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Foreword
Five years ago, the launch of the Zero Energy Building (ZEB) placed the Building
and Construction Authority (BCA) on the research and development (R&D) map for
pioneering this initiative at the Singapore Green Building Week in 2009. Since then,
ZEB has been continuing to operate at net zero.
As of 15 July 2014, ZEB accumulated a net surplus of 55 MWh of electricity, enough
to power 144 flats of about 100 square metres for a month. This is quite a feat, since
we had to cope with a substantial increase in the number of occupants and the
hours of operation from 2012 to 2013.
R&D is a key component of BCA’s Green Building Masterplans, both in capability
development and in carrying out innovations. When we undertook this project jointly
with the National University of Singapore (NUS), the vision was to create a living
demonstration platform for the study of energy-efficient buildings and technologies, as well as an educational hub for
students and practitioners in this field.
Since its opening, some 23,000 visitors including building professionals, policy makers, academia, industry, researchers
and students have visited ZEB. I am happy to note that the interest to visit and learn from ZEB remains strong, with many
travelling all the way from Europe, the Far East and the Americas. We are also maintaining the ZEB up-to-date with a
sustained flow of new test-beds of different green building technologies.
This project would not have been possible without the valuable contributions from the funding agencies Ministry of
National Development and Economic Development Board; the researchers from NUS; consultants from DP
Architects, Beca Carter, and Langdon & Seah; the main contractor ACP Construction; the solar integrator
Grenzone; and the operation team.
The experience in developing and operating ZEB have been documented by the BCA Centre for Sustainable Buildings
(BCA CSB) in this second publication Leading the Way to Net Zero, 2009-2014: Inside SE Asia’s First Retrofitted Zero
Energy Building, following from its first publication released in 2013, Using Less, Getting More: An Overview of Building
Energy Efficiency Initiatives in SE Asia Region.
BCA CSB’s key goal is to help raise awareness and to facilitate knowledge transfer. We hope that this publication will be
a useful and valuable reference for all stakeholders in Singapore as well as in the region. Let us all do our utmost to push
the boundaries of building performance to create a better and greener built environment for all.

Dr John Keung
Chairman
BCA Centre for Sustainable Buildings
Chief Executive Officer
Building and Construction Authority

Foreword
Back in 2007, the National University of Singapore (NUS) joined forces with the
Building and Construction Authority (BCA) to develop Singapore’s first ever netzero energy building, the Zero Energy Building (ZEB) at the BCA Academy.
Intertwining sustainability and education, the building offers an opportunity for
researchers and students alike to experience the sustainable solutions used
within. Opened for new test-beds, the building also provides a platform for those
who wish to further their understanding in the area of sustainable buildings, and
gain valuable hands-on experience with new building technologies to enhance
their academic interests.
A sustainable building is not realised by simply bringing together all state-of-theart technologies under one roof. Neither should one be led to believe that, upon
its completion, the building can then run of its own accord and remain permanently “sustainable”. It is a complex
process that involves the commitment of many stakeholders, encompassing all stages of a building’s lifecycle. As
such, I am pleased that the BCA Centre for Sustainable Buildings (BCA CSB) initiated to document the story of ZEB,
to demonstrate what it takes to develop a net-zero energy building in the tropics, and to share with everyone the ups
and downs inherent in ambitious sustainable building projects.
I am happy to see the Centre’s commitment to raising visibility to and sharing knowledge of sustainable buildings
to partners in the region and beyond, and I look forward to more of such publications from the Centre. I also look
forward to greater collaborations with BCA CSB to address pressing issues of the industry in order to make ours a
quality urban environment.

Professor Heng Chye Kiang
Dean
School of Design and Environment
National University of Singapore
Director
BCA Centre for Sustainable Buildings
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Introduction

A living laboratory for green building technologies

Project name: Zero Energy Building @ BCA Academy
Location: 200 Braddell Road, Singapore
Completion date: October 2009
Gross floor area: 4,500 square metres
Owner: Building and Construction Authority of Singapore
Principal Investigator for green building technologies: National University of Singapore
Architect: DP Architects Pte Ltd
Project manager: Beca Carter Hollings & Ferner (S.E. Asia) Pte Ltd
Mechanical & electrical engineer: Beca Carter Hollings & Ferner (S.E. Asia) Pte Ltd
Civil & structural engineer: Beca Carter Hollings & Ferner (S.E. Asia) Pte Ltd
Quantity surveyor: Davis Langdon & Seah Singapore Pte Ltd
Main contractor: ACP Construction Pte Ltd
Photovoltaic contractor: Grenzone Pte Ltd

It is believed that the first form of shelter was built
more than 500,000 years ago. Since then, buildings
have evolved tremendously over the years from simple
dwellings that provide shelter to one that is functional,
sustainable and aspirational, reflecting the changing
needs of society.
Today, with a deeper knowledge and understanding
of the amount of resources buildings consume and
the resulting impact on the environment, the built
environment sector is aware that traditional methods
of constructing and operating a building should be
replaced with one that is sustainable or “green”. Hence,
“green” is now an essential requirement for a building.
Research and development (R&D) is a key component
of Singapore’s Building and Construction Authority’s
(BCA) Green Building Masterplans, both in capability
development and in carrying out innovations. This
manifested in a flagship R&D project undertaken jointly
with the National University of Singapore (NUS) to
transform an existing building in the BCA Academy into
Southeast Asia’s first net zero energy building – the Zero
Energy Building (ZEB).
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The project was funded by BCA, the Ministry of
National Development (MND) Research Fund, and
the Economic Development Board’s Clean Energy
Research Programme. The vision was to create a
living demonstration platform for the study of energyefficient buildings and technologies, as well as an
educational hub for students and practitioners in this
field. Technologies used in ZEB as well as those being
test-bedded have potential applications for many of
the existing buildings that strive to achieve Green
Mark certification.
Being an existing building, there were aspects of the
original structure that could not be altered to garner
the full potential in terms of energy efficiency. However,
despite the limitations, the building was successfully
retrofitted to become not just low energy, but net zero
energy. This publication takes readers through the
journey of the development and operation of ZEB. The
lessons learned and knowledge gained through this
experience are shared within this publication with the
aim of providing a useful reference for those embarking
on similar sustainable building projects.

Quotes from participating teams
Beca Carter Hollings & Ferner (S.E Asia) Pte Ltd was the M&E Consultant, C&S
Consultant, Project Manager and Green Mark Consultant for the project.
— Ms Irene Yong
Director
Building Services
Beca Carter Hollings & Ferner (S.E Asia) Pte Ltd

My earliest involvement with this project was in 2005 when BCA arranged
with NUS to have a number of overseas academics together with local experts,
provide their insights into the use of energy sustainable designs involving the use
of light shelves, light ducts, photovoltaic panels and alternative air conditioning
systems combining the use of chilled beams and ceiling/under-floor cooling. ……
our firm were the original architect.
— Mr Arthur Loh
Consultant
DP Architects Pte Ltd

[I was the] Researcher and Principal Investigator from NUS of MND research
project on Advanced Daylighting and Building Integrated Photovoltaics.
— Professor Stephen Wittkopf
Professor, Head of Competence Centre Envelopes and Solar Energy
Lucerne School of Engineering and Architecture
Lucerne University of Applied Sciences and Arts

I was the Principal Investigator for the research project called “Future Green
School of ZEB@BCA” funded by MND Research Fund. The research looked into
developing a prototype of future school in the tropics, and implementing passive
cooling and daylighting strategies.
— Professor Wong Nyuk Hien
Professor
Department of Building, School of Design and Environment
National University of Singapore

I was a research assistant to Professor Wong Nyuk Hien under the research
project of “Future Green School of ZEB@BCA”. ...… I joined the project since construction
phase and had assisted in supervising the construction, operation and maintenance
of the related green features as well as data collection and analysis for study.
— Ms Erna Tan
Research Assistant
Department of Building, School of Design and Environment
National University of Singapore

ZerO is the goal

Workshop being conducted in ZEB’s multi-purpose room

With conventional energy resources being depleted
at an alarming rate globally, the search for means to
conserve and renew energy has become increasingly
urgent. As buildings are collectively one of the bigger
consumers of energy, the spotlight has fallen on them
and on improving the way they use energy.
With the launch of BCA’s very own ZEB in October
2009, there is little reason to doubt that the idea of zero
energy building can be realised. What was originally
a three-storey workshop sitting on BCA Academy
grounds was radically transformed to become a ZEB
that houses classrooms, offices, a library, a multipurpose hall, as well as a visitor centre.
Zero energy in the context of buildings simply means
that they become fully energy self-sufficient. In other
words, the building is able to generate all of the
energy it needs to use or even more. For a country like
Singapore that is scarce in energy sources and devoid

of other natural resources, the success of a building in
achieving zero energy is exciting and has tremendous
implications for energy usage in all kinds of buildings.

