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ABSTRACT Passive building design takes advantage of local micro-climate characteristics in site planning
and analysis of house construction. In a ten-year project, we built the Orchid House with the concept of
a green core to effectively reduce the energy consumption of the house. We have equipped Orchid House
with smart control for passive design using an Internet of Things (IoT) solution called HouseTalk. With
HouseTalk, the passive mechanisms of Orchid House are intelligently controlled to offer indoor comforts.
HouseTalk integrates all sensors and actuators of the Orchid House through a Graphical User Interface
(GUI). This GUI allows the users to easily and directly access all IoT devices installed in the house through
graphical icon representations, and conveniently implement smart algorithms for smart home. HouseTalk
dynamically adjusts the formula for HVACoperation in the closed private living area, which is appropriate for
thermal control. In the open public shared space (the green core of the Orchid House), HVAC will consume
much more energy, and the passive design with non-thermodynamic cycle equipment such as mechanical
ventilation, evaporative cooling system, or other non-thermodynamic cycle systems are more appropriate
for thermal control. HouseTalk enhances passive design by using non-thermodynamic cycle system with
low energy-consumption equipment to reduce the CO2 concentration, purifying the air to maintain oxygen
concentrations ranging between 18% and 21%. Also, in the green core, HouseTalk can effectively improve
the cooling effect by up to 77% without HVAC.The reported thermal sensation indicates that over 90% of
tenants are satisfied by HouseTalk’s HVAC control. We demonstrate the potential of enhancing air quality
through the photosynthesis by indoor plants. HouseTalk can effectively speed up the reduction of carbon
dioxide concentrations by 53%. The oxygen concentration for the HouseTalk scenario ranges between 18%
and 21%, which is always higher than that of the baseline scenario.

INDEX TERMS Air quality control, photovoltaic (PV) system, thermal control, variable frequency heating,
ventilation and air conditioning system (HVAC), control systems, sensors, systems, man, cybernetics,
Internet of Things, smart home.

I. INTRODUCTION
Due to the effects of global climate change, buildings require
special design to offer indoor comforts in terms of thermal
comfort, lighting comfort and good air quality. To address
this issue, we commenced a 10-year HouseTalk project to
build the ‘‘Orchid House’’ with the passive design guideline,
which takes advantage of the local micro-climate to maintain
a comfortable temperature range in the house. The Orchid
House won three big awards in Solar Decathlon Europe
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2014 [1]. Under the sponsorship of Taiwan Semiconductor
Manufacturing (TSMC), the HouseTalk project further built
an enhanced version of the Orchid House, known as TSMC
NCTU Energy Education Center (Fig. 1), in Hsinchu Science
Park. The building is located in a subtropical climate area
where the summer is long and hot. Daily summer temper-
atures can reach up to 30◦C, and humidity levels are also
relatively high. Winters are shorter, with temperatures rang-
ing from 13◦C to 21 ◦C. The Orchid House was built with
recycled material such as plastic for its heat storing wall. The
building has achieved 97% of plastic recycling, 48% of wood
dust recycling, and 92% glass recycling.
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Based on an IoT development platform called IoTtalk
[2], [3], the HouseTalk project has provided smart control
for the passive building design of the Orchid House. The
Orchid House consists of a main space (the living area) and
a buffer space (the green core). To enhance the passive build-
ing design, HouseTalk detects and controls house actuators,
creating a more comfortable environment, in addition to its
passive design. In the living area, Heating, Ventilation, and
Air Conditioning (HVAC) with a variable refrigerant volume
systemmaintains temperature stability and atmospheric com-
fort. Furthermore, by using non-thermodynamic cycle system
with low energy-consumption equipment, HouseTalk con-
trols the temperature of the buffer space to prevent direct heat
flow exchange between the living area and the outdoor space.
HouseTalk also creates a balance between indoor comfort and
energy consumption to maintain the sustainable development
of coexistence between humans and the environment.

This article describes the HouseTalk project for enhancing
the Orchid House passive design through the automatic IoT
techniques. The paper is organized as follows: Section II
provides the related work; Section III describes the Orchid
House architecture; Section IV proposes HouseTalk and its
operations for thermal and air quality controls; Based on the
HouseTalk GUI, Sections V and VI develop the algorithms to
evaluate the performance of HouseTalk in terms of air quality
and thermal controls; Section VII describes a novel approach
to count the number of people in a room through CO2 sensors
and the AI algorithm; Section VIII uses Reported Thermal
Sensation (RTS) to measure the tenant satisfaction on thermal
control.

II. RELATED WORK
Several Internet of Things (IoT) techniques have been devel-
oped to support smart house applications. A survey [4] indi-
cates that most smart home solutions focused on door control,
water usage metering, fan and light switching, elderly health
monitoring, location tracking, smart metering, and so on—
all of which are different from the passive building design
issues addressed in the HouseTalk applications. The study
in [5] integrated sensors and actuators such as Philips Hue
light bulb and Nest Thermostat. The study in [6] proposed
several home automation applications emphasizing energy
conservation, but did not provide any details.

The applications in both [5] and [6] are subsets of what
we have implemented in HouseTalk. The study in [7] elab-
orated on smart home applications using the FLIP solution
[8]. On the other hand, HouseTalk utilizes ArduTalk [9],
which can flexibly accommodate the control boards based on
Arduino, MediaTek LinkIt Smart 7688 duo, ROHM IoT kit
or ESP8266 ESP-12F.

In [10], the authors reported an effective implementation
for monitoring regular domestic conditions using low cost
ubiquitous sensors. This study provides the IoT device solu-
tions that can be integrated with the HouseTalk server in
this article. In [11] the authors proposed a Simple Internet
of Things Enabler (SITE) for a smart home. SITE defines

a simple language for the specification of control rules for
smart objects. HouseTalk further extends SITE’s concept to
deploy smart home applications graphically.

Energy awareness is particularly important for smart home.
In [12] [13] the authors proposed a thermal comfort optimiza-
tion algorithm in microgrids with renewable energy sources
on three buildings. The local thermal optimization equation
used in this study is similar to Eq. (1) used in HouseTalk.
The study in [12], [13] indicates that improvements between
27%-36% can be achieved. The results are obtained from
simulation. In HouseTalk, we actually built the Orchid House
and exercised Eq. (1) in the building to yield the improvement
for energy savings. The details are given in Section VI.

