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Editorial
The need to reduce energy consumption and carbon emissions from

The United States is also making considerable progress to meet

buildings is critical. While zero energy and zero carbon buildings

set goals to reduce building energy demand. Stringent building

are recognised concepts to address these problems, how they can

assessment methods such as the Living Building Challenge for

be achieved remain elusive for the majority of practitioners in the

example are setting higher performance benchmarks and stimulating

construction industry. There is no one standardized definition,

the growth of net zero energy and net plus buildings. In their

calculation methodologies are often implicit and strategies adopted

paper, Prof. Chimay Anumba, Yewande Abraham and David Kaneda

need to be climate specific. Furthermore, there is a lack of accessible

provide a comprehensive overview of the US experience in building

measured performance data to support decision-making. However

assessment methods, various policies and guidelines that promote

this is gradually changing as shown by Dr. Dong Woo Cho, Jung

net zero energy and zero carbon buildings and recent case studies.

Yeon Yu, Jin Woo Jeong and Jong Hee Paik in their Zero Carbon
Green Home project in Korea where an 85% reduction in electricity

Integral to net zero energy and zero carbon buildings is good

consumption and 91% saving in electricity cost have been achieved.

indoor air quality. In Hong Kong’s high-density urban environment,

Supported by the Korea government’s ambition to create a market

this poses a significant challenge for designers, particularly when

for zero energy and zero carbon projects, the project is an excellent

natural ventilation is used as a cooling strategy to reduce energy

benchmark for future developments.

consumption. In their research, Dr. Jimmy Tong, Dr. Marcus Leung

4
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and Dr. Patrick Lee share their insights from an assessment of the

Closer to home, progress towards low energy design is shown in

airborne microbiology in ZCB during summer and winter months. In

case studies of the Cruise Terminal Building and the Trade and

identifying and understanding the relationships between zero carbon

Industry Tower at Kai Tak. The Cruise Terminal Building showcases

design strategies and microbial community compositions, their study

how an integrated design process, high performance building

can inform practitioners on how to enhance air quality in zero energy

envelope, energy efficient building services systems and use of

and zero carbon buildings.
Another critical issue affecting industry adoption of zero energy
and zero carbon buildings is the performance gap. This gap can be
reduced through effective design of the building fabric but often
the building fabric does not perform to design intent. Through
their air tightness studies for existing and retrofit properties in the
United Kingdom, Prof. Christopher Gorse and his team at the Leeds

renewable energy can create a sustainable low rise building with a
high level of amenity. One the other hand, the Trade and Industry
Tower Kai Tak reveals how low energy and carbon design strategies
can be effectively integrated into a high-rise building. Both cases
demonstrate the use of innovative technologies to enhance
energy and carbon performance which can hopefully inspire green
innovation in the Hong Kong construction industry.

Sustainability Institute present their results and insights into how
energy efficient, thermally resistant building enclosures can be built

Ir Dr. TO Wing, Christopher

to achieve nearly zero energy buildings.

Chief Editor
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Design, Construction, Operation and
Monitoring of Zero Carbon Green Home
Dong Woo Cho1*, PhD
Jung Yeon Yu2, MSc
Jin Woo Jeong3, MSc
Jong Hee Paik4, BEng
1

Builidng and Urban Research Institute, Korea Institute of Civil Engineering and
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4
Builidng and Urban Research Institute, Korea Institute of Civil Engineering and
Building Technology (KICT), Republic of Korea, email: whdgml1004@hotmail.com

Zero Carbon Green Home (ZCGH) is one of the zero energy building pilot projects in Korea. With the integration of
passive and active design, ZCGH was able to achieve its goal of 87% reduction in heating energy consumption and
85% reduction in electricity consumption, which resulted in 82% savings in annual heating costs and 91% savings
in electricity costs. The indoor thermal environment analysis was carried out in summer and winter. With the use
of automated external venetian blinds in summer, direct solar heat gains were avoided; and in addition to the
highly insulated building envelope, the indoor air temperature was reduced through cross ventilation. In winter,
high performance windows and highly insulated walls minimized heat loss, which allowed the indoor air and floor
temperature to be maintained around 20 oC; moreover the heat recovery ventilation system and individual room
control further reduced energy consumption of the building. The energy consumption and electricity production of
ZCGH were monitored. This project will serve as a prototype of future zero energy building projects promoting the
distribution of zero carbon homes for a sustainable residential building environment in the near future.
Keywords: Zero Carbon Green Home, Nearly Zero Energy Building, passive house, passive design, integrated design
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Introduction
In Korea, about 300,000 house units are newly built per year, and the building sector accounts for approximately 21.2% of
the total energy consumption (Korea Energy Economics, 2011). As shown in Figure 1, residential buildings take up 56% of the
total energy consumption from the building sector.

6
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Figure 1

Korea’s energy consumption by sector

The residential buildings in Europe and North America
are mainly single houses and low-rise multi-housing,
whereas in Korea, over 85% of the newly built residential
buildings are multi-residential buildings, and over 64%
of apartment buildings are 5 storeys or higher (Statistics
Korea, 2011). As shown in Figure 2, 57% of residential
buildings among existing buildings are multi-residential
buildings (Ministry of Land, Infrastructure and Transport,
2013). High-rise apartments provide relatively less
surface area per unit compared to a single house and
therefore can be more advantageous in energy use
reduction.

The Korea government has announced its energy saving
target of reducing 50% of heating and cooling energy
consumption by 2012, compared to 2009; 90% by 2017;
and to zero energy house standards by 2025 as shown
in Figure 3. By doing so, it is expected greenhouse gas
(GHG) emissions in the building sector would be reduced
by 26.9% by 2020.

Figure 3

Figure 2

Korea’s residential building types by sector

Korea’s energy saving target

Furthermore, the Korea government has promoted a
number of pioneer demonstration projects to revitalize
zero energy building and create a market for it. Initially in
2014, small scale low-rise zero energy building projects, as
shown in Figure 4, were implemented―targeting buildings
of up to 7 storeys. In 2015, medium scale projects are being
implemented, such as school buildings and parks, as well as
large scale projects such as apartment and office buildings
which are 8 storeys and higher. From 2016, Korea is aiming
to implement projects at scales of towns and districts, such
as self-sufficient smart zero energy towns.

1

http://www.passiv.de/en/index.php
http://www.zedfactory.com/zed/
3
http://zcb.hkcic.org/Eng/index.aspx
4
http://www.millenniumdevelopment.com/Olympic-Village/
2
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the BedZED project. Like the PHI, ZED also provides
detailed information on their zero energy building
projects to the public. Hong Kong’s Zero Carbon Building3
and Canada ’ s Millennium Water-Olympic Village 4 are
other examples of zero energy building projects that
demonstrate and provide guidance and information on
the path towards sustainability.

Figure 4

Low-rise zero energy building project in
Seoul

To support the promotion of zero energy buildings, the
Korea government has provided leeway for constructing
zero energy buildings, which includes some flexibility
in building standards, such as deregulation of building
height limits and increased floor area ratio; tax benefits,
such as lower acquisition and property taxes (15% for
5 years); and establishing zero energy building support
centres, developing building material information and
certification systems, and providing technical support for
Building Energy Monitoring Systems (BEMS).

Research Background and
Aim
The Passive House Institute (PHI) 1 in Germany is a
research institute which first developed the idea of a
passive house. Starting with their first pilot project ―
Kranichstein Passive House in 1990, they developed
and provided information on various energy efficient
building projects to the public. Established in 1999, the
Zero Energy Development (ZED) Factory2 built the United
Kingdom’s largest carbon-neutral development in 2002―

Figure 5
8

Korea also strives to be one of the global leaders in
sustainability. As a pilot project, the ZCGH project aims
to study and evaluate the energy performance of a zero
carbon building and to verify its effects. This research
project will provide fundamental data for designing
appropriate passive apartment buildings and further
support promotion and adoption of zero carbon homes in
the near future.
ZCGH has nearly zero carbon emissions through
minimizing heat loss via the building envelope,
maximizing use of renewable energy, and optimizing
building operation and management. Its vision is to
promote green homes for a sustainable residential
building environment in the near future. The objective of
ZCGH is the development of a prototype for nearly zero
carbon apartment buildings, with qualitative targets to
integrate passive and active technologies; quantitative
targets of 90% reduction in carbon dioxide (CO 2 )
emissions, savings of 87% in heating energy and 85%
in electricity consumption; and an economic target of
keeping the initial increased construction cost within 20%
and a payback period of 10-15 years.

Planning of Zero Carbon
Green Home
In this project, Korea Institute of Civil Engineering
and Building Technology (KICT) researchers, working
closely with architects and engineers, were able to

The proposed process for integrated design of energy efficient buildings
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conduct an integrated design process which considered
the performance and costs for each phase―planning,
design, construction and operation. The environment,
and application of passive and active strategies, were
considered for each phase.
The KICT researchers were involved in the initial phase
of the design process, in order to integrate passive and
active technologies into the building. Aside from the main
integrated design team, a number of experts in various
fields participated in the feedback process as members
of the design team. Figure 5 shows an overview of the
integrated design process for energy efficient buildings
based on domestic and international trend analysis of
integrated design.
Consequently, energy simulations were carried out
with a number of softwares to verify the adequacy
and feasibility of different systems designed for the
building. For energy simulations, DOE-2 software was
used to evaluate energy consumption of the building.
Simulations of the effects of solar radiation on the
building ’ s orientation were carried out with Ecotect
software. Ventilation simulations were carried out using
STAR-CD program ― a computational fluid dynamics
software. The photovoltaic (PV) system was evaluated
with PV-Pro program. Moreover, energy efficient design
including orientation, window area ratio, overhangs,
cross ventilation, thermal bridges, building form and so
on were considered. Simulations carried out for passive
design and active design are shown in Figure 6 and Figure
7.

Design of Zero Carbon
Green Home
For the passive strategy of ZCGH, high performance
windows and an exterior insulation system as well as the
zoning of floor plan have been applied; and for the active
strategy of ZCGH, heat recovery ventilation system and
renewable energy technology, such as a PV system and a
biomass boiler, have been applied.

Passive Design
One of the main features of ZCGH is the zoning of
thermally separated spaces using vacuum insulation
doors and expansion joints. For the building ’s heated
spaces, an external wall insulation system has been
applied and no heating is provided in the elevator hall
and the staircase room. The zoning is shown in Figure 8
below.

Figure 8

Heating and non-heating spaces shown in
the floor plan

Another passive design feature of the building is design
for cross ventilation as shown in Figure 9. This provides
cooling for the heated indoor air in the building during
summer. In addition, a electrically operated external blind
system has been installed on the exterior of the south
building façade. This blocks direct insolation in summer.

Figure 6

Simulations for passive design

Figure 9
Figure 7

Cross ventilation shown on the floor plan

Simulation for optimal design of the PV
system
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The energy performance of the technical elements
used in ZCGH is shown in Table 1. For the external wall
insulation system, the U-value is lower than 0.15W/m2K,
which is three times better than that of conventional
multi-residential apartment buildings. For windows, it
is 0.83~1.0W/m2K, approximately two times better than
for conventional windows. The heat recovery ventilation
system has an efficiency of 81% with maximum fan power
of 0.45Wh/m3.

Table 1 Detailed design of Zero Carbon Green Home
Division

Details

Window system

0.83 ~ 1.0W/m2K

Exterior insulation system

0.15W/m2K

Blinds

External automated
venetian blinds

Doors

0.8W/m2K, evacuated glass

Airtightness

0.6 air changes/h @ 50 Pa

Ventilation system

Room controlled heat
recovery ventilation system,
ventilation efficiency 81%,
fan power ≤0.45Wh/m3

The remaining passive design technologies applied in ZCGH, as well as active design technologies, are shown in Figure 10 and
Figure 11.

Figure 10

10

Main passive details of Zero Carbon Green Home
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Figure 11

Passive and active technologies applied in ZCGH shown in unit plan

Active Design
As shown in Figure 12 and Table 2, two 50kW wood
pellet boilers were installed, in order to supply space
and water heating respectively for all 15 units in the
building. The wood pellets, with a calorific power of 5.2
kWh/kg, are considered CO2 free. Up to two tons of wood
pellets can be stored, and they are supplied through an
automatic transportation feeder, which is able to provide
a maximum consumption of 12kg per hour. Indoor space
heating is provided through underfloor heating. This
system is only 1/5 the capacity of conventional apartment
buildings.

Table 2

Wood pellet boiler specifications

Item

Specification

Maximum output

50kW (43,000 kcal)

Heating area

350m2

Efficiency

≥ 87%

Maximum temperature

90℃

Dimension

720㎜ × 1100㎜ × 440㎜

Power voltage

220V (60Hz)

Product weight

250kg

Capacity

240l

Power consumption

135W

Flue pipe diameter

150㎜

Fuel consumption rate

12Kg/h

Fuel storage

4 Ton, galvanized steel sheet
2T

Fuel supply feeder

20kg/h

The installed photovoltaic system on the rooftop, with
120 solar cell modules of 300W capacity each, has a
capacity of 36kW (Figure 13). It was designed with an
expected annual power generation of 45,000kWh. The
area of the PV installation is 204.3m2.
Figure 12

Wood pellet boilers and storage
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Table 3

Figure 13

ZCGH photovoltaic panel

The system was expected to save 80% power for the 15
households―with 3,000kWh/year saved per household.
Table 3 summarizes the installed solar cell specifications and
main elements of the photovoltaic power generation system.

Photovoltaic system specifications

Item

Specification

Solar cell module
(polycrystalline)

300Wp PV module

Inverter (grid connected)

41kW (3-phase)

Connection board

41kW

Monitoring software

Web monitoring

Pyreheliometer

0~3000W/㎡

Temperature sensor

PT 100

Temperature sensor signal
converter ventilation

PT 100/ 4 - 20 mA

Pyreheliometer signal
converter ventilation

4-20mA

Monitoring computer

3.2GHz, 2MB cache, 2G
memory

Construction of Zero Carbon Green Home
After the integrated design stage, the construction of ZCGH began in 2012. As with conventional building, the foundation and
framework were constructed first, followed by addition of windows, external wall insulation, heating, lighting, PV system and
so on. The detailed construction stages are shown in Figure 14.

Figure 14
12
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Overview of the construction process for ZCGH

The main difference in the construction process between
ZCGH and a conventional building is the installation of the
external wall insulation system and windows, to achieve
thermal break and a high level of air tightness. To achieve
this, the following processes were involved:
Firstly, the windows were installed onto the concrete
walls by steel angles; however, about 5cm of space
between the window and concrete walls was kept so that
there will be no thermal bridge. Then outside of the area
was concealed with airtightness tape, the space filled
with urethane foam, and inside of the area was concealed
with airtightness tape. The tape used on the outside is
waterproof and the tape used on the inside is moisture
proof. Finally, the external wall insulation system was
installed to cover the ends of the windows.
In addition, external venetian blinds (EVB) were installed
on the exterior of windows for high airtightness. The
process began with making holes for the EVB wires.
After the window frames were installed, the blinds were
installed and the wiring into the building was added.
Then the external wall insulation system was installed.
For balconies, a thermal break system was applied to
avoid the thermal bridge effect.

Table 4

Overview of Zero Carbon Green Home

Items
Structure

Size (GFA)
Building components

Building height

Details
Complex structure of flat
plate with post tension
applied
8 storeys (2,207.75㎡)
15 residential units, public
relations room, machine
room, monitoring room,
community room
27.52m

Operation of
Zero Carbon Green Home
Once the construction of the building was completed,
ZCGH went through testing, adjusting, and balancing
(TAB) and commissioning. The commissioning of the heat
recovery ventilation system was carried out via individual
room control as shown in Figure 16.

ZCGH was completed in 2013, within the complex
of Korea Institute of Civil Engineering and Building
Technology (KICT), in the northern suburbs of Seoul.
The construction cost increase of ZCGH was less than
20% when compared with conventional multi-residential
apartment buildings. It is 8 storeys high with fifteen
households which can be categorized into 4 types based
on the standard household area of 84m 2. The front
elevation and a summary of the ZCGH building are shown
in Figure 15 and Table 4.

Figure 16

Commissioning of the ventilation system
by individual room control

Since the ZCGH project was built for research purposes,
each unit took part in different research experiments
under various conditions. Experiments for some units
were conducted with real occupants and some with
artificial occupants. The use of each unit in ZCGH is
shown in Figure 17.
Figure 15

Zero Carbon Green Home
ZCB Journal 2015 • Volume 4
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Figure 17

The use of each unit in ZCGH

For residential buildings, internal heat gains from occupants were expected. This means that experiments in ZCGH required
conditions with internal heat gains. Hence as shown in Figure 18, a number of different operating conditions were created for
internal heat gains for the experimented units.

