximate 1.8 m x 1.2 m x 0.4 m.
The heat load is provided by six light bulbs with
maximum power of 40W ´ 6 = 240 W. The control
system is developed by using LabViewÒ with a
sampling rate of 1 second.
Experiment & simulation results and discussions
A number of experiments are performed under
various conditions to investigate the temperature
distributions in the prototype. During the
experiments, the temperatures are measured using
thermo couplers placed near Smart Wall, and the
test results are displayed on a monitor for real time
tracking and analysis.
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Comparing the experiment and simulation results,
the error is significant. These may be caused by
several factors. First, in the experiment, the
temperature of the input water is 28oC, 4oC higher
than the ambient temperature, and hence, the heat
dissipation ability is not very good. As a result,
the convection coefficient is lower. Second, the
force air comes from several small fans with the
total energy of 24 W on the cold side, and hence,
the cool dissipation ability is not very good. As a
result, the convection coefficient is actually lower.
And third, the prototype is made of wood, and
hasn’t been well insulated. Hence, a large amount
of heat exchange exists between the prototype and
ambient, which is estimated as 10×(Ta x Ts) W.
Findings and Challenges
Findings
After we completed the two design experiments
in badminton court and shopping mall, and also
the simulation for verifying the design options,
some findings can be drawn:
Integration method with different disciplines. The
Smart Wall is a collaborative project with the
Department of Automation and Computer Aided
Engineering. With the innovative design thinking,
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Figure 7. CFD simulation, velocity contour at the building edge (left); design of wind catcher to optimize the operation of the
wind turbine (right)

the semi-conductor can be integrated into the
architectural design.

a) Computational simulation is powerful in the
design integration process. It helps to predict
the performance. Design optimization can be
achieved after rounds of simulation and design
modification.
b) The Smart Wall aims to provide regional
cooling instead of space cooling due to the
limitation of the cooling capacity of the
material. Smart Wall can complement to the
HVAC system
c) The low COP of the semi-conductor is a limit
for the project. But by improving the COP of
Smart Wall, the efficiency of the system can be
further enhanced.

Challenges
Although the design process is very interesting
and full of joy, we still face a few challenges:

a) The way to improve the performance of the
total system. The individual system needs to be
integrated better to eliminate the efficiency loss
at the interface. For example, the water
circulation and the thermoelectric module
integration determine how efficient the heat is
dissipated.
b) The performance of the material. The wind
catcher, the water circulation system, energy
storage media and the thermoelectric module
need to be better design to optimize the
performance. Also, to improve the efficiency of

Figure 8. The experimental prototype of Smart Wall
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the wind turbine and solar panel is another
challenge.
c) The low COP of the thermoelectric module.
It affects the efficiency of the smart wall. It
makes the smart wall difficult to compete with
conventional HVAC system until now. This is
the limitation from the production industry.

The integration of the Smart Wall can be a driven
force to further develop and utilize the TE module.
The Smart Wall design concept is derived from
the TE. It shows a new way that how the TE can
be anchored to the building industry. With the new
development direction, the TE can be further
improved. This will create a two-way development
between the TE industry and the Smart Wall. Both
sides can be undoubtedly benefited.
The Smart Wall is one of the new technologies.
The Smart Wall project demonstrates the thinking
of how to integrate the “new” material and
technology in the architectural design by
collaborating with different disciplines to improve
the quality of the built environment, and at the
same time, to raise the potential of other existing
technologies. The concept of the project is
expected to provoke other new thinking of
utilization of new material and technology in the
building industry.

Figure 9. Experiment and simulation results of temperature:
(1) Cooling without heat load; (2) Cooling with heat load;
(3) Heating without heat load.

Conclusion and Future Work
The Smart Wall project is expected to provoke new
design thinking in the building industry. First is
to rethink about how the new building form can
facilitate the operation of wind turbine to collect
the wind energy. Second is to use grey water
system (the water circulation system) for cooling
of the Smart Wall. Third is to reduce the use of
conventional HVAC system in the public area such
as the lift lobby in housing so that the energy
consumption can be cut down.
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Moreover, the smart wall can be an multifunctional element in design. It can be a
complementary to the entire HVAC system to
provide thermal comfort. Also, we can integrate
the smart wall to the architectural design. It could
be a decorative feature such as a sculpture.
Besides, we can investigate the possibility to
integrate it into the structural system design. In
the future, the smart wall can be really a “wall” in
the house. With the intelligent control system, it
has the potential to integrate into the intelligent
house. Through the sensor and control system, it
can adjust the performance so as to satisfy the
thermal comfort of the occupants. That will be the
real “Smart” Wall.
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