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Abstract
Singapore is one country that is leading the charge in
environmental design in the tropics by advocating for
smart strategies in buildings. The small city-state uses
Residential Envelope Transmittance Values (RETV) to
quantify heat transfer through residential building
façades. This study compares simulated performance
metrics of ten Singaporean housing developments to
calculated RETV values to evaluate qualitative metrics
such as daylight penetration and interior operative
temperature (comfort) against physical building features
such as shading and window-to-wall ratio. The authors
have determined that while RETV is a unique way to
quantify thermal transfer through the building envelope,
it ignores many of the qualitative characteristics implicit
in passive buildings that define building performance.

Introduction
Tropical regions lead the world in development and
account for the majority of projected urban growth by
2050 (United Nations 2015). Accordingly, tropical
residential housing is growing rapidly (James Cook
University 2014), creating a market that is suitable for
passive design strategies. Singapore is one tropical
nation that is making deliberate steps toward energy
efficiency in buildings.
There, air conditioning,
ventilation and electric lighting account for up to half of
building energy and national electricity consumption
(Building and Construction Authority 2014). In an
attempt to curb building energy use, Singapore has set
limitations on thermal transfer through envelopes hoping
to improve façade designs and lower domestic energy
consumption.
Eighty percent of Singaporeans live in public housing
constructed by the Housing Development Board (HDB),
the government agency founded to support rapidly
increasing population demands and fight conditions of
squatters and slums. With the construction of highdensity, high-rise flats, HDB has been the sole agency
responsible for public housing in Singapore since 1960.
To get a complete picture of residential buildings in
Singapore, the authors investigate both HDB and private,
developer-built high-rise buildings.
For buildings that operate air conditioning
predominately during the day, fixed Envelope Thermal
Transfer Value (ETTV) limits are in place and are a
requirement for Green Mark (GM) certification, the
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predominant green building standard in Singapore
(Building and Construction Authority 2012). The GM
benchmarking scheme, introduced in 2005, has been
adopted widely across Southeast Asia, Australia and
beyond. Residential Envelope Transmittance Value
(RETV) is another standard metric used in Singapore to
quantify and weigh the relative importance of conductive
and radiative heat transfer through both opaque and
translucent building envelope components in residential
buildings, which are assumed to be air-conditioned only
at night. Due to the hot and humid tropical climate, air
conditioning is a requirement at least part of the year in
the vast majority of Singaporean homes and office
buildings. It is this need for air conditioning that drives
RETV and ETTV measures in Singapore. Because the
potential for passive design strategies is high in
residential housing, which is growing rapidly in the
tropics, it seems worthwhile to compare accepted
metrics such as RETV to other passive strategies which
may result in further energy independence by negating
the need for active systems.
This manuscript, therefore, analyzes building facade
design features such as glazed area, shading features,
and fenestration details related to passive performance
measures such as daylight penetration and free-running
thermal comfort. By comparing RETV to several
passive strategies, the authors investigate where RETV
and passive design strategies align or are at opposition.