In [14], [15] the authors conducted in-situ real time
measurements of thermal comfort in 17 Dutch residential
dwellings. In particular, a 5-scale RTS was used to interview
the tenants. The authors attempted to relate clothing and
metabolic activity to the RTS. In HouseTalk, we study the
relationship between the RTS and the difference of the indoor
and the outdoor temperatures. Instead of the 5-scale RTS used
in [15], a 7-scale RTS is used in HouseTalk. The details are
given in Section VIII.

In [16], the authors partition a large-scale building into
several smart zones to optimize energy usage. The study was
conducted by simulation. In theOrchidHouse, themain space
and the buffer space can be considered as two smart zones,
one uses HVAC and the other uses non-thermodynamic cycle
equipment for energy saving. Our study conducts measure-
ments in the real buildings.

In [28] the authors showed that air pollution has a sig-
nificant effect on human health. Air pollution may cause
headache and rhinitis. It also affects ocular, nasal and dermal
systems. This health impact of air pollution study inMalaysia
is consistent with the global trend. To address the air pollu-
tion issue, we will propose air quality control approaches in
Sections V and VII.

Smart home solutions should take passive design into
account in order to optimize smart home applications. How-
ever, none of above previous studies [4]–[16], [28] consider
passive design. Passive design is an important concept in
architecture, which takes advantage of the climate to main-
tain a comfortable temperature range in the home. Passive
design reduces or eliminates the need for auxiliary heating
or cooling. Existing passive design requires manual control
of actuators. In this article, we propose HouseTalk to intelli-
gently drive the passive design.

In [17] the authors proposed context-aware IoT for smart
home, and list the challenges in three aspects: application
development middleware, energy and privacy.

In terms of a context-aware smart home platform, the goals
include the support of sensor abstraction to hide sensing
details, the support of context information processing, reason-
ing, and the support to facilitate easy development of scalable
context-awareness applications. To achieve the above goals,
a good design of user interface is essential. In HouseTalk,
we have designed a user friendly Graphical User Interface
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FIGURE 1. The Orchid House (TSMC NCTU Energy Education Center).

(GUI), which uses icons to provide the IoT device abstraction
and hide the details of the sensors. The GUI operations will
be elaborated in the subsequent sections and Figs. 7, 9, 10, 12
and 14 to achieve the following goals:

1. Collaboration in energy saving: HouseTalk IoT mecha-
nism nicely collaborates with the Orchid House passive
design to significantly save energy.

2. Remote control of switching devices: Besides intelli-
gent sensor-driven control on the actuators, HouseTalk
allows the user to remotely control the actuators
through smartphones (see Fig. 6 in Section IV).

3. Devices operation on schedules: On-schedule control
was achieved by 2014 version of the Orchid house
through hardware timers. In HouseTalk, the hard-
ware timers are replaced by sensors and flexible soft-
ware control of IoT and AI technologies described in
Sections IV, V, VI and VII.

4. Availability of renewable resources: The major renew-
able resources of the Orchid house are the solar thermal
panels (see Fig. 2 in Section III).

5. Management settings: HouseTalk provides user
friendly GUI for management settings.

For scalability, our experience indicates that the communi-
cation protocol is the key to accommodating a large number
of IoT devices. Version 1 of HouseTalk uses HTTPS, which
supports 100-1000 IoT devices for an application. Version 2
uses MQTT, which supports up to 100,000 IoT devices in an
application [18]. In the future, we will consider a HouseTalk
version using Erlang [27], which can support up to 1,000,000
IoT devices.

HouseTalk privacy follows IoTtalk [19], where every IoT
packet carries a tag to provide extra information associated
with the sensor data and/or device. There are five types of
tags: Identity (ID), Geographic Data (GeoData), Time (T),
Battery (B), and Privacy (P). The privacy tag defines the
privacy level of the data for personal information manage-
ment and access management. For example, in smart cam-
pus applications, P=1 means that the security guards have
100% information of the sensor data (e.g., clear images),

the professors and students have 60% information of the
sensor data (e.g., obscured images). In this way, privacy for
user authorization and interaction can be guaranteed, which
addresses the challenges in [17].

The security challenges for smart home include threat
detection, authentication integrity encryption, and monitor-
ing. AgriTalk [3], the smart agriculture version of IoTtalk, has
been certified by Telecom Technology Center (TTC), a gov-
ernment sponsored research organization that is responsible
for certification of all mobile phones before they can be used
in Taiwan [20]. TTC has collaborated with the Underwriter
Laboratories (UL) to perform IoT certification in Taiwan.
In the early stage, AgriTalk faced potential attack threats
that arbitrarily turned on the irrigation system. Such security
problems were solved by enforcing TTC’s IoT security cer-
tification called S-IoT. S-IoT contains eight major security
control items:

1. Security for system initialization and privacy settings
2. Security software and firmware update
3. Passwords and encryption
4. Software and functional security
5. Authorization
6. Authentication
7. Secure and trusted communications
8. Programs and documentation requirements

AgriTalk is the first IoT development platform to receive
the S-IoT certificate, which addresses the security challenges
listed in [21]. Derived from IoTtalk (and therefore AgriTalk),
HouseTalk has also been certified by S-IoT.

III. THE ORCHID HOUSE DESIGN
This section describes the Orchid House architecture based
on the passive design. The Orchid House design takes the
traditional Chinese courtyard setup and adapts it vertically
to create a green core (Fig.1 (1)) that acts as the HouseTalk
recycling system for irrigating plants [3], moderating the
temperature, and exchanging fresh air. This layout reduces the
energy consumption for cooling and heating the living area.
With this evaporative cooling strategy, the house remains cool
on the inside.

The Orchid House also harvests rain water in a subunit
water tank under the floor. This reservoir will be used not
only as part of the cooling system, but also as a source of
water for the plants (e.g., orchids, Devil’s Ivy plants, etc.) in
the house. The house’s drip irrigation systemwaters the vege-
tation, a method that is 20-40%more efficient than traditional
sprinkler methods. Our design also maintains a more suitable
balance of air and water for optimal plant growth. Details can
be found in [23].

Energy-saving LEDs work with the HouseTalk server to
increase system efficiency. All heat generated by light sources
will be paired with the performance of air delivery sys-
tems to avoid unnecessary waste. To save power usage, the
LED lighting system uses an environmental lighting detec-
tion function and will not be turned on if the sensing area
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FIGURE 2. Air flow within the semi-public area.

falls within reasonable natural light levels. Furthermore, the
Orchid House is equipped with a photovoltaic (PV) sys-
tem that harvests energy, saving 1410GWH of electricity
annually [1].