Accolades
Standing proudly as an epitome of energy
efficiency, ZEB has earned the distinction of being
the first building in Singapore and Southeast
Asia successfully retrofitted with green building
technologies and achieving net zero energy. The
success of ZEB has been recognised with the
following awards:
Year 2009
• Singapore Green Mark Platinum Award
Year 2010

• Ministry of National Development Minister’s
Team Award

• Building Construction Information
Green Design Award

• Institution of Engineers Singapore
Prestigious Engineering Achievement Award
Year 2011

• Minister for National Development’s R&D
Award (Distinguished)

To ensure the entire project got off on the right foot,
the design approach was carefully
considered. The traditional approach
The experience of the project
sees specialists working separately
team chosen for such a project is
in their own respective areas.
very important.
Such compartmentalisation would
not serve this unique project well.
— Ms Irene Yong
Hence, an integrated approach
Beca Carter Hollings & Ferner (S.E Asia) Pte Ltd
was adopted. All key stakeholders
worked together throughout the
different phases of the project to set
Coordination and
goals and ensure the building meets
communication among different
key parameters such as efficiency,
parties (e.g. consultants, contractor,
environmental sustainability, and
end-users and researchers) are
aesthetics. Sharing of experiences,
important to ensure a
knowledge
and
expertise
is
successful project.
encouraged all the way to ensure
that the goals were fully achieved
— Ms Erna Tan
(Centre for Sustainable Buildings
National
University
of Singapore
and Construction, 2010a).

Traditional planning and design approach

Integrated design approach

Involvement of the project members is limited to
their trade and specialisation.

Project members are included right from the start of
the project to draw inputs that will help to shape the
design and planning process.

Project gets more intensive as it progresses.
Less time is spent at the early stages.

Project starts off intensively with time spent on
meetings, charrettes and discussions.

Decisions are made typically by a few stakeholders,
such as owners, architects and contractors.

Decisions are made by the entire team.
Brainstorming sessions, research and iterative
discussions are held amongst as many stakeholders
as possible before decisions are made.

A linear process is adopted.

A whole system thinking approach is adopted.

The focus is to reduce up-front capital costs.

The project team aims towards reducing long-term
operation and maintenance costs by using highly
efficient systems.

Systems are considered in isolation and often result
in over-designing or over-sizing.

Total building performance is used to assess how
each system affects one another to deliver the
optimum design.

Project members undertake limited responsibilities.

All team members share equal responsibilities and
work together to solve problems.

The linear process ends when construction of the
project is completed.

This design approach emphasises on the long-term
performance of the building and users’ satisfaction
through commissioning, post-occupancy evaluation
surveys, and energy audits.

Traditional planning and design approach versus integrated design approach

Source: Centre for Sustainable Buildings and Construction. (2010). Building planning and massing. Singapore: Building and Construction Authority.
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Ensure goals
are met, e.g. via
commissioning

Evaluate
solutions
and iterate

Develop project
specific solutions that
meet goals, and yet
yield multiple benefits

Emphasise the
integrated and
‘co-designer’
approach to design

Key
elements
of Integrated
Design

Conduct
assessments,
e.g. building
simulations, life
cycle assessments

Think of the
building as
a whole

Focus on
life cycle
design

Work together
as a team from
the beginning

Key elements of the integrated design approach

Adapted from Centre for Sustainable Buildings and Construction. (2010).
Building planning and massing. Singapore: Building and Construction Authority.

The integrated design approach, while ideal in this
case, can only be fruitful if there is an early and indepth understanding of how the various building
systems affect one another, and how the building
interacts with the environment (Centre for Sustainable
Buildings and Construction, 2010a). From the start,
the design team, researchers and building owner
worked hand-in-hand to identify all the necessary
requirements for ZEB and incorporate them into their
respective work. This early engagement facilitated
the smooth integration of technologies and minimised
wasted work along the way.

Green Mark Incentive
Scheme - Design Prototype
Understanding the importance of the integrated design
approach in achieving high-performance, energyefficient buildings, BCA introduced the Green Mark
Incentive Scheme – Design Prototype. This scheme is to
motivate the private sector to place greater emphasis on
energy efficiency at the design stage. Funding support
is provided for the engagement of Environmentally
Sustainable Design consultants and for simulation
studies early in the project.
For more information, please visit
http://www.bca.gov.sg/GreenMark/gmisdp.html

Feeling the ground,
setting the stage
The first stage of the entire project was site investigation,
which involved determining the existing building’s
orientation and the local conditions, such as the
presence of tall buildings or trees adjacent to it. This
was to assess the suitability for installation of various
technologies, such as solar photovoltaic (PV), daylight
systems and so on. The next step was to understand
local weather conditions to gauge, for example, how
much solar energy one could harvest if a PV system
was used, or the amount of daylight that could enter
into interior space.
For buildings in the tropics, a North-South orientation
is preferred as that would minimise the amount of heat
entering through the exposed facades. ZEB is oriented
at East-West. In fact, the main facade of ZEB faces
West, which posed a great challenge for the team,
especially since this is a fully glazed facade. The team
explored a variety of strategies to reduce envelope heat
gain on this western facade. This led to the decision to
incorporate design solutions such as shading devices,
low-emissivity glass and vertical greenery.

Singapore is located near the equator and therefore
receives sunlight almost twelve hours a day, all year
round. The island is hot and humid throughout the year.
There are almost no seasonal changes except for the
increase in rainfall during monsoon periods. During the
day, the temperature averages about 30°C or more
and does not drop below 20°C at night. Humidity
in Singapore hovers around 60% to 97% (National
Environment Agency, 2009).
Singapore also has low wind speeds. During the
months of December to March, the surface wind
comes from the North-Northeast direction at an
average speed of 1.9 metres per second (m/s) to
2.8 m/s. From May to September, the wind comes
predominantly from the South-Southeast direction
with lower wind speeds of 1.5 m/s to 2.4 m/s (National
Environment Agency, 2009).
With an understanding of the climatic situation at
hand, the team explored various design solutions to
make the most of the existing conditions and worked
around the constraints. While working on the project,
the team was constantly mindful of the requirements
for achieving zero energy.

This project was a good
opportunity to test out several
green building technologies directly
on [a] building, particularly vertical
greenery or green wall, rooftop
garden or green roof, solar chimney,
light shelves and shading devices.
— Professor Wong Nyuk Hien
National University of Singapore

Another challenge faced by the team was trees growing
along the west side of the building. This would pose
a problem if PV panels were installed on the western
facade as the trees would cast a shadow and shade the
panels. If this happens, the PV system’s performance
would drop instantly and drastically (Centre for
Sustainable Buildings and Construction, 2010a). It was
eventually agreed that the trees would not be removed
but trimmed periodically for greater visibility and allow
installed PV panels to perform optimally.
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Scoring zero - what it takes
There are many criteria to be met before a building can
be net zero energy. Firstly, the building must be super
energy efficient. This means that the power needs of
the building will be brought down as much as possible,
without having to compromise on the comfort and
productivity of its occupants. Secondly, the building
would have to be able to generate renewable energy to
cover all of its power needs, or in other words, be fully
energy self-sufficient.
While achieving great energy efficiency seems a daunting
task, taking the right approach can make it much easier
to reach this goal. The team adopted an integrated
design approach that took into account two main
principles: passive design solutions as well as energyefficient mechanical and electrical (M&E) services.

PASSIVE DESIGN SOLUTIONS
Through passive design solutions, we are able to leverage
and optimise benefits from our natural environment
and along with a good understanding of geographical
principles, this will lead us to achieving comfort in a
building without having to tap on the power supply. With
passive design, buildings can take advantage of existing
natural elements such as sunlight, air flow, landscape
and even the immediate physical environment to reduce
energy consumption to a minimum.
An early collaboration on the part of the design team,
enabled passive designs to be effectively integrated into
the overall architectural concept, blending in seamlessly
either as part of the facade or as a building feature.
The passive design solutions found in ZEB can be
categorised into three areas, namely reduction of heat
transmittance, enhancement of daylight and increase of
natural ventilation.

ENERGY-EFFICIENT M&E SERVICES
Unfortunately, passive design while useful, is insufficient.
It is impossible to completely eliminate the use of energy
in a building. For instance, artificial lighting is required at
night when there is no daylight, and cooling provisions
in addition to natural ventilation is required to overcome
the island’s warm and humid climate. As such, energyefficient M&E services were also introduced in ZEB.
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Energy-efficient M&E services refer to building systems
that use energy efficiently both to provide comfort and
to facilitate the operation of equipment. In ZEB, energyefficient lighting, energy-efficient air-conditioning and
mechanical ventilation (ACMV) systems have been
installed to ensure that whenever electricity is needed,
it is used most efficiently. To further reduce energy
wastage, an intelligent Building Management System
(BMS) and sensors were also installed to optimise the
use of air-conditioning and lighting tailored according to
the occupants’ actual demands.