Background
Residential Envelope Transmittance Value (RETV)
RETV is a combination of conduction through façade
elements and solar radiative gains. However, it may not
adequately account for daylighting, comfort and
ventilation potential, critical passive elements of
building performance.
Initially developed by the
American Society of Heating, Refrigerating, and Airconditioning Engineers (ASHRAE) in 1975, the
Building and Construction Authority (BCA) adopted
Overall Thermal Transfer Value (OTTV) for airconditioned, commercial buildings in 1979. However, a
study at the Lawrence Berkeley National Laboratory in
1985 found significant variations between simulated and
measured values (Chou and Lee 1988), and it did not
factor in some of the factors in tropical climates, most
notably solar gains (Yik and Wan 2005). Furthermore,
several studies found that the metric did not account for
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cooling and energy reduction potential from enhanced
daylighting (Li, Lam, and Wong, 2002 and Zain-Ahmed
et al., 2002).
After several iterations and an intensive study at the
National University of Singapore, the BCA replaced
OTTV with ETTV in 2004, to more accurately reflect
the relative performance of the different elements of the
envelope system specific to Singapore’s tropical climate,
particularly regarding solar heat gains (Building and
Construction Authority 2004). It is important to note
that the parameter was introduced for input into energy
estimation calculations and not as a direct measure of
energy transmission (Chua and Chou 2010).
RETV was introduced in 2008 to accommodate
buildings that are naturally ventilated during the day and
likely air-conditioned at night. Equations for both
RETV and ETTV are explained in a later section.
Daylit Area and Overlit Area
The daylit area is a concept defined by Reinhart, Rakha
and Weissman (2014), which found a statistical
correlation between certain annual, climate-based
daylighting measures and an average human perception
of what is daylit in real spaces. The daylit area,
abbreviated as DA300 lx, 50%, is the portion of a space that
receives 300 lx (or greater) of illuminance for 50% of
occupied sunlit hours (from 8 am to 5 pm in this study).
This metric attempts to answer the simple question: “Is
this space daylit adequately?” The depth of the daylit
area is simply the depth of space where DA300 lx, 50% is
met. To supplement this useful daylighting metric, the
authors also calculate the depth of overlit area. The
overlit area metric attempts to quantify lighting, which
will result in visual discomfort (glare) and excessive
solar heat gains. It is derived from John Mardaljevic’s
(2012) Useful Daylight Illuminance (UDI) concept
within which illuminances greater than 3000 lx are
exceeding a ‘reasonable’ lighting level and is
abbreviated as UDIe3000 lx, 10% with the ‘e’ standing for
exceeded. Areas that receive greater than 3000 lx for
more than 10% of occupied hours in the year are overlit.
Thermal Comfort
As this paper aims to look towards passive design
strategies, thermal comfort in naturally ventilated spaces
is something the authors wish to quantify. The ASHRAE
55 Adaptive Thermal Comfort standard (de Dear and
Brager 2002) is based on a wealth of research which
suggests that comfortable interior operative temperatures
in naturally ventilated buildings are related to the recent
outdoor thermal history.
While daylit hours are
calculated only during sunlit hours, thermal results are
based on all hours of the day.
The typical, mean dry bulb air temperature in Singapore
according to the IWEC climate file is 27.5 C (ASHRAE
2016), which varies little throughout the year in
Singapore’s equatorial climate. Inputting this value into
the aforementioned adaptive thermal comfort model (de
Dear and Brager 2002) for naturally ventilated buildings
gives a 90% acceptance threshold temperature of
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approximately 28.5 C, although the standard does not
account for relative humidity (RH). RH is on average
83.6% in Singapore and rarely drops below 40%, which
may have an adverse effect on comfort; therefore, the
adaptive thermal comfort model is a simplified measure
applied in this paper to describe conditions where the
interior operative temperature is within a comfortable
range, below 28.5 C.

Methodology
Ten buildings are analyzed in this study, representing a
collection of familiar façade design features found in
Singapore. The ten buildings, as shown in Figure 5,
were selected from over 200 buildings initially identified
by the authors. Sampling from both public and private
buildings, these buildings represent typical façade
strategies found in Singapore irrespective of whether
they were designed with environmental goals in mind.
Utilizing a FARO Focus 3D X 330 laser scanner, point
cloud measurements were taken of each building facade,
as shown in Figure 1. The distance between measured
points ranges from 6 mm to 22 mm depending on the
distance at which the laser scanner was placed from the
building. The authors also visually surveyed and
photographed each of the ten building facades to
evaluate the operability of various fenestration elements.
This collected information was used to create precise
digital 3D models. Using this information, the authors
created 8.5 m deep shoebox models (Reinhart, Jakubiec,
and Ibarra 2013). The width of each shoebox ranged
from 4.8 m to 12 m and was determined by the repetitive
unit of building fenestration. Shoebox simulations were
used for both daylight and thermal models as shown in
Figure 2. Interior partitions, interior shading elements
(such as blinds or curtains), and shading or reflections
from neighboring buildings and vegetation were not
considered in this study. All of these factors would be
important to consider in future studies and RETV
calculations, especially in a notoriously dense city such
as Singapore.

