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west. Figure 12 shows a comparison of the integrated monthly heat gains through a south-facing wall
in Phoenix and monthly heat losses through a north-facing wall in Baltimore. Table 3 presents the
calculated annual heat gains and losses for the different cases.

Figure 12. Calculated monthly heat gains through a south-facing wall in Phoenix and heat losses
through a north-facing wall in Baltimore.

Table 3. Comparison of calculated annual wall heat gains and losses and percent difference with respect
to the “Base” wall.

Wall Type Performance Metric North East South West

Phoenix

Base Heat gain (kWh/m2) 19.0 31.6 36.1 32.4

Base + XPS
Heat gain (kWh/m2) 11.4 18.1 20.3 18.9

% difference −40.1% −42.6% −43.9% −41.6%

Base + TAC
Heat gain (kWh/m2) 10.6 14.3 15.8 14.9

% difference −44.2% −54.7% −56.4% −53.8%

Base Heat loss (kWh/m2) −14.9 −10.9 −10.1 −12.7

Base + XPS
Heat loss (kWh/m2) −8.9 −5.7 −4.2 −6.3

% difference −40.0% −48.1% −58.8% −50.3%

Base + TAC
Heat loss (kWh/m2) −3.6 −2.5 −2.2 −3.1

% difference −75.8% −77.0% −78.1% −75.6%

Baltimore

Base Heat gain (kWh/m2) 5.1 10.4 12.1 10.6

Base + XPS
Heat gain (kWh/m2) 2.6 5.1 5.2 5.4

% difference −49.3% −50.7% −57.1% −48.8%

Base + TAC
Heat gain (kWh/m2) 4.2 5.7 5.9 6.0

% difference −17.6% −45.2% −51.1% −43.3%

Base Heat loss (kWh/m2) −37.9 −32.9 −30.1 −34.4

Base + XPS
Heat loss (kWh/m2) −23.4 −19.7 −16.7 −20.4

% difference −38.3% −40.3% −44.6% −40.7%

Base + TAC
Heat loss (kWh/m2) −11.9 −10.4 −9.1 −10.9

% difference −68.6% −68.5% −69.6% −68.3%

In addition to the reductions in overall heat gains and losses, the potential of the ‘Base + TAC’
case to reduce and shift peak loads was also explored. Table 4 lists the COMSOL-calculated average
reduction in peak heat gains and average time shift in the peak heat gains in Phoenix during the month
of July with the ‘Base + XPS’ and ‘Base + TAC’ cases compared to the ‘Base’ case. While both the
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‘Base + XPS’ and ‘Base + TAC’ cases showed similar potential for peak load shifting, the reduction in
peak loads was much higher with the ‘Base + TAC’ case.

Table 4. Calculated average peak heat gain reduction and average peak shift during July in Phoenix.

Wall Type Performance Metric North East South West

Base + XPS
Peak reduction (%) 40.6 53.0 46.5 48.7

Peak shift (h) 0.7 4.0 3.8 1.2

Base + TAC
Peak reduction (%) 58.6 69.3 63.6 66.6

Peak shift (h) 0.6 5.0 3.6 1.1

It should be noted that all heat gains for real buildings don’t directly translate to cooling energy
consumption and vice versa for heat losses. For example, heat gains during winter can reduce heating
energy consumption without adding to cooling energy use. Therefore, whole building simulations are
needed. Using the COMSOL-calculated hourly wall heat flows for the different wall configurations,
E+ simulations were performed to estimate their impacts on whole-building cooling and heating
energy consumption. Table 5 lists the E+ calculated cooling, heating, and fan energy use for the
different wall configurations. The percent reductions in energy use are smaller than the reductions in
heat flows, which is expected because overall energy use is also impacted by heat flows through other
envelope sections (for example, roofs and windows), indoor loads, etc. In general, the “Base + TAC”
case provided greater reductions in energy use than the “Base + XPS” case, except for the cooling
energy use in Baltimore. It should be noted that the operating parameters chosen for the “Base + TAC”
case for the current simulations were not optimized. Further investigations are ongoing for tuning the
TAC and heat sink/source configuration, heat sink/source temperatures, etc., to maximize the peak
load reductions and/or energy savings with TACs.

Table 5. Comparison of calculated annual whole building cooling and heating-related energy use and
percent difference with respect to the “Base” case.