RENEWABLE ENERGY
While cutting down on energy consumption is one
critical requirement for zero energy, it is not enough.
Inevitably, energy would be required to power equipment
and systems throughout a building; hence, the building
must be able to generate at least sufficient energy to
meet such needs. Based on the information gathered
by the team on local conditions, the use of solar PV
was the most logical solution for renewable energy in
ZEB. The option of wind turbine was ruled out given
the very low wind speeds in Singapore. To achieve
desirable electrical outputs from wind turbines would
generally require wind speeds of up to 4.5 m/s (Centre
for Sustainable Buildings and Construction, 2010a)
whereas average wind speeds in Singapore is less than
3 m/s (National Environment Agency, 2009). Hence, to
achieve energy self-sufficiency, ZEB is powered by solar
PV panels installed at multiple locations in the building.
The energy thus generated is one hundred percent
clean and renewable.

It was an interesting experience
moving into the various possibilities
of energy conservation methods and
their applications. It was recognized
that in a hot and humid environment
close to the equator, the options are
not wide and in fact a single entity,
the sun, is the main generator
of solutions.
— Mr Arthur Loh
DP Architects Pte Ltd

ZEB

Super energy
efficient

Passive
design
solutions

Reduce heat
transmittance

Enhance
daylight

Energy
self-sufficient

Renewable
energy system

Energy-efficient
M&E services

Increase
natural
ventilation

Energy-efficient
ACMV

Energy-efficient
lighting

Intelligent BMS

Solar PV
system

Guiding principles

K e y t akeaway p o in t s
• Zero energy for buildings means that they are fully energy self-sufficient and can generate all of the energy
they need.
• In developing ZEB, an integrated design approach was adopted which included all key stakeholders in every
aspect of the project from beginning to completion.
• The two main principles guiding the development of ZEB were passive design solutions and energyefficient M&E services.

»» Passive design solutions take advantage of natural and geographical conditions to reduce energy
consumption.

»» Energy-efficient M&E services refer to building systems that use energy efficiently to provide comfort and
operate equipment.
• To achieve energy self-sufficiency, ZEB is powered by solar PV panels installed at multiple locations in
the building.

19

Many technologies,
one goal

Green wall

The quest for energy efficiency has produced a myriad of
technologies spanning many areas of building science,
with many of these already put into active service. To
bring ZEB to life, a montage of such green technologies
was incorporated into this groundbreaking building. Let
us take a closer look at each specific kind of technology
used, categorising them according to the guiding
principles highlighted in the previous section.

This project has become a
hands-on in implementing green
building features. Some of the features
had not been constructed in Singapore
before, and it was a good opportunity
to be involved directly in designing,
constructing, operating, maintaining as
well as studying the performance.
— Ms Erna Tan
National University of Singapore
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Passive design solutions
Reducing heat transmittance
Singapore’s tropical heat necessitates the use of airconditioning in most commercial buildings. By reducing
the amount of heat entering the building in the first
place will lessen the reliance on air-conditioning and
therefore the amount of energy being used up. ACMV
systems in fact account for a big proportion of the
energy consumed in any building, so design features
that minimise the infiltration of heat can help cut down
energy consumption significantly. ZEB flaunts an array
of creative features that keep the heat out, energy usage
down, and everyone in cool comfort.
Green wall and green roof
A number of benefits can be realised when greenery
is incorporated into a building. Firstly, through
direct shading and evapotranspiration, greenery
helps to reduce heat transmittance into a building.
Evapotranspiration is a combination of the processes
of evaporation and transpiration. This involves the
movement of water to the air and movement of water

within a plant and the subsequent loss of water as
vapour through its leaves. This process of evaporation
effectively reduces ambient air temperature, and can
thus help to reduce heat transfer into a building.
In ZEB itself, greenery systems can be found on the
roof as well as the exterior facade. Besides keeping the
building cool, the juxtaposition of greenery and building
also helps break the monotony of the urban jungle and
is aesthetically pleasing.
Green roofs reduce the amount of heat transmitted
by shielding the building from direct sunlight, but in
addition, they serve to retain storm water. As plants
are able to absorb large quantities of solar energy, their
presence on the roof will create a cooler micro-climate.
Maintenance for such greenery is not demanding, as
irrigation can be accomplished either through capillary
phenomenon or from the top surface of the soil.
Green walls, or vertical greenery, provide the same
benefits as green roofs. In the case of ZEB, the green
wall was also used to study the effectiveness of various
types of greenery in reducing heat transfer through
building walls and the resultant energy savings. Three
different types of vertical greenery were tested, namely,
panel, planter, and cage type. The cage type was later
removed and replaced with a new test-bed project,
cool paint.

Green roof

Green wall and green roof performance
Readings from strategically-placed temperature sensors confirm that these greenery systems are able to
provide cooling to the interior spaces by reducing surface temperatures on the external surface, as shown in
the following table.
Maximum difference measured compared to a control wall
Heat flux
(W/m²)b

Ambient
temperature
(°C)

Energy savings
based on heat
flux difference
(kWh/m2/year)c

10

4

2

4.16

Planter type

16

3.5 – 5

2–3

5.72

Cage typea

6

1.75

2

2.86

24

53

7

70.2

External surface
temperature
(°C)

Panel type

Greenery system

Green
wall

Green roof

Cage type has been removed and replaced with cool paint.
W/m² - Watts per square metre
c
kWh/m2/year – kilowatt-hour per square metre per year
a

b

Energy savings achieved with greenery systems
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Sunshade devices with integrated PV modules

Low-emissivity glass
Unlike normal clear glass, low-emissivity or low-E glass
has a special low emissive coating. This coating has the
ability to reduce the transfer of solar radiation through
the glass, thus lessening the transmittance of heat into
the building.

Sunshade devices
With a decision having been made about the best
options for glass, sunshade devices were next on
the list towards achieving reduction in heat gain.
Such devices serve to minimise the amount of direct
sunshine coming through the windows, which in turn
reduces the solar heat gain on the facade. At the same
time, they still allow a certain amount of sunlight into
the building; hence, the presence of natural daylight is
not compromised.

Sun rays

Bulk of the
heat and
ultraviolet
radiation is
reflected out

Outdoor

Indoor

Solar film coating
Solar film coating, or ultraviolet (UV) film coating, is a
layer applied onto glass that is able to reflect UV rays
and infra-red heat emitted from the sun. The good thing
is that while this reduces the heat entering the building,
clear visibility is still maintained.

Multi functions
With ZEB facades being exposed to direct sunlight, the sunshade devices used at ZEB helped to save energy.
Each sunshade was installed with a piece of thin film of amorphous PV panel. Each square metre of this panel can
generate enough electricity to power a 45-watt light bulb. With the total area of PV installed on the sunshades,
24 such light bulbs can be powered with the amount of electricity produced.
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Enhancing daylight
For many commercial buildings in Singapore, artificial
lights are turned on fully during the day when sunlight
is in abundance. This is because daylight is unable to
reach deep into a building. To address this problem
in ZEB, various methods were used to direct daylight
deep into the occupied space, thus reducing the
amount of power spent on artificial lighting.

Top view of the mirror duct’s external collector

Mirror duct
The mirror duct is a simple yet effective system that
does not require any mechanical parts or electrical
power to light up a space. ZEB is the first building in
Singapore to have mirror ducts installed.
This system consists of a duct that is placed
horizontally within the false ceiling and a connected
external collector. The duct and collector are both
lined with a highly reflective material on the inside
to reflect light, examples of such materials include
reflective aluminium alloy, mirrored acrylic, and
optical grade polycarbonate. The external collector
is used to capture zenith daylight, which is brighter
than lateral daylight. The light is then channelled into
the horizontal reflective duct and travels to the end
via multiple reflections. At regular intervals, identical
openings are provided in the duct and false ceiling. As
the light travels through the duct, it will exit via these
apertures and light up the space beneath.

Openings provided in the duct and false
ceiling for light to exit and light up the space

Sun rays

External collector to capture
daylight and reflect the light
into the duct
Light travels
through duct via
multiple reflections

Openings
provided to allow
light to escape the
duct and light up
the space
Indoor

Outdoor
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Mirror ducts

Internal and external light shelves

Light shelves
Light shelves closely resemble sunshade devices except
that they extend into the interior of a building. The entire
installation is placed above eye-level, and the upper
surface of the shelf which is highly reflective (National
Institute of Building Sciences, n.d.) will direct daylight
inwards by reflecting it from one surface to another,
similar to mirror ducts.

Sun rays

Reflective ceilings
In order for light to penetrate deeper into each room,
the light shelves in ZEB are enhanced by using
a ceiling material that has a reflective coating on
the surface. This maximises the reflection of light,
allowing it to spread deeper into interior spaces.

Incidentally, light shelves also provide shade against
direct sunlight, thus serving to reduce heat transmittance
in addition to enhancing daylight within a building.