The Orchid house is composed of three main volumes
including a green core (the buffer space; Fig. 1 (1)),
an L-shaped enclosed private living area (the main space;
Fig. 1 (2)-(6)) and an exterior louver (Fig. 1 (9)). The green
core in the center of the unit serves as a buffer zone to mod-
erate indoor and outdoor air, reducing heating and cooling
loads. It not only enhances the verticality of the exterior
envelope, connects the ground level and the mezzanine level
(Fig. 2 (12) and (13)), but also acts as a green chimney to
promote a passive cooling effect in the house. The Orchid
House design brings northern light into the house and blocks
southern direct sunlight to reduce heat gain. The open-riser
staircase (Fig. 2 (14)) to the mezzanine level is located in the
center of the green core (Fig. 1 (1)) not only provide chimney
effect for vertical ventilation but also drawsmore natural light
into the house. Both west and north façades have clerestories
to create a more dramatic lighting condition. There are 4
house functions: kitchen, living room, bathroom (Fig. 1 (4)),
and bedroom (Fig. 1 (5)). This setting separates the public
shared space from the private living zone. A workstation that
accommodates a local HouseTalk server (Fig. 1 (6)) with

FIGURE 3. Cooling mechanisms of the Orchid House(2.8.b).

storage space keeps the bedroom intimate. The HouseTalk
server is also remotely deployed in a public cloud for fault tol-
erance purposes. The large flat-rail sliding doors (Fig. 1 (7))
are allocated on the east side of the Orchid House. Opening
the doors connects the tea terrace space with the outside deck,
eliminates a physical boundary, allowsmore space for hosting
larger events, and makes the aesthetically pleasing vertical
wall visible from the outside.

The west side of the house contains a 30-cm-thick thermal
wall (Fig. 2 (5)). The wall consists of a special type of
recycled Polyethylene Terephthalate Polymer (PET) bottles
call POLLI-BrickTM(Fig. 3 (a)), which serve as a thermal
mass. Each bottle is filled with water to absorb solar radiation
during the day and releases radiant heat into the interior space
at night. The air space between the bottles and the acrylic
sheet remains heated during the day through the greenhouse
effect, and also prevents radiant heat loss at night.

On themezzanine level, a water wall (Fig. 2 (6)) is installed
between the water path of the collected rainwater from the
roof to the water tank (Fig. 2 (11)). This wall is built up
with several Raschig rings; each with many holes (Fig. 3 (b)).
Water drips from the top of the wall where Raschig rings
separate the water to small particles.Warm outdoors air enter-
ing the house through the louvers passes through the water
particles of the water wall, and the sensible heat in the air
turns to latent heat, which evaporates water droplets to vapor.
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FIGURE 4. The NCTU smart room.

HouseTalk automatically turns on the water wall when
the temperature between the double skin rises above 26◦C.
Together with the water wall, a row of fans (Fig. 2 (4); see
also (4) in Fig. 6) on the rooftop will create an air draft and
draws hot and humid air out of the windows (Fig. 2 (3); see
also (3) in Fig. 6) through the active ventilation. The windows
and the fans are automatically controlled by HouseTalk (to
be described in Section V). The path of air flow is (9)-(6)-
(3) in Fig. 2. The hot and humid air may also flow through
the path under the floor (Fig. 2 (10)) to the windows through
the green core (Fig. 2 (1)). The path of air flow is (10)-(1)-
(3) in Fig. 2. This allows the main space to heat by the solar
thermal panels (Fig. 2 (7)), provides hot water that circulates
under the floorboards to radiate heat. The main space could
be heat up without increasing the humidity when the weather
is cold. This process also removes the heat waste of the
photovoltaic (PV) panels (Fig. 2 (8)).

We have also implemented a smart office in National Chiao
TungUniversity (NCTU) as an extension of the Orchid House
[22]. Like the Orchid House, this room was installed with
temperature, humidity, and CO2 sensors (Fig. 4 (a)), smart
windows (Fig. 4 (b)), and smart plant boxes (with red/blue
LEDs, O2 /CO2, temperature, humidity sensors and so on;
see Fig. 4 (c)) controlled by the same HouseTalk software
that controls the Orchid House. The NCTU smart office
represents an office environment without the passive design
methodology.

FIGURE 5. HouseTalk network architecture.

IV. HOUSETALK AND ITS OPERATION
The intelligence of the Orchid House is provided by
HouseTalk, with the goal of achieving indoor comforts in
daily operation. In the HouseTalk architecture, various sen-
sors ((1) in Fig. 5) offer environmental information to the
HouseTalk server ((2) in Fig. 5) through a control board (e.g.,
Arduino or NuvotonMCU [9]; see Fig. 5 (6)). The server then
activates the actuators (fans, windows, and so on; see (3) and
(4) in Fig. 5) through another control board to execute the
desired actions. With a browser on any smartphone ((5) in
Fig. 5), a user can access the web-based HouseTalk control
board and dashboard. The HouseTalk control board provides
soft buttons ((6) in Fig. 6) to manually control the actuators
((3), (4) in Fig. 5), and a viewingwindow ((8) in Fig. 6) allows
the user to see the actuators being controlled ((3), (4) and (7)
in Fig. 6).

Note that HouseTalk intelligently automates the actuator
control for the passive design. However, manual control is
still required to occasionally overwrite the automatic control.
The HouseTalk dashboard shows the statuses of the sensors
((9) in Fig. 6). By clicking a sensor status icon ((10) in Fig.
6), the time series statistics of the sensor pops up ((11) in
Fig. 6). The IoT control boards and the HouseTalk server
communicate through the MQTT protocol over WiFi, 4G
LTE, or 5G.

HouseTalk integrates all sensors and actuators of the
Orchid House through a GUI. Specifically, HouseTalk auto-
matically generates an icon in the GUI for every IoT device
connected to the HouseTalk server (Fig. 5 (2)) [2]. This GUI
allows the users to easily and directly access all sensors
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FIGURE 6. HouseTalk smartphone control board and dashboard.

and actuators installed in the house through their graphi-
cal icon representations, and conveniently implement smart
algorithms for energy saving and air quality improvement by
linking the icons. Without a loss of generality, this article will
elaborate on the GUI configurations for air quality control

FIGURE 7. The sensor/control and the actuator configuration.