Wall Type
Cooling and Fan

Energy Use (kWh)
% Difference

Heating Energy
Use (kWh)

% Difference

Phoenix

Base 11,278 - 4855 -
Base + XPS 10,268 −9.0% 3804 −21.6%
Base + TAC 9998 −11.3% 3342 −31.2%

Baltimore

Base 4158 - 21,945 -
Base + XPS 3801 −8.6% 19,244 −12.3%
Base + TAC 3838 −7.7% 17,413 −20.6%

The annual simulation presented here was done to support the proof-of-concept work and show
the potential of TACs coupled with heat sink/source to reduce wall-generated heating and cooling loads.
The simulation controls and algorithm have not been optimized yet. In Tables 3 and 4, it is observed
that under Baltimore weather conditions, the ‘Base + XPS’ case is more effective at reducing the heat
gains and cooling energy use compared to ‘Base + TAC’. For the ‘Base + TAC’ case, it was assumed that
the water circulation is always on, and the switch between heat sink and heat source happens when the
outdoor temperature crosses 12.8 ◦C. This can lead to scenarios when the outdoor temperature is lower
than the room temperature (22.2–23.9 ◦C) but greater than 12.8 ◦C, so the circulating water is assumed
to be at 27.8 ◦C. Thus, during these times, there is a greater temperature gradient for inward heat flow
with the ‘Base + TAC’ case compared to the ‘Base + XPS’ case. Figure 13 shows a five-day period in
April, when the outdoor temperature (‘Tout’) was predominantly lower than the room temperature but
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higher than 12.8 ◦C. As seen from the calculations, there were no heat gains (i.e., heat flows greater
than zero) through the ‘Base + XPS’ wall, but there were significant heat gains through the ‘Base + TAC’
wall due to the water circulation at 27.8 ◦C.

Figure 13. Outdoor temperature (left axis) and calculated heat flows (right axis) through a north-facing
wall in Baltimore.

The preliminary annual simulations utilized a simple binary approach to switch between heat sink
and source based on a single, constant outdoor temperature value. This was deemed reasonable for this
proof-of-concept work. However, a more logical approach would be to use the exterior wall surface
and interior temperatures to control the switching between heat sink and source modes, and even turn
off the water circulation at times. Such algorithms that would maximize the benefits of the TAC system
are being developed, and those results will be published in the near future.

4. Conclusions and Future Work

Here, the development and implementation of a novel TAC-based active envelope system is
described. The potential of a TAC to reduce heat flows through building envelopes was experimentally
and numerically investigated. A TAC coupled with a heat sink/source was shown to be more effective
in reducing both cooling and heating loads and peak cooling loads compared to foam insulation of
the same thickness. The TACs consisted of alternating layers of foam insulation and aluminum foil,
both of which are commonly available materials. The TAC was connected to copper tubes circulating
water for the experimental evaluations, and were able to reduce cooling and heating loads by 86%
and 63% compared to a baseline wall with only cavity insulation. Preliminary numerical simulations
were performed under two different climate conditions, cooling-dominated and heating-dominated.
The TAC system was predicted to reduce cooling energy use by 11% under cooling-dominated climate
and heating energy use by 21% in the heating-dominated climate.

The current study was a proof-of-concept investigation. Further optimization of the TAC system
is needed to maximize its benefits with respected to peak load reduction and shifting, as well as overall
reduction in heating and cooling energy use. By actively controlling the heat sink/source, the building
envelope can be tuned to interact with the electric grid and provide benefits to the energy suppliers
via peak load reduction and load shifting. The algorithm to switch between heat sink and source as
well as turning off the water circulation will be optimized for different building and climate types to
maximize the benefits of the TAC system. Finally, the energy penalty of creating a heat sink and source
will also be considered.
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Abstract: Building Information Modeling (BIM) and sustainable buildings are two future cornerstones
of the Architectural, Engineering and Construction (AEC) industry. In Singapore’s context, the Green
Mark (GM) scoring system is prevalently used to assess the sustainability index of green buildings.
BIM provides the semantic and geometry information of buildings, which is proliferated as the
technological and process backbone for the green building assessment. This research, through vast
literature reviews, identified that the current procedure of achieving a Green Mark score is tedious and
cumbersome, which hampers productivity, especially in the calculation of building envelope thermal
performance. Furthermore, the project stakeholders work in silos, in a non-collaborative, manual and
2D-based environment for generating relevant documentation to achieve the requisite green mark
score. To this end, a cloud-based BIM platform was developed, with the aim of encouraging project
stakeholders to collaboratively generate the project’s green mark score digitally in accordance with
the regulatory requirements. Through this research, the authors have validated the Envelope Thermal
Transfer Value (ETTV) calculation, which is one of the prerequisite criteria to achieve a Green Mark
score, through a case study using the developed cloud-based BIM platform. The results indicated
that using the proposed platform enhances the productivity and accuracy as far as ETTV calculation
is concerned. This study provides a basis for future research in implementing the proposed platform
for other criteria under the Green Mark Scheme.