Light shelves in ZEB’s library

Rotating mirrors installed at the end of a light pipe

Light pipes
Light pipes are pipes used to channel light to the inner
spaces of a building. Placed vertically within a building,
one end of the pipe protrudes from the roof, while the
other leads into the inside of a room.
Light from outside is transmitted downwards by
reflection through the pipe and out through its other
end on the ceiling. The light thus released into the space
below can reach up to a depth of five metres.
Two types of light pipes are installed in ZEB. One
type is equipped with rotating mirrors at the end that
protrudes from the roof. The angles of the mirrors
change according to the sun’s trajectory over the course
of the day, thus serving to bring uniform daylight into
the room. Another type has operable blades that can
be controlled by occupants from inside the room, who
can open or shut them to adjust the desired amount of
daylight entering the room.

Light transmitted to an occupied space via the light pipe

Sun rays

Increasing natural ventilation
With ACMV systems accounting for a big percentage
of the total energy consumed in a building, one way
of reducing it is to leverage on natural ventilation to
create a cooler environment, thus lessening the cooling
energy needed.
Solar assisted stack ventilation
Solar assisted stack ventilation systems, commonly
known as solar chimneys, are specifically designed
for the tropical climate. Solar chimneys work by using
the natural buoyancy of heated air to draw cooler
air into a space without the need for electrical or
mechanical power.
In ZEB, solar chimneys are located at the top of the
school hall on the third floor. Ducts are installed on the
sides of the building to create air channels that connect
certain naturally-ventilated spaces to the school hall.
When heat builds up in these spaces, or when the
duct is heated up by the sun, the warm air rises due to
buoyancy and travels up the duct. This air is directed to
the school hall where it will ultimately flow out through
the solar chimneys. A negative pressure is then created
in the affected spaces, which will induce cooler air from
the outside to enter and ventilate them naturally.
The chimneys are made of metal that easily absorbs
solar radiation, and the ducts are constructed of darkcoloured metal to further enhance the stack effect in
the building.

Solar chimney performance
Measurements of air speed taken in the school hall, where the solar chimneys are
located, showed a range of from 1.0 m/s to 2.5 m/s, while inside the chimneys,
speeds reached over 5.0 m/s. This demonstrates the potential for this system
to be adapted for use in other school halls to improve natural ventilation.
The performance of the solar chimney, however, could have been better if the
height of the chimney had been greater. Ideally, the height of the solar chimney of
ZEB should have been taller than it is now. However, the existing roof of ZEB was
not designed to take the load of a tall chimney. Consequently, the chimney had to
be reduced to the height that it is now.
Hence, it is recommended that when adopting solar chimneys in buildings, much
consideration should be given to the height of the chimney, and how it might
affect other features of the building.

Solar chimneys in the school hall

Warm air rises due to buoyancy,
and ultimately flow out through
the solar chimney

Sun rays

Negative pressure is created
in the naturally-ventilated
spaces, cooler air is then
induced into these spaces
Duct

Solar chimneys as seen from the roof

Energy-efficient M&E services
Energy-efficient ACMV
Single Coil Twin Fan system
The Single Coil Twin Fan (SCTF) system is Singapore’s
invention, patented by the NUS and designed
specifically for buildings in the tropics. It is an
innovative air-conditioning and air distribution system
that provides improved thermal comfort, air quality,
and humidity control. Due to the way the system has
been designed, it has also proven to be highly energy
efficient. Recognising its impressive features, the SCTF
system was conferred the Association of Southeast
Asian Nations (ASEAN) Energy Awards under the
Special Submission category.
In a conventional cooling system, both fresh and recirculated air are cooled and dispensed together into
the space that requires cooling. The SCTF offers a
breakthrough, cutting down energy usage by separately
cooling and controlling fresh air and re-circulated air,
and providing ventilation on demand. Re-circulated air
requires less energy for cooling, so such separation
allows for some amount of energy saving during the
cooling process.
The air fans for fresh and re-circulated air are also
separated, and programmed to channel either form
of air to rooms based on the localised demand for
cooling. This helps the system to further reduce energy
wastage and cut down on net total energy usage.
Variable speed drive
Conventional drives are designed to operate motordriven equipment at a uniform speed; air-conditioning
required to cool a space fluctuates throughout the
day. Such drives are not able to cater for fluctuations
during periods when less air-conditioning is required,
the system will be over-providing and wasting
precious energy.

ZEB’s cooling towers

To address this issue, ZEB installed variable speed
drives which allow the system to match the speed of
the motor-driven equipment to the load requirement.
For instance, when there is sufficient ventilation
in a room, the drive will adjust accordingly and
automatically slow down. This ensures that energy is
used more efficiently.
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Displacement ventilation system
Conventional ventilation systems are designed to
supply air from the ceiling. The displacement ventilation
system supplies air from the floor and at a relatively
low velocity. This air which is slightly cooler than the
ambient air will settle downwards and spread out
across the floor uniformly due to gravity.
As the air in the occupied zones becomes heated and
polluted, it will rise upwards due to natural convection.
This continuous process displaces the warmer air in
the room. Cool, fresh air is drawn into the occupied
zone via the SCTF system, while warm return air is
gradually displaced, and subsequently extracted from
the room at the ceiling level.
Compared to conventional mixed-flow ventilation
systems, displacement ventilation systems can
supply air at a lower speed. The temperature of the
air that is supplied can also be higher than that of a
conventional system. This effectively reduces building
thermal loads and the amount of energy consumed
(Hamilton, Roth, & Brodrick, 2004).

Underfloor cooling system
Like the displacement ventilation system, underfloor
cooling also supplies air from the floor rather than the
ceiling. Underfloor cooling, however, supplies air at a
slightly higher velocity than displacement ventilation,
in order to propel the air into the occupied space.
The velocity at which air is supplied has to carefully
measured and controlled, as too high a velocity
may cause discomfort and inconvenience for the
occupants.

Air diffuser outlets located on
the floor rather than the ceiling

Personalised ventilation system
Such a system involves dedicated individual supply
ducts that deliver cool fresh air to each individual
occupant. A set of personalised ventilators is located
on each occupant’s worktable, allowing for individual
adjustment of the air volume.
As this system supplies one hundred percent cold
fresh air, the air quality in the immediate breathing zone
of the occupants is improved. The surrounding airconditioning can be turned down and temperature of
the ambient environment kept slightly higher without
affecting their comfort. This directly leads to a reduction
in the amount of energy consumed to achieve the
same cooling effect.

SCTF versus conventional
air-conditioning
Comparisons were made between the SCTF system
and conventional ceiling diffuser air-conditioning
systems to gauge the amount of energy that can be
conserved from the SCTF system. The cooling needs
using a conventional system were estimated based
on the design load for the relevant space, with the
help of an energy modelling software; whilst cooling
needs using SCTF was based on actual usage data.
Compared to a conventional system, it clearly
demonstrated that the SCTF system can save
about 5.05% to 13.28% of cooling needs. Higher
savings could be achieved when the SCTF system
was operated in conjunction with underfloor cooling,
displacement and personalised ventilation systems,
as shown below.
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Energy savings achieved from SCTF system, displacement
ventilation, underfloor cooling and personalised ventilation
Data retrieved from Cheong, D., Sekhar, C., & Tham, K.W.
(2013, June 27). The Single-Coil Twin Fan (SCTF) system:
An energy-efficient air-conditioning system for better indoor
air quality in the tropics. Urban Sustainability R&D Congress
2013. Singapore.

Personalised ventilation system

Energy-efficient Lighting
T5 lights
T5 lights are a type of fluorescent lamp that has a
diameter of 1.59 centimetres (Lighting Research
Center, 2002). The electronic ballasts used in T5 lights
operate in the high frequency range, which is from 40 to
100 kilohertz. The energy consumption of the T5 lights
installed in ZEB is approximately 28 watts excluding
electronic ballast loss.
Task lights
All offices in ZEB have low ambient lighting levels of
around 300 lux. However, each workstation is also
equipped with a task light to supplement an additional
200 lux, should the occupants require a brighter
workspace. Light-emitting diode (LED) tubes were
chosen for use in these lights, as they are long-lasting
and energy efficient.

Task light at a workstation

Dimmers
Lighting fixtures installed along the perimeter of rooms,
near light pipes or mirror ducts are equipped with
dimmers. This allows the amount of artificial lighting
to be automatically reduced when there is sufficient
daylight in the space.

Lighting strategies
In ZEB, a wide selection of complementary strategies was adopted to minimise
lighting energy use. Firstly, spaces that required artificial lighting were fitted with
energy-efficient lamps. These lighting systems are controlled by motion sensors
which do away with unnecessary and wasteful use of artificial lighting. Additionally,
mirror ducts, light pipes, light shelves and reflective ceilings have all contributed to
the harnessing of natural lighting, further decreasing the need for artificial lights.
The offices and library were originally designed to lighting power densities of 7.3
watts per square metre (W/m2) and 6.1 W/m2, respectively. However, with the
various strategies incorporated the actual operational levels at ZEB are lower than
what was designed for, with densities of 6.8 W/m2 and 5.9 W/m2 for offices and
library, respectively.
T5 lighting in the school hall

Light sensor below a light pipe

Intelligent building
management system
Sensors
ZEB is monitored in real time via a wide array of
sensors installed throughout the building collecting
data on different areas of ZEB. CO2 sensors are
deployed in areas where the air-conditioning is
controlled by the SCTF system. These sensors are
mounted in occupied spaces and used to regulate the
amount of fresh air provided for that specific area. For
instance, when there are more people in a room, CO2
levels in the space would increase. Upon sensing this,
the CO2 sensors would trigger the speed control of
the fresh air fan via the variable speed drives to deliver
more air into the space, and vice versa.
Motion sensors detect movement in the space under
surveillance, which is an indication of the presence of
occupants. When movement is detected, equipment
such as lights and fans will be switched on automatically,
and vice versa.