(a) Artificial occupancy (#403)
(b) Actual occupancy (#602)
Figure 18 Operating conditions for internal heat gains

14
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(c)

Simulated occupancy (#802)

Monitoring of
Zero Carbon Green Home
The energy consumption of each unit in the building was monitored. Monthly energy consumption, CO 2 emissions and utility
bills are shown on the wall-pad installed in each unit. As shown in figure 19, the data can be compared to the average data
of all units in ZCGH, as well as to previous year’s data to examine the energy performance of a specific unit. Then all the data
from the 15 units can be monitored through the ZCGH energy management system, shown in Figure 20.

Figure 19

Wall-pad installed in each unit in ZCGH

Figure 20

Home energy management system

The energy consumption can also be gauged from the
amount of wood pellets consumed by the two 50kW
biomass boilers installed in the building for water
and space heating. This shows the amount of energy
consumed from space heating in winter, and water
heating throughout the year. The energy consumption
for space heating in winter can also be gauged from
the amount of hot water supplied through the pipes for
underfloor heating in each unit.
In addition to energy consumption, the amount of energy
produced from the PV system was also monitored. Energy
production from the PV can be assessed through real
time data as well as daily, monthly and yearly data.
Moreover, the indoor thermal environment of units in
ZCGH were monitored in both summer and winter. A
number of temperature sensors and data loggers were
installed to measure and record indoor and outdoor air
temperatures, surface temperatures of floor, walls and
ceiling, supply and return air temperature, etc. Figure 21
shows some of the temperature measurement points.

Figure 21

Temperature measurement points

Since Korea has very distinct summer and winter seasons,
it is crucial to adopt energy saving techniques suitable
for this climate. The high performance external wall

ZCB Journal 2015 • Volume 4
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insulation system prevents thermal bridging of the fabric
in summer and cold air in winter. To save cooling energy
in summer, external venetian blinds installed on the
south façade of the building prevent direct penetration of
solar radiation, as shown in Figure 22. Cross ventilation
further lowers the temperature in summer.

Results and Analysis
Indoor Thermal Environment Analysis
Summer
For the summer indoor thermal environment analysis of
ZCGH, units 801 (with external blinds) and 802 (no blinds)
were monitored. Due to the rainy season in Korea during
summer, results were taken from early September 2014.
The air and floor temperatures of the living rooms in each
unit were compared. The results are shown in Table 5.
Table 5

Figure 22

External venetian blinds on ZCGH: opened
(left) and closed (right)

In winter, heat loss is minimized with zoning of thermally
separated spaces, as well as application of high
performance windows and insulated doors. Moreover,
the heat recovery ventilation system with individual room
control allows further savings in heating energy.

Period
1 Week

Indoor thermal environment analysis results in
summer
Unit 801 (℃) Unit 802 (℃)
With External
Outdoor
Blinds
No Blinds
Air
Air
Floor
Air
Floor Temp.
Temp. Temp. Temp. Temp. (℃)
Average 26.0 25.7 27.2 26.7
21.5

(9.13~9.19) Max.

26.7

26.1

28.6

27.5

29.9

Min.

25.2

25.2

25.7

25.5

14.0

1 Day

Average 26.0

25.7

27.0

26.5

22.9

(9.14)

Max.

26.4

25.9

28.0

26.9

29.5

Min.

25.6

25.5

26.3

26.1

17.5

During the monitoring period, the indoor air temperature
of the living rooms in units 801 and 802 had a mean
temperature difference of 1.2K, with a maximum of 1.9K,
and minimum of 0.5K. For floor surface temperatures, the
mean temperature difference was 1K, with a maximum
of 1.4K, and minimum of 0.3K. The mean differential
between indoor temperatures and floor temperatures
was 0.4K.

Figure 23

16

Comparison of living room air temperatures (1 week)
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As can be seen from Figure 23, units 801 and 802 were monitored with the same thermal conditions, but gradually showed
temperature differences as time passed. This is due to solar heat gains during daytime. From these results, the effects of
external venetian blinds on the indoor thermal environment can be observed. For the monitored period, the average indoor
temperature difference between units 801 and 802 was from 1.0K to 1.6K for a 1 day period; 1.3K to 1.9K during daytime;
and 0.7K to 1.3K during night time. Detailed results for the comparison of indoor temperature differences affected by the
accumulation of solar heat gains in units 801 and 802 for 1 week are shown in Figure 24.

Figure 24

Results from 13 September (left) and 19 September (right)

Winter
For the indoor thermal environment analysis of ZCGH during winter, units 602 (occupied) and 502 (vacant) were monitored
for a month in January with heating, and for 2 weeks in February without heating. The measured parameters include, the
air and floor temperature of the living room and bedroom, and the outdoor air temperature. The measurements for winter
analysis with heating are shown in Table 6.
Table 6

Period
1 Month
(1.1~31)
1 Week
(1.1~7)
1 Day
(1.3)

Indoor thermal environment analysis (with heating) results in winter

Average
Max.
Min.
Average
Max.
Min.
Average
Max.
Min.

Unit 602 (℃)
Living room
Room 1
Air
Floor
Air
Floor
Temp.
Temp.
Temp.
Temp.
19.5
19.2
20.0
20.2
21.8
27.7
26.0
25.3
18.1
16.7
17.9
17.9
19.4
19.6
19.6
19.8
21.2
27.7
24.0
23.0
18.1
17.4
18.5
18.6
18.9
20.9
18.9
19.9
20.4
27.7
19.5
22.0
18.1
17.4
18.5
18.8

During the monitoring period, the indoor air temperature
of the living room in unit 602 was 19.5 oC and in unit
502 was 18.9oC. The set temperature of both units was
20oC; however, it was concluded that the temperature
was maintained at about 20oC during the day time due
to insolation. For night time, when there is no insolation,
unit 602 showed an average temperature difference
of 0.6K higher than unit 502 due to activities of the
occupants. For floor surface temperatures, unit 502 was

Unit 502 (℃)
Living room
Room 1
Air
Floor
Air
Floor
Temp.
Temp.
Temp.
Temp.
18.9
21.1
20.5
19.0
21.0
25.6
26.6
22.1
17.6
18.4
18.0
17.8
18.8
21.0
20.6
18.9
20.7
24.8
25.3
21.4
17.6
19.0
18.2
17.8
18.3
20.1
19.7
18.5
18.9
20.9
21.1
19.2
17.7
19.5
18.8
18.1

Outdoor
Air Temp.
(℃)
-1.1
7.2
-10.1
0.8
7.2
-4.7
1.2
6.3
-2.0

an average 0.9K higher than unit 602. This is because
there was no internal load from occupants in unit 502,
so the boiler was running more frequently. The average
temperature difference between the floor surface and
the air for units 502 and 602 was 0.2-2.2K, because of the
application of a high performance insulation system and
windows, minimizing the operating time of the boilers to
maintain the set temperature.
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Figure 25

Comparison of room air temperatures (1 week)

As can be seen in Figure 25, the air temperature of room 1 increased to 26.6oC. This is because room1 is in the south, and
the room is smaller than the living room, so the impact of insolation was greater. Moreover, unit 502 was on average 20.5oC,
0.5K higher than unit 602. This is because the door for room1 in unit 502 was closed when the room was vacant. About 5K
temperature difference was recorded due to the impact of the door being closed over 1-2 January.

Figure 26

Indoor temperature variation (1 day)

Figure 26 shows results of the temperature variation on 3
January for one whole day. Both units showed a relative
small difference in temperature change during night
time. Room1 showed a higher change in temperature
compared to the living room. The temperature change
rate (Max-Min) was 2.3K for the living room and 1K for
room1 for unit 602, and 1.2K for living room and 2.3K for
room1 for unit 502.
Overall, with the variations in indoor thermal conditions
during the winter period, considering the outdoor
thermal environment such as temperature and insolation,
it can be seen that the indoor thermal environment
18
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showed relatively stable thermal conditions, with a very
small temperature difference between floor and air
temperatures.
For the winter indoor thermal environment analysis
without heating, the indoor temperatures were measured
with the boiler off for two weeks. Measurements from
the winter analysis without heating are shown in Table
7. During the 2 weeks, the average outdoor ambient
temperature was –0.5oC, the highest being 7.7oC, and
the lowest being –9.4oC. Concurrently, the mean average
indoor air temperatures of the units were 18.1oC; the
highest being 20.9oC; and the lowest being 16.6oC.

Table 7

Indoor air temperature during non-heating period results
Unit 602 (occupied) (℃)

Unit 502 (vacant) (℃)

Outdoor temperature (℃)

18.4

17.8

-0.5

Average
Maximum

21.5

20.2

7.7

Minimum

17.0

16.2

-9.4

Figure 27

Indoor temperature variation during non-heating period

As can be seen in Figure 27, when the amount of solar
radiation increased during the day time, so did the
measured indoor temperatures. Overall, the room
temperatures were maintained at about 20 o C even
though the boiler was not operated. Right before dawn,
when outdoor temperature was lowest, the temperature
differential was at its maximum of 3K from the set
temperature. It can be inferred that the indoor air
temperature was maintained even with no heating due
to the high performance of the external wall insulation
system, which acts as thermal storage, with solar heat
gains during the day time.

Heating Energy Consumption
Analysis
For the heating energy consumption analysis for winter,
the amount of hot water supplied to the pipes for
underfloor heating in each unit was monitored to assess
building energy consumption by space heating; and the
amount of wood pellets consumed was monitored to
examine energy consumption by both water and space
heating.
Based on the amount of hot water supplied into the pipes
and the area of each unit, the amount of heating energy
consumed for space heating can be determined. With the
amount of water flow in pipes and the area of each unit,

heating energy consumption per unit area for each unit
was calculated. The measured units are shown in Figure
28.

Figure 28

Total heating energy consumption in
different units for a month - January 2014

From these results, the mean monthly space heating
energy consumption per unit area can be calculated―
4.38kWh/m2 per month. The heating energy consumption
depended on the size and location of the unit.
Furthermore, the amount of wood pellets used for
heating in ZCGH was also monitored in January 2014.
During this period, about 1.8 tons of wood pellets were
used, which is equivalent to 9,419kWh of heating energy
consumption. In calculation, heat output for wood pellet
is 4,500kcal/Ton. The coefficient of performance for the
pellet boiler certified by the manufacturer was 0.87 but
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0.8 was used. The loss rate for distribution in pipes was
assumed to be 10%. This equates to mean heating energy
consumption of 10.4kWh/m2 per month for the 15 units.
This means that during the winter heating period from
December through February, each unit consumed about
1,689kWh per annum ―equivalent to 320kg of wood
pellets per year. This is only about 20% of the annual
energy consumption of a comparable conventional
apartment. A comparison of the amount of heating
energy consumption in ZCGH with that of conventional
apartments is shown in Table 8.

Table 9

Electricity consumption comparison with
conventional apartment buildings
Energy
Consumption
(kWh/
unit∙month)

Conventional
apartments

300

Zero Carbon Green
Home

45

Notes

+255kWh from
PV

Energy Saving Cost Analysis
Table 8

Heating energy consumption comparison with
conventional apartment buildings
Energy
Consumption
(kWh/
unit∙year)

Notes

Conventional
apartments

9,088

Gas (LNG) boiler

Zero Carbon Green
Home

1,689

Pellet boiler
(Dec.-Feb.)

Electrical Energy Production from
the PV System
As mentioned earlier, the amount of energy generated
by ZCGH’s PV system was monitored. Figure 29 shows
the recorded data of DC energy generated (blue) and the
amount of AC energy inverted (orange) for 2013.

With the consideration of passive and active strategies,
the 8-storey ZCGH building saves approximately 80% of
heating costs and 90% of electricity costs compared to
those of conventional apartment buildings. Table 10 shows
a comparison of the annual heating and electricity costs in
ZCGH and those of conventional apartment buildings.
Table 10

Comparison of energy costs in ZCGH with
conventional apartments (US$1 = KRW 1,054)
Annual heating
Annual
cost (KRW/
electricity cost1)
unit∙year)
(KRW/unit∙year)

Conventional
Apartment2)

632,000

530,000

Zero Carbon Green
Home

113,000

46,000

Cost Saved

519,000

484,000

1)
2)

Monthly average cost X 12 months with progressive rates
applied
Average energy consumption per unit on 494 large
apartment complexes in Seoul (Cho et al ., 2012)

In existing conventional apartment buildings, heating and
electrical energy accounts for a total energy consumption
of 154kWh/m2 per year. The ZCGH was able to reduce
heating energy demand by 82% through passive strategy
and 85% electricity demand with the active strategy. This
resulted in annual cost savings of 82% for heating and
91% for electricity.

Discussion and Conclusions
Figure 29

Electricity generated by PV system in ZCGH

The total amount of energy generated was about
50,000kWh and the final amount of energy, with about
8% inverter loss, was about 46,000kWh. The monthly
mean of 5,500kWh of energy was generated, with the
maximum in March and a lower amount during the rainy
season in summer. This provides approximately 255kWh
of electricity per unit per month, which is equivalent to
about 85% of monthly electricity usage of conventional
apartments. Table 9 shows a comparison between the
electrical energy consumption of ZCGH with conventional
apartment buildings.
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The Zero Carbon Green Home is one of the first pilot zero
energy building projects in Korea that has achieved nearly
zero carbon emissions. It has achieved an 80% reduction
in energy demand for heating and cooling with a passive
strategy of highly insulated building envelope including:
the use of an external wall insulation system and high
performance windows, cross ventilation, external blinds,
etc. It achieved 85% reduction in electricity demand
compared with conventional apartment buildings with an
active strategy of PV systems through integrated design
techniques.
The construction of the building began in 2012 and
was completed in March 2013. After completion, the
TAB and commissioning of individual room controls for
the ventilation and heating systems in each unit were
implemented. Each unit was used for a different research
focus in order to optimize building operation and
management.

The indoor thermal environment of ZCGH was monitored
and evaluated in both summer and winter. In summer,
the effect of direct solar heat gains was evaluated
through the application of automated external venetian
blinds installed on the building ’s south façade. The mean
temperature difference of 1.2K was calculated from
indoor air temperatures in the units with and without
external blinds; and the average indoor temperature
difference between units varied from 1.0K to 1.6K for
1 day period; 1.3K to 1.9K during day time; and 0.7K to
1.3K during night time. In winter, the indoor thermal
environment was monitored for two conditions: with
and without heating. With heating, the mean indoor air
temperature was 19.2oC, with a maximum of 21.8oC, and
a minimum of 17.6oC. With no heating, the mean average
indoor air temperature was 18.1oC; with a maximum of
20.9oC; and a minimum of 16.6oC. It is concluded that the
indoor air temperature was maintained due to the highly
insulated building envelope acting as a thermal storage,
and with solar heat gains during the day.
Heating energy consumption of ZCGH was monitored
through the volume of hot water flow in pipes for
underfloor heating and the amount of wood pellets
used for the biomass boilers. From the hot water flow
in underfloor heating pipes, a mean monthly heating
energy consumption per unit area of 4.38kWh/m2 per
month was calculated. From the amount of wood pellets
used in winter, a mean heating energy consumption
of 10.4kWh/m 2 per month was calculated, which is
equivalent to about 1,689kWh per annum for all 15 units.
This equates to 20% of the annual energy consumption
of a conventional apartment. In other words, an 80%
reduction in heating energy consumption for ZCGH was
achieved.
For energy production, the amount of electricity
generated from the PV system has been monitored
through the PV control system. The total amount of
energy generated, after 8% inverter loss, was about
46,000kWh. This provides approximately 255kWh of
electricity per unit per month, which is equivalent to
about 85% of monthly electricity usage of conventional
apartments. Hence the target to reduce electricity
consumption was achieved.
Finally, an economic analysis of the annual heating
and electricity costs saved was conducted. With the
integration of passive and active design strategies, ZCGH
achieved the goal of an 80% reduction in heating energy
consumption and 85% in electricity consumption. This
resulted in annual cost savings of 82% in heating and 91%
in electricity.
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In conclusion, this project serves as a prototype for future
zero energy building projects on high-rise buildings,
and provides fundamental data for design appropriate
for passive apartment buildings. This further aids in
promoting the adoption of zero carbon homes in Korea
for a more sustainable residential building environment
in the near future.
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Introduction
Buildings are the largest consumers of
energy worldwide and also one of the largest
contributors to greenhouse gas (GHG) emissions
which are harmful to the atmosphere (IEA, 2013).
Due to the increasing effects of climate change,
stringent measures are being taken to reduce
carbon emissions on a global scale. The focus
being on countries that have been identified as
the largest energy consumers and producers of
carbon dioxide (CO2) emissions. China and the US
are responsible for about 45% of the world’s GHG
emissions (EIA, 2014; Olivier et al ., 2014).
The goal of sustainability is to meet the needs
of the present, provide for future generations
and protect them from the harmful effects of
climate change and the depletion of the earth’s
natural resources (Kibert, 2012). To foster
sustainability in the built environment, many
countries and owners have set targets for the
reduction of energy use in buildings. They are
also encouraging the use of renewable energy
sources. Reduce, reuse and recycle are three
main terms that are constantly used in relation
to sustainable construction (Mehta et al ., 2013).
Emphasis is placed on these to cut down resource

use and lower building energy consumption, reduce the
associated carbon emissions, and minimize resource
wastage through sustainable design and construction
(Mehta et al ., 2013).
Most buildings are inefficiently operated which causes
energy wastage and increases greenhouse gas (GHG)
emissions to the atmosphere (IPCC, 2014). Since
buildings consume nearly a third of global final energy
use, reduction of energy use in the building sector
has the potential to bring about significant energy
savings and reduction in CO2 emissions. CO2 constitutes
the largest percentage of GHG emissions as shown in
Figure 1, so reducing CO2 emissions can lead to a huge
reduction in GHG emissions. Several targets have been
set for countries to meet stringent energy use reduction
requirements. Various initiatives have been created
nationally and internationally to meet these targets. For
example, the Department of Energy (DOE) in the US set
a goal to reduce carbon emissions by 3 billion metric
tons by 2030. This includes focusing on the reduction
of carbon emissions from the building sector (Office of
the Press Secretary, 2015). In the United Kingdom (UK),
the government set a goal in 2010 to reduce the central
government’s carbon emissions by 10% in 12 months.
They exceeded the goal and achieved a 13.8% reduction
after 12 months (UK Government, 2011).
In general, there is growing interest in net-zero carbon
or net-zero energy buildings. Net-zero energy buildings
are those that produce as much energy as they consume,
which could result in a reduction in GHG emissions.

