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BY STEPHEN WITTKOPF

When the Building and Construction Authority (BCA) in Singapore needed
to retrofit its three-story building on the BCA Academy campus, it decided to try
to make it a net zero energy building despite the challenge of doing so in a hot and
humid tropical climate. BCA manages Singapore’s Green Mark building rating system and wanted the project to reflect the best sustainable building practices. After
five years of operation, the net zero energy targets are being met and occupants are
benefiting from the increased visual and thermal comfort.
Before the retrofit, the building was
used as a training center for craft
workers for the rapidly growing
construction industry in Singapore.
It was part of a larger campus that
was restructured to become the
BCA Academy.
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Integrated Approach
The planning began in 2007 as a
public-private partnership project
with the building owner (BCA), local
designers/consultants and builders
partnering with researchers from the
National University of Singapore

BUILDINGS

(NUS) and the Solar Energy Research
Institute of Singapore (SERIS) to
retrofit an existing building into a net
zero energy building. The building
footprint is about 250 ft (76 m) long
and 65 ft (20 m) deep, with an external corridor on the longer east side
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providing access to the deep building
spaces on all three stories.
The east façade is oriented northsouth and faces an internal rectilinear
courtyard. Three identical buildings
are opposite, and another abuts the
north side and the entrance building
on the south side. All six buildings
are connected by internal walkways
or intermediate staircase cores, forming the BCA Academy. The nearest
building to the campus entrance
was chosen for the net zero energy
retrofit. The building was partially
funded by the BCA, the Ministry of
National Development (MND) and
the Economic Development Board
(EDB). The project used a designbuild-operate process. Reducing
operational costs and emissions were
the driver for the design, rather than
reducing upfront capital costs.
In design charrettes the stakeholders discussed passive design,
Opposite Vertical green wall, photovoltaics
and lightshelves create the shading skin for
the west façade and southern entrance.
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energy efficiency and renewable
energy. International case studies
were analyzed and various concepts
developed and reviewed, often
aided by computational simulation
and visualization.
Various iterations helped to identify
best practices and the need for supporting research projects. The main
goals for the passive design included
reducing heat transmittance,
enhancing daylight and increasing
natural ventilation, followed by efficient electrical lighting and air conditioning and mechanical ventilation
using building management systems.
Integrating photovoltaics into the
building envelope was critical for
achieving net zero energy goals.

Natural Ventilation With
Solar Chimneys
The other campus buildings were
previously converted into partly
air-conditioned offices. This project
building, which includes classrooms
and a school hall (one-third of the
gross floor area), was cooled by
natural ventilation. The average air

temperature and relative humidity in tropical Singapore during
the day is around 88°F (31°C) and
80%, respectively, with relatively

B U I L D I N G AT A G L A N C E
Name
Zero Energy Building @ BCA Academy
Renovation Scope
Net Zero Energy Building
Location 200 Braddell Road, Singapore
Owner Building and Construction
Authority (BCA) of Singapore
Completion October 2009
Principal Use
	
Office, visitor center, library and
multipurpose room (67% of the gross
floor area) (air conditioned)
Classrooms and school hall (33%)
(naturally ventilated)
Occupancy
80 permanent staff
100% occupied
Average 90 visitors per week
Gross Square Footage (GSF)
48,440
23,476 air-conditioned space
Distinctions/Awards
Certified, Green Mark Platinum Award,
Building and Construction Authority (2009)
Winner, Minister’s Team Award, Ministry of
National Development, Singapore (2010)
Winner, BCI Green Leadership Awards,
Institutional Category, Building
Construction (2010)

Building and Construction Authority

Below Solar chimneys are characteristic
features of the building. They provide natural ventilation for classroms via ducts along
the roof and façade.

@

Winner, Prestigious Engineering
Achievement Award, Institution of
Engineers Singapore (2010)
Winner, Special Submission, ASEAN
Energy Awards, Energy Efficiency Competition, ASEAN Centre of Energy (2011)
Winner, Distinguished Award, Minister for
National Development’s Research and
Development Award, Ministry of National
Development, Singapore (2011)
Major Renovation Completion October
2009, original building built in 1984
Total Renovation Cost
US$7,639,000
Cost per Square Foot: US$158

Spring 2015

HIGH

PERFORMING

BUILDINGS

45

Building and Construction Authority

Above Various roof plantings above the
staircase lead to the viewing platform covered with a semitransparent PV canopy.
Left The block of the Zero Energy Building
within the complex of the BCA Academy.
Naturally ventilated spaces are below the
solar chimneys.