(Fig. 7) and thermal comfort (Fig. 9), respectively. All devices
that send messages to the HouseTalk server (called the input
devices) are represented by icons placed on the left side
of the GUI window. For example, the sensors connected to
the server are represented with the ‘‘Sensors’’ icon (e.g.,
(1) in Fig. 7 and Fig. 9), and the control board (in the
smartphone) is represented with the ‘‘CtlBoard’’ icon ((2)
in Fig. 7 and Fig. 9). The sensor and the control icons in an
input device are given names appended with ‘‘-I’’. Output
devices, which are all the devices that receive instructions
from theHouseTalk server, are represented by icons placed on
the right side of the GUI window. For example, the actuators
connected to the server are represented by the ‘‘FlowerWall’’
icon ((4) in Fig. 7), the ‘‘MainSpace’’ icon ((3) in Fig. 9), and
the ‘‘BufferSpace’’ icon ((4) in Fig. 9). The dashboard (in the
smartphone) is represented by the ‘‘DashBoard’’ icon ((3) in
Fig. 7). The actuator icons in an output device are given names
appended with ‘‘-O’’. Data flows from the input devices to
the output devices are established by dragging the ‘‘Join’’
lines that connect the input and output device icons. We will
provide more details about Join connections in the next two
sections.

V. AIR QUALITY CONTROL
Based on the HouseTalk GUI, the air quality control appli-
cation is easily created by dragging the lines to connect the
icons (Joins 1-8 in Fig. 7). HouseTalk extends our previous
work on the dripping technique [23] to irrigate the plants in
the flower wall (Fig. 1 (1)) using the water tank (Fig. 2 (11)).
Additionally, HouseTalk uses luminance sensors to check if
the plants are exposed to enough sunlight for proper photo-
synthesis. An oxygen sensor (O2-I), a carbon dioxide sensor
(CO2-I), and luminance sensors for blue light (Lum-B-I), red
light (Lum-R-I), and white light (Lum-W-I) are shown in
Fig. 7 (1). Through the Join connections, the sensor values
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FIGURE 8. The HouseTalk control scenario (solid curves) vs. the
non-control baseline scenario (dashed curves).

are sent to the dashboard ((3) in Fig. 7) for display in the
web browser of any smartphone ((9) in Fig. 6). In HouseTalk,
we set the timer (Timer-I in (2) of Fig. 7) to periodically
activate the white LED (LED-W-O) through Join 8 to ensure
that the plants are exposed to white light for at least six hours
a day. The white LED can also be controlled by the luminance
sensor LED-W-I through Join 7, where a threshold is set such
that the white LED is turned on if the luminance intensity
is too low. The same HouseTalk mechanism configured in
Fig. 7 is used to control the plant box in the NCTU smart
office (Fig. 4 (c)) for air quality control.

HouseTalk enhances air quality through plant photosyn-
thesis, whereby the oxygen and carbon dioxide sensors are
used to monitor air quality. We consider the Devil’s Ivy plant
as an example. When carbon dioxide concentrations increase
rapidly (7ppm per second in our example), whichmay happen
due to people moving around in the house, HouseTalk turns
off the white light (LED-W-O) and turns on the blue light
(LED-R-O) and the red light (LED-R-O) to create a blue-
to-red intensity ratio of 1:2. This action results in a purple
light that increases the Devil’s Ivy plant’s photosynthesis
rates. Plants get more energy from purple light than any
other color. The photosynthesis process transforms water and
carbon dioxide into oxygen and carbohydrates. Note that by
clicking a Join circle in the GUI, which prompts a window
to pop up, one can program a function to be executed at that
circle. The details can be found in [2].

Consider the example where CO2-I sends out a carbon
dioxide concentration value to Joins 2, 3 and 4. When the
value is received by Join 2, the Join 2 function sends out the
same value to CO2-O for display. When the value is received
by Join 3, the Join 3 function checks if the concentration has
increased at a rate higher than 7 ppm/min. If so, it sends out
the value 1 to LED-B-O and LED-B-O to turn on the red
and the blue LEDs. Similarly, if the Join 4 function detects
that the concentration has increased at a rate higher than 7
ppm/min, then it sends out the value 0 to turn off the white
LED (LED-W-O).

Based on the HouseTalk GUI, the air quality control appli-
cation is easily created by dragging lines between the icons
To evaluate the performance of this application, we consider
a baseline scenario where the purple light is not turned on.
Fig. 8 shows that when the carbon dioxide concentration rate

FIGURE 9. The sensor/control and the actuator configuration.

FIGURE 10. The HouseTalk function window.

increases faster than 7 ppm/min (see the dashed curve in the
red circle in Fig. 8), the HouseTalk mechanism gets acti-
vated to slow down the rate (the solid curve). The maximum
carbon dioxide concentration is 1699 ppm for the baseline
scenario and the maximum concentration is 1026 ppm for
the HouseTalk scenario. The curves show that the HouseTalk
control can effectively speed up the reduction of carbon diox-
ide concentrations by 53%. Fig. 6 also shows that the oxygen
concentration for the HouseTalk scenario ranges between
18% and 21%,which is always higher than that of the baseline
scenario.

VI. THERMAL CONTROL
This section shows how thermal control is effectively imple-
mented in HouseTalk. In the enclosed private living area,
HVAC is appropriate for thermal control. On the other hand,
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HVAC will consume much more energy in an open, public
shared space, in which case, the passive design methodology
would be more appropriate for thermal control.

To seek a balance between saving energy and maintaining
indoor thermal comfort, we cannot rely solely on energy-
hungry air conditioning systems. According to EU standard
EN15251, the comfort temperature in a room is not con-
stant but rather changes with outside temperatures. Following
this standard, we use the minimum amount of energy to
create indoor thermal comfort. The comfortable temperature
Tc can be derived from the history of the outdoor tempera-
tures. In [29] this history is suggested to be an exponentially
weighted running mean Tr for the outdoor temperatures of
the past k days. That is,

Tr = (1− α)

(
k∑
i=1

αi−1T i

)
where α is a constant and Ti is the average temperature of the
i-th day before the present day. The effect of Ti is weighted
by the constant α, which dies away with the factor αi−1.
Following the study in [25], we select α = 0.8 to get a
stronger correlation of neutral temperature to be calculated.
The relationship between Tc and Tr can be defined through
the Griffiths Constant G that serves as the regression coeffi-
cient for the linear relationship between the comfort (thermal
sensation) vote and the operative temperature. From [29],
we have Tc = 0.331Tr+18.8 for α = 0.8 and G = 0.5/◦C.
For α = 0.8 and G = 0.4/◦C, Tc = 0.314Tr+18.9. Our
experience indicates that G = 0.5/◦C yields the best results
for the main space of the Orchid House (Fig. 1 (2)-(5)).
Therefore, Tc is computed as [24]–[26], [29]

Tc = 0.331 (1− α)

(
k∑
i=1

αi−1T i

)
+ 18.8 (1)

Previous studies [15] computed Eq. (1) in an offline pro-
cess. HouseTalk dynamically adjusts the formula Eq. (1) for
HVAC operation in an online process, which has not been
found in the literature.