achieved net-zero with 6 more anticipated to achieve netzero energy status (Hewitt and Hobart, 2012). 32 buildings
were verified as net-zero energy in 2014 (Cortese and
Higgins, 2014) which shows that more buildings in the US
are working towards net-zero energy status.
This paper presents the US perspective on the move
towards net-zero carbon buildings. It discusses the
concept of ‘net-zero’ in the US in relation to carbon,
energy and exergy, and focuses on how net-zero energy
strategies can drive towards attaining stringent carbon
reduction targets that have been set. The case studies
illustrate some of the strategies that have been adopted
in an effort to achieve net-zero energy in buildings in the
US and provides some recommendations.

Methodology
The approach adopted in developing this paper involved
examining various aspects of net-zero buildings, from
a general viewpoint, and then focusing on the US
perspective. The research methodology involved a review
of literature on current trends in net-zero energy in the
US and case studies of buildings that have achieved netzero energy status. 3 case studies of buildings in the US
were conducted to illustrate the developments that have
been made, the technologies adopted to attain net-zero
status, and the associated benefits. A study of some of
the technologies employed was carried out and critical
performance data was obtained from available public
records. Discussions were held with building energy
experts―these proved helpful in summarizing the case
study projects.
The first case study is a new build, the National Institute
of Standards and Technology (NIST) building, which is
a net-zero energy residential test facility where various
alternative energy and high-efficiency systems are
tested (NIST, 2015). It demonstrates the possibility of
attaining net-zero in a residential building. The second
case study is the Morning Star and Hybrid Renewable
Energy Systems (HyRES) Lab constructed for the solar
decathlon―a net-plus small experimental building which
produces more energy than it consumes. The third
case study is the Integrated Design Associates (IDeAs Z
Squared) commercial office building retrofit, with various
strategies to attain net-zero status. A detailed description
of these cases is presented later in the paper to highlight
the approaches implemented in achieving net-zero status.

Net-Zero Carbon Buildings
Figure 1

Carbon dioxide emissions in 2013 (Courtesy
of the US EPA, 2015)

More government institutions, private businesses, and
individuals are taking up the challenge and working towards
net-zero status for their new buildings or in retrofitting
existing buildings to achieve net-zero energy status. A
number of these have been verified as net-zero. As at 2012,
21 commercial buildings in the US were identified―15 had

Architecture 2030 (2014) defines a carbon neutral
building as a building that is designed and constructed to
require a greatly reduced quantity of energy to operate,
meeting the balance of its energy needs from sources
that do not produce CO2 emissions and therefore result in
zero net CO2 emissions.
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One of the foremost proponents for carbon neutral
buildings in the US is Architecture 2030―a US based
environmental advocacy group. They created the 2030
challenge in 2006 for the reduction of GHG (mainly
carbon) emissions. The 2030 challenge focuses on new
buildings and major renovations to existing buildings
in order to reduce their fossil fuel and GHG-emitting
energy. For example, they recommend that new
buildings should be designed to reduce site energy use
intensity to 70% by 2016, 80% by 2020, 90% by 2025
and to be carbon neutral by 2030 (Architecture 2030,
2014). Although these targets seem ambitious, they are
increasingly adopted by individuals, and organizations in
the local, state and federal government sectors of the US
(Architecture 2030, 2014).
While the US does not typically consider net-zero
carbon emissions in isolation, there has been increasing
use of this terminology, and net-zero carbon may be
incorporated in efforts to reduce GHG emissions in the US
(Cushman Jr, 2015). The approach widely adopted in the
US focuses more on net-zero energy buildings―a term
which is defined in the following section.

Net-Zero Energy Buildings
Net-zero energy buildings can be defined in several
ways. Generally, they are defined as buildings that use
renewable energy onsite, and which generates as much
energy as is used by the building (IPCC, 2014; Torcellini
et al ., 2006). The Energy Independence and Security
Act (EISA) (2007) defines a net-zero energy commercial
building as one that is ‘ designed, constructed and
operated to require greatly reduced quantity of energy
to operate; meet the balance of energy needs from
sources of energy that do not produce greenhouse gases;
therefore result in no net emissions of greenhouse gases
and be economically viable’ (EISA, 2007).
Other definitions of net-zero energy buildings based on
energy use are presented according to Torcellini et al .
(2006). Net-zero site energy is defined as a situation
where the building produces as much energy as it uses in
a year accounted for at the site. Net-zero source energy
is where the building produces as much energy as it uses
in a year when accounted for at the source. In the case
of net-zero energy costs, the utility pays the building
owner for the energy the building exports to the grid,
and that cost is equal to what the owner would pay the
utility. A net-zero energy emissions building produces
as much emissions free renewable energy as it uses
from emissions producing energy sources. Torcellini et
al . (2006) stated that the applicable net-zero energy
definition will be determined by what the energy source
is doing.
In reducing building energy use to attain net-zero,
transportation/commuting energy use during and
after construction should be minimized (Kibert, 2012).
This factor is considered in most high performance
green building assessment systems. Another important
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consideration in the reduction of building energy
consumption is embodied energy. Embodied energy is
the energy used for producing building materials and
products in construction (Mehta et al ., 2013). It is the
amount of energy used to obtain raw materials and
convert them to finished products.
Hernandez and Kenny (2010) proposed a definition
of life cycle net-zero energy buildings, which includes
the embodied energy, and annual energy use of the
building. From previous definitions, a net zero energy
building is defined as having an energy balance in
building connection to the grid with the energy generated
from renewable sources. They define a life cycle netzero energy building as one where the energy used in
operating the building plus the embodied energy accrued
over the life cycle of the building is equal to or less than
the energy produced from the use of renewable energy
(Hernandez and Kenny, 2010).
Marszal et al . (2011) listed some other factors that
should be taken into consideration in the definition
of net-zero energy buildings such as the metric of the
energy balance, the balancing period, the type of energy
balance, and connection to the energy infrastructure.
In the US, the EISA report outlines the goal for the
net-zero energy commercial buildings initiative which
states that technologies, practices and policies should
be created for the development of zero net-energy
commercial buildings. These should be disseminated
for all newly constructed commercial buildings by 2030,
50% of the commercial building stock by 2040, and all
commercial buildings in the United States by 2050 (EISA,
2007).
The Federal government in the US has some laws in place
for new federal buildings to achieve net-zero energy
by 2020 (Executive Order #13514). The Department of
Energy (DOE) Building Technologies Program has the
goal of making commercial net-zero energy buildings
marketable by 2025. In addition to these, there are other
policies, laws and strategies that have been put in place
in the US for net-zero energy buildings. These will be
further discussed in the following sections.

Net-Zero Exergy Buildings
Exergy is defined as the quality of energy or the ‘work
potential of energy with respect to environmental
conditions’ (De Meester et al. , 2009). Exergy to energy ratio
is given by the Carnot factor. A net-zero exergy building is
one that has a yearly zero exergy transfer across a building
district boundary in a district energy system while energy
transfer is taking place at a certain time (Kilkis, 2007).
Kilkis (2007) further explained that a net-zero exergy
building includes the complete impact of buildings on the
environment and considers the quality of energy savings
and energy use reduction. Studies show that using a simple
net-zero energy building concept is inadequate and exergy
should be considered to show the extent of the problem
and create solutions for energy efficiency.

Comparative Analysis of Net-Zero
Energy and Net-Zero Carbon
Although these two concepts drive towards reducing
the harmful effects of increasing energy consumption
and carbon emissions from buildings, they may not be
used interchangeably as seen from the definitions. Netzero energy is concerned with the balance of building
energy use, which may also have an impact on emissions.
Net-zero carbon is more concerned with the balance in
carbon/CO2 emissions from a building. Net-zero carbon
can be achieved through some of the net-zero energy
strategies.
The following sections demonstrate how net-zero energy
and net-zero carbon buildings are achieved in the US
through various building assessment methods and case
study examples.

Building Assessment
Methods in the US
Building assessment systems evaluate the performance
of buildings according to some defined metrics.
The metrics, which are sometimes broken down
into checklists or made more flexible and open to
interpretation, are required to meet established criteria
to attain certification. A ranking is awarded to a building
according to how well it performs in comparison with
the listed criteria. Some of the tools assess buildings
holistically based on environmental, social and economic
requirements (Kibert, 2012). These building assessment
systems are instrumental in the design and construction
of high performance buildings (Kibert, 2012).
A number of assessment systems exist in different
countries. In the US, the main building assessment
systems are Leadership in Energy and Environmental
Design (LEED), Green Globes, and Living Building
Challenge (LBC). Of these three, the most rigorous,
stringent and challenging is the Living Building Challenge.
The LBC provides certification that covers all the petals
and imperatives that provide guidance for meeting
the petal requirements (Kibert, 2012). The petals are
performance categories that are used to assess the
building. Seven petals are used which include Place,
Water, Energy, Health & Happiness, Materials, Equity and
Beauty (LBC, 2015). The LBC allows partial certification
in some petals. To achieve full certification, the building
is required (amongst other things) to be net-zero energy
and net-zero water with tracking of embodied energy,
and material reuse (LBC, 2015). Although demanding, the
LBC is achievable and pushes the boundaries for higher
performance green buildings. In addition to minimizing
environmental impacts and reducing energy use, the LBC
encourages the creation of an environment and building
that is educative and inspiring to visitors and users of the
buildings. The LBC specifically recognizes and certifies
buildings for net-zero energy achievement.

LEED was initiated by the US Green Building Council
(USGBC) which was established in 1993 (Mehta et al .,
2013). LEED was formed in 1998 and has undergone
several revisions and additions with the most recent
version being LEED Version 4 (USGBC, 2015). It is the
most widely used green building assessment system in
the US. It awards certification at different levels with the
base level being ‘LEED Certified’ and the highest level
being ‘LEED Platinum’. While LEED is not as challenging
as LBC and does not provide net-zero certification, it
could provide a good starting point for achieving net-zero
energy as a number of verified net-zero energy buildings
have LEED Gold or Platunum certification (Cortese and
Higgins, 2014).
Green Globes is an alternative building assessment
system to LEED. It is more interactive and flexible
than LEED (Kibert, 2012). Green Globes is also a more
affordable green building certification. It differs from
LEED in that it awards points for life-cycle assessment
of building assemblies during the design process. It is
increasingly adopted by industry. The rating system range
from one globe to four globes (the highest certification).
LEED and Green Globes do not require a building to be
net-zero energy to achieve the highest certification.
As such, they are not as challenging as the LBC. While
both recognize reduction in GHG emissions, they do
not specifically require buildings to be net-zero carbon.
These rating systems are applicable to new construction,
retrofits, and different facilities including schools,
offices, healthcare, and residential. Building assessment
certifications should focus not only on initial recognition
and short term energy savings but on energy efficiency
and high performance throughout the lifecycle of the
building.

Case Studies
A few case studies have been selected to demonstrate
how net-zero energy has been achieved in new and
retrofit projects in the US. New buildings provide a good
opportunity to create energy efficient designs, taking
into consideration various pertinent factors, to attain
high performance buildings. There are also opportunities
to select the most energy efficient technologies in the
design phase that could lead to net-zero energy and netzero carbon for new buildings. Deep retrofits also have
the potential to deliver significant energy savings (IPCC,
2014) and could result in net-zero buildings. The case
studies presented are based on published materials on
the buildings, and in some cases, unstructured interviews
with energy experts associated with the buildings.
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New Build: NIST Net-Zero Energy
Residential Test Facility (NZERTF)
The National Institute of Standards and Technology (NIST)
had a 252m² test house built in 2013. The building is
located in Gaithersburg, Maryland―a humid subtropical
climate zone exhibiting four distinct seasons (Kottek et
al ., 2006). It is a 4 bedroom, 3 bathroom residential test
facility built to net-zero energy requirements (Figure 2).
The all electric test house serves as a living space for a
computer simulated virtual family of four and acts as a
living laboratory. In addition to being air tight, nearly
eliminating unintended air infiltration, the building
has very low levels of volatile organic compounds in
comparison with other new buildings (Bello, 2015). It
also has excellent indoor air quality. The air tightness
decreases energy consumption and reduces entry of
contaminants into the house. The facility is equipped
with a solar photovoltaic (PV) system and solar water
heating (Bello, 2014).

Figure 2

Figure 3

Morning Star Solar Home at its permanent
location, Penn State’s University Park Campus

The building integrated passive solar and daylighting
(Figure 5). These passive strategies reduce the energy
demand of the building and also improve occupant
comfort. It is equipped with a building automation
system, supporting research on advanced controls and
sub-metering, and monitoring supporting research and
education.

NIST Net-Zero Energy Residential Test
Facility (Courtesy of Hunter Fanney)

The NZERTF is highly energy efficient and has exceeded its
goal, with excess energy to power an electric vehicle, and
export to the local utility grid. The energy use intensity is
about 70% more efficient than the average house in that
location (Bello, 2014). Being a research facility, various
technologies have been installed for further studies. The
house has 3 different ground geothermal loops installed in
different forms: a solar thermal system and air heat pump
for domestic hot water; conventional and high-pressure
air duct systems; and in-floor radiant heat loops (Healthy
Indoors, 2015). The building is both net-zero energy and
certified LEED Platinum―the highest USGBC certification
for green buildings.

Figure 4

Electric vehicle charging station at the
Morning Star Solar Home

The Morning Star solar home was designed and built
by Penn State students for the 2007 Solar Decathlon
competition in Washington DC. Powered 100% by
renewable energy, the home serves as a teaching and
research facility dedicated to renewable energy systems,
energy efficiency, and sustainability (Riley, 2008).

The technologies used in this facility can be adopted in
different parts of the world, particularly for locations with
a similar climate.

New Build: Morning Star and Hybrid
Renewable Energy Systems (HyRES)
Lab
The HyRES Lab includes a 74m² (800 square feet) netzero energy house. It comprises: an energy research
laboratory;a 10kW wind turbine (Figure 3); electric
vehicle charging station (Figure 4); 6 independent solar
arrays; 6 geothermal loops; and 2 energy storage systems
(Riley, 2008).
26

ZCB Journal 2015 • Volume 4

Figure 5

Inside the Morning Star Solar Home

It is permanently situated on a 9 acre site on campus
and is accessible to students, faculty, and community
members. The home is located in University Park,
Pennsylvania which has a humid continental climate
(Kottek et al . 2006).

Most of the sustainable building practices adopted in the
home could be replicated in other locations based on the
energy requirements of the facility, the climate of the
region, technological expertise, and financial constraints
(as some of the technologies may be expensive to install
and operate elsewhere).