Stephen Wittkopf

little seasonal change. Building
occupants in Singapore appreciate
some air movement, as it reduces
the effective temperature, and the
new HVAC and natural ventilation
systems provide increased indoor
air movement.
A solar chimney system was chosen for natural ventilation of the
classrooms and school hall. Four
chimneys on the roof, which are the
end of a series of partially hidden
ducts along the building envelope,

are the most visible part of the
system. The system starts with
exposed vertical ducts along the
west façade, which then bend to follow the curved roof and eventually
connect with the prominent central
chimneys. When exposed to sunlight, they heat up, create internal
hot air, which expands, becoming
lighter and rises (buoyancy effect)
and, in turn, “sucks” warm indoor
air through various inlets drawing ambient air through the façade

BUILDING ENVELOPE
Roof
Type Ventilated PV modules over metal
roof with 150 mm thick Rockwool
insulation
Overall R-value 27 ft2 ·°F·hr/Btu
Walls
Type 150 mm dry wall (light grey)
Overall R-value 18.65 ft2 ·°F·hr/Btu
Glazing percentage 43%
Basement/Foundation
Type concrete slab
R-value 5 ft2 ·°F·hr/Btu

Solar Energy Research Institute of Singapore (SERIS)

E A R LY V I S U A L I Z AT I O N O F G R E E N B U I L D I N G T E C H N O L O G I E S
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into the interior. In the school hall,
air movement of up to 394 fpm
(2 m/s) has been measured and has
changed the thermal acceptability
from unacceptable to acceptable.
This improved thermal comfort
was determined through predicted

Windows (West)
Type 24 mm thick tempered double
glazing unit
R-value (West) 1.66 ft2 ·°F·hr/Btu
Solar Heat Gain Coefficient (SHGC)
0.33 (0.33 g-value)
Windows (East, shaded by external
corridor)
Type 6 mm thick low-e glazing
R-value (West) 0.45 ft2 ·°F·hr/Btu
Solar Heat Gain Coefficient (SHGC)
0.42 (0.42 g-value)
Location
Latitude and Longitude 1.34482° N
103.85824° (1° 20’ 41.3514”, 103°
51’ 29.6634”)

HPB.hotims.com/54438-17

Stephen Wittkopf

The lightshelves as multifunctional shading
elements results in the typical deep
western façade.

mean vote (PMV) and predicted
percentage dissatisfied (PPD) and
reconfirmed through an occupant
survey of 15 to 20 high school
students during a time when the
solar chimney system shifted the

temperature from “much too warm”
to “comfortably warm.”
As for the air-conditioned spaces,
energy efficiency was greatly
improved against the typical range
of 43 to 55 kBtu/ft2 per year (138
to 174 kWh/m2 per year) for similar
office buildings. The cooling system
is designed specifically for the tropics. Energy efficiency is achieved
by cooling fresh and recirculated air
separately and by having separate
fan control with variable speed to
match localized demand.

E N E R G Y AT A G L A N C E
Annual Energy
Consumption 629,420 kBtu (Average
from Oct. 2009 – Feb. 2015)
Energy Use Intensity (EUI)
13.0 kBtu/ft2
Savings to Singapore Standard
63.5%
Annual Renewable Energy
	Generation 670,610 kBtu
(Photovoltaics, same period)
Energy Generation Intensity per GSF
13.8 kBtu·ft2
Net Surplus Energy 41,190 kBtu
(same period)
Carbon Footprint –225,310 lb
CO2e
Load Matching (for 2011)
	Monthly, daily and hourly average
95%, 84%, 37%

Tackling Thermal Gains
The original building envelope, with
exposed concrete walls and metal
roofs that have little shading, heated
up during the day and re-radiated
the heat into the interior due to the
absence of insulation. Because of
the strong solar radiation (more than
507 kBtu/ft2 [1,600 kWh/m2] per
year), peak temperatures of external
surfaces could exceed 120°F (50°C).
The overall strategy was to add a

Heating degree days 0
Operational hours 2,780 (2013),
annual air-conditioning operating hours

Building and Construction Authority

SOLAR CHIMNEY
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cooling skin to the building envelope. Sun shades and vertical green
walls were added on the western
side, and the roof received a layer of
photovoltaic (PV) modules. The PV
roof was elevated about 1 ft (300 mm)
off the metal roof and had horizontal
gaps between the modules to ensure
ventilation and cool the PV modules
and metal roof below.
The cooling skins served additional
purposes beyond shading. Some sun
shades on the façade had PV on the
upper parts, generating additional
electricity. Others had reflective
films, doubling as lightshelves,
redirecting daylight deeper into the
building. The green walls and roof
systems support the study of their
shading and evaporative cooling
effect on reducing heat transfer and
resulting cooling energy use.
The energy savings based
on measurement of heat flux

Above Daylighting from the reflective ceiling and vertical light pipes as well as the
exterior view provides visual comfort.