Light sensors detect the amount of daylight present
within the ambient space. Detection of sufficient
daylight in a particular area would result in an automatic
reduction of artificial lighting, via dimmers, to reduce
energy usage.
Building Management System
The BMS is an important tool in the management of
advanced low or zero energy buildings. A BMS serves to
control, monitor and manage the equipment installed in
a building. It helps to improve the operational efficiency
of a building through automation and the information it
captures can be used for studies or analysis to further
optimise the performance of building systems. In this
way, energy consumption can be effectively kept to a
minimum.
In ZEB, data collected from the sensors are used as
feedback to actively control the various building systems
such as the air-conditioning. These data and other
energy information are also used for benchmarking
studies and to produce audit reports.
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Sustaining net positive

Screenshot from ZEB’s BMS showing cumulative energy production and consumption, surplus
electricity is approximately 48 MWh

Post-occupancy evaluation

The graph shows the results of two
post-occupancy evaluation studies
conducted in 2010 and 2012. The
studies sought feedback from occupants
on the building’s indoor environmental
quality. With changes and adjustments
made throughout the years to further
enhance the indoor environment, there
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has been an increase in the percentage
of occupants who are satisfied with
their respective spaces. In 2012, for
example, more than 80% of occupants
reported being happy with their indoor
environment.

Percentage satisfaction (%)

It is of critical importance that any energy
efficiency measure adopted does not
result in quality of the indoor environment
being compromised. In the case of ZEB,
though much focus is on the building’s
energy performance, precautions are
also taken to ensure the indoor space
remains healthy and conducive.
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ZEB versus other high-performance buildings
Just how well has the region’s first net zero energy
building lived up to the high expectations from
all quarters? Based on the data collected, ZEB
has surpassed all expectations and exhibited
significant advances in energy efficiency. Its
performance is comparable to other leading
energy-efficient buildings in the world.
During the design stage, the team employed
an energy simulation software to produce an
energy model for ZEB. It was estimated that
ZEB’s Energy Efficiency Index (EEI) would be
around 55.2 kilowatt-hour per square metre
per year (kWh/m2/year) based on the gross
floor area (GFA), and a simulated total energy
consumption of 206.70 megawatt-hour (MWh).
During operation, the team discovered that
ZEB exceeded expectations. In its third year of
operation, the EEI was 42 kWh/m 2/year based
on GFA, while the total energy consumption was
187.76 MWh.

ZEB was featured as one of the high-performance
buildings in the publication “The World’s Greenest
Buildings: Promises versus Performance in Sustainable
Design” authored by Jerry Yudelson and Ulf Meyer. In this
book, 49 high-performance buildings from 18 different
countries were reviewed and compared. Besides ZEB,
Nanyang Technological University’s School of Art,
Design and Media was also featured in the book.
Extracting the EEI, or Energy Use Intensity (EUI),
of the featured buildings from the publication, the
various buildings were compared against one another
to assess where Singapore’s ZEB stands globally,
with regards to energy performance. The information
on the sizes of the buildings was also extracted to
give readers an idea of the scale of the buildings
that are being evaluated. From the benchmarking
study, it was found that ZEB’s performance is on
par with other high-performance buildings in the
world. In fact, based on the EEI, ZEB’s performance
was second only to that of Taiwan’s Magic School
of Green Technology in the National Cheng
Kung University.
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Comparison of EEI

Data retrieved from Yudelson, J., & Meyer, U. (2013). The world’s greenest buildings: promise versus
performance in sustainable design. New York: Routledge/Taylor & Francis Group.
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To add to the visitor
experience an external access
to a roof deck had been created
giving exposure to ...... the roof
photovoltaic panels and the
green roof.
— Mr Arthur Loh
DP Architects Pte Ltd

External access to the roof deck

Renewable energy system
The low energy consumption measures adopted in
ZEB are complemented by an array of solar PV panels
installed throughout the building. While still at the design
stage, the design team had carefully considered all
the passive and active solutions to make the building
as efficient as possible. After discounting all possible
energy savings, the remaining energy load necessary to
power the building is then met by various types of PV
systems. In ZEB, the total installed PV system covers an
area of 1,540 square metres (m2), with a total capacity
of about 190 kilowatt peak (kWp).
PV is a form of technology that generates electric
power by using solar cells to convert energy from the
sun into electricity. PV cells require protection from the
environment and are usually packaged tightly behind a
glass sheet. When more power is required than a single
cell can deliver, cells are electrically connected together
to form PV modules, or solar panels. A single module
may be enough to power an emergency telephone, but
for bigger structures such as a house or power plant,
a number of modules must be assembled to become
what is known as arrays.

Various types of PV cells
installed on the facade

The first practical application of PV technology was in fact
to power orbiting satellites and other spacecraft; today,
PV modules are instead mostly used for grid-connected
power generation. PV cells produce direct current
electricity which can be used to power certain kinds of
equipment or to recharge a battery. However, an inverter
is required to convert the direct current to alternating
current necessary for most building equipment. There is
also a smaller market for off-grid solar power generation
that is used in places such as remote dwellings, and
roadside emergency telephones.
The performance of solar PV cells would
depend on solar radiation, number of rain-days,
and presence or absence of overcast weather.
In view of the high ambient temperature
and strong solar radiation in Singapore, it is
also necessary to consider the heat gain on
the solar PV cells, and the de-rating of their
performance.
In ZEB, both grid-connected and off-grid
power generated by silicon and thin film solar

PV systems are in use concurrently. Grid-connected PV
accounts for most of the solar panels in the building.
Any surplus power generated is first distributed to other
buildings within the BCA Academy, after which any
excess is fed back to the grid. When insufficient power
is produced, power would be drawn from the grid to
maintain ZEB occupants’ comfort and productivity. Offgrid PV, on the other hand, is used to supply power
directly to specific functions, such as for the solar
charging kiosk in the visitor centre.

The singularly most important
component is in the use of solar energy to
generate electricity …… Just about every part
of the metal roofed areas, including the car
park shelters, had been used for photovoltaic
panel installation. The assessment as to the
amount of electricity generated is an exercise
in statistical prediction based on the
variability of weather conditions both daily
and over the year.
— Mr Arthur Loh
DP Architects Pte Ltd

PV Viewing Gallery

PV Main Roof

PV Link way

PV

PV Lower

Sunshade

Roof

PV CARPARK

Location of PV systems in ZEB, image by Solar Energy Research Institute of Singapore
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ZEB’s monthly energy generation. The amount of energy produced has remained steady over the years, showing no significant
decline in production or performance over time.

Keeping tilt angles low
A best practice when installing solar panels
The high sun elevation in Singapore favours laying panels flat (0 degrees), but by tilting them at 10 degrees, dust
accumulated on the panels can be washed away easily when it rains. When panels are placed at lower angles,
dirt accumulates on the panels over time, thus reducing the amount of light received by the solar cells. Hence,
this self-cleaning mechanism is useful in minimising maintenance of the panels.
Appropriate siting and orientation are equally critical in optimising performance and minimising issues such as
glare, which tends to occur at higher tilt angles.
While the roof is the best location, care should be taken to avoid shading from trees and neighbouring buildings
as far as possible. The system on the main roof of ZEB recorded the highest performance ratio (PR)* of above
0.8, in line with international best practices.
* Defined as the ratio of final yield to reference yield and represents the overall effect of losses on the array’s rated output due to array
temperature, incomplete utilisation of the irradiation and system component inefficiencies or failures.
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The light pipe never fails to amaze
visitors during guided ZEB tours

K e y t akeaway p o in t s
The following are technologies employed in ZEB.
• Passive design solutions to reduce energy consumption to a minimum.

»» Reducing heat transmittance: Green roof and green wall, low-e glass, solar film coating,
sunshade devices.

»» Enhancing daylight: Mirror duct, light shelves, light pipes.
»» Increasing natural ventilation: Solar chimney.
• Energy-efficient M&E services to ensure that whenever electricity is needed it is used efficiently.

»» Energy-efficient ACMV: SCTF system, variable speed drive, displacement ventilation system,
underfloor cooling system, personalised ventilation system.