In Eq. (1), the ‘‘comfortable’’ temperature is computed by
using the Orchid House’s outdoor temperature history of the
past k days. In our design, the Orchid House’s buffer space
prevents direct heat flow exchange between the living area
and the outdoor space, and Fig. 9 (3), the HVAC systems
(i.e., LivingHVAC-O for the living room and BedHVAC-O
for the bedroom) are used to maintain temperature stability
and air comfort for the main space. Through Joins 9 and 10
in Fig. 9, HouseTalk controls the HVACs of the main space
using the outdoor temperature sensor OutdoorTemp-I and the
main temperature sensors (LivingTemp-I and BedTemp-I).
HouseTalk can dynamically collect Ti (where k is as large
as possible; we can use all past temperature data, and for the
data that are too old, α will automatically reduce their impact)
and based on Eq. (1), we decide to maintain the internal air
temperatures between 23 ◦C and 29 ◦C. The function in Joins
9 and 10 is written such that air conditioning of the HVAC

turns on when the room temperature is higher than 26 ◦C and
is turned off when it is lower than 26 ◦C. On the other hand,
heating of the HVAC turns on when the room temperature
is lower than 23 ◦C and is turned off when it is higher than
26 ◦C. These temperature thresholds can be dynamically
adjusted based on Eq. (1) when outdoor temperatures have
dramatically changed.

The function to maintain temperature in the green
core (BufferSpace) is written through the GUI by clicking
circles in the middle of the Joins 5-8 links in Fig. 9. When
one clicks the circle of, for example, Join 5, the HouseTalk
function management window pops up (Fig. 10). Then one
can write a Python temperature function in this window. For
Join 5, Lines 1-3 in Fig. 10 store the input argument ∗args
of the Python function run() including the rain volume value
(args[0]) and the temperature value (args[1]) received from
Rain-I and BufferTemp-I (Fig. 9 (1)). Line 4 checks if it is
raining. If so, Line 5 returns the value 0 to close the window;
i.e., the returned value is sent to Window-O (Fig. 9 (4)). Line
6 checks if the temperature in the green core is higher than 26
◦C. If so, Line 7 returns the value 1 to open the window. Line
8 checks if the temperature is lower than 26 ◦C. If so, Line 9
closes the window. Otherwise, no action is taken (the function
does not return any value). Similarly, the same function is
used to control the fan, the louver and the water wall through
Join circles 6-8 in Fig. 9.

The energy provided by the PV system (Fig. 2 (8)) can-
not support all the high energy-consumption equipment in
the house. Therefore, unlike the main space (the enclosed
private living area) the buffer space (the green core) uses
the passive design methodology, i.e., non-thermodynamic
cycle system with low energy-consumption equipment such
as the fans (Fig. 5 (3)), the windows (Fig. 5 (4)), the water
wall (Fig. 2 (6)) and the louvers (Fig. 2 (9)) to control the
ventilation and the temperatures. HouseTalk further utilizes
IoT devices to automate other devices that make the passive
design more intelligent. Specifically, the green core tempera-
ture sensor BufferTemp-I ((1) in Fig. 9) is used to automati-
cally control the actuators Window-O, Fan-O, Louver-O, and
WaterWall-O ((4) in Fig. 9). The HouseTalk thermal control
for the buffer space is described in Fig. 2 and the related text
is in Section II. Note that we also use a rain gauge Rain-I
((1) in Fig. 8 (a)) to detect if it rains, which then induces
the windows, fans and louvers close. Additionally, one can
manually control the actuators of the buffer space through the
control board (CtlBoard-I; (2) in Fig. 9) in any smartphone
browser.

Fig. 11 illustrates the temperatures for the HouseTalk con-
trol scenario and the baseline scenario (no control). The figure
indicates that HouseTalk can improve cooling effects by up to
77%, and by 56% on average.

VII. HUMAN COUNT FOR AIR QUALITY CONTROL
Human activities affect air quality and energy consumption
in a room. Therefore, it is desirable to count the number of
people in the room. In [22] we proposed a novel approach
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FIGURE 11. The HouseTalk control scenario (solid curve) vs. the
non-control baseline scenario.

FIGURE 12. Air quality control through human occupancy prediction.

for counting the number of people in the NCTU smart room.
In traditional approaches the infrared sensors are often used
to count the number of people in the rooms. To avoid the extra
installation and maintenance costs of the infrared sensors,
we reuse the existing CO2 sensors (Fig. 4 (a)) to estimate
the number of people. For the approaches similar to ours,
the best estimation results were reported with the accuracy of
94.68% [21]. None of the previous studies can dynamically
predict changes in the number of people. HouseTalk, on the
other hand, produces prediction results in real time through
the IoT technology. This application is developed through the
HouseTalk GUI configuration illustrated in Fig.12.

Based on a people count prediction derived from the CO2
sensor data in the NCTU smart office, HouseTalk provides
the following automatic real-time HVAC controls. When the
room is empty, our prediction instructs HouseTalk to turn off
the HVAC equipment. Our prediction also suggests realloca-
tion of room resources such as drinking machines. During a
specific period, if there are not enough people in a room, then

FIGURE 13. Real-time prediction of people count.

FIGURE 14. Configuration of the RTS voting application.

HouseTalk turns off the drinking machine in that room and
recommends using the drinking machine in an adjacent room.
Details of HouseTalk people count prediction is described
in [22]. The two features of the AI module (Fig. 12 (1))
include the indoor and the outdoor CO2 sensors (Fig. 12 (2))
connected through Joins 1 and 2. We note that prediction of
the AImodule is affected by the natural oscillation of the CO2
concentration. When the concentration is less than 450ppm,
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the AI module cannot determine if the CO2 concentration
change is caused by people. Therefore the outdoor CO2
sensor is used as a reference to mitigate the natural oscillation
effect.