The key green features of the building are:the use of a
tight thermal envelope; control of solar heat gain through
shading devices and spectrally selective glass; a ground
source heat pump system; radiant heating and cooling;
and natural and displacement ventilation for space
conditioning (Integral Group, 2015; Kaneda et al ., 2006).

Commercial Retrofit: IDeAs Z
Squared Office
The Integrated Design Associates (IDeAs) Z Squared
building is the first certified net-zero energy, zero carbon
commercial building in the US (Integral Group, 2015).
Opened in 2007, the building was transformed from a
windowless concrete bank built in the 1960s (Figure
6) to a modern office building (see Figures 7 and 8).
The building is about 669m² (7,200 square feet) and
located in San Jose, California. It has won several awards
including the USGBC’s North California Chapter Flex Your
Power Award for energy efficiency and the American
Society of Heating, Refrigeration and Air-Conditioning
Engineers (ASHRAE) Technology Award for effective
energy management and indoor air quality. It is also netzero energy certified by the International Living Future
Institute.

Figure 8

Interior view of IDeAs Z Squared Office

The building also uses natural daylighting as seen in the
fully glazed elevation in Figure 8. It also utilizes high
efficiency lighting and energy saving lighting controls,
high efficiency equipment, plug load controls to reduce
energy use by plug loads, a 28kW solar photovoltaic
system; and 100% outside air with displacement
ventilation (O’Young, 2009).
In addition to these, the building uses waterless urinals,
low flush plumbing features and other energy efficiency
features. The IDeAs Z Squared building is ‘ net plus ’ ,
generating more energy than it consumes, as shown in
the energy use profile for 2009 in Figure 9 below.

Figure 6

Before retrofit, old bank building built in
1960

Different from the two previous case studies, San Jose is
located in a subtropical Mediterranean climate (Kottek
et al . 2006) characterized as sunny most of the year
(about 300 days of sunshine). The design decisions and
technologies used in this facility are applicable to regions
with sunny climates.

Figure 9

Energy use vs energy produced for 2009

Although this case study demonstrates some
technologies that have already been adopted on a large
scale, it is interesting to note that the energy savings are
still better than, or comparable with most new net-zero
energy retrofit buildings.

Figure 7

IDeAs Z Squared Office- after retrofit

The PV array is still relevant and used in newer energy
retrofit projects like the Bullitt Center. Built in 2013, it is
the greenest commercial building in the world and is both
net-zero energy and carbon neutral (Bullit Foundation,
2013).
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technical feasibility of non-carbon energy sources
and show cost or return on investment (ROI)
profiles.

Discussion
This paper has sought to present a US perspective on
net-zero carbon buildings by presenting a number of
definitions, approaches, and case studies. A comparative
analysis between a US net-zero energy building and a
non-US net-zero building would be useful in identifying
specific differences in technical and other non-technical
(e.g. policy) considerations. However, this is outside
the scope of the study presented here and would be an
interesting further step.
More building types are being introduced to portfolios
of net-zero buildings and research is ongoing. There is
growing interest in moving from considerations of netzero individual buildings to net-zero campuses and
districts. The intent is to allow for trade-offs between
different buildings and to take advantage of opportunities
offered by district energy systems and smart grid
technology.
A Penn State initiative that is addressing aspects of this
is The GridSTAR Center at the Philadelphia Navy Yard.
It serves as an educational and research resource for
smart grid technologies, policy and business practices
(Sustainability Institute, 2015). Some of the features of
the Center are: a smart grid experience center (which
includes a demonstration building with renewable
energy systems and an electric vehicle charging station);
research infrastructure; immersive learning into smart
grid systems; and partnerships with manufacturers and
technology providers. The GridSTAR center facilitates
experimentation with new technologies and supports
business models driving practical applications. The
planned grid modernization will inform research and
education in this field. It seeks to integrate several
buildings that are connected to the grid.

Summary and Conclusions
Following the exploration of net-zero concepts in terms
of energy, carbon and exergy, this paper presented
a US perspective on net-zero buildings. It shows that
considerable progress has been made in efforts to meet
the stringent goals that have been set to reduce building
energy and carbon demand.
Based on the US experience, a number of
recommendations applicable to other countries can be
made:
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•

The definitions for net-zero energy, net-zero
carbon need to be standardized and clearer
metrics should be developed. Net-zero energy or
net-zero carbon buildings should be an integral
part of global and national energy policies.

•

More demonstration buildings should be available
to experiment with different technologies and
approaches. These should also demonstrate the
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•

Training and workforce development is also
necessary for advancement and wider adoption of
sustainable solutions.

•

Public education, research and development are
needed to enlighten individuals on green building
solutions and explore other net-zero and netcarbon strategies.

•

Other assessment tools necessary for the
adoption of sustainable practices in the building
industry should be developed and made available.

•

Low cost or no cost options for sustainable
systems will also encourage adoption of various
net-zero strategies (Architecture 2030, 2014).
Low carbon options require more research and
education.

•

Building codes should be suited to local climates,
and the most cost effective and environmentally
friendly strategies should be adopted,
incorporating low carbon options (IPCC, 2014).

•

The building envelope should be well designed
and constructed, to improve building efficiency
and minimize energy demand during operation, so
less energy would need to be supplemented from
renewable energy sources.

•

The retrofitting of existing buildings offers greater
potential, for reducing the energy demand of
buildings than new buildings, and efforts to
achieve net-zero energy retrofits should be
intensified.

It is evident from this study that there is scope for
learning across countries, as local environmental, social,
policy and economic considerations, have an influence
on the achievement of net-zero energy/carbon buildings.
Future studies are expected to explore these.
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The objective of this work is to investigate the microbial abundance, and diversity of bacteria in the bioaerosols
within Zero Carbon Building (ZCB) in Hong Kong, using culture-independent high-throughput DNA sequencing
technology. In addition, microbial communities between different variable groups based on building
characteristics and architectural designs are compared. By employing next generation Illumina sequencing
targeting the 16S rRNA gene, the work presented here is an in-depth assessment of the airborne microbiology of
various locations within ZCB during summer and autumn months. Relationships between building attributes and
microbial community compositions are identified in this paper. Results from this study should promote greater
understanding of microbial exposure for ZCB occupants, thereby ultimately improving microbial air quality in
energy efficient buildings.
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Introduction
In recent years, there has been increasing
g l o b a l a w a re n e s s o f e nv i ro n m e n t a l
sustainability and efforts to promote the
reduction of greenhouse gases such as
carbon dioxide (CO 2) emissions. Climate
change resulting from the release of
i n c re a s e d a m o u n t s o f C O 2 i n t o t h e
atmosphere has mainly been caused by our
reliance on fossil fuels and the combustion
of coal to generate electricity. Without
proper energy use management and radical
changes in modern lifestyle practices, the
effects of continued emissions on global
climate, ecosystem, and humanity as a
whole, will be detrimental. Concerns about
climate change have led to international
attempts to reduce carbon emissions.
The use of alternative sources of energy,
building materials and architectural
designs, are among the many strategies
for reducing energy consumption in urban
buildings. Recently, an increasing number
of buildings have been referred to as
zero carbon buildings. By using different
architectural and construction strategies,
these buildings have net zero carbon
emissions.

ZCB―the first zero carbon building in Hong Kong, was
commissioned by the Construction Industry Council,
and completed in July 2012. By integrating strategic
architectural planning and building design, ZCB is
an example of how the concept of environmental
sustainability can be adopted into designing built
environments in urban societies (Figure 1). Some of
the design features include the use of cross ventilation
and wind catchers, and earth cooling tube, as well as
various chemicals to regulate environmental parameters
such as ventilation, temperature, and humidity of the
environment (Ng et al ., 2013; Yau, 2014).

Figure 1

Zero Carbon Building, Hong Kong (Courtesy
of Marcel Lam Photography)

The Need for Collecting
More Indoor Bioaerosol
Data via DNA Sequencing
Method
From a microbiological point of view, the assessment
of indoor air quality has traditionally been based on
culture-based methods (Mandal et al. , 2011), in which
microorganisms are grown on nutrient-supplied petri
dishes and incubated for variable time periods depending
on the organism of interest. This method is also used
by the Indoor Air Quality (IAQ) Certification Scheme in
Hong Kong (HKSAR, 2003). However, culturable organisms
represent only a very small fraction of what is really
present, as most organisms could not be cultivated in
laboratory conditions. As a result, there is still a large
proportion of microbial life that may be present but
undetected. DNA sequencing technology circumvents the
need for microbial viability by targeting DNA molecules
directly from an environmental sample. Using this new
detection method, a much larger repertoire of organisms
(including potential pathogens) have been identified
in different environments, compared to culture-based
methods (Findley et al. , 2013).
The indoor environment is a major habitat for urbanites
(Klepeis et al. , 2001). Biological agents in the air
(bioaerosols) in our immediate environment can be
inhaled into our system, and these bioaerosols may

occasionally include disease-causing microorganisms
(Kettleson et al. , 2013). Therefore, characterization
of indoor air and the assessment of indoor microbial
air quality will provide valuable information on the
nature and extent to which individuals in indoor
settings are exposed to microbial life. A number of
studies have been conducted to characterize microbial
communities of different urban environments in Hong
Kong (Woo et al. , 2013; Leung et al. , 2014; Wilkins et
al. , 2015). Human activities affecting environmental
properties (temperature and humidity), including air
conditioning use and other ventilation strategies, have
also been shown to influence the bacteria within indoor
environments (Kembel et al. , 2012). Also based on
previous studies, some microbial species in indoor air
and surfaces originate from the buildings ’ occupants,
possibly from the shedding of skin, breathing, coughing,
and talking (Flores et al. , 2011; Flores et al. , 2013; Dunn
et al. , 2013; Leung et al. , 2014; Wilkins et al. , 2015). The
quantitative and qualitative microbial composition of
indoor environments is therefore dependent on complex
variables including environmental, architectural and
building characteristics, and anthropogenic factors.
Given these findings, new zero carbon building designs
attempting to change indoor environmental parameters
could potentially alter bioaerosol compositions.
While more and more zero carbon buildings are being
constructed globally, there has been no work thus far
examining indoor bioaerosols, and how zero carbon
building designs influence microbial populations. This
study is the first in Hong Kong to examine influences
of zero carbon buildings and their various elements on
indoor bioaerosols. The outcomes will provide policy
makers with additional knowledge on optimizing the
air quality of green buildings to ensure the health
and well-being of their occupants. This can ultimately
lead to increased awareness of zero carbon buildings
and promotion of zero carbon and green building
development and strategic architectural designs.

Schedule and Sampling
Process
Hong Kong has well-defined seasons. Specifically, the
sub-tropical metropolis has high temperature and
humidity during the summer, while autumn and winter
months are relatively dry and cool. To optimize occupant
comfort and minimize energy consumption, various
design features were installed in ZCB to alter indoor
temperature and humidity with seasonal climates. For
example, a hybrid air conditioning/free cooling mode
of ventilation is in place. During summer when the air
conditioning/free cooling system is activated (system
“on” mode), fresh air is taken from outdoors and supplied
to the building following the mixing of indoor air and
cooling through the air handling unit. Conversely, during
autumn and winter, natural ventilation is utilized by
opening windows (i.e. system “off” mode).
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The ceiling fans and air cooling system were activated
during the summer sampling period and deactivated
during the autumn sampling period. These operations
were also deactivated during evenings (i.e. 19:00 to
07:00 the following day) and on weekends in the summer.
This correspond to times when a minimal number
of employees occupied ZCB. In addition, the indoor
temperature at ZCB could be indirectly controlled by
active skylights, through which sunlight and solar heat
could be reduced by shading.
Air samples were collected in summer (August) and
autumn (November) months of 2014. For each season,
sampling was collected on 3 week days and 1 day on the
weekend for 3 weeks. On each day, a day time sample
and a night time sample were taken. Samples were
collected at three indoor locations in ZCB: reception,
office, and the first floor mezzanine area. An outdoor
area, near the multi-purpose hall, was also selected for
air sampling. Figure 2 shows the locations of sample
collection at ZCB). Air sample collection, equipment
disinfection, sample storage, and DNA preparation from
filters were performed as previously described (Leung et
al. , 2014). Following DNA extraction from the samples,
polymerase chain reaction was performed and samples
were analyzed via high-throughput sequencing. Various
bioinformatics and statistical tests were performed to
characterize the microbiology.

Figure 2
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Locations of sample collections at ZCB (Courtesy of ZCB)
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Overview of the
Microbiology Results
Overall, more than 40 different phyla and nearly 400
genera were found among the collected samples in the
ZCB data set. Despite the diversity at different taxonomic
levels, the top six bacterial phyla represented more
than 97% of all sequences detected in ZCB (Table 1),
with over 70% of the reads belonging to Proteobacteria.
Greater diversity was seen in August, with the reads
not belonging to Proteobacteria making up a higher
percentage of ZCB bioaerosols. Another outdoor air
microbiology study in Hong Kong (Woo et al. , 2013) also
showed that Proteobacteria abundance is lowest during
the summer months. Our observation therefore supports
that ZCB’s indoor bioaerosols predominantly track the
makeup of the general outdoor environment.
Table 1

Relative abundances of bacterial phyla in ZCB
Summer
(%)

Autumn
(%)

Average
(%)

Proteobacteria

64.2

78.4

71.3

Actinobacteria

9.4

9.1

9.2

11.8

6.1

8.9

Phylum

Firmicutes
Bacteroidetes

6.9

3.1

5.0

OP8

2.3

0.8

1.5

Chloroflexi

2.1

0.7

1.4

Figure 3

Diversity analyses of ZCB based on (A) locations, (B) weekday/weekend, and (C) day time and night time
comparison. OTU represents a type of organism. Average number of OTUs indicated as numbers within each
bar.

The main bacterial genera of ZCB are known colonizers
of different environments including plants, soil, and
human skin. Some genera showed differences in relative
abundance between the two seasons. Specifically,
Pseudomonas was more abundant during the summer,
while Sphingomonas was more abundant in the autumn.
Shorter within-day changes in abundance were also
seen for other genera (Ralstonia, Mycobacterium,
Sphingomonas ). These genera were all mainly associated
with the environment, but none of the top skinassociated genera showed significant long-term seasonal
or short-term intra-day differences in abundance. Also,
no major genus exhibited differing abundance between
rooms. Taken together, these observations suggest
that temporal properties may be more important than
spatial characteristics in shaping the abundances of
microorganisms within ZCB.

Spatial Effect - Outdoors,
Reception area, Office, and
Mezzanine
As they are geographically next to each other, the
observed taxonomic richness (i.e. the number of bacteria

Figure 4

types) outdoors is very similar to the reception area. No
difference in richness between the locations (including
the outdoor site) was observed in November (Figure
3A). For each of the office, mezzanine, and outdoor
sites, richness was greater in summer. The communities
between samples of the same location were more or
less similar to those between rooms. It can be concluded
that, based on the sites sampled, spatial segregation of
microbiomes within ZCB , was not detected.

Temporal Effect - Day/
Night, Weekday/Weekend,
Summer/Autumn
From a temporal perspective, observed richness was
significantly higher during weekdays in summer, and
higher during weekends in the autumn (Figure 3B).
Richness was higher during the night (Figure 3C)
regardless of seasons (Figure 3C). Principal coordinate
analysis (PCoA) plots clearly showed that autumn
microbial communities were distinct from those in
summer (Figure 4A). On the other hand, microbial
communities during day and night were more similar
(Figure 4B).

PCoA plot of phylogenetic dissimilarity between samples of autumn/summer (A) and day/night (B). Variance
explained represents the goodness of fit and Global R values explain the magnitude of how different samples
within a group cluster, with a higher global R value describing stronger clustering (i.e. more different
communities between groups).
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Discussion
A seminal investigation in ZCB suggests that microbial
diversity, membership, and structure differences could
be affected by time and space. Specifically, ZCB microbial
community changes according to short term intra-day,
weekday/weekend, as well as more long term seasonal
timescales.