Keywords: Building Information Modeling; cloud-based; envelope thermal performance; green
buildings; Green Mark; Integrated Digital Delivery (IDD)

1. Introduction

In the recent decade, Building Information Modeling (BIM) has widely been adopted in the
Architectural, Engineering, and Construction (AEC) industry and completely upended the way we
build [1]. Building Information Modeling (BIM) has been identified by the Building and Construction
Authority (BCA) of Singapore as one of the key drivers to improve productivity in the Architectural,
Engineering, and Construction (AEC) industry. In 2010, the first BIM Roadmap was implemented
and had since achieved progressive and positive results in various facets of building design [2].
The one-stop BIM submission to a number of agencies is one of the transformative policies introduced
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to the construction industry that made Singapore the first country in the region to accept and approve
building plan submissions with BIM models [3]. With the increasing benefits of BIM, firms have
been challenged to extend their BIM capabilities from modeling to design and coordination. Design
integration of multiple disciplines with BIM has been improving steadily with better coordination and
interfacing between different discipline models.

While BIM continues to gain momentum, especially in building plan submissions and coordination,
it is also important to look at the other aspects of BIM, such as BIM for sustainability. There is
an increasing demand for developing sustainable buildings because of rising energy costs and
environmental impacts. Using BIM during the early stages of a project can facilitate complex building
performance analyses, especially if it is used during the early design and pre-construction phases [4].
The traditional CAD-based practice often leads to retroactive modification of the design to achieve
building performance requirements [5]. The information required for sustainable design, analyses, and
certification can be readily and routinely made available by using BIM during the early design stages.

There are challenges in both developing a project in compliance with the Green Mark requirements
and assessing the level of sustainability with partial and fragmented data. Project development,
along with the emergence of integrated digital delivery (IDD) within the collaborative environment,
could potentially ease these processes.

In this paper, a cloud-based platform for automated analysis and digital analysis technology,
to be used for Green Mark envelope thermal performance analysis based on a BIM and 3D graphic
environment is proposed. The calculations and data have been validated for accuracy.

2. Literature Review

2.1. Building Information Modeling (BIM)

The concept of BIM originated in the late 1970s with Professor Charles Eastman from Georgia
Tech [6]. Since its development, different definitions have been given by scholars. To date, the
most authoritative and highly recognized by the AEC industry is the National Building Information
Modeling Standard (NBIM) published by the National Institute of Building Sciences (NIBS): “A BIM
is a digital representation of physical and functional characteristics of a facility. As such it serves as a shared
knowledge resource for information about a facility forming a reliable basis for decisions during its lifecycle from
inception onward [7].” From the definition of BIM by NIBS, it can be seen that BIM includes a Building
Information Model, Building Information Modeling and Building Information Management, which
are interrelated but independent, the details are as follows:

• From a static perspective, BIM is a digital model that integrates all information. This model can
be used for virtual simulation and information sharing, that is, a building information model.

• From a dynamic perspective, BIM is a behavioral process that continuously updates, inputs and
extracts information. In this process, the model was gradually perfected to meet the needs of all
stakeholders, namely Building Information Modeling.

• From a management perspective, BIM provides a collaborative working environment,
which integrates work and management processes, facilitates information sharing and connects
stakeholders on the same project throughout the building life cycle. It allows timely identifying
problems, making correct decisions and improving management efficiency, that is, Building
Information Management.

In the above three perspectives of BIM, Building Information Model is the foundation, Building
Information Modeling is the core and Building Information Management is the basic guarantee to
achieve a Building Information Model, which is complementary and indispensable. The reasonable
coupling of the three functions enables BIM technology to have the characteristics of operation
visualization and integration of information completeness, coordination and interoperability, etc. BIM
technology can provide basic support for improving the productivity of the construction industry,
increasing professional communication and reducing resource waste.
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2.2. Green Building Assessment (GBA) Systems

In order to better regulate the development of green buildings and improve the living environment
of human beings, countries around the world have started to develop relevant assessment standards.
The most common green building assessment (GBA) systems worldwide include but are not limited
to Leadership in Energy and Environmental Design (LEED), Building Research Establishment
Environmental Assessment Method (BREEAM), Building Environmental Assessment Method (BEAM)
Plus, Green Star, Green Building Index (GBI) and Green Mark. All these GBA systems provide a
quantitative and comprehensive assessment of the sustainability level of building that is influenced by
energy efficiency, water efficiency, environmental protection, indoor environment quality (IEQ) and
life cycle assessment (LCA) [8]. Table 1 compares the various green building certifications.