Carbon Reduction Strategies
Building integrated energy-efficient technologies and photovoltaics to achieve
a net zero energy balance and demonstrate different PV technologies and
building integration

Above Left On the roof, four glazed domes
capture zenithal daylight for controlled funneling into vertical light pipes. The bend
through the roof construction provides light
for the deep office spaces below.

Natural Ventilation
Solar chimney system for better
thermal comfort
Daylight
Horizontal and vertical hollow light guides.
Lightshelves and reflective ceilings for
increased daylight in deeper zones
Air Conditioning
Single-coil twin fan system, displacement
and personalized ventilation system
Individual Controls
Building monitoring system, sensors
and meters for live display, monitoring
and management
Materials (Construction)
98 % of all materials used sources
within 621 miles from project site
Wellness (Design)
93 % of gross floor area offers view to
outdoors
Comfort Modes*
Thermal Comfort
Passive (natural ventilation) 55%
Active (air conditioned) 45%
Visual Comfort
Passive (natural light) 51%
Active (electrical lighting) 49%

Percentage of gross square footage designed
to be primarily reliant on passive strategies or
active systems.

Several advanced daylighting
systems were installed and tested
for providing daylight for some
selected zones, including vertical and horizontal hollow light
guides and ducts, external lightshelves and customized double
glazing with integrated adjustable
blinds, electrochromic films, and

Below Right The photovoltaic façade of
the staircase demonstrates that various PV
technologies can be integrated into a uniform façade construction.

differences were largest for the
exposed roof-mounted systems,
e.g., about 6 kWh/ft2 (70 kWh/m2)
per year and for systems installed
on the (partly shaded) south
façade (the green wall shading is
the most efficient).

Daylighting
After natural ventilation and reducing solar gains, daylighting was
another challenge because effective
daylighting was difficult to achieve
due to the deep floor plan of 59 ft
(18 m) and the high sun altitude
due to Singapore’s location along
the equator. A typical design would
cause excessive daylight near the
perimeter and large gloomy areas
deep inside. An innovative design
concept studied was to direct the
windows toward the sun, or rather
to collect the zenithal light from the
roof and façade and redirect it to
where it was needed.
Spring 2015
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Heat Transmission Reduction
Shading by ventilated PV roof and
façade, energy-efficient façade and roof
greening, lightshelves

*

Building and Construction Authority
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KEY SUSTAINABLE FEATURES
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kBIM Template and Library
Standardized Tools to Reduce Autodesk® Revit® Implementation Costs
kBIM Template and Library for Autodesk Revit is a package of standardized Revit
tools designed to provide large-firm capabilities to smaller firms and improve drawing
development efficiency.
kBIM Template and Library includes a Revit template, customized Revit library, and
supporting help documentation, all designed to enhance the building information
modeling (BIM) process for mechanical, electrical, plumbing, fire protection, and
technology disciplines.

Provides large-firm capabilities to smaller firms
• Custom view templates
• Standard and customizable device symbols
• Equipment and fixture schedules and families
• Custom schedules and tags
• Standard pipe systems and filters
• Design checks as visibility and graphical settings
• Custom drawing annotation styles and device tags
• Equipment clearance representation
• Device annotation offset for drawing clarity

Find demos, examples, and purchasing information at www.ashrae.org/kbim.

HPB.hotims.com/54438-31

Autodesk and Revit are registered trademarks of Autodesk, Inc., in the USA and other countries.