Intra-day and Inter-day system on and off : for short term
timescales, bacteria of environmental origins appear to
play a role. Short term community changes seen at ZCB
mirror those found in a previous study conducted on the
Hong Kong subway system, which is much more crowded
(Leung et al. , 2014). Therefore, these short term changes
may be independent of occupancy and location.
Ventilation modes between summer and autumn : ZCB
uses mechanical ventilation in summer and natural
ventilation in autumn. It was found here that the
microbial community in autumn was less diverse,
contrasting with a previous study showing a higher
diversity in naturally ventilated rooms (Kembel et al. ,
2012). In addition to seasonal factors (Woo et al. , 2013,
Bowers et al. , 2012), this discrepancy may be explained
by the fact that the ventilation system at ZCB is different
from those of conventional buildings. It could potentially
bring a greater volume of air from the surrounding
outdoor areas into ZCB, compared to a building fully
dependent on natural ventilation. Perhaps, the various
active and passive design features at ZCB described above
could enhance air mixing.
Indoor environment quality (temperature, humidity, and
lighting) : the aim of minimizing energy consumption in
ZCB, by maximizing natural lighting and utilizing a special
ventilation mode, may have contributed to a higher indoor
temperature compared to traditional buildings. Similar
to a study on subways (Leung et al. , 2014), changes in
temperature and humidity were accompanied by changes
in the relative abundances of bacteria in ZCB. Tang (2009)
has previously documented that changes in temperature
have effects on the survival of microorganisms in the air. A
major question would be whether increased temperature
facilitates the growth of pathogens. This cannot be
deduced from this study because of the low abundances
of opportunistic pathogens. Also, a relationship between
bacterial survival and day time/night time could not
be established from the results presented here. More
controlled experiments may provide further information
pertaining to how microbial communities respond to
lighting properties.
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Occupancy : ZCB is mainly utilized as an office space, with
exhibition areas available for educational tours open to
the public. However, despite the presence of occupants,
the majority of the top genera, detected from samples for
the two seasons, are of environmental origins rather than
associated with occupants. This differs from other types
of indoor environments (Adams et al. , 2014; Afshinnekoo
et al. , 2015; Hewitt et al. , 2012; Hospodsky et al. , 2012;
Leung et al. , 2014; Meadow et al. , 2014b), where human
associated bacteria are commonly detected. These human
associated bacteria are released with normal activities
(e.g. talking) (Qian et al. , 2012; Dybwad et al. , 2012).
The low relative abundance of occupant genera might be
explained by the low occupancy―with 20 employees in
ZCB during the collection of samples.

Conclusions
ZCB possesses a specific assemblage of microorganisms,
which may be shaped by special building features
discussed above. Such building features should be found
in other zero carbon buildings worldwide, as they are
important for minimizing energy consumption, which is
the foremost purpose of zero carbon buildings. Hence,
microbial community analyses of other zero carbon
buildings should provide information as to the role
of geography in zero carbon building communities in
general. Other zero carbon buildings may have building
strategies which differ from ZCB in Hong Kong. Therefore,
future studies may allow assessments of the relationships
between airborne microbiology and other green building
design strategies. Such studies will ultimately inform
practitioners and the general public on how to improve
air quality in zero carbon buildings.
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With the built environment being one of the largest contributors to anthropogenic emissions, it is essential that
building energy demand is controlled, cleaner energy sourced and emissions reduced. However, aligning demand
with supply is challenging, as building performance is variable and largely unknown. Central to understanding
energy demand is the ability to quantify the energy required to comfortably condition a building and the role
that the building envelope plays in effectively enclosing the space. Unfortunately, relatively little is known about
building fabric features and how different aspects affect performance under real conditions. Of serious concern
and a factor that impacts greatly on control, is the degree that a building’s fabric performance differs from that
which is expected. Many buildings do not offer the thermal resistance required to meet their design intent. Where
variations in fabric thermal performance are significant, this will prove a barrier to the effective use of energy
and affect the control of buildings. For effective control, the building demand under different environmental
conditions should be relatively stable.
The building behaviour and response must be known and quantified. This paper explores air tightness studies
in existing and retrofit properties, demonstrating how some buildings have the capacity to be stripped of all
conditioned air, while others prove more airtight. Furthermore, results of whole building heat loss tests on new
buildings are presented, showing the variance in heat loss coefficient, an established indicator of difference in
designed versus as-built performance. The work also demonstrates that energy efficient, thermally resistant
building enclosures can be built within acceptable tolerance; such fabric solutions being key to the nearly zero
energy buildings required. The results provide an important step in understanding what is required to achieve the
control necessary to move towards energy flexible and efficient buildings.
Keywords: building energy demand, energy flexible buildings, energy monitoring, performance gap, thermal building
performance
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Introduction: Buildings and
the Environment
The Intergovernmental Panel on Climate Change (IPCC)
has confirmed that the world’s climate is changing due
to anthropogenic carbon dioxide (CO2) emissions (IPCC,
2014). Approximately 34% of man-made CO2 emissions
come from the built environment (United Nations
Environment Program, 2007), representing 45% of the
United Kingdom (UK)’s total carbon footprint (The Carbon
Trust, 2009), with space heating loads accounting for the
greatest proportion of emissions (Palmer and Cooper,
2013; Pérez-Lombard, 2008). Heating loads make up 62%
of the total energy used in homes (Palmer and Cooper,
2013; DECC, 2013; DECC, 2014). Thus, the construction
industry carries a significant burden, being responsible
for the largest share of emissions by some way (EC report
by Prism Environment, 2012).
Regulations and European Directives are driving changes
for new buildings, and retrofit of the existing stock will
follow (CLG, 2009; EPBD, 2010). As it is estimated that
87% of existing buildings will remain operational by
the year 2050 (Kelly, 2009), the thermal upgrading of
buildings will have a significant role in reducing overall
CO 2 emissions. The value of such change is already
recognised and the housing stock is legislated to become
more energy efficient (EPBD, 2010; Vadera et al ., 2008).
Despite this, the understanding of the measures that are
required to be undertaken is relatively limited and still
developmental.
Reducing the energy use associated with buildings
has been identified as a key, relatively easy and costeffective strategy within existing policy. Conversely, if
buildings do not deliver the required energy savings,
then CO 2 reductions will become very difficult to
achieve (Oreszczyn and Lowe, 2010). In order to meet
the aspirational target of nearly zero energy buildings
in the UK by 2016 for domestic buildings, ahead of the
Energy Performance of Buildings Directive 2020 target
(EPBD, 2010), a better understanding of real building
performance is required. The thermal characteristics of
buildings need to be measured and tested in the field, to
understand their responses to changes in their internal
and external environments, and the energy demanded to
achieve a stable and comfortable internal environment.
When building fabrics provide sufficient thermal
resistance, the capability to control building spaces and
move towards more efficient energy exchanges becomes
possible, and the balancing of supply and demand
more achievable. While nearly or net zero carbon is the
target (EPBD, 2010), high performing fabrics that result
in buildings with controllable low energy demand are
required, as a neutral energy balance is almost impossible
to achieve without energy efficiency (Hermelink et al .,
2013).

Control of Energy Demand
There is a need to control building energy demand
so that the energy required for space heating can be
better aligned with a decarbonised supply. It has been
recognised that the concepts of low energy buildings,
with passive fabric measures, such as Passivhaus type
buildings, together with renewable energy offer one
of the more common approaches to achieving net zero
energy buildings (Hermelink et al ., 2013). Cleaner energy
needs to be sourced to reduce emissions and meet the
80% reduction by 2050, based on 1990 levels (Climate
Change Act, 2008). However, to use decarbonised energy
sources, better control of demand will be required.
The methods of capturing and transferring energy, often
referred to as ‘energy generation’, are changing. Energy
providers are reducing their reliance on fossil fuels,
moving to more variable renewable energy or nuclear
sources that cannot be easily switched on and off.
Methods of controlling demand are important for energy
efficiency and carbon reduction; there needs to be
effective and efficient use of energy available. Ensuring
that supply meets demand has become a challenging
proposition. However, attempts to balance this situation
will become significantly easier, if building energy
demand can be controlled. The notion of energy flexible
buildings is desirable. Furthermore, where building
energy demand is controllable it has the potential to
relieve stress on the energy generation infrastructure
(Bley, 2014; Cioffi et al ., 2012; Østergaard Jensen, 2015).
The first step is to ensure that the fabric is effective at
maintaining a controllable and condonable environment
with low or zero energy demand.

Methodology
A key step to net zero energy buildings is to establish
the energy required to comfortably condition a building
and to ensure the building is performing as expected.
For economical and energy efficient use, factors such
as thermal resistance, heat capacity and the ability
of the building to draw energy when available play
an important role in the economics of net zero and
energy flexible buildings. The reliable measurement and
assessment of buildings is fundamental for predicting
demand. The energy required to condition the building
must be known and the role that the building envelope
plays in effectively enclosing the space and thermally
separating the internal and external environment must
be understood. Unfortunately, relatively little is known
about fabric performance under real conditions. The
degree that heat energy flows through the fabric’s plane
elements, junctions and thermal bridges, as well as
accounting for the volume of air that bypasses insulation,
must be understood if demand is to be accurately
predicted.
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Importantly, the building fabric should be of a sufficient
quality and level of performance; providing a thermally
resistant, sufficiently airtight and sealed enclosure so that
users can control their environment and accommodate
optimal energy behaviour. Users need the ability to
stabilise and control their internal environment, if they
are to make the most effective use of the energy available
to them.
In this paper, a review of research programmes
undertaken by Leeds Beckett University is provided. In
particular the review draws on the research of a party
wall study to demonstrate the variability in element
performance that takes place when voids connect and
the insulation properties are bypassed. Further to this, air
permeability studies of whole buildings are discussed, to
explore the differences enclosures and retrofits achieve
in reducing undesirable leakage. Finally, the heat loss
coefficients for 30 new buildings are presented. The work
is used to demonstrate the differences in predicted and
measured performance. The predictions are produced
from a combination of specified and design performance
values (notional design requirements), compared with
the actual performance measured in the field when built.
The review of heat loss coefficients provides an overview
of the differences found.

Research Methods
The research reported here spans a period of over 10
years. During this period a number of research methods
were used for performance measurements. Those most
pertinent to the work reported are highlighted below.
Further information on the methods is available at the
Leeds Sustainability Institute (http://www.leedsbeckett.
ac.uk/as/cebe/).

Steady-state Thermal Performance
Measurements
The measurement of in situ U-value and whole house
heat loss requires a steady-state test environment where
internal temperatures can be controlled and variations in
external conditions monitored. The whole building heat
loss tests (Johnston et al ., 2013) provide ideal conditions
for monitoring heat flux through the fabric and elements
of the building envelope. The thermal transmittance of a
building element (U-value) is defined in ISO 7345 as the
“Heat flow rate in the steady-state divided by area and
by the temperature difference between the surroundings
on each side of a system” (ISO, 1987, p.3). U-values are
expressed in W/m2K. In situ U-value measurements were
undertaken in accordance with ISO 9869 (ISO, 1994). In
situ measurements of heat flux density, using heat flux
plates (HFPs) from which in situ U-values were derived,
were taken at different locations depending on the nature
of the thermal elements under investigation. It would be
usual to use an array of five or more heat flux sensors

to ensure the average heat transfer for an element
could be established. Generally, measurements of heat
flux density were taken from locations considered not
to be significantly influenced by the thermal bridging
at junctions (typically readings are taken at distances
greater than 1000mm from the junctions and thermal
bridges).
The predicted U-values were calculated in accordance
with BS EN ISO 6946 (BSI, 2007a), SAP or the RdSAP
assumed U-value (BRE, 2012).

Steady-state Whole House Heat
Loss Measurements (Heat Loss
Coefficient)
The heat loss coefficient (HLC) is the rate of heat loss
(fabric and ventilation) in watts (W) from the entire
thermal envelope of a building per kelvin (K) of the
temperature differential between the internal and
external environments. The HLC is expressed in W/K. A
modified version of Leeds Beckett University’s Whole
House Heat Loss Test Method (Johnston et al ., 2013) is
used to obtain HLC measurements during steady-state
measurement period, normally this is 7-14 days, where
internal temperatures are maintained at a constant
temperature (the constant being fixed at a temperature
between 22oC and 25oC depending on the nature of the
building and external conditions). The HLC represents the
aggregate of the plane element, thermal bridging, and
ventilation heat losses.

Relative Humidity
Where possible relative humidity (RH) is monitored
within the test buildings. RH is monitored to establish
whether the air moisture content changes during
test periods. Changes in moisture content can have a
significant impact upon the thermal conductivity of the
building fabric.

Airtightness Testing and Building
Pressurisation Tests
Building pressurisation tests using a blower door
in accordance with ATTMA L1 (ATTMA, 2010) are
performed to establish the airtightness. An estimation
of the background ventilation rate is derived from the
air leakage rate at 50 Pascals. The airtightness value is
used to isolate the ventilation heat loss components
of the HLC using the n/20 rule 1 (Sherman, 1987).
The conditions present during the pressurisation
tests provide the opportunity for leakage and air
infiltration identification. During pressurisation, leakage
detection can be performed using a smoke puffer stick.
Occasionally, where building owners allow, a whole

1

n/19.2 was used for background ventilation, this includes corrections
for storey height and sheltering factor.
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building smoke leakage detection test was undertaken,
using a high volume smoke generating machine. During
the depressurisation stage of testing, under elevated
temperature conditions within the dwelling, infrared
thermography can be used to observe areas of air
infiltration and thermal bypass.

Thermography
Thermographic surveys are undertaken as part of
the building forensics. The surveys are undertaken in
accordance with the guidance set out in BSRIA Guide
39/2011 (Pearson, 2011). Thermography is used to
observe surface temperature distribution and thermal
anomalies within the building fabric. Using thermograph
under depressurisation, air infiltration points and paths
can be identified.

Thermal bridging calculations
Thermal bridging calculations are often performed at the
junctions to ascertain the linear thermal transmittance
(Ψ-value) and minimum temperature factor (ƒmin).
T h e r m a l m o d e l l i n g i s u s e d to ca l c u l ate t h e r m a l
bridging. Modelling is undertaken using the Physibel
TRISCO version 12.0w (Physibel, 2010). Conventions
BR 497 (Ward and Sanders, 2007) are followed where
appropriate. The thermal conductivity (λ) of materials for
the models are sourced from manufacturers’ literature
where possible based on the project specification. In
instances where these could not be obtained, suitable
values are sourced from BS EN 12524 (BSI, 2000) or from
BR 443 (Anderson, 2006). The geometry of junctions is
based on the original design drawings and specification
or from site observations during the research and testing
period.

Building Fabric Control
As half of a building ’ s energy is attributable to the
conditioning of building space, it is of crucial importance
that a dwelling ’s behaviour during heating periods is
understood. In northern European climates, one of the
main concerns is with the peak energy required during
heating periods in the winter months. One factor that
can have a significant influence on the energy use and
CO2 emissions attributable to a space heating system is
the thermal performance of the building fabric. If the
building’s thermal performance is poor, both the peak
and net energy demand are likely to be higher. There is
a growing body of research indicating that the thermal
performance of the building fabric in-situ is poorer than
predicted, when tested under steady-state conditions
(see Doran and Carr, 2008; Hens, 2012). Although the
building envelope acts as a thermal barrier, research
has shown that the effectiveness of the barrier can vary
considerably (Pannell, 2015). Enclosures that are not

air tight or thermally resistant, fail to offer effective
barriers; thus, the internal conditioned space is at the
mercy of the external environment, changing as external
temperature and wind change.
Air exchanges and bypasses occur at whole building
and elemental levels, and both should be considered to
ensure the fabric offers the required resistance, enabling
the conditioned building space to be controlled. A recent
study of heat losses through party walls provides an
example of uncontrolled heat exchanges which have
impacts on design and regulations.
Figure 1 shows the heat flow into a cavity party wall
between two buildings. The graph shows apparent
U-values, not accounting for the dynamic effects, such
as thermal lags, but clearly shows the behaviour of
the wall during the observations. To establish effective
U-values, calculations were made over a two-day period.
Heat flux measurements were taken as part of a research
project to show the effectiveness of filling the cavity wall
with mineral wool, in order to prevent air movement
within the cavity, and reduce heat exchanges with the
external environment. The heat flows were recorded,
with subsequent analyses providing effective U-values.
Measurements were taken from an open unsealed cavity
and after the cavity fill was introduced.
Prior to the recognition that the partywall contributed
to heat flow through the building, the party wall was not
treated as a heat loss mechanism in building regulations
(MIMA, 2010; Wingfield et al ., 2010b). As both sides of
the party walls were assumed to be equally heated, the
regulatory documents (used to guide design) assumed
zero heat exchange and thus zero U-value. The new
regulations now assume an unfilled open cavity is to be
assigned a U-value of 0.5W/m2K, an unfilled cavity that
has been effectively sealed against air infiltration will be
assigned a U-value of 0.2W/m²K, and a fully filled and
sealed cavity will assume a zero heat exchange of 0W/
m²K (CLG, 2009; DCLG, 2013). Thus, regulations now
recognise that previous assumptions with regard to net
zero heat loss through the party wall were incorrect,
and understanding of the energy demand of a building
has changed. The changes are, in part a result of studies
undertaken by Leeds Beckett University. As a result,
the regulatory assumptions are closer to the type of
behaviour shown in Figure 1. The observations in Figure
1, have been found to be typical of a number of studies
conducted by Leeds Beckett University. The work shows
considerable variance in open cavities with effective
U-values generally operating and varying above 0.5W/
m2K when voids connect, and dropping to less than 0.2W/
m²K when the cavity is effectively filled and sealed.
Since the discovery of this thermal bypass, research
undertaken has been revealing, indicating how different
building fabrics respond. The work also demonstrates
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that a considerable quantity of heat can be lost through
what may have previously been considered a minor, often
overlooked feature (see related publications CeBE, 2015).
What is revealing about this research is the degree of
variability of heat flow within uninsulated cavities. A
recent study of an unfilled masonry cavity was found
to have a low U-value of ~0.30 W/m2K, further work is
being undertaken to determine why there can be such
high variance, with some walls performing and others
not. Through forensic investigations, it has been shown
that cavities often link to both the internal and external
environments via connecting gaps and cracks in the
fabric. The passages allow air to flow freely in response
to internal and external pressure differences. In Figure
1, prior to adding the insulation, the fabric was not
providing an effective separating barrier.