Fig. 13 (a) shows the curves for indoor/outdoor CO2 con-
centrations (i.e., IndoorCO2-I and OutdoorCO2-I), respec-
tively. The number of people produced from Count-I serves
as the ground truth, and the predicted number of people is
obtained from Result-I. The figure indicates that the CO2
sensor sometimes outputs oscillation values in a short period,
which causes wrong prediction; e.g., there are outliers at
0:04am, 0:26am, 1:23am, and so on. These outliers can be
mitigated by using plurality voting of the last n samples as
follows. We keep previously received n-1 samples. When a
new sample arrives, we output the result through a majority
vote among the n samples. Our study (Fig. 13 (b)) indicates
that n = 6 effectively immunizes the short-term oscillation,
improving the prediction accuracy [22]. The prediction accu-
racy of HouseTalk AI module is 96.5%, which is better than
the best-known result of 94.68% [21].

VIII. REPORTED THERMAL SENSATION
When we conduct thermal and air quality control, user feed-
back is import to indicate if the control is appropriate. In [14]
[15], activities in 17 buildings were investigated by Reported
Thermal Sensation (RTS) scores filled by the tenants. The
authors reported that the activities in kitchens or living rooms
may result in different RTS scores, where the RTS has
five levels: 1=warm, 2=a bit warm, 3=neutral, 4=a bit
cold, 5=cold. The authors attempted to relate clothing and
metabolic activity to the RTS. Because the tenants’ experi-
ences were affected by the functions of the rooms they were
in (we call it the multiple room-function effect), the authors
in [14], [15] were unable to obtain many specific conclusions.
In this article, we study the relationship between the RTS
and the difference δ (in◦C) of the indoor temperature and the
outdoor temperature. That is,

δ = Indoor-I− Outdoor-I

Instead of the 5-scale RTS used in [15], a 7-scale RTS
is used in HouseTalk, where 1= hot, 2=warm, 3=slightly
warm, 4= neutral, 5=slightly cool, 6=cool, 7=cold. To avoid
the multiple room-function effect, we conduct the experi-
ments in the NCTU smart office so that the RTS score was
only affected by the office function. In this way, we can
simplify and strengthen our results. We conducted a 41-
day experiment in the winter of 2020. In this experiment,
the average outdoor temperature is 17.344 ◦C (the standard
deviation is 3.52). The average indoor temperature is 22.29
◦C (the standard deviation is 2.46). Fig. 14 illustrates the RTS
application configured in the HouseTalk GUI. The inputs are
the outdoor and the indoor temperatures (Fig. 14 (1)) and the
tenant input through smartphone (Fig. 14 (2)).

In [14], [15], a special RTS rating device is installed in a
room, and when a person enters the room, he/she operates this
device to rate the RTS score. In HouseTalk, the person uses

FIGURE 15. Investigation of RTS in the winter of 2020.

his/her smartphone to scan a QR code in the room, and the
web-based RTS score application pops up in the browser of
the smartphone. The person then enters the RTS score through
the smartphone. In our approach, any person with an arbitrary
smartphone can participate in the RTS scoring experiment
without installing any mobile app in his/her smartphone. The
person’s RTS vote together with the outdoor and the indoor
temperatures are sent to the HouseTalk server to fill in an RTS
table (Fig. 14 (3)). The RTS statistics are computed immedi-
ately (Fig. 14 (4)) and are sent to a display (Fig. 14 (5)) to
show the results in real time.

Fig. 15 (a) shows the time series of the percentages
pRTS(i, T) for RTS= i at day T . The figure also shows the
time series of δ(T). Fig. 15 (b) plots the RTS histogram
pRTS(i) obtained in the winter of 2020. In this figure,
we observe that 60%-80% of the people reported ‘‘neu-
tral’’ and more than 90% of the people reported ‘‘neutral’’,
‘‘slightly warm’’, or ‘‘slightly cool’’. These observations indi-
cate that our HVAC operation satisfied most people (i.e., over
90% of the people in the 5-scale RTS). We also found that
as δ increases (i.e., the indoor temperature is more likely to
be lower than outdoors), some people were not comfortable
because they felt cold. Similarly, as δ decreases (the indoor
temperature is more likely to be higher than outdoors), some
peoplewere not comfortable because they felt hot. This obser-
vation indicates that the HVAC energy saving function still
made a small number of people uncomfortable. It is fair to
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state that HouseTalk also creates a balance between indoor
comfort and energy consumption to maintain the sustainable
development of coexistence between humans and the envi-
ronment. With the 5-scale RTS in [14], [15], over 90% of the
tenants felt comfortable. On the other hand, better resolution
can be observed with the 7-scale RTS, where about 80% of
the tenants felt comfortable, and about 10% of the tenants
felt slightly warm/cool. Therefore, the HVAC control can
be further adjusted to make these 10% of tenants to feel
comfortable (move to RTS=4).

IX. CONCLUSION
This article shows how traditional passive building design can
be smartly operated using IoT technology. The contributions
are listed below.

• We conducted a 10-year project by building the Orchid
House, a Solar Decathlon Europe award-winning pas-
sive designed house, and enhanced the manually-
operated passive design mechanisms by using an IoT
solution called HouseTalk. Existing IoT smart home
solutions seldom consider the passive design concept,
and the passive designed house seldom considers the
IoT smart control. We actually built the Orchid House
and implemented smart-controlled passive design. Pre-
vious studies either used existing buildings without pas-
sive design or simply conducted experiments through
simulation. HouseTalk bridges the advantages of both
approaches.

• HouseTalk integrates all sensors and actuators of the
Orchid House through a GUI, which allows users to eas-
ily and directly access all sensors and actuators installed
in the house through graphical icon representations,
and conveniently implements smart algorithms for sav-
ing energy and improving air quality or other needs.
HouseTalk’s implementation of smart home applications
through simple graphical configurations (e.g., Figs. 7, 9,
10, 12, 14) have not been found in the literature.

• In the NCTU smart office, we dynamically counted the
number of people using the CO2 sensors. None of the
previous CO2-based counting studies can dynamically
predict changes in the number of people. The prediction
accuracy of HouseTalk AI module is 96.5%, which is
better than the best-known result of 94.68% [21].