52

HIGH PERFORMING

Solar Energy Research Institute of Singapore (SERIS)

BUILDINGS

25,000

250,000

20,000

200,000

15,000

150,000

10,000

100,000

5,000

50,000

0

Energy consumption in kWh
Cumulative energy consumption in kWh
Linear (energy consumption in kWh)

Spring 2015

Dec 2014

Nov 2014

Oct 2014

Sep 2014

Aug 2014

Jul 2014

Jun 2014

May 2014

Apr 2014

Mar 2014

Feb 2014

0

Cumulative energy generation/consumption (kWh)

E N E R G Y G E N E R AT I O N , C O N S U M P T I O N

Jan 2014

semitransparent PV. The average
illuminance readings in the spaces
behind the glazing were 800 lux for
clear glazing, 100 lux for semitransparent photovoltaic, 300 to 800 lux
for integrated adjustable blinds and
100 to 700 lux for electrochromic
glazing of different states, providing adequate light where lux levels
are 300 lux and above. Daylight
autonomy (the percentage of time
exceeding 300 lux) could never be
met with semitransparent PV due to
its intrinsic low visible light transmission of less than 10%, but its
shading, glare control and color renderings properties are good while
generating electricity.
The customized horizontal light
guides designed were comprised
of external daylight collectors
integrated into the east façade and
39 ft (12 m) long horizontal light
ducts integrated in the ceiling
and delivering glare-free daylight
through several openings into the
spaces below. Their performance
varied with the internal reflective films. The film with more than
98% reflectance provided daylight
factors of above 5% in the deep

up to 8 m (26 ft) from the roof to
the ceiling-mounted diffusers in the
office spaces below.
The longer curved light pipe supplied enough light for a meeting
room without any windows, while
the shorter straight light pipe with
a diameter of 3 ft (1 m) would

BIPV ROOF AND LIGHT PIPES

Energy generation/consumption (kWh)
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The interior of the staircase near the viewing platform tells a story. The higher you go,
the newer the PV technology, from crystalline to thin-film and eventually combinations
used as the canopy.

building areas. However, this is at
the expense of color rendition, as
the light appeared slightly yellowish at the exit opening. The vertical
light pipe systems were commercially available products, with lightcollecting domes on the roof and
vertical and curved pipes running

Energy generation in kWh

Cumulative energy generation in kWh
Linear (energy generation in kWh)

LESSONS LEARNED
Many lessons were learned regarding the
generation of accurate energy models,
enabling of monitoring and verification,
designing for maintenance and responding to
increasing energy use. The integrated design
process with all stakeholders at the early
stage of the project was beneficial in setting
the stage and identifying best practices.
The design-build-operate approach was also
beneficial as it considered the operational
costs, too, which is usually ignored in the
standard design-build-sell approach.

Traditionally, windows only have thermal
and optical properties and not electrical,
and PV modules have only electrical properties, and even if they are integrated in
the building envelope, they remain monofunctional energy generators. Therefore, BIM
was used for integration and communication
purposes, but not as a front end for energy
performance simulation. Energy simulations
were performed independently from BIM with
the locally prevailing tools for PV system sizing, building energy performance and HVAC
and daylighting systems.

Simulations on energy savings and yield
were instrumental in sizing different energy
systems. However, building accurate and
integrated energy models with occupancy
schedules and dynamically responsive
systems was challenging. Occupancy schedules are very difficult to predict, but their
resulting energy loads have a strong impact
on the predicted energy consumption of a
building. Actual and predicted occupancy
schedules usually differ, especially if the
prediction is outdated.
The planning of the project included some
reserves, e.g., for extension of air-conditioned spaces. In fact, the EUI of the building
has increased 15% over the first two years
and keeps increasing due to converting more
of the naturally ventilated spaces into air-conditioned zones. But with additional energyefficiency measures, it has remained a net
zero energy building over the first five years.

The development of the building monitoring
system turned out to be very complex. The
building systems with their sensors, calibration routines and communication protocols
were very diverse. Recording, synchronizing
and analyzing massive amounts of data was
very complex and took much longer than
expected. PV monitoring systems, on the
other hand, are quite common and monitoring procedures set in international standards.
Unfortunately, both monitoring systems run
separately. But data from both systems were
eventually compared to determine the load
matching, e.g., the percentage of time where
the PV electricity meets the consumption.
A net zero energy building has a 100% load
matching over the course of one year. But on
an hourly scale that looks much different. For
this project, the hourly profile over a day for
energy consumption and occupancy is very
asynchronous and different for a typical day
during office hours and weekends. For 37%
Building information modeling (BIM) was
of cases, the hourly averaged generation
used to create and communicate design
aspects. However, not all of the green build- matches (or even exceeds) the corresponding
consumption, which means that the building
ing systems were a part of the standard
runs autonomously and theoretically could be
building products library and had to be created and added first. Multifunctional objects disconnected from the grid (although this is
such as electricity-producing semitransparent technically not the case, also due to the high
PV windows are difficult to represent in BIM. variability of the irradiance in Singapore). The