Figure 1

Prior to the insulation being installed, the performance
of the wall is variable with heat flow increasing and
decreasing as the external conditions change. Once the
insulation is installed the heat flow is reduced, the wall
offers an effective thermal resistance, and heat flow
is stable and controlled. Currently, it is expected that
most unfilled and partial filled cavity walls in the UK
would exhibit the type of behaviour shown. The lack of
consistent thermal resistance in such walls, prevents the
building fabric offering an effective barrier, and reduces
control over the conditioned space within the building.
As the fabric behaviour was not expected to behave in
the manner shown, the services installed would not have
been designed to accommodate the dynamic changes.
Unless heating systems are oversized, it is unlikely that
the services and building system will provide comfortable
living spaces when such bypasses occur.

An unfilled cavity party wall exhibiting characteristic signs of thermal bypass and air movement, the full-fill
intervention creates a fabric that controls air movement and significantly reduces heat loss. (Courtesy of Leeds
Beckett University and Knauf Insulation Research programme)

Air Permeability:
Air Leakage and Air Tightness and the Impact on Performance
The ability of the fabric to provide an effective envelope is not just affected by cavity walls. Building enclosures with solid
and cavity wall construction can be prone to considerable variation in their air permeability. Tests, on a small and varied
sample of existing buildings in the UK (Gorse et al ., 2015), found some buildings to be so leaky that it would not be possible
to adequately heat them using standard electrical heating equipment. The power required to elevate the whole house to a
sufficient temperature above its surroundings would overload the property’s electric supply. Even if it were possible to heat
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the space, either using gas or electricity heat sources, the associated heating cost could be inherently prohibitive for some
occupants, especially those experiencing fuel poverty. Some of the buildings studied were so poorly constructed, maintained
and/or so inherently leaky that they did not provide an effective envelope. In relatively small buildings, air change rates of
16–29h-1 @50Pa were found in properties that had been previously occupied (Figure 2). In the most air permeable buildings
it was not possible to conduct a blower door test with any degree of accuracy (Figure 2, Building E, prior to the thermal
upgrade). With such a property it would not be possible to adequately heat the whole building during winter conditions.
In buildings with high air permeability, the heat loss will be significantly higher as internal/external pressure differentials
increase. Factors affecting heat exchanges could include wind speed, wind direction, exposure, height of building and
temperature difference. Leaky buildings are more likely to suffer greater heat loss when exposed to such conditions.

Figure 2

Air permeability test on existing buildings, before and after thermal upgrades

The air tests in retrofit properties are of significant
importance, especially when evaluating the impact of
an upgrade. In similar properties with similar retrofit
measures the air permeability results were surprisingly
different. Where little consideration was given to air
tightness, and the seals between the insulation and
the existing fabric, air permeability was high. In the
properties with cellars and suspended floors, the seals
between wall and floor insulations, were found to
be one of the dominant areas of air exchange. In the
properties where seals were overlooked or ineffective the
improvements in air tightness were limited (24–20m3/
(h.m2)@50Pa). In properties where due attention was
given to detail, and the workmanship ensured effective
seals, there were step changes from around ≈19 to 5m3/
(h.m2)@50Pa achieved (Figure 2). In the property that
initially could not be tested, because the enclosure
offered such an ineffective air barrier, after thermal
upgrade and sealing, the air permeability was below
5m3/(h.m2)@50Pa. The potential impact of effective air
barriers on such a property is significant.

In a more intensive study performed in an environmental
chamber, on a property with similar characteristics to
some of those reported in Figure 2, off-the-shelf retrofit
measures were exposed to an intense and phased regime
of testing. The Saint-Gobain Energy House project applied
off-the-shelf retrofit measures to a solid wall Victorian
style semi-detached property (Farmer et al ., 2015). The
most effective measure to reduce air permeability was
installation of the floor membrane and insulation. In this
building a 42% reduction was achieved where retrofit
insulation and air membranes were applied to walls and
ceilings, but with the floor membrane alone, a further
28% reduction was achieved. With final remedial sealing,
using leakage detection to identify paths, a further 16%
reduction was achieved.
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Figure 3

Air permeability using off the shelf retrofit
measures (Farmer et al ., 2015 courtesy of
Saint-Gobain and Leeds Beckett University)

Tests and forensic observation for
domestic retrofit
Sample air tightness tests are used to measure air
permeability as part of new housing built in the UK,
to demonstrate compliance with Approved Document
part L of the building regulations. The quantitative
measurement of air permeability would also be of
benefit in large scale retrofit programmes. The use of
the blower door test together with thermal surveys,
where there is a difference in the temperature between
the internal and external environment, is also useful for
qualitative assessment to identify where air exchanges
are occurring. Using thermal surveys during the heating
season when the building is depressurised, information
on the air infiltration paths into the building can be

Figure 4

obtained. The tools required to undertake such tests and
surveys, including thermal cameras and blower doors,
are becoming commonplace. Use of such tools coupled
with an appropriate level of professional competency, will
be valuable in establishing leakage paths, air exchange
mechanisms and understanding the effectiveness of
installations. Thermal surveys also indicate irregularities
in surface temperatures, provide indications of thermal
bridges, as well as identify the difference in surface
temperature between building elements. Figure 4
provides a schematic of the irregularities in junctions,
plane elements and thermal bridges that can be detected
using thermal images when buildings are depressurised.
The thermal image also shown provides an example of
cold air movement and thermal bridges at the eaves,
ceiling perimeter and around the window openings.
The air permeability tests could be used to expose
underperforming buildings, indicating buildings that
are difficult to heat. Where buildings are more difficult
to heat they could affect the health and wellbeing of
some building occupants. Those occupants within the
fuel poverty bracket may be unable to afford adequate
heating of such buildings, especially during periods
of high internal/external pressure differentials. The
air tightness work suggests that some buildings are
prone to loss of heat energy through air permeability.
It is expected that such properties would experience
considerable heat loss during periods of high winds.
Further work into the impact of air tightness is being
undertaken.

Schematic of thermal survey and when the building is depressurised: differences in surface temperatures and air
paths become apparent

The examination of the building fabric through heatflux measurement, air permeability and thermal surveys proves useful
when exploring building elements, fabric and leakage through the structure. Commensurate with such investigations is the
understanding of the thermal resistance of the whole building and how buildings resist the passage of heat when heated.

Whole Building Testing
The whole building heat loss test (Johnston et al . 2013), or co-heating test as it is commonly known, has been influential in
recognising that many dwellings were not achieving their predicted level of building fabric thermal performance. Figure 5
shows new buildings tested over an 11 year period using the co-heating test methodology. The co-heating test is a method
of measuring the aggregate heat loss (both fabric and background ventilation) from a building. Central to the analysis of the
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co-heating test data is the assumption that the energy
balance holds true, in that the total power input into
the dwelling (including solar radiation), is equivalent to
the total fabric and background ventilation heat loss.
The experimental set up for the co-heating test involves
elevating the building temperature above that of the
external temperature, using electric resistance point
heaters, holding the mean internal temperature stable
using a thermostat (in a quasi steady-state condition).
The total energy input required to hold the temperature
stable against the changing external temperature
is measured and recorded (in Watts). The heat loss
coefficient for the building can then be determined
by plotting the total daily heat input against the daily
temperature difference between the inside and outside
of the dwelling (ΔT). The heat loss coefficient is provided
by the resulting gradient, which can be corrected to
account for solar heat gains.

Achieving and Failing to Achieve
Performance
The results of the co-heating test were first used to
identify a performance gap, between the predicted
performance and that achieved when the buildings
were measured ‘as-built’ in the field (Gorse et al ., 2014;
Wingfield et al ., 2011). The work is also being used to

Figure 5

discuss acceptable tolerance, with a view to regaining
confidence in building performance (Stafford et al .,
2012a; 2012b) and addressing the possibility of closing
the gap (Bell, 2010; Johnston et al ., 2014). The results
reported here clearly show that for some buildings,
regardless of their design intent and regulatory control,
show a considerable discrepancy in the predicted and
actual performance (Figure 5). The dwellings with the
lowest Heat Loss Coefficient (HLC), shown to the right of
the graph, were built to Passivhaus standards; two of the
buildings were built using pre-fabricated timber-frame
cassettes and one using masonry cavity construction. It is
also noted that the building with no effective discrepancy
reported is a masonry cavity construction (dwelling 30)
aspiring to low energy standards (shown to the far right
of Figure 6). With dwelling 30 it was considered that the
predicted heat loss, as specified, was not as accurate
as used in other studies; a y-value of 0.03W/m2K was
used in the prediction. However, small discrepancies are
expected as currently there is no specification for over
design of thermal performance. As there is no safety
margin, acceptable tolerance allowing for ambiguity in
design information, test set up and data error has been
considered to be 10-15% for the purpose of this research.
In the few buildings with low deviation, particular
attention was given to the design and workmanship.

Whole building heat loss tests: predicted versus measured HLC
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Figure 6

Whole building heat loss tests: in order of discrepancy in performance

Table 1 Construction method: Key to X axis Figure 6
Dwelling number
1, 2, 5, 9, 18
3, 4, 7, 10, 11, 13, 14, 15
6
8, 23, 27, 29
12, 22
16
17, 20, 21, 25
19
24, 26
28
30

Construction method (brief)
Partial fill masonry
Full-fill masonry (blown)
Other - sustainable organic
material
Timber-frame SIPS panel
Thin joint masonry
Thin joint masonry (SIPS roof
and second floor walls)
Full-fill masonry (built-in)
Thin joint masonry (SIPS roof
and third floor walls)
Timber-frame
Full-fill masonry
Thin joint masonry (SIPS roof
and third floor walls)

Figure 6 shows the histogram and buildings presented
in order of discrepancy between anticipated and actual
performance. Table 1 provides brief information on the
construction method and performance achieved. It is
noted that, in this small non-random sample of dwellings,
the partial fill buildings did not perform as anticipated.
As reported earlier, where voids are allowed to connect,
it is expected that air infiltration and exfiltration will take
place and a variance in performance may occur. Based on
the initial descriptive analysis, the evidence is insufficient
to comment with authority on the construction method
and its applicability to the housing sector. However, in
the sample reported the Structurally Insulated Panels
(SIPs) panels have performed more consistently than
other methods, timber frame showed less variance than
masonry, although masonry construction was one of
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the buildings with least variance. A characteristic of SIPs
panels is that there are fewer interfaces and junctions
formed on site. If the interfaces of the panels function
and fit together they can be effectively sealed. Masonry
structures are more reliant on the skill of personnel to
fill and form all of the interfaces between bricks, blocks,
stone and other products with mortar, insulation and
sealants. The results show that it is possible to produce
high performing masonry and timber dwellings. Based
on observations made during the tests, it is noted that
where attention was given to the design, construction,
and where seals were sound, performance was more
consistent with that expected. It is also noted that the
tests conducted on the buildings have taken place over
a considerable period of time. Those buildings most
recently tested do perform better and with a closer
tolerance than those tested at the start of the research,
however, this is not without exceptions. Based on
observations, photographic evidence and assessment of
design information; it is the designers, contractors and
clients that ensure design information is available, the
design is buildable, components are assembled correctly
and good workmanship is applied that achieves the
designed standard within acceptable tolerance. Both
small builders and those building for large developments
have produced buildings within acceptable tolerance.
It is important to record that the professionals involved
in delivery of the building that were tested, in this
sample, were aware that the buildings were to be tested
and monitored. Based on this fact, it is counter intuitive
that such large variations between design and real
performance were observed. The evidence of variation
found and the problems identified are likely to occur in
the building stock.

Where the buildings perform as expected, such as
those shown on the right hand side of Figure 6, there
is greater potential for the thermal comfort and energy
levels to be more consistent and predictable throughout
a full session of heating. It is also expected that greater
variation in energy demand will be experienced with
buildings that have high air permeability and low thermal
resistance. Co-heating tests are only valid if conducted
under a certain set of environmental conditions, in
more extreme conditions the tests becomes unreliable.
The tests are generally conducted when wind speeds
are low and relatively stable to reduce uncertainty in
the results. In more extreme conditions the test may
become unreliable, especially with buildings of high
air permeability. Thus, the results reported are those
collected during stable winter (heating) conditions. It is
likely that the results for the high air permeable buildings
would be more variable during extreme conditions,
though this requires further research.

Saint-Gobain Recherché. The Saint-Gobain team used the
Quick U-value of Buildings (QUB) method (Pandraud et
al ., 2014) and the Leeds team used the co-heating test.

Reliability of the Whole Building
Tests

Standards and Build Quality

Tests have been conducted to explore the repeatability
of the co-heating test. In January 2010, a research team
from Leeds Metropolitan University (now Leeds Beckett
University) undertook a co-heating test on a 2½ storey
detached dwelling using the Whole House Heat Loss
Test Method (Miles-Shenton et al ., 2010). The test was
undertaken as part of a project designed to test the
thermal performance of prototype dwellings in-situ for
an energy efficient housing development. The Heat Loss
Coefficient (HLC) resulting from the 2010 co-heating
test, conducted in January, was 132.9 (± 1.5) W/K. In
December 2012, a different research team from the
same University undertook a co-heating test on the same
dwelling in accordance with the 2012 iteration of the Coheating Test Method (Farmer et al ., 2013; 2014; Johnston
et al ., 2012). The HLC resulting from the December
2012 co-heating test was 133.8 (± 1.9) W/K. The two
co-heating test results, obtained 35 months apart and
with different research teams, differed by <1%. An
independent sample T-test of the 24 hour solar corrected
HLCs obtained showed no statistically significant
difference (P = 0.432) between the HLCs obtained in
each test. This suggests a reasonable level of precision
(repeatability) in the co-heating test in this instance.

Cross Checking Heat Loss Tests:
Reliability and Validity
In addition to checking the repeatability of the co-heating
method on the same dwelling in the field, an opportunity
also presented itself to cross check alternative testing
methods through the Saint-Gobain Energy House project
(Farmer et al ., 2014; Weaver and Gibson, 2014). At
each of the six stages of the retrofit project, blind tests
were independently undertaken by the Leeds Beckett
University team (at Leeds Sustainability Institute), and

The unique facility offered by the environmental chamber
meant it was possible to perform each test separately
and sequentially, under the same controlled external
conditions, something which is not possible to achieve
in the field. QUB is a diagnostic method that enables
the heat loss coefficient to be calculated over one or
two nights. The Quick U-value method measures the
temperature response during a heating and free cooling
period. The level of uncertainty is estimated to be ± 15%
when performed on a single night, and declines as the
test period is extended (Pandraud, et al ., 2014). However,
the cross checking of the methods at the energy house
showed a much closer fit than was expected (Farmer et
al . 2014). The tests and the work reported have proved
reliable.