Figure 1: Photograph (left) & point cloud (right)
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Figure 2: Shoebox model (left) & daylight model (right)
Calculation of RETV
Using the BCA’s “Code on Envelope Thermal
Performance for Buildings” (2008), the authors
estimated RETV values using Equation 1 below. ETTV
(Equation 2) is also shown here to demonstrate how
values might differ in the evaluation of commercial
buildings. The authors assume that the increased
coefficients in the ETTV equation as compared to RETV
account for the greater temperature differential that
exists during daytime air conditioning operation.
RETV = 3.4(1-WWR)Uw + 1.3(WWR)Uf +
58.6(WWR)(CF)(SC)

(1)

ETTV = 12(1-WWR)Uw + 3.4(WWR)Uf +
211(WWR)(CF)(SC)

(2)

Where:
WWR: window-to-wall ratio (fenestration area/
gross area of exterior wall)
Uw: thermal transmittance of opaque wall (W/m2K)
Uf: thermal transmittance of fenestration (W/m2K)
CF: correction factor for solar heat gain through
fenestration (%)
SC: shading coefficients of fenestration system (%)
The unitless Correction Factor (CF) for solar gains is
defined by the wall pitch angle and varies with solar
orientation. The Shading Coefficient (SC) is the ratio of
solar heat gain through a shaded and glazed fenestration
system to the solar heat gain through an unshaded 3 mm
clear glass (Building and Construction Authority 2008)
as shown by Equation 3. It factors in both shading
geometry and solar control films on the glass using
Equation 4 below.
SC =

solar heat gain of glass and shading

No Obstruction

(4)

The authors assumed identical U-values and solar
control films for all buildings, which are found in Table
A1, meaning that primarily differences in geometric
façade design are assessed in this study but not material
differences. Using the BCA methodology shown above,
the authors found the process to be complicated and
somewhat difficult to define shading coefficients,
especially where a façade had multiple features or
nonconventional shading methods. In response, the
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The RETV calculation methodology (Building and
Construction Authority 2008) assumes that shading
devices block the sun-shaded percentage of direct solar
transmission through the glass, but the façade always
receives 100% of potential diffuse radiation. As a result,
the authors noticed several extreme instances where
shading elements block primarily diffuse light rather
than direct light. In these cases, the shading device had
little impact on the geometric component of SC but a
large impact on total irradiation. The calculation of SC
as a part of RETV, therefore, appears to oversimplify the
impact of many shading systems in the Singaporean
climate where the diffuse component of radiation is
rather large—68.6% of the global horizontal irradiation
is diffused, according to the IWEC weather file.
Looking at one condition discovered on BLDG 3 of this
study, two windows have similar geometric SC values,
as shown in Table 1, while raytracing simulations in
Figure 3 show that the total irradiance received is
actually quite varied. On the South orientation where
sun angles are high, the low wall does not block direct
sunlight and has little impact on geometric SC. While
the obstruction is not large enough to block direct solar
radiation from the December sun, it does prevent a
significant amount of diffuse irradiation from hitting the
glazing, which would have a noticeable impact on
building performance.

(3)

solar heat gain through a 3mm
unshaded clear glass
SC = SCglass-and-film · SCgeometric-shading

authors created a calculation tool to determine the
geometric component of SC. Hourly sunlit fenestration
area calculations were predicted using Radiance (Ward
1994) using sky conditions from 7 am until 6 pm on the
solstices and equinoxes as per the BCA guidelines
(adjusted slightly so the 7 am time is above the horizon).
The sunlit area calculation results were then utilized to
split the direct and diffuse irradiation arriving at the
window.