»» Energy-efficient lighting: T5 lights, task lights, dimmers.
»» Intelligent Building Management System: Sensors, BMS.
• Renewable energy system to generate clean and renewable energy: Solar PV system.
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ZEB the living lab

The quest for greener, more energy-efficient building
technologies is constantly ongoing. ZEB is also
playing its part in the search by serving as a live testbed, constantly trying out new and innovative green
building technologies, testing their viability. Details of
two such test-bedding projects are elaborated in the
following sections.

Passive displacement
ventilation
Passive displacement ventilation, or PDV, is an
innovative air distribution system that closely resembles
the displacement ventilation system. In both systems,
air is supplied at the floor level and extracted from
the room at the ceiling level. However, with PDV, no
mechanical fans are used to propel air into the room.
PDV systems rely completely on the process of natural
convection to deliver the chilled air to the end user.

In the absence of mechanical fans or moveable
parts, the air is supplied at a relatively low velocity
which eliminates undesirable draft. The absence of
mechanical parts in the system that need power supply
also adds to energy savings and makes it virtually
maintenance-free.
Completed in November 2011, six cooling coils were
integrated in cupboard modules and installed in a
classroom on the second floor of ZEB as a test-bed
project. The PDV system is connected to the existing
chilled water piping from the chillers.

Chilled water piping

PDV coils
(no fans)

Warm air inlet
to PDV coils

PDV works by creating two separate “reservoirs” of air
within the affected space. One is a cold air reservoir
lying around 100 to 150 millimetres above the floor,
with a temperature of around 18°C. Another one is a
warm air reservoir situated close to the ceiling. The cold
air reservoir seeks to cool any warm body within its
vicinity, with the air rising naturally towards the ceiling
as it picks up heat in the process.
The cooling coil of the system, which is also situated
at the ceiling level, acts to cool the warmer air. Once
cooled, the cold off-coil air will sink down the system
cavity and into the cold air reservoir once again to begin
another cycle.

PDV units in a classroom in ZEB
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Cool air outlet

Temperature measurement data confirmed that the
PDV system can create a satisfactory environment at
24°C. Smoke tests showed that the airflow created by
natural convective force was able to distribute the cold
air across the classroom floor effectively and uniformly.
User comfort surveys to gauge thermal comfort were
also encouraging, indicating a 90% acceptance of the
thermal comfort levels offered by the PDV system.

replaced with energy-saving LED lighting along with a
control system test-bed to study the impact on energy
performance and visual comfort.
Each LED panel is equipped with an intelligent sensor
grid that can determine lighting levels, presence of
motion, and temperature. This enables occupancy
sensing and effective daylight harvesting by intelligently
controlling the amount of light required in the space.
Lights can be also be dimmed or brightened according
to the preference of users. In ZEB, the system has
been programmed to turn off lights during lunch hours
on weekdays to further cut energy use.

In the absence of mechanical parts, the PDV system
is able to save approximately 210 watts of electricity
per hour. This is derived from comparing with an
identical classroom next door whose conventional
air-conditioning system setup requires 210 watts of
electricity at every hour of operation to run its fan coil
unit. The amount of energy savings is approximate
and varies depending on the fan coil unit requirements
for the space. The system caught the attention of the
international community, and received the ASEAN
Energy Awards under the Special Submission category
in 2012.

Another feature of the system is the use of low-voltage
data cables to power and control lightings. Not only does
this save on wiring costs and space, it also resolves the
problem of messy wires thus simplifying maintenance.
This system is ideal for small or new buildings.
The installation and commissioning of the LED lighting
system took place in February 2013. Preliminary
findings showed a 40% energy reduction based on
typical office usage. Prior to the retrofit, the average
monthly lighting energy used in the office was 176
kWh, and it dropped to 105 kWh.

Smart LED lighting system
The lighting selected for indoor and outdoor areas
at ZEB consisted of mainly T5 fluorescent tubes
with a conventional setup. Although T5 lighting was
considered a relatively more energy efficient solution
during the last decade, advances in lighting technology
have further pushed the frontiers especially with the
introduction of high quality and cost effective LED
lighting. In one of the offices in ZEB, the T5 lights were

It is worth noting that the ancillary power of the control
system accounted for a relatively significant portion of
energy use in this small-scale test-bed. But in a larger
scale project, this would be reduced substantially
leading to higher energy savings overall.
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To investigate the photometry performance of the light,
illuminance readings were taken at 52 points in the
work area at 8PM. Prior to the retrofit, lighting levels
ranged from 69 lux to 493 lux, with an average of 314
lux. Post retrofit saw an increase in lux levels, with
lighting levels ranging from 224 lux to 444 lux, with an
average of 333 lux. Not only was there an increase in
the average lighting levels, light distribution in the work
area also became more uniform. A post-retrofit survey
on the occupants showed an overall satisfaction level of
above 70%. The settings had afterwards been adjusted
to further optimise the indoor lighting environment.

314

300
200
100
0

T5 lighting

Smart LED
lighting system

Average lux level and range pre-retrofit and post-retrofit

Level 3 office with T5 lighting (top) versus with the smart LED lighting system (bottom)
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333

Facade, roof, shading

Cooling and ventilation

Lighting

Others

Green wall

Solar chimneys

Mirror ducts

Sensors (including CO2, motion,
light, temperature, humidity,
volatile organic compound)

Green roof

SCTF system

Light shelves

BMS

Low-E glass

Variable speed drive

Light pipes

Solar PV system

Sunshade devices

Displacement ventilation
system

T5 lights

Cool paint

Solar film coating

Underfloor cooling system

Task lights

Cool pavement

Inflector screens

Personalised ventilation
system

Dimmers

Waterless urinals

Double glazed unit with
internal operable blinds

PDV

Smart LED
lighting system

Timber deck

Photovoltaic glass

LED lighting with
motion sensors

Electrochromic glass

Daylight redirecting
film
Reflective ceiling

Technologies were studied in their entirety, but where necessary detailed testing was conducted on certain items.

List of technologies adopted and test-bedded in ZEB to date

K e y t akeaway p o in t s
• ZEB serves as a live test-bed to try out new and innovative green building technologies to see if they are
viable. Two such test-bedding projects were introduced.

»» PDV is an innovative air distribution system that relies completely on the process of natural convection
to deliver the chilled air to the end user.

»» In one of the offices, a smart LED lighting system is being test-bedded. Each LED panel on the lighting
system is equipped with an intelligent sensor grid that can determine lighting levels, presence of motion,
and temperature.
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Challenges overcame,
lessons learned

One of the delegates from Quezon City, Philippines trying out
the inflector screen installed in a classroom in ZEB

As with any pioneering project, the path towards ZEB
was challenging. Nevertheless, each challenge offered
an opportunity for the team to rethink issues and craft
new solutions. With many technologies tested for the
first time locally, some areas required more adjustments
and improvement. It provided valuable lessons that could
help to realise the concept of net zero or low energy
buildings more viable and practical when they eventually
become the norm in today’s built environment.

[The] main difficulty was the
lack of experience in installing
green building technologies
properly in Singapore. For example,
the solar chimney in ZEB was the
first one to be installed in
Singapore. Together, with architect
and contractor, we worked out the
details of construction and quality
testing before research study could
be started.
— Ms Erna Tan
National University of Singapore

Generating accurate
energy models
One of the key challenges in designing ZEB was
being able to accurately predict the expected energy
loads. Energy loads depend on several dynamic
factors, such as occupancy density, usage patterns,
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and weather conditions. Thus, to predict energy
loads accurately would require the use of an energy
modelling software.
One of the most important factors when creating an
energy model is the inputting of occupancy density
and usage behaviour. To reasonably predict this data,
building owners must have
a good understanding of the
movement of the occupants.
Eventually, predictions made
from the energy model created
for ZEB were quite close to
reality. This was possible due
to the detailed investigation
and documentation of each
sub-system and component.
Furthermore, a high degree of
accuracy was also achieved in
projecting the user behaviour
and functionality of the spaces
involved.

Simulations on
energy savings
and yields were
instrumental in
sizing the
different energy
systems.
— Professor
Stephen Wittkopf
Lucerne University
of Applied Sciences
and Arts

Enabling monitoring and
verification
One of the most critical systems in ZEB is the wide
array of sensors and the BMS used for monitoring
and verification. This system is required to provide
a clear understanding of how ZEB is performing.
Without an accurate and reliable monitoring system,
it would be impossible to know whether ZEB is
performing according to its design. Hence, high
resolution sensors and monitoring systems have

been installed in ZEB, to ensure that accurate
information is provided without interference by
environmental factors. Every sensor in ZEB is also
continuously calibrated to make sure that the data
remains correct. All the data collected is archived in
the BMS.

year had increased by about 7% from the previous
year while solar energy generation output levels have
steadily decreased at a rate of about 1% per annum
since the first year due to inherent system degradation
and losses over time.

Analytical capability is one of the limitations of the
current monitoring and verification system. Currently,
as the automation of higher order analysis and
reporting is not possible, manual data extraction is
required in order to generate relevant reports.