As well as having to design buildings to a high standard
in order to meet a nearly zero energy predicted
performance target, the buildings themselves must
be constructed to a high standard in order for that
performance to be realised. High thermal performance
targets can be met where construction is carried out
carefully and sufficient quality control is exercised in
order to ensure that design targets are reached. The
work reported here confirms this and supports earlier
assumptions made on smaller sample (see initial work by
Stafford et al . 2012a, 2012b). One of the main findings of
the forensic analysis undertaken is that the most common
faults occur where the integrity of the air and thermal
barriers are breached or discontinued (Gorse et al .,
2013). Thus, the connection and continuity of the thermal
envelope and the air barrier must be maintained in
design and when built. The work of Johnston et al . (2014)
highlights buildings that have achieved high standards
of energy performance in design and construction.
The work reported here used thermal surveys and
whole building heat loss tests to understand the fabric
performance. Those buildings that met their design
standard showed limited evidence of unintended bypass,
air leakage and thermal bridging. However, test results
still show a considerable discrepancy between design
intentions and ‘as built’ performance, which are seldom
accounted for by margin of error alone. It is evident that
buildings that offer effective thermal barriers will provide
more consistent and reliable behaviour. Through further
research, it will become evident how much heat energy is
required to achieve thermal comfort, then understanding
the thermal inertial and capacity will help address the
potential for energy storage.
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As energy harnessing and supply moves towards
mixed energy modes, made up of renewable, carbon
and nuclear sources, there is an increasing need to
understand and control demand. As argued and the
initial research suggests, this will only be achieved with
control and knowledge of the building stocks behaviour.
The need to have energy flexible buildings and better
integration, as part of the energy network, is recognised
(Østergaard Jensen, 2015). Furthermore, the evidence
suggests that those with better thermal resistance and
those which attain a higher level of airtightness will be
less demanding in terms of control and will experience a
lesser degree of variance in energy consumption.
As buildings become easier to control, the possibilities
of influencing the user to be more energy efficient, make
use of lower energy tariffs and be less carbon intensive
can be realised. Figure 7 provides a schematic to show
the relationship between fabric and service control, user
influence and link to more energy efficient supply.
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Kai Tak Cruise Terminal Building – A Low
Energy and Sustainable Terminal Building
James Marshall1, MIOD AA (London) BArch (RMIT)
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Muthukaruppan Ramanathan3, BEng MEng MICE MIStructE MHKIE CEng RPE
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As a response to the natural context (Figure 1), the Kai Tak Cruise Terminal Building has set a sustainable building
design target not limited to low energy consumption of the building, but in overall building sustainability
performance. The building encourages sustainable living―maximizing non-cruise related usage thereby getting
multiple uses out of a single building and promoting the use of public transport. The building provides a public
landscape park―an extensive landscape deck which covers the roof level creating urban greenery which enhances
the natural beauty of the site and contributing positively to the ecological value of the surrounding area and district.
A benefit of this extensive public park is reducing the heat island effect. The design utilizes natural ventilation for
car-parking and vehicle circulation areas, and stack driven ventilation through the central atria. As the air from car
parking areas will contain pollutants, vegetation in the atria would be used to filter the air. When pollutant levels
are too high, mechanical driven ventilation would be used. The building maximizes the use of natural light, with
both skylights and atria providing natural daylighting into internal areas. Natural lighting assists both passengers
and visitors in way finding and promotes a healthy and vibrant atmosphere while reducing the dependence on
artificial illumination. An energy efficient envelope is provided with the shape and form of the facade creating a selfshading effect which limits unwanted solar gain while maximizing natural daylight and visibility. A building integrated
photovoltaic (BIPV) system located on the roof area of the landscape deck generates 26,850kWh annually. A solar
hot water system provides all hot water needs for shower facilities in the building, and part of the pre-heat for
heating during winter. Rainwater is captured from the canopy and the landscape deck for irrigation.
Keywords: roof greenery, natural lighting, natural ventilation, passive design, energy efficient building services, precast
construction, facade treatment, district cooling, government building, port facilities
James Marshall has over 25 years international experience
in planning, design, management and delivery of complex
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and hospital design, data centres, energy generation
facilities, government and military infrastructure
including high security facilities and hospitality.
In 2013, with the inaugural first berthing, James
successfully delivered the new Cruise Terminal Building
and Ancillary Facilities at the Kai Tak Cruise Terminal
Development.
Ir. M. Ramanathan (Rama) has experience in design
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administration associated with large-scale building
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Research Assistant and has also published technical
papers and given talks at various technical forums.

Ir Chan Koon Hung Gary is a building ser vices
engineer with over 28 years experience in the building
construction industry. He has been a Registered Energy
Assessor since 2013. He has been in charge of design
and project management for a number of building
projects (including the Kai Tak Cruise Terminal Building)
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50

ZCB Journal 2015 • Volume 4

Ir. Jacky Wong leads the Building Engineering discipline
of AECOM, Hong Kong. Jacky has worked extensively
in design management, contract administration,
and in coordination of major building, railway and
infrastructure projects. Jacky’s projects in Hong Kong
include the Siu Hong and Tuen Mun Stations of West
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BIPV for Hong Kong Schools Programme (2005) and Kai
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Figure 1

Natural surroundings

Introduction
The Kai Tak Cruise Terminal Building (Figure 2) is
located at the southern tip of the former Kai Tak Airport
runway. The development covers a site area of 46,250m2.
The design and construction of the Kai Tak Cruise
Terminal Building comprise a 3 storey single tower, with
underground plant rooms and roof top, with a total
construction floor area of approximately 176,234m2. A
car park and public transport interchange are provided
within the building, with a total construction floor area of
roughly 47,855m2.
The Kai Tak Cruise Terminal Building accommodates
Customs, Immigration, Quarantine and Police (CIQP)

Figure 2

facilities, the Hong Kong Tourism Board and reserved
areas for heliport development. It also includes
supporting facilities: security screening; baggage
handling; ticketing; check-in; passenger waiting areas;
ancillary commercial area; pick-up and drop-off areas;
landscaped deck; reserved plant rooms for future
installation of on-shore power supply system; on-shore
sewage discharge facilities; tower structure and provision
of building services for radar installation for vessel traffic
service of the Marine Department; connections and
reserved connections to adjacent sites; vehicular access
outside the north-east boundary of the site; temporary
road and associated facilities for service delivery to the
Phase I Berth; and a landscaped roof accessible to the
public with ancillary facilities.

View from Victoria Harbor
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The Kai Tak Cruise Terminal Building is the first terminal
building in Hong Kong awarded BEAM Plus Provisional
Platinum rating. It is also the first terminal building
designed to achieve 26% energy reduction through
energy-efficient measures.
The wide spanning space provides flexibility for a diverse
range of non-cruise related activities inside the waiting/
check-in/security halls including art exhibitions, cat walk
shows, expos, banquets, and car shows. Cruise shipping
is generally not expected during the typhoon period

Figure 3

(May–September), and the design allows for a variety
of activities during this period and also throughout
the year to yield additional income. Recent examples
of events include the Mercedes-Benz S-Class launch, a
cruise holiday expo, MV Logos Hope Floating book fair,
Hennessy VSOP electrosonic party and the Audi A3 launch
(Figure 3). It is expected that the building will hold more
such events when urban redevelopment of the Kai Tak
area is also completed. This provides more ‘add-on’ value
to the building.

Multifunctional spaces

Integrated Design Approach
Architects and structural engineers worked closely together to arrive at an efficient column grid and building layout that fulfill
the functions of the building. Innovative structural details such as curved beam, ‘water-drop’ beam and long span structure were
adopted as a result of detailed interactive studies and structural analysis (Figure 10).
The main box beams create a clear 12m by 2.5m space spanning transversely across the building to provide an integrated
service corridor and houses major utilities. The energy efficient Mechanical, Electrical and Plumbing (MEP) design was
coordinated to satisfy the architectural and structural requirements.
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Figure 4

Sustainable design strategies

Sustainable design features integrated into the terminal building as part of the overall energy reduction strategy include a
photovoltaic system, a rainwater recycling system for irrigation, service on demand controls for escalators and passenger
conveyors, carbon dioxide (CO2) sensors, a building energy management system, a lighting control system with occupancy
sensors, indoor daylight sensors, and external photo sensors (Figure 4).

Sustainable Features
Curved Façade with Self Shading
Building Envelope Design
A green roof was adopted to minimize the heat island
effect, to serve as good thermal insulation and for visual
comfort. The curved facades of the building are equipped
with blinds for glare control and low-e double glazing
to reduce solar heat gain, maintain good daylight, and
access to views.

Figure 6

Figure 5

The glazing is conical and triangulated in
shape. The wide base of the glazing allows
maximum visibility for passengers with the
top portion pointed to limit overall solar
heat gain

A part of the façade is wrapped around
to form a generous overhang providing
shading to visitors on the landscape deck
ZCB Journal 2015 • Volume 4

53

Zero Carbon Building Journal
Units (AHUs) were completed with a total energy
recovery wheel. The central exhaust of the building can
be recovered to preheat or pre-cool the incoming fresh
air. All PAUs and AHUs can adjust the outdoor air flow
with the CO2 monitoring and control system. This enables
energy savings in both the ventilation fan system and
fresh air condition treatment. A large open space on
2/F (e.g. waiting area) was provided with multiple AHUs
to well demarcated areas to allow individual and zone
control.

Figure 7

Elements of the building envelope were
carefully selected to attain an Overall
T h e r m a l Tr a n s fe r Va l u e ( OT T V ) n o t
exceeding 18W/m2, therefore, heat transfer
through the building envelope is kept to a
minimum

Renewable Energy
A PV system with 102 mono-crystalline panels is provided
for the Kai Tak Cruise Terminal Building. A computer
programme ‘PVSYST ver 5.12’ was used to estimate the
annual energy output. The simulated results indicated
that the designed PV system would provide a total annual
energy output of approximately 26,850kWh.
For water heating, a solar hot water system with an
annual heating capacity of 35,700kWh was installed. 15
solar panels of evacuated tube type are positioned on
the flat roof of the first floor facing south. Also, 30 solar
powered LED bollard lights were installed at the roof
landscape area.

High Energy Efficiency Building
Services System Design
The air-conditioned space and rooms in the Kai Tak
Cruise Terminal Building are served by the Kai Tak District
Cooling System (DCS). Four DCS sub-stations are provided
for building operations including Berth 1 Terminal
(TB1). Berth 2 Terminal (TB2) accommodates Customs,
Immigration, Quarantine and Police (CIQP), commercial
and other areas (COM). The DCS is a centralized cooling
system which supplies chilled water, via underground
chilled water pipe network, to the air-conditioning system
for cooling spaces inside the building.
The centralized air conditioning plant, including chilled
water pumps, DCS sub-station, and heating water plant
are located below ground. Compared with a traditional
air conditioning system, with a air cooled/water cooled
chiller plant system, the designed system frees the roof
space (1450m²) for urban greenery.
Water-to-water heat pumps were installed to provide
heated water supply for space heating/pre-heating and
re-heating for dehumidification in an energy efficient
manner. All Primary Air Units (PAUs) and Air Handling
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A lighting control system (LCS) consisting of a computer
based, fully digital and distributed communication bus
network is provided for complete control, monitoring
and configuration of indoor and outdoor lighting. Indoor
daylight sensors were installed for independent control
of lighting at perimeter zones close to windows/glazing.
Occupancy sensors are provided in offices, staff toilets,
pantries, changing rooms and conference rooms, in
order that lighting will be switched off when there is no
activity. External photo sensors were also installed to
control landscape and external lighting. Lighting circuits
were divided into zones for the large open area and zone
control was designed to allow partial switching on/off of
lighting. T5 fluorescent lamps were adopted for general
office lighting while LED lightings were installed at BOH
toilets, changing rooms and lift cars. Exit signs and
directional signs are also illuminated using LED lamps.
Solar-powered LED bollard lights and in-ground LED uplights were installed in the landscape area.

Energy Reduction
A numerical simulation approach by using ‘eQUEST ver
3.64’ compared the terminal building with the baseline
model stipulated in the Hong Kong Beam Society ’ s
Building Environmental Assessment Method for New
Buildings and relevant codes of practice issued by the
Buildings Department and the Electrical and Mechanical
Services Department. The simulated results indicated
that the designed building could reduce annual energy
consumption by 26%.

Water Savings
Low flow faucets and faucets with infra-red sensors
were installed to reduce fresh water consumption.
Using different computer generated models for water
consumption in pantries, showers, and for restroom
faucets, and comparing them with the overall baseline
requirement, a saving of up to 32% is expected.

Rainwater Harvesting
Rainwater harvesting system is provided to store and
reuse rainwater and condensation water produced from
the air conditioning system for irrigation. The total water
storage capacity can sustain water demand up to 14 days
for all landscape areas of the Cruise Terminal Building.
The system can save fresh water use by 5.1% on an
annual basis.

Soft Landscaping for Positive Ecological Impact

Figure 8

Landscape deck

The overall landscape design integrates the Cruise
Terminal Building by exploiting and accentuating its
visual setting and orientation within the greater Kai
Tak redevelopment. The land immediately adjacent to
the Kai Tak Cruise Terminal Building is surrounded by
meticulously planned mixed use landmarks, but this
prominent part of the site―end of the former runway,
is dedicated to public enjoyment. The terminal building
provides an elevated landscape, which transports
pedestrians from the waterfront promenade to the
landscape decks, and further dispenses them into the
neighboring tourism hub and runway park (Figure 8).
It is an open recreational space with facilities for
activities such as family picnics, outdoor cinema, outdoor
dining, fashion shows, and many others. The proposed
landscape design accommodates diverse attractions
for tourists, residents and the general public. The
landscaped deck has over 30% softscape area, 50% green
area and provides positive ecological value.

Microclimate around the Building
In accordance with the available wind data, the Kai Tak
area relies heavily on easterly and south-easterly winds
for ventilation during most of the year. Therefore, any
blockage to these prevailing winds should be avoided as
far as possible.

Figure 9

Wind velocity ratio contour (south-easterly
winds)

Although the Kai Tak Cruise Terminal Building has a
large footprint, the long side of the building aligns
with prevailing south-easterly winds. This enhances
air ventilation to the commercial area located on the
northwest. It also minimizes wind blockage. For the
southwest quadrant, the impacts of wind blockage is not
significant due to the short height and streamlined
structural profile of the building.

Large Span Structural Design
The typical 42m wide column-free layout ― a unique
feature of this project, maximizes flexibility in the use of
space. However, this was a challenge (Figure 10), as the
whole project was designed and built in 36 months. The
large span was made possible, by maximizing the use
of pre-casting and post-tensioning, and by introducing
innovative bridge construction methods. Precast
construction was successfully applied in the construction
which effectively minimized resource use and reduced
environmental impacts.
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Figure 10 Cross section

Precast Construction
The structural framing of the three floors is made of a series of bridge like post-tensioned primary box beams spaced at
48m, spanning 44.7m between the columns with cantilever up to 12.5m. The primary box beams of the first and second
floor span 31.5m, supported with a ‘water-drop’ design―precast post-tensioned secondary beams spaced at 5.6m with a
precast slab. For the top floor, which supports the heavy landscaped deck, the structural framing used in the lower floors
was not adequate. Hence four partially precast post-tensioned secondary box beams were integrated with the primary box
beams, which in turn support the specially designed curvilinear precast tertiary beams, with precast planks and an insitu
cast topping. Precast construction was used for up to 65% of the floor area. Wet trade work and temporary false works were
therefore reduced.
Construction waste was also reduced. The construction site was by far much cleaner and dryer than standard construction
sites. To further reduce the carbon footprint, fabrication yards were located on the site adjacent to the construction area.
The quality of the structural elements was also improved as precast works were carried out in a controlled and monitored
environment (Figure 11).

Figure 11 Pre-cast construction with on-site fabrication yard
Precast construction also significantly reduced the risks associated with falls from height above ground, extreme weather,
site hygiene and adverse working conditions. As such, site safety was improved and the number of laborers required for site
activities was also reduced.

Indoor Air Quality (IAQ)
Indoor air quality―excellent class was achieved through the application of different design features including:- (1) sufficient
fresh air supply to dilute CO2 exhaled by occupants; (2) provision of high efficiency filters to remove particulates; (3)
provision of ultraviolet lights to sterilize supply air; and (4) provision of activated oxygen air purifier.
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Skylights with Atria
The roof was designed with elevated skylights with atria
to allow penetration of natural sunlight to all floors
(Figure 12). Together with the curved façade with large
windows, the interiors are open to views of the sky.
These features reduce the need for artificial lighting and
save energy. The atria also facilitates the stack effect―
bringing in cool air from the surroundings and forcing the
hot air out through the skylight at the roof. This reduces
the energy required for air conditioning.

Figure 12

Skylight with atria

Making Full Use of the
Existing Runway
The Kai Tak Cruise Terminal Building was built on top of
the old runway hence minimal reclamation was required.
This preserved the beauty of the harbor in its existing
condition. With only a slight revision to the existing
seawall and an extended deck, the berth for two world
class vessels to park was formed (Figure 13).