• Based on the EU standard EN15251, Eq. (1) is used
for thermal control in most major studies. In these
studies (e.g., [15]), the temperatures of very few past
days (e.g., three days) are used to compute Eq. (1), and
such computation is done through an offline process.
In HouseTalk, the temperature sensors are connected
directly to the HouseTalk server (see Joins 9 and 10 in
Fig. 9) to automatically and dynamically compute Eq.
(1) with as many days as possible. Therefore, HouseTalk
can manipulate Eq. (1) more flexibly than the previous
studies.

• In the open, public shared space (e.g., the green
core of the Orchid House), HVAC consumes much
more energy, and the passive design methodology is
more appropriate for thermal control. With non-air-
conditioned, low energy-consumption equipment (non-
thermodynamic cycle system) and the photosynthesis of
the indoor plants, HouseTalk effectively speeds up the
reduction of carbon dioxide concentrations by 53% to
purify the air and maintain oxygen concentrations rang-
ing between 18% and 21%. In the green core, HouseTalk
can effectively improve the cooling effect by up to 77%
without HVAC. Such results have not been reported in
the literature.

The RTS investigation in the NCTU smart office indicates
that HouseTalk creates a balance between indoor comfort and
energy consumption to ultimately maintain the sustainable
development of coexistence between humans and the envi-
ronment.

The annual housing unit energy loads of the Orchid House
were measured as 657 KW/h for catering, 181.48 KW/h
for computer and other equipment, 152 KW/h for lighting,
3494.45 KW/h for cooling, 96.35 KW/h for heating, and
137.06 KW/h for miscellaneous usage. Together with the PV
system, integrating the Orchid House with HouseTalk results
in 75% overall energy savings. This result is better than the
50% saving in thermal control reported in [25]. There are
several directions for future work:

• The RTS study presented in this article was conducted
in the winter. We will continue our investigation in other
seasons. RTS can be served as the label of machine
learning models for HVAC energy saving, which open
a new dimension for smart home AI modeling.

• We will continue to promote the integration of passive
design and IoT technology with intelligence (big data
and AI) by considering other famous buildings with
passive design.

• Current version of IoTtalk uses MQTT communication
protocol to support up to 100,000 IoT devices in an
application. In the future, we will consider Erlang [27]
to support up to 1,000,000 IoT devices in a group of
buildings.

REFERENCES
[1] C.-D. Tseng and S.-K. Tseng, ‘‘Orchid house. Solar decathlon,’’ Nat. Chiao

Tung Univ., Hsinchu, Taiwan, Tech. Rep., 2014.
[2] Y.-B. Lin, Y.-W. Lin, C.-M. Huang, C.-Y. Chih, and P. Lin, ‘‘IoTtalk:

A management platform for reconfigurable sensor devices,’’ IEEE Internet
Things J., vol. 4, no. 5, pp. 1552–1562, Oct. 2017.

[3] W.-L. Chen, Y.-B. Lin, Y.-W. Lin, R. Chen, J.-K. Liao, F.-L. Ng,
Y.-Y. Chan, Y.-C. Liu, C.-C. Wang, C.-H. Chiu, and T.-H. Yen, ‘‘AgriTalk:
IoT for precision soil farming of turmeric cultivation,’’ IEEE Internet
Things J., vol. 6, no. 3, pp. 5209–5223, Jun. 2019.

[4] V. Williams, S. J. Terence, and J. Immaculate, ‘‘Survey on Internet of
Things based smart home,’’ in Proc. Int. Conf. Intell. Sustain. Syst. (ICISS),
Feb. 2019, pp. 460–464.

[5] I.-I. Pătru, M. Carabaş, M. Bărbulescu, and L. Gheorghe, ‘‘Smart home IoT
system,’’ in Proc. 15th RoEduNet Conf., Netw. Educ. Res., 2016, pp. 1–6.

[6] S. Suresh and P. V. Sruthi, ‘‘A review on smart home technology,’’ in Proc.
Online Int. Conf. Green Eng. Technol. (IC-GET), Nov. 2015, pp. 1–3.

27800 VOLUME 9, 2021



Y.-B. Lin et al.: HouseTalk: A House That Comforts You

[7] T. Malche and P.Maheshwary, ‘‘Internet of Things (IoT) for building smart
home system,’’ in Proc. Int. Conf. I-SMAC (IoT Social, Mobile, Anal.
Cloud) (I-SMAC), 2017, pp. 65–70.

[8] Frugal Labs Tech Solutions Pvt Ltd. (2019). [Online]. Available:
https://frugal-labs.com

[9] Y.-W. Lin, Y.-B. Lin, M.-T. Yang, and J.-H. Lin, ‘‘ArduTalk: An arduino
network application development platform based on IoTtalk,’’ IEEE Syst.
J., vol. 13, no. 1, pp. 468–476, Mar. 2019.

[10] S. D. T. Kelly, N. K. Suryadevara, and S. C. Mukhopadhyay, ‘‘Towards the
implementation of IoT for environmental condition monitoring in homes,’’
IEEE Sensors J., vol. 13, no. 10, pp. 3846–3853, Oct. 2013.

[11] B. Hafidh, H. Al Osman, J. S. Arteaga-Falconi, H. Dong, and A. El Saddik,
‘‘SITE: The simple Internet of Things enabler for smart homes,’’ IEEE
Access, vol. 5, pp. 2034–2049, 2017.

[12] C. D. Korkas, S. Baldi, I. Michailidis, and E. B. Kosmatopoulos, ‘‘Intel-
ligent energy and thermal comfort management in grid-connected micro-
grids with heterogeneous occupancy schedule,’’ Appl. Energy, vol. 149,
pp. 194–203, Jul. 2015.

[13] C. D. Korkas, S. Baldi, I. Michailidis, and E. B. Kosmatopoulos,
‘‘Occupancy-based demand response and thermal comfort optimization
in microgrids with renewable energy sources and energy storage,’’ Appl.
Energy, vol. 163, pp. 93–104, Feb. 2016.

[14] A. Ioannou and L. Itard, ‘‘In-situ and real time measurements of ther-
mal comfort and its determinants in thirty residential dwellings in The
Netherlands,’’ Energy Buildings, vol. 139, pp. 487–505, Mar. 2017.

[15] A. Ioannou, L. Itard, and T. Agarwal, ‘‘In-situ real time measurements of
thermal comfort and comparison with the adaptive comfort theory in dutch
residential dwellings,’’ Energy Buildings, vol. 170, pp. 229–241, Jul. 2018.