oversupply light with daylight factors sometimes exceeding 50%
during noontime with sun positions
near the zenith.
In conclusion, the concept of collecting bright zenithal light on roofs
and façades and directing them into
deep building zones was found to be
an effective and innovative alternative or supplement to electric lighting and provided excellent color

value appears low, but actually compares
well to the range of 30% to 40% reported
for some advanced net zero and plus energy
buildings in Europe. Design for load matching
is an emerging design criterion that building
performance label systems are preparing
to incorporate.
A further challenge is that space use may
change over time. Here, some of the classroom spaces planned for natural ventilation
were converted to air-conditioned spaces with
different use. Responding to an increased
energy use is another key takeaway point.
This requires constant monitoring to identify
areas for further energy savings. For example,
the initial lighting was using T5 lamps, but
after replacing them with LED lamps, the
energy consumption was reduced by about
40%, partially absorbing the increased energy
consumption for the enlarged air-conditioned
space. There were some difficulties mainly
due to the lack of experience and craftsmanship in installing green building technologies
properly on site. This was especially true
if it was the first of its kind in Singapore,
such as the solar chimney system and PV
façades. Most of the extra work could fortunately be supported by the accompanying
research projects, which also brought in
foreign experts and their experiences. What
also turned out to be essential was the call
for a performance-based arrangement for
the building integrated PV system unlike the
usual capacity-based arrangement. For performance based, the supplier had to ensure
that the specified annual electricity generation
is achieved. Again, the consideration of the
operation phase of the building (not just the
construction phase) paved the way to sustaining the net zero energy target for more than
five years of operation since October 2009.

neutrality. However, this solution
required more space and planning
compared to electric lighting and
slightly increased the mean radiant
temperature by 1°F (0.5°C).

As there is no heating required, all
energy was electric for air-conditioning, ventilation, lighting and
plug loads, which was estimated
to be about 706,300 kBtu (207
MWh) or 14.6 kBtu/ft2 (55.3 kWh/
Photovoltaic Integration
m2) per year. To produce an equivaThe energy target for the building
lent amount of electricity with PV,
was to be net zero, i.e., to produce as it became clear that the building
much electricity as the building con- roof would need to be completely
sumes over the course of one year.
reserved for PV.
Spring 2015
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Six external scoops on the eastern facade
collect zenithal daylight and redirect it into
horizontal light ducts for daylighting of
multipurpose rooms.

After a few iterations to define
the benefits of electricity generation with PV versus energy savings through solar chimneys, roof
greening or reflective coatings, a
PV system of 190 kWp capacity
covering some 16,577 ft2 (1540
m2) was chosen. A large grid-connected system designed to produce
BUILDING TEAM
Building Owner Building and
Construction Authority of Singapore
Architect DP Architects Pte Ltd
Principal Investigators for Green
Building Technologies, Environmental
Design and Energy Modeling
National University of Singapore
Main Contractor
ACP Construction Pte Ltd
Project Manager, Mechanical & Electrical
Engineer, Civil & Structural Engineer
Beca Carter Hollings & Ferner (S. E.
Asia) Pte Ltd
Quantity Surveyor
Langdon & Seah Singapore Pte Ltd
Photovoltaic Contractor
Grenzone Pte Ltd
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a maximum electricity yield was
installed on the roof. Therefore, a
performance-based invitation to
bid was launched. The supplier
had to guarantee a certain amount
of electricity production, which
provided motivation to install as
well as operate and maintain the
PV system efficiently.
PV was also installed in the
façades, designed here to demonstrate the variety of PV technologies
and their multifunctionality, such
as serving as sunshades, railings,
opaque and semitransparent walls
and windows.
Those smaller systems were offgrid, meaning their dc electricity
was consumed on the spot by a cell
phone charger. Both grid-connected
and off-grid systems are owned
and operated by the BCA, following the requirements for electrical
power systems set by Singapore
Energy Market Authority (EMA)
and the design guidelines on conservation and development control by the Urban Redevelopment
Authority (URA).

Conclusion
The BCA retrofit project was
intended to demonstrate efficient
use of energy in a retrofit building.
Shading devices, lightshelves, vertical green walls, high-performance
glazing, and lightweight wall systems
are integrated in the west façade.
Light pipes and ducts are installed
on the roof and east façade. The roofs
are covered with large PV systems
to generate enough electricity for the
building to become net zero. Parts
of the roof have solar chimneys for
improving the air movement within
the naturally ventilated spaces.
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