Table 1. Comparison of various green building certifications.

Scheme &
Developed

LEED V4 By
USGBC

BREEAM By
BRE

BEAM Plus By
HKGBC

Green Star By
GBCA

GBI By
PAM/ACEM

Green Mark
By BCA

Logo
 

 
 

Reference [9] [10] [11] [12] [13] [14]

Origin &
Launch Year USA, 1998 UK, 1990 Hong Kong,

1996 Australia, 2002 Malaysia, 2009 Singapore,
2005

No. of
Countries/

Regions
adopted

160 77 1 2 1 15

Application Various Climate
Condition

Various Climate
Condition

Various Climate
Condition

Tropical/Subtropical
Climate Tropical Climate

Tropical/
Subtropical

Climate

Certified by
GBCI (Green

Business
Certification Inc.)

BREEAM
Assessor (BRE
Global monitor
the assessment

quality process of
the assessor)

BEAM Plus TRC
(Technical Review

Committee)

Green Star
Certified Assessor

GBIAP (GBI
Accreditation

Panel)

BCA Green
Mark

Department

Envelope
Thermal

Performance
Requirement

Building
envelope

opaque: roofs,
walls, floors,

slabs, doors, etc.
Building
envelope

glazing: vertical
fenestration

The design
analysis must

cover peripheral
microclimate
conditions,

building form,
layout, building
envelope, and

thermal mass, as
well as

daylighting and
ventilation
strategies.

Building
Envelope:

Overall Thermal
Transfer Value

(OTTV)
calculation

Credit considered
in energy
modeling

OTTV ≤ 50,
RTTV ≤ 25.

Submit
calculations

using the BEIT
software or
other GBI
approved

software(s)

Energy
Efficiency

(1-1:
Thermal

Performance
of Building
Envelope)

It can be observed from Table 1 that most green building assessments have clear requirements on
the thermal building envelope.

BCA Green Mark Scheme

The BCA’s Green Mark scheme, launched in 2005, is an internationally recognized green building
rating system for tropical climates. Green Mark provides a meaningful differentiation and stratification
of buildings, in terms of how green and sustainable they are, in the real estate market with a
benchmarking scheme, which incorporates internationally recognized best practices in environmental
design and performance [15]. It encompasses a range of assessment standards for different types of
buildings, which covers new buildings, existing buildings, user-centric spaces (office interior, retail,
supermarket) and beyond buildings (districts, parks and infrastructure).
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Green Mark for Non-Residential Building (NRB 2015) was launched in 2016. The NRB 2015
includes significant amendments to the previous rating system. For example, Envelope Thermal
Transfer Value (ETTV) had been tightened for all Non-Residential projects, with 45 W/m2 being set as
the new baseline instead of the previous 50 W/m2.

2.3. Building Envelope Thermal Performance

The building envelope is composed of walls, roofs, windows, shading devices and thermal
insulation materials, which greatly affects the indoor environment quality in terms of daylight,
the energy consumption of HVAC systems and thermal comfort [16]. Existing studies [17–20] have
proved that the building envelope has an extremely important influence on thermal performance and is
one of the critical factors in obtaining green building certifications. Bressch and Janssens [17] applied a
standardized regression coefficient (SRC) to identify the factors that had the greatest impact on thermal
comfort on the south side of a typical Belgian office building. They observed that air tightness and
heat gains were the two most important variables. Natephra et al. [19] proposed a method (integrating
time-stamped 3D thermal data in the BIM) to collect environmental and thermal data and to integrate
them with BIM to be used for various applications. Furthermore, Natephra et al. [20] presented
the integration of BIM and visual scripting to automatically extract thermal properties from BIM to
computing thermal transfer value.

Envelope Thermal Transfer Value (ETTV)

Since 1979, the Building Control Regulation of Singapore had stipulated that the overall thermal
transfer value (OTTV) of air-conditioned