Any feature that is introduced in a building should
take into account the need for proper maintenance.
Based on the results produced by the green
walls installed in ZEB, they have performed up to
expectations. However, it soon became evident that
these green walls, while effective, required substantial
maintenance.
In the case of ZEB, contractors had to use a boom
lift to gain access to the plants and irrigation pipes.
However, this proved to be quite challenging for an
existing building.
Learning from this experience, it is recommended
that during the design stage of future projects, the
team should also consider and place emphasis
on maintenance and accessibility, particularly for
green walls.

Responding to increasing
energy use
Over the years, changes in space usage, occupancy
and operation patterns at ZEB had resulted in an overall
increase in energy needs. These changes included the
conversion of naturally ventilated classrooms to airconditioned classrooms and offices, increased usage
of ZEB’s teaching facilities, higher occupancy in the
offices, and the implementation of staggered work
hours that stretched the building’s operation hours.
These changes had gradually placed a strain on ZEB’s
efforts to maintain its net zero energy status in its fourth
year of operation despite having achieved this for the
first three years. Energy consumption for the fourth

200

Megawatt-hour (MWh)

Designing for maintenance

250

150

100

50

0

Year 1

Year 2

Generation

Year 3

Year 4

Year 5
(3 months
of data)

Consumption

ZEB’s energy generation and consumption from October 2009
to March 2014

Faced with these challenges, further in-depth analysis
was carried out on the building energy data and
operational patterns to identify appropriate response
measures to cut energy usage, while ensuring
occupants’ comfort is not compromised.
As ZEB had been designed as a highly energyefficient building, there was a concern initially on the
extent that the energy demand by the building users
could be reduced. Based on the results of the study,
the team had identified key areas for improvements
and adopted a targeted approach to cut energy
usage from three main areas - lighting, power and
air-conditioning. Additional mitigating measures were
planned and implemented on top of existing ones and
the effects of these measures were closely tracked and
analysed. Some of the more impactful energy saving
measures will be discussed in the following sections.
This is a general reference to encourage similar efforts
to cut down energy use, though not necessarily by
replicating these measures exactly. Exact mitigation
measures to be taken for each specific case would
differ due to varying building types, designs and
energy usage patterns.
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Lighting
In the case of ZEB, strategies to cut down on lighting
energy usage consisted largely of replacing the existing
T5 lights with LED lights.
In one of the offices, the T5 lights were replaced with
a smart LED lighting system mentioned in the previous
chapter. This served a dual purpose. While the primary
objective is to test-bed the LED lighting system to
gauge its performance, this switch also became part
of our ongoing efforts to reduce lighting energy usage
within the building.

The LED lighting system features intelligent sensor
grids, which allows for fine-grain tuning of each LED
light. However, when the system is installed in an
open office where workstations are closely arranged,
the motion signals that are detected might be just
inconsequential “noise”. For example, the lights at one
workstation could be turned on unnecessarily by the
movement of a neighbouring officer. If the lights are
turn on and off too frequently, the affected occupants
may feel discomfort due to the constant flickering.
Further studies are required to determine the optimal
zoning and dimming strategies for such lights.
This lighting system also has another function, which has
not been tested in ZEB. Its sensor grid has the ability to
activate the ACMV on-and-off control. Further testing on
the connection to the ACMV would have to be carried
out to verify if there is any ACMV-related savings.
Following the positive experience with this lighting
system, an LED lighting retrofit on a larger scale was
planned for the common areas, classrooms and other
offices. The T5 lighting in the common area was replaced
with LED lighting that features integrated motion
sensors. When no motion is detected, lights will be
dimmed to a predetermined level of brightness, which
is the “standby” mode, to reduce energy consumption.
At one each of the offices and classrooms, panel LED
lights were also installed to replace the T5 lights to
provide for better light distribution and visual comfort
for the occupants.
For the common area LED lighting, initial results from
the first month of operation have shown about a
42% reduction in energy consumed compared
to the 2013 monthly average consumption of the
previous T5 lighting. However, the system will have
to be monitored over a longer period of time to derive
more conclusive results.
Overall, considerable energy savings were realised from
the various lighting retrofits, bringing ZEB back on track
in its quest for net zero energy.
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Original T5 lights (left) versus new LED lights (right) along the corridor
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Power
Power consumption for plug loads accounts for about
17% to 20% of ZEB’s total energy usage. International
research studies have shown the potential for sizeable
energy savings from receptacles including standby plug
loads that, when accumulated over a year, constitutes
a significant portion of a building’s energy use. In
ZEB, data shows that standby plug loads for office
equipment contribute up to 1% of the building’s
total yearly energy consumption.
At the ZEB library, a timer was installed for the detection
gates at the entrance to power the system only during
operational hours, as the main doors of the library are
closed after hours. Also, two out of three dehumidifier
cabinets in the library were unplugged as they were of
non-critical usage. These dehumidifiers are used for the
preservation of tapes. However, most of these tapes
can now be electronically uploaded and saved as soft
copies. This allows for the use of just one dehumidifier
cabinet in the library instead of three. These measures,
though simple, brought about significant improvements,
helping to cut the monthly power usage of the library by
about 26%.
In addition to altering equipment operation patterns,
it is equally important for occupants to learn and to
adjust their energy consumption behaviour
accordingly. For the offices in ZEB, the last person
to leave is encouraged to turn off all power outlets in
the premises. Reminders are also issued to all staff to
switch off their office equipment when not in use.

Equipment

Standby power (watt)

Laptop

1.3

Laptop with dock

2

Monitor

1.3

Projector

15

Large all-in-one copier

23

ZEB’s office equipment standby power

Air-conditioning
Two main strategies were adopted to reduce
cooling-related energy consumption, specifically,
the introduction of the PDV system in one of the
classrooms, and reconfiguration of the displacement
ventilation system.

56

The PDV was introduced in ZEB chiefly as a test-bedding
project. At the same time, it also served as a means to
cut down on energy usage for cooling purposes.
A final measure incorporated was the design
optimisation of the air diffuser outlets in the
displacement ventilation system. Cooled air from the
SCTF system is channelled via the underfloor air ducts
to the air diffuser outlets and into the office space.
Upon close inspection, it was found that the design
of the air diffusers can be further optimised to improve
air flow to the space. Hence, modifications to the units
were experimented to observe the effect on indoor
air quality and flow, which were found to have been
improved. Consequently, most of the air diffusers in the
office were modified at minimal cost. As a result of this
change, the SCTF system’s motor fan speeds could
be reduced whilst still maintaining the required air flow
rate to the space, thereby cutting down energy usage
from both the SCTF system and the chillers. The team
will continue to explore other types or designs of air
diffusers for further test-bedding in ZEB.
This series of mitigating measures demonstrated that,
it is possible to achieve significant energy savings
through closer monitoring and minor improvement
works. The strategies mainly involved lighting retrofit
to energy-saving LED lighting, mitigation of standby
plug loads, as well as improvement of air distribution
system design to optimise overall energy use. ZEB will
be continuously monitored for its performance and
regular system checks will be conducted to rectify any
faults and ensure prudence in energy usage.

Selecting the best
ZEB, being a small building, can only accommodate
small capacity chiller systems. Its efficiency at best
was around 0.7 kilowatt per ton (kW/ton). However,
one should strive to select the best-in-class systems
or technologies as chiller systems contribute about
50% of total building energy consumption. With
technology advancing over time, bigger chiller
systems with efficiency of less than 0.5 kW/ton
are now available in the market. Also, parallel to
the advancement in technology is the progressive
tightening of regulations and requirements for green
building rating tools. Hence, in order to prolong the
relevance of such assets, it is recommended that
one selects systems that can perform beyond the
current highest requirements for green buildings.

Other challenges faced and lessons learned…
There is much to be learnt by being involved in this project, from technical
knowledge (getting to know about Green Building Technologies) to non-technical
knowledge (such as the experience in working closely with PIs [Principal
Investigators], who are usually not part of a typical building/construction project
team). The project allowed us to be exposed to some of the very advanced Green
Building Technologies, as well as the opportunity to integrate these technologies in
a building.
The most challenging part of the project was to integrate some of the state-of-theart technologies, which were not the conventional M&E systems and installations,
into the building. There is a learning curve for the M&E consultants as well as for
the PIs, as both the consultants and PIs have to work hand-in-hand and “meet in
the middle” to bring concepts into reality.
Another challenge posed was also that ZEB was an existing building, whereby the
cores and spaces were more or less defined. Hence, the designers will need to
work within the constraints and have good services co-ordination to ensure the
integration of old and new is seamless.
— Ms Irene Yong
Beca Carter Hollings & Ferner (S.E Asia) Pte Ltd

The integration of all stakeholders as public-private partnership in the design
process was beneficial. The approach to design-build-operate is beneficial as it
considered the operational costs too, which is usually ignored in the standard designbuild-sell approach. Building industry should follow a design-build-operate approach.
— Professor Stephen Wittkopf
Lucerne University of Applied Sciences and Arts