[16] S. Baldi, C. D. Korkas, M. Lv, and E. B. Kosmatopoulos, ‘‘Automat-
ing occupant-building interaction via smart zoning of thermostatic loads:
A switched self-tuning approach,’’ Appl. Energy, vol. 231, pp. 1246–1258,
Dec. 2018.

[17] Z. A. Almusaylim and N. Zaman, ‘‘A review on smart home present state
and challenges: Linked to context-awareness Internet of Things (IoT),’’
Wireless Netw., vol. 25, no. 6, pp. 3193–3204, Aug. 2019.

[18] Y.-W. Lin, Y.-B. Lin, and T.-H. Yen, ‘‘SimTalk: Simulation of IoT appli-
cations,’’ Sensors, vol. 20, no. 9, p. 2563, Apr. 2020.

[19] Y.-B. Lin, H.-C. Tseng, Y.-W. Lin, and L.-J. Chen, ‘‘NB-IoTtalk: A service
platform for fast development of NB-IoT applications,’’ IEEE Internet
Things J., vol. 6, no. 1, pp. 928–939, Feb. 2019.

[20] Telecom Technology Center. S-IoT Certificate. Accessed: 2021. [Online].
Available: https://www.ttc.org.tw/eng.php

[21] I. B. Arief-Ang, F. D. Salim, and M. Hamilton, ‘‘CD-HOC: Indoor
human occupancy counting using carbon dioxide sensor data,’’ 2017,
arXiv:1706.05286. [Online]. Available: https://arxiv.org/abs/1706.05286

[22] Y. Lin, Y. Lin, and C. Liu, ‘‘AItalk: A tutorial to implement AI as IoT
devices,’’ IET Netw., vol. 8, no. 3, pp. 195–202, May 2019.

[23] L.-D. Van, Y.-B. Lin, T.-H. Wu, Y.-W. Lin, S.-R. Peng, L.-H. Kao,
and C.-H. Chang, ‘‘PlantTalk: A smartphone-based intelligent hydroponic
plant box,’’ Sensors, vol. 19, no. 8, p. 1763, Apr. 2019.

[24] F. Nicol, ‘‘Temperature and adaptive comfort in heated, cooled and
free-running dwellings,’’ Building Res. Inf., vol. 45, no. 7, pp. 730–744,
Oct. 2017.

[25] A. Albatayneh, D. Alterman, A. Page, and B. Moghtaderi, ‘‘The signifi-
cance of the adaptive thermal comfort limits on the air-conditioning loads
in a temperate climate,’’ Sustainability, vol. 11, no. 2, p. 328, Jan. 2019.

[26] H. B. Rijal, M. A. Humphreys, and J. F. Nicol, ‘‘Towards an adaptivemodel
for thermal comfort in japanese offices,’’ Building Res. Inf., vol. 45, no. 7,
pp. 717–729, Oct. 2017.

[27] J. L. Armstrong, B. O. Dacker, S. R. Virding, and M. C. Williams, ‘‘Imple-
menting a functional language for highly parallel real time applications,’’
in Proc. 8th Int. Conf. Softw. Eng. Telecommun. Syst. Services, 1992,
pp. 157–163.

[28] R. S. A. Usmani, A. Saeed, A. M. Abdullahi, T. R. Pillai, N. Z. Jhanjhi,
and I. A. T. Hashem, ‘‘Air pollution and its health impacts in Malaysia:
A review,’’ Air Qual., Atmos. Health, vol. 13, no. 9, pp. 1093–1118,
Sep. 2020.

[29] F. Nicol andM. Humphreys, ‘‘Derivation of the adaptive equations for ther-
mal comfort in free-running buildings in European standard EN15251,’’
Building Environ., vol. 45, no. 1, pp. 11–17, Jan. 2010.

YI-BING LIN (Fellow, IEEE) received the Ph.D.
degree from the University of Washington, USA,
in 1990. From 1990 to 1995, he was the Research
Scientist of Bellcore. He then joined National
Chiao Tung University (NCTU), where he became
the Senior Vice President in 2011. From 2014 to
2016, he was the Deputy Minister of the Min-
istry of Science and Technology, Taiwan. He is
currently the Winbond Chair Professor of NCTU.
He is also a coauthor of the books Wireless and

Mobile Network Architectures (Wiley, 2001), Wireless and Mobile All-IP
Networks (John Wiley, 2005), and Charging for Mobile All-IP Telecommu-
nications (Wiley, 2008). He is a Fellow of AAAS, ACM, and IET. He serves
on the editorial boards for IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY.

SHENG-KAI TSENG received the bachelor’s
degree in civil engineering from National Chiao
Tung University, Taiwan, and the master’s degree
from the Graduate Institute of Architecture. He is
currently an Assistant Professor with National
Chiao Tung University. In 2014, he participated in
the Solar Decathlon Europe as the Team NCTU-
UNICODE for the ‘‘Orchid House’’ Project and
acted as the Student Team Leader. In 2018, he was
the Project Manager and an Instructor of the

NCTU Team, leading a cross-discipline team to design and build the Project
‘‘Creative Action Base’’ in the first Solar Decathlon Middle East in Dubai
desert area and won the Third Prize of the Creative Solution Award. The
team also set the highest score in the Seventh Place of the World since the
Taiwanese Team joins the whole Solar Decathlon Competition.

TA-HSIEN HSU received the bachelor’s degree
in Horticulture and Landscape Architecture from
National Taiwan University, Taiwan, in 2017, and
the M.S. degree from the Department of Com-
puter Science, National Chiao Tung University,
Taiwan, in 2020, where he is currently pursuing
the Ph.D. degree. His current research interests
include the Internet of Things, smart city, and
machine learning.

CHUNTEI DAVID TSENG received the Master
of Architecture degree from the Graduate School
of Design, Harvard University. He is currently
the University Chair Professor of National Chiao
TungUniversity. Under his leadership, NCTUwon
the 2014 Solar Decathlon Europe in categories of
Urban Design, Innovation and Energy Efficiency,
and again in 2018 Solar Decathlon Middle East,
Creative Solution. He and his team also repre-
sented Taiwan in the 2016 Venice Biennial Inter-

national Architecture Exhibition. These works showcased his commitment
to sustainability and innovation as well as the achievement in excellence of
design. In 2017, the French Government honored himwith the title Chevalier
de L’Ordre des Arts et des Lettres, for his contribution to art, architecture,
and culture.

VOLUME 9, 2021 27801