Obstruction

Figure 3: BLDG 3 – demonstrating the impact of
shading element on diffuse radiation facing south. The
elevation is shown with the corresponding section. The
dashed line indicates the obstruction height so the
viewer can see the simulated results beyond.
Table 1: Geometric Solar Coefficients of BLDG 3
N/S
E/W

No Obstruction
0.677993
0.692378

Obstruction
0.674493
0.603607

Δ
0.0035
0.088771
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Building Performance Simulations
For each shoebox model and analysis type for all ten
buildings, daylighting and thermal comfort results are
calculated in 8 cardinal directions: N, NE, E, SE, S, SW,
W and NW. All simulations use the Singapore IWEC
weather file (ASHRAE 2016) as a climatic basis.
Daylighting models are a direct translation of the 3D
point cloud data converted into detailed geometric
models, as earlier illustrated in Figure 2. All glazing is
presumed to be 65% transmissive in the visible spectra,
and reflective properties are documented in Table A2.
Lighting sensor grids are distributed based upon a 0.2 m
spacing, beginning at 0.1 m away from the façade. The
authors translated simulation models into the Daysim
(Reinhart and Walkenhorst 2001) engine using DIVA
(Jakubiec and Reinhart 2011), to perform annual lighting
calculations using the Radiance simulation parameters
described in Table A3. Two output metrics are
calculated based on this—the depth of daylit and overlit
areas as previously defined. Both are climate-based
daylighting metrics (CBDMs) that are based on annual
predictions of illuminance, which account for the
changing solar position throughout the year and varying
sky conditions derived from standard meteorological
datasets such as the typical meteorological year.
Thermal models are constructed using the EnergyPlus
simulation engine (Crawley et al. 2001) and the Archsim
interface (Dogan 2016) based on the 3D scan data.
Thermal and glazing properties are kept constant
between the ten models to enable comparisons based on
geometric factors, as was also done for the RETV and
daylighting calculations. These material properties are
again documented in Table A1. Likewise, internal loads
and schedules are standardized based on a typical
residential living space, shown in Figure A1. Windows
are modeled as individual framed openings, and thermal
transfer through mullions is handled with the EnergyPlus
WindowProperty:FrameAndDivider object.
No
mechanical cooling or mechanical ventilation is modeled
inside the units. Natural ventilation occurs based on the
ZoneVentilation:WindandStackOpenArea model
with a window opening fraction of 0.5 and autocalculated wind coefficients depending on the hourly
wind direction. Windows are opened when the outdoor
air temperature is below 28.5 C, the presumed
comfortable (operative) temperature.
The height
difference is set to 0, meaning buoyant flow is not
considered.
By coupling the thermal and daylighting models, one
may inform the other. The electric lights in the thermal
model are turned off when the simulated average
daylight illuminance value is greater than 200 lx in the
daylight model. This is calculated on an hourly basis
and input as a schedule to the thermal simulations.

Results
Figure 5 displays a summary of all results and ranks
buildings against each other based on age, RETV,
WWR, daylit area, percent time comfortable (<28.5 C)
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and Solar Heat Gains (SHG). Figure 5 also identifies the
buildings as HDB or private and designates the
predominant shading type. The following is a summary
of general observations made from this data.
(1) Private vs. HDB Housing Metrics
While the authors hypothesized that newer buildings
would have lower RETV values, Figure 4 demonstrates
that the newer, private buildings (3, 5, 6, 7) in fact had
higher average RETV values based upon geometric
factors than older HDB buildings (1, 2, 4, 8, 9, 10). The
average age of the HDB buildings measured was 26.8
years with an average RETV of 17.9 W/m2, while the
average age of private buildings was only 7.8 years with
an average RETV of 21.2 W/m2 at the time research was
conducted in 2016. With the exception of BLDG 5,
private buildings also had the highest window-to-wall
ratios (WWR), averaging at 45%, compared to the HDB
average of 28%, as shown in Table 2. The greater
amount of glazing and WWR are expected because the
projects typically have higher budgets, which may allow
for significant mechanical cooling systems. It is worth
noting that the average value of RETV for all studied
buildings falls below the 25 W/m2 mandated by the BCA
using the presumed values from Table A1.