Figure 13

•

Provision of visual access to external views and
outdoor green spaces and visual privacy from the
exterior;

•

No light pollution from exterior lighting;

•

An energy reduction estimated at 26% better than
the Building Energy Code 2007

•

Use of AHUs and PAUs with direct fresh air intake
and equipped with heat wheels for reclamation of
heat energy from exhaust air;

•

Minimizing energy consumption through the use
of LED type exit signs and feature lights;

•

Service-on-demand control for escalators (on-off
control);

•

Energy savings and reduction in greenhouse gas
emissions through the use of renewable energy,
including PV and solar heating;

•

Minimizing impact to the heritage of the site and
building and reuse of the existing runway;

•

Reduced reliance on electrical lighting and
maximal use of daylight for ambient lighting
requirements;

•

High performance building envelope through
consideration of sun shading, insulation, glazing,
acoustics and automatic solar blinds;

•

Use of a District Cooling System;

•

Energy efficiency measures with a payback period
of less than 9 years;

•

Excellent Class IAQ for all office areas and public
assembly spaces;

•

BEAM Plus Platinum grade (provisional
assessment);

•

32% annual savings in water consumption using
water saving devices; and

•

Construction waste minimization, and wet trade
work and temporary false-works reduced, through
the use of both on-site and off-site precasting and
post-tensioning, with more than 65% of the floor
area constructed with precast elements.

Berths for two world class vessels
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The new Trade and Industry Tower on the site of the former Kai Tak airport was developed with ‘integrated
sustainability’ at the core, thus architectural and engineering knowledge were used to provide a building which is
truly sustainable.
The sustainable nature of the building is showcased with extensive greenery which covers over 30% of the site
area. A green ‘ribbon ’ which wraps around the main office tower becomes a focal point, whilst the green roof
covering the community hall, serves to insulate the building from solar gains, reducing the energy required for air
conditioning.
To reduce resource consumption in the construction of the building, a lifecycle analysis approach was adopted
whereby decisions were assessed on their carbon intensity. In operation, the building will consume less energy
and water than a equivalent baseline building and shall also produce less waste. To accomplish these goals a
number of approaches were integrated, including high performance facade materials with glazing and shading
devices for solar control on all elevations whilst allowing abundant natural daylighting. Two solar chimneys use
the buoyancy effect of warm air to naturally ventilate the car park and community hall, maintaining high air
quality, whilst reducing energy consumption. Rainwater is captured and recycled for irrigation. An Automatic
Refuse Collection System (ARCS) allows the sorting of materials for recycling at source, reducing the amount
of waste sent to landfill. Renewable energy is incorporated in the form of Photovoltaic (PV) panels, generating
around 46,970kWh of clean energy. Solar hot water panels provide all the hot water demand of the building and
regenerative lifts recover energy from braking to provide clean energy to the lifts.
The approaches outlined above have led to a successful project which is certified LEED® Platinum and BEAM Plus
(Provisional Platinum), and which has been awarded the 2014 Grand Award by the Hong Kong Green Building
Council for the efforts of the team.
Keywords: sustainability, lifecycle carbon assessment, energy efficiency, renewable energy, waste management.
Mr. Cameron is a senior consultant and team leader
within the building sustainability group of Arup Hong
Kong, with over 12 years of experience in delivering
high performance and low carbon building design across
the UK, Europe and East Asia. The principle focus of Mr.
Cameron’s current work is the design and operation
of high performance high rise buildings, and the
development of distributed energy systems, including
micro energy grids.

Introduction
The new Trade and Industry Tower, Kai Tak (TITKT) is
the first development to be completed on the site of
the old Kai Tak Airport concourse and will serve as the
headquarters for the Trade and Industry department
which will relocate from their existing offices in Mong
Kok. TITKT comprises of a 20-storey tower containing a
double height entrance lobby, post office and offices,
linked to a single storey community hall. All facilities
are connected underground via a single level basement
carpark.
In response to the need to develop sustainable
buildings in Hong Kong, the project has been designed
and constructed as an exemplar in sustainable design
for government facilities. It was driven by the design
direction of the Architectural Services Department
(ASD) with Design and Build by Dragages Hong Kong,
and supported by Wong Tung, Arup, Urbis and Professor
Stephen Lau and Joyce Tai for architectural, engineering,
landscape, BEAM Plus and LEED consultancy respectively.
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The building was designed to achieve and exceed
standards required for both BEAM Plus (Provisional
platinum rating) and LEED (Platinum). The efforts of the
project team were recently rewarded, with the Grand
Award at the Hong Kong Green building Council (HKGBC)
Green Building Awards (GBA) 2014, under ‘Building under
Construction’ in the New Building category.
The building is located to the north of the area, adjacent
to Prince Edward Road East (Figure 1), providing good
connectivity to local public transport, reducing the
reliance on private cars for transportation (Figure 2).

Figure 3

The completed building with community
hall (foreground) and main tower

Lifecycle Carbon
Assessment Approach
The engineering of TITKT was developed to minimize the
amount of materials used in construction and to reduce
the life cycle cost.
Different options of various material combinations were
explored during the design stage. For example, two
options were assessed using a lower grade of concrete
(C45) with either a larger column cross sectional area or
a higher steel ratio. It was discovered that the current
approach using C60 grade concrete, represent respective
savings of over 19% and 38% against the two alternatives.
This can be seen in Table 1, Figure 4 and Figure 5.
Table 1 Lifecycle carbon assessment considerations
Figure 1

Current Case
Column Size:
1000mm(B) x
1500mm(D)

Alternative
Option1
Column Size:
1200mm(B) x
1650mm(D)

Alternative
Option2
Column Size:
1000mm(B) x
1500mm(D)

Concrete Grade:
C60D

Concrete Grade:
C45D

Concrete Grade:
C45D

Steel Grade: 460

Steel Grade: 460

Steel Grade: 460

Reinforcement
Provided: 14T40
+ 16T25

Reinforcement
Provided: 16T40
+ 16T32

Reinforcement
Provided: 32T40
+ 14T32

TITKT location on site

Section Area:
Section Area:
Section Area:
1,500,000mm²
1,840,000mm²
1,500,000mm²
Reinforcement
Reinforcement
Reinforcement
Area: 25,440mm² Area: 32,960mm² Area: 51,448mm²
(3.4%)
(1.8%)
(1.8%)
Figure 2

Floor plate key plan

To combat the urban heat island effect, and create a
visual connection with sustainability, the site is provided
with extensive greenery totaling over 30% of the total
site area. A key feature of TITKT is the ‘ribbon’ of vertical
greenery wrapping around the building as shown in
Figure 3.
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Figure 4

Lifecycle carbon assessment results

Figure 5

Whole building lift cycle costing analysis

Designed for Energy Efficiency and Low Carbon Operation
With a focus on carbon emissions from the operation of building systems, TITKT was designed to reduce energy consumption
by 35.5% relative to the Building Energy Code (BEC) 2007 baseline, as shown in Table 2.
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Table 2

Reference and designed building energy
consumption simulation comparison

Category
Lights
Equipment
Space Heating
Space Cooling
Heat Rejection
Pumps
Vent Fans
Domestic Hot Water
Lifts & Exterior Lighting
Energy Sub-Total
Solar hot water
PV panel
Solar Chimney Carpark
Solar Chimney Community Hall
Condensate Recovery
Energy Saving Sub-Total
Total Energy
Consumption
(Credit EU1)

Annual Energy Consumption
(kWh)
Reference
Designed
Building
Building
3,531,365
1,332,456
3,135,127
3,135,127
9,336
32,148
2,187,327
1,822,016
88,998
1,331,482
336,031
1,797,555
1,182,436
31,006
31,039
14,375
14,375
12,126,571
7,885,628
N/A
-46,970
N/A
-2,808
N/A

-6,205

N/A
N/A
12,126,571
% Energy
Reduction

-851
-4,303
-61,137
7,824,491
35.5 %

The features adopted include:
•

•

High performance facade material – the façade
has a Solar Coefficient (SC) value of 0.26. The
glazing was selected to maximize the amount
of natural daylight penetration into the building
whilst reducing solar heat gain.
Solar shading – shading has been provided to all
facades, to reduce solar heat gain, and to reduce
glare from low angle sun to the north facade
(Figure 6 and Figure 7).

Figure 6

Figure 7

Application of sunshades to reduce heat
gain and glare

•

Improved specific fan powers for all air handling
units (AHUs) – this is achieved by reducing
external static pressure with careful attention to
the pressure drop in ductwork.

•

Free cooling – incorporated for all AHUs located
on each of the office floors. When external
conditions allow, free cooling rather than air
conditioning, would be utilized.

•

Connection to the Kai Tak District Cooling System
(DCS) – this connection provides the building
with a low carbon supply of chilled water for airconditioning. The DCS is over 20% more efficient
than a conventional air conditioning system
using cooling towers. Connecting to the DCS also
eliminated the need to provide the space required
for conventional system equipment such as
cooling towers and freed more roof space for the
photovoltaic panel installation.

•

Solar chimneys - these use solar energy to
heat the air inside the 2 chimneys serving the
community hall and basement car park. The air
becomes buoyant creating an upward stack effect,
entraining air in the low zones into the chimney
to be extracted from the space. This reduces the
load on air conditioning and ventilation required
for the community hall and car park as shown in
Table 3, Figures 8, 9, 10 and 11.

Close up of the vertical sunshades
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Table 3

Savings associated with solar chimneys
Car Park

Community
Hall

Peak air change rate

1.32

5.11

ACH-1

Aiflow rate (Qi)

8.04

0.89

m3/s

Displaced fan power
from extract fan

8.9

3.64

kW

851

kWh

% bright sunshine*

42%

Hours of bright
sunshine

771

Total Energy saved

6,205

Total Combined
Energy Saved

Figure 8

7,056

kWh

Figure 10

Diagram showing the mechanism of the
solar chimney

Figure 11

Computational fluid dynamics diagram
showing the induced air flow in the
carpark

Solar chimney in the basement carpark

TITKT also integrated numerous features to reduce
the reliance on artificial lighting, which is one of the
largest consumers of energy in buildings in Hong Kong,
consuming around 27% of building energy (HKGBC, 2012).
The features include:
•

Figure 9
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Solar chimney in the community hall foyer
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Light pipes - 6 sun tracking light pipes, 27 fixed
type light pipes, and 3 anidolic light pipes which
transport daylight horizontally deep into spaces
on the ground floor as shown in Figures 12, 13
and 14.

Figure 12

Solar tracking light pipes maximise
sunlight collection by use of automatic
solar tracking devices

•

Use of task lighting in office areas – task lighting
reduces background lighting levels to 300 Lux
supplemented, resulting in a Lighting Power
Density (LPD) of 8.5W/m2.

•

Occupancy and daylight sensors – these sensors
are provided extensively throughout the building
to reduce the amount of energy wasted in lighting
un-occupied spaces or those with adequate
daylight above 300 Lux.

Incorporation of Renewable
Energy
TITKT adopted 3 forms of renewable energy, which when
combined provide for over 0.5% of total building energy
consumption. These include:
•

A p h o to vo l ta i c ( P V ) sy ste m a n d b u i l d i n g
integrated photovoltaics (BIPV) – both are
utilized to produce over 40kW of power to offset
the amount of electricity provided to the building
from the local grid. Panels were installed along
the pedestrian walkway, on entrance canopies,
and on the roof of the building. Table 4 shows
estimates of energy generation, with over
46MWh/year expected, accounting for historical
H o n g Ko n g we at h e r co n d i t i o n s . F i g u re 15
illustrates the PV array on the roof.

Table 4
Figure 13

Solar PV forecast output

Anidolic light in the façade for building
management office

Area of
panels
(m2)

Total
Output
(kW)

Efficiency
(%)

Total
Annual
Output
(kWh)

Main
building roof

264

26

9.80%

30,455

BIPV –
Covered
Walkway

148

12

8.12%

12,010

BIPV - Main
Entrance
Canopy

74

6

8.12%

4,505

Total

486

44

-

46,970

Location

Figure 14

Sunpipes transmit sunlight from the roof
of the community hall (left) through
reflective internal surfaces to the multipurpose hall
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Figure 15
•

•

Solar PV Array on at Roof Level

Solar hot water panels - more than 11m2 of solar
hot water panels provide heating for hot water
for showers located in the basement of TITKT. A
water-to-water heat pump is provided to boost
the hot water temperature when required. This
approach could result in an energy saving of
11.7kWh or 25% saving in energy compared to
traditional electric water heaters.
Lift regenerative power is provided to all 18
lifts in the building – Lift travel requires a power
supply. The lift motor is driven by the load and
braking is necessary to prevent free fall. The
energy generated from braking mode is called
regenerative energy. Instead of ‘ dumping ’ the
regenerative energy, a regenerating lift system is
equipped with a regenerative converter to provide
a feedback path for this regenerative power back
to the building supply. This regenerative power is
then consumed by other loads in the building.

Waste Management
Strategy
To increase waste recycling , TITKT integrated an
automatic refuse collection system (ARCS). The system
sorts waste at the source and transports waste via
vacuum tubes to the storage facility in the basement.
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Ensuring Operational
Performance
A key factor in the delivery of zero carbon or low carbon
buildings is the need to ensure that complex building
systems operate as intended when the building is
fully operational. To this end, following construction
completion, a series of energy audits will be conducted
with the objective of optimizing building energy
consumption to reflect the anticipated consumption at
the design stage.
Project Team
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Congratulations to the CIC Innovation Award 2015 Winners!
The awardees of the CIC Innovation Award 2015 were announced at the Award Presentation
Ceremony at the Government House on 15 December 2015.

International Grand Prize

Local Grand Prize

Bendable Concrete
Victor LI, E.B. Wylie Collegiate Chair Professor of
Civil and Environmental Engineering Professor of
Materials Science and Engineering, University of
Michigan,
Ann Arbor, USA

Anti-heat Stress Clothing for Construction
Workers in Hot and Humid Weather
Albert CHAN, Head of Department & Chair
Professor, Department of Building and Real Estate,
The Hong Kong Polytechnic University
Francis WONG, Academic Discipline Leader,
Research Centre Director, The Hong Kong
Polytechnic University
LI Yi, Professor and Director of Textile
Bioengineering Research Center, The Hong Kong
Polytechnic University
Del P. WONG, Associate Professor & Program
Leader, Technological and Higher Education Institute
of Hong Kong

First Prize of Local Industry Practitioners
Mechanized Construction
James Edward Ted LAWTON, Engineering
Development Manager, Gammon Construction Ltd.
Alex FUNG, Principle Engineer, Gammon
Construction Ltd.

Second Prize of Local Industry Practitioners
Development of City Air Purification System
David NG, Director, Sino Green in Hong Kong Limited
Daryl NG, Director, Sino Green in Hong Kong Limited
Vincent CHENG, Director, Ove Arup & Partners HK Ltd.
Jimmy TONG, Associate, Ove Arup & Partners HK Ltd.

Young Innovator for Local Industry
Practitioners
Innovative Use of Polymer Solutions for the
Construction of Diaphragm Walls
Carlos LAM, Geotechnical Engineer, Civil Engineeing
and Development Department, HKSAR

Young Innovator for Local Academia
i-Core: Giving Construction a "Heart"
NIU Yuhan, PhD Student, The University of Hong
Kong
LIU Diandian, Mphil Student, The University of Hong
Kong
CHEN Ke, PhD Student, The University of Hong
Kong
YE Meng, PhD Student, The University of Hong
Kong
Owner: LU Weisheng, Assistant Professor, The
University of Hong Kong
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First Prize of Local Academia
Z-Panel System - Lightweight Prefabrication
LAU Hing-ching, Research Assistant, School of
Architecture, The Chinese University of Hong Kong
ZHU Jingxiang, Associate Professor, School of
Architecture, The Chinese University of Hong Kong
XIA Heng, Research Assistant, School of
Architecture, The Chinese University of Hong Kong

Second Prize of Local Academia
Carbon Neutral Construction Products
Manufactured with Cement and Concrete Wastes
POON Chi-sun, Chair Professor, The Hong Kong
Polytechnic University
Herbert ZHENG, General Manager, Concrete
Services, Gammon Construction Ltd.
XUAN Dongxing, Research Fellow, The Hong Kong
Polytechnic University
ZHAN Baojian, Research Associate, The Hong Kong
Polytechnic University

Details are available on:
婚ガ媲㿶妤
www.cic.hk/cicinnovationaward2015
Tel: (852) 2100 9038
Fax: (852) 2100 9090
E-mail: innoaward@cic.hk
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