Touching on what we have learned from ZEB, we can see how important it is
to start the thinking process of being energy smart at the very initial stage of
conceptualisation of any building project. As more and more energy saving
technologies and devices are being made available for application in buildings, it is
of vital importance that the Architect in his role as the inceptor, be knowledgeable
of such availability and endeavour to explore the creative possibilities in their use
to shape and produce meaningful spaces in buildings, and an efficiently functional
and creatively enjoyable built environment.
— Mr Arthur Loh
DP Architects Pte Ltd

Location of technologies in ZEB

Solar assisted stack
ventilation system
(System now disconnected)
Sunshade devices
T5 lights

(Converted
into an office)

Classroom
(Converted
into an office)

Common corridor

Classroom

Open classroom

Sensors and dimmers

Mirror ducts
SCTF system
T5 lights
Sensors and dimmers

Multi-purpose
room

T5 lights
(Now changed to
LED lighting)

Visitor
centre

BMS
Green wall
(A portion of the green
wall is now removed and
replaced with cool paint)

First floor
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Low-E glass
Sunshade devices with PV panels
T5 lights
Sensors and dimmers

Solar assisted stack
ventilation system
(System now disconnected)
Classroom

PDV
Light shelves
T5 lights

Open
classroom

Sensors and dimmers

Solar assisted stack
ventilation system
(System now disconnected)

Classroom

Light shelves
T5 lights
Sensors and dimmers
Low-E glass
Sunshade devices with PV panels
Light shelves

Library

Common corridor

SCTF system
T5 lights
Sensors and dimmers

T5 lights
(Now changed to
LED lighting)

Second floor
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Solar assisted stack
ventilation system
T5 lights
Sensors and dimmers
T5 lights
(Now changed to LED lighting)
Low-E glass
Solar film coating
Light pipe

School hall

Light shelves
Common corridor

(Portion of the hall
is now converted
into a gallery )

Task lights
SCTF system
Displacement ventilation
T5 lights
(Now changed to smart
LED lighting system)
Sensors and dimmers

Low-E glass
Solar film coating

Office 2

Light pipe
Light shelves
Experimental
office

Task lights
SCTF system
Underfloor cooling
Personalised ventilation
T5 lights
Sensors and dimmers

Low-E glass
Office 1

Sunshade devices
with PV panels
Task lights
SCTF system
T5 lights
(Now changed to
LED lighting)
Sensors and
dimmers

Third floor
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K e y t akeaway p o in t s
This chapter highlights the main challenges faced and lessons learned in ZEB, as follows.
• Generating accurate energy models
Accurately predicting energy loads is a key challenge, with important factors for creating a model being
input of occupancy density and usage behaviour.
• Enabling monitoring and verification
Sensors and BMS for monitoring and verification are highly critical, but the BMS in ZEB currently lacks
analytical capability.
• Designing for maintenance
Green walls, while effective, require substantial maintenance. During the design stage, sufficient emphasis
should be put on easy maintenance and accessibility.
• Responding to increasing energy use
Changes in space usage, occupancy and operation patterns had led to an increase in energy needs. ZEB’s
response was to cut energy usage from three main areas:

»» Lighting
Replacing existing T5 lights with LED lights, resulting in about a 42% reduction in energy consumption.

»» Power
In ZEB library, a timer was used to power the detection gates during operational hours and by
unplugging two non-critical dehumidifier cabinets, monthly power usage was reduced by about 26%.
Users are also encouraged to learn and adjust their energy consumption behaviour.

»» Air-conditioning
Introduction of the PDV system in one classroom and reconfiguration of existing displacement
ventilation system.
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Taking the next step

Mr Abdul Matheen Mohamed, Minister of State for
Environment and Energy of Maldives (left), trying out
the displays available at the ZEB visitor centre

It was a good project and together we delivered the first zero energy office
building retrofit in the tropics. I am proud to have been a member of the team and to
have been able to publish good journal papers. BCA as owner and operator was a very
approachable and flexible project partner, so that we were able to solve problems
together. BCA also negotiated the various possible energy efficiency approaches well,
so that a clear road map (increase HVAC efficiency, maintain comfort and use
photovoltaics) could be set early.
— Professor Stephen Wittkopf
Lucerne University of Applied Sciences and Arts

The “Plus-Energy Building”
Retrofitted at a cost of SGD 11million, what used to be
an ordinary workshop underwent a major retrofitting to
become the ZEB that it now is. A very energy-efficient
re-designing of the M&E systems, facade, roof as
well as other building
During the first elements was carried
years of operation, we out to reduce its energy
overachieved the needs. Coupled with
net-zero-energy target the installation of solar
and asked ourselves if PV panels that cover a
we could rename it combined area greater
Plus-Energy Building than an Olympic-sized
swimming pool, ZEB
— Professor Stephen is able to adequately
clean
and
Wittkopf harness
renewable
solar
energy
to
Lucerne University of Applied
Sciences and Arts balance its consumption.
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As of 15 July 2014, ZEB has been in operation for more
than four years and has accumulated a net surplus of
more than 55 MWh of electricity, enough to power
144 flats of about 100 square metres for a month.
ZEB has drawn interest from some 23,000 visitors
comprising built environment practitioners, public
officers, students, academics, and the general public
from more than 50 different countries. As an educational
hub, ZEB tours give visitors an opportunity to learn
about strategies used to achieve zero energy, and to
personally experience the various technologies featured
in the building. Upon visiting ZEB, some have been
inspired to develop similar buildings such as the Public
Housing Display Centre and the Low Carbon Living Lab
Building both situated in the Sino-Singapore Tianjin
Eco-City, China.

A practical research project
such as ZEB which involved the
whole building life cycle with users’
survey provided an invaluable
experience. It provided the
opportunity to further our research
study and of course, our portfolio.
— Ms Erna Tan
National University of Singapore

Being the first building in Singapore and Southeast
Asia to achieve net zero energy, the success of ZEB
has not gone unnoticed, having won many awards
globally. ZEB is also featured in Jerry Yudelson and Ulf
Meyer’s “The World’s Greenest Buildings: Promises
versus Performance in Sustainable Design”, along
with 48 other high performance buildings around
the world. The innovative technologies adopted
and test-bedded in ZEB also drew attention from
the international community, and have separately
garnered their own honours.

HE Al Mazrouei, Minister of Energy, United
Arab Emirates (middle), was briefed on some
of the technologies used in a classroom

Year 2009
• Singapore Green Mark Platinum Award
Year 2010
• MND Minister’s Team Award
• Building Construction Information (BCI) Green
Design Award
• Institution of Engineers Singapore (IES)
Prestigious Engineering Achievement Award
Year 2011
• Minister for National Development’s R&D Award
(Distinguished)
• ASEAN Energy Awards, Special Submission
category for the SCTF system
Year 2012
• ASEAN Energy Awards, Special Submission
category for the PDV system

Delegates posing for a group photo outside
ZEB’s visitor centre upon completion of a
training programme

What others are saying…
The success of the Zero Energy Building in Singapore not only affirms
Singapore’s capabilities in the green building arena but is also testament to
Singapore’s commitment towards achieving a sustainable built environment.
— Beyond net zero: A modern testament to Singapore’s commitment towards achieving
a sustainable built environment. (2011). World Best Practices (Asia-Pacific Edition), 9(02), 72-74.

Many of the innovations in design are also visible. The envelope is an
ensemble of fins, protrusions and plants that is engaged in an exchange of air,
heat and light. Its appearance sets it apart from other buildings in the BCA
Academy (for that matter, much of Singapore). It also sends an important signal
that performance of this order is really about forging a relationship with the
natural world.
— Dr Nirmal Kishnani, (2012). Greening Asia: Emerging principles
for sustainable architecture. (pp. 302-319). Singapore: BCI Asia.

In order to dismiss any doubts, the Singapore Building and Construction
Authority has become a pioneer, shouldering risks and experimenting with new
technology. And this is how ZEB was born.
— Sun Haiyan. (2014). Zero Energy Building: Test bedding for the new technology.
Eco-nomy: The Tao of Sustainable Business, Winter 2013/2014(12), 5-6.

Artist’s impression of the new BCA Academy building

Future living lab – Asia’s first rotatable test facility
Moving forward, BCA is pushing frontiers in green
building research with the development of Asia’s first
rotatable test facility for building technologies, modelled
after the Lawrence Berkeley National Laboratory’s
Facility for Low Energy eXperiments in Buildings
(FLEXLAB) in the United States. To be located atop a
new BCA Academy building that is under construction,
the facility will allow building systems and components
to be tested in “real world” conditions, enabling
researchers to study actual performance through

Artist’s impression of the upcoming rotatable test facility

a configurable test setup which will offer different
orientations. Construction of the facility is expected
to be completed in the second half of 2015. Once
completed, the new test facility will host many new
and exciting green building technologies to enhance
research and development in this field. It will be an
extension of ZEB as a living lab for dedicated testbedding of innovative technologies for the tropics, thus
further establishing Singapore’s position and status as
a leader in sustainable buildings in the region.
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