Figure 4: Building age and corresponding RETV values,
comparing Private and HDB buildings
Table 2: Private and HDB Averages
Private
HDB
2
RETV
21.2 W/m
17.9 W/m2
WWR
45%
28%
Daylit
80%
62%
<28.5
50.8%
54.5%
SHG
27.7 kWh/m2
13.0 kWh/m2
(2) Solar Orientation
The buildings with corner windows (2, 5, 7) had less
variation in RETV across solar orientations than
buildings with glazing facing only one direction (1, 3, 4,
6, 8, 9), as shown in Figure 6. The sharp peaks of
BLDG 3, for example, compared to the steadier line of
BLDG 7 indicate that buildings without corner windows
are more susceptible to changes in orientation.
Accordingly, the buildings with corner windows have
less variation in daylight penetration, operative
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temperature, and solar heat gains. This characteristic
may be useful for large-scale residential buildings that
tend to repeat a uniform module across various
orientations. HDB communities, especially, are often
built of multiple buildings that utilize the same
fenestration system at various orientations. Though this
will not necessarily lead to an enhanced overall
performance, it provides a more predictable environment
across orientations, which may be beneficial to building
operations and maintenance. Corner windows may also
offer opportunities for better ventilation, which will be
explored in a follow-up study.
With the exceptions of BLDG 5 and BLDG 7 that have
significant corner windows, all of the buildings had
higher RETVs on the east and west orientations. This
observation remained consistent for solar heat gains and
percent time comfortable but was less so for daylight
penetration.
(3) WWR, Shading and Daylight
The building feature that had the highest impact on
RETV variations across orientations was WWR. Figure
6 differentiates RETV performance across orientations
by WWR classifications of “high” (>45%) “medium”
(25-44%), and “low” (<24%). The two buildings with
the highest average RETVs (3, 7) also had the highest
WWRs. Correspondingly, the three buildings with the
lowest average RETVs (2, 8, 9) had the lowest WWRs.

well-informed conclusion regarding the benefit of
various shading types. It is furthermore important to
note that the building with vertical shading (BLDG 9),
unexpectedly, still had comparable increases in RETV
on the east and west orientations. Overall, more design
factors of the shading (depth, angle, density, etc.) must
be considered.

Figure 7: Impact of Shading on RETV by Orientation

Figure 6: Impact of WWR on RETV by Orientation
Due to lower solar angles, large glazing areas most
significantly impact the east and west-facing RETV
values. In a climate with such high annual solar
radiation, one might expect shading to have the greatest
impact on building performance. Surprisingly, as shown
in Figure 7, shading type does not have a significant
impact on RETV. However, Figure 8 shows shading to
have a more significant influence on SHG, which may
have a greater impact on actual energy consumption if
mechanical cooling is used in place of passive strategies.
Given that there is only one building in this study with
predominately vertical shading, it is difficult to draw a
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Figure 8: Impact of SHG on RETV by Shading Type
It is possible to achieve a low RETV while still offering
adequate daylighting. The RETV equation does not
factor this in, and it does not provide enough information
to inform these qualities. Providing for daylighting leads
to lower energy use from lighting loads in addition to a
greater enjoyment of the space, providing a connection
to the outdoors.
(4) RETV is not indicative of occupant comfort.
BLDG 3 had the highest WWR and RETV, as well as
the second highest SHG of all the buildings, as shown in
Figure 5. Unsurprisingly, it also had one of the lowest
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percentage of predicted time comfortable. From this
observation, one might conclude that high WWR, RETV
and SHG are direct indicators of low interior comfort
levels. Other than this building, however, there is little
discernable relationship between RETV and the percent
of time operative temperature is below 28.5 C as shown
in Figure 9, which plots RETV against the calculated
percentage of time comfort is achieved passively.

Table 3: Values used in design parameter sensitivity test
Parameter
Orientation
(CF)

SC (film)

Uw

WWR

SC
(geometry)
Uf

Figure 9: RETV Compared to Predicted Occupant
Comfort
While there almost seems to be a linear relationship
between some of the buildings, BLDG’s 2, 5, 7, and 10
are clear outliers. BLDG’s 2, 5, and 7 have corner
windows and BLDG 10 has an enclosed balcony. While
the private buildings offered significantly higher RETV,
daylit area and SHG, they were only slightly less
comfortable than the HDB buildings. This finding
indicates that specific design measures within RETV
values of 15 W/m2 to 25 W/m2 can have a large impact
on thermal comfort.

Discussion
To understand which design parameters would have the
greatest influence on RETV, the authors created a
generic baseline model to test the effects of “better” and
“worse” values for orientation (CF), SC (film), SC
(geometry), Uw, Uf, and WWR. The values and
corresponding RETVs can be found in Table 3. For each
parameter they lowered the value of the baseline amount
by 50% - this is shown in the purple bar in Figure 10.
Reducing the value increased the baseline RETV from
19.8 W/m2. Raising the value, on the other hand, had the
opposite effect, as shown by the orange bar. Of the
parameters tested, the most impactful was the building
orientation (CF), followed in declining order by SC
(film), Uw, WWR, SC (geometry), and Uf. Further
studies should consider how operative temperature and
daylighting react to these same design changes.
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North
East
South (baseline)
West
less (-50%)
Baseline
more (+50%)
worse (-50%)
Baseline
better (+50%)
more glazing (+50%)
Baseline
less glazing (-50%)
no shading (+50%)
Baseline
more shading (-50%)
worse (+50%)
Baseline
better (-50%)

Value
0.80
1.13
0.83
1.23
0.75
0.500
0.25
6.00
4.00
2.00
0.75
0.50
0.25
1.0000
0.7500
0.5000
9.00
6.00
3.00

RETV
(W/m2)
20.1
23.9
19.8
25.1
24.4
19.8
15.3
23.2
19.8
16.4
22.9
19.8
16.7
22.9
19.8
16.8
21.8
19.8
17.9

Figure 10: Sensitivity of RETV to
Design Parameter Changes
Interior operative temperature is most impacted by
orientation when the WWR is high, as shown by BLDG
3 in Figure 10. Uf is more significant when WWR is
high as is Uw when WWR is low. These findings
demonstrate that building performance is difficult to
quantify through one equation as the weight of specific
metrics changes based on different scenarios. Instead, it
must be measured with thoughtful design and thorough
building simulation to understand how all the building
features work in tandem to improve the passive potential
of building facades.
The results here suggest that RETV is an inadequate
determinant of many of the factors that impact building
performance, such as daylight penetration and interior
operative temperature. While it is a noble attempt at
reducing building energy use in a challenging climate, it
is a somewhat misleading characterization of building
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façade systems, especially as it is presented in W/m2, a
unit of measured thermal transfer. The authors would
encourage the number to be used as a ‘ranking’ instead
of as an actual measurement.
The study leaves the authors wondering, how should one
define building façade performance? Not all designers
have the means to perform building simulations on their
projects, yet RETV neglects many of the useful
performance measures, such as daylighting or thermal
comfort potential, that define building performance.

Future Work and Limitations
Within the scope of buildings selected, it was difficult to
form definitive conclusions regarding the performance
of various building features. The current results should
be understood as an initial case study until the number of
buildings evaluated is expanded. The immediate next
step for this research is to add in the ventilation potential
for these façade elements to further compare to RETV.
This work is ongoing with the aim of calculating typical
discharge coefficients to determine the effect of specific
façade configurations on ventilation potential
irrespective of interior layout and the effects of corner
windows on ventilation as seen in Figure 11 below, an
early simulation result.
The calculated discharge
coefficients will be used as updated inputs to the
ventilation calculations in the thermal models.

in quantifying building performance, as it ignores many
of the qualities inherent in successful, passively designed
residential buildings.
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Figure A1: Internal Gains from Occupancy, Lighting
and Equipment Used in Thermal Simulations to
Approximate a Living Space
Table A2: Daylight Model Reflective and Transmissive
Properties
Material Name
Visible Reflectance (%)
Floors
40
Ceilings
80
Walls and Doors
50
Exterior Shading Devices 40
Mullions
35
Ground Plane
20
-Visible Transmittance (%)
Glass
65
Table A3: Radiance Simulation Parameters
Radiance Ambient Parameter
Value
Bounces (ab)
7
Accuracy (aa)
0.1
Divisions (ad)
4096
Resolution (ar)
512
Supersamples (as)
1024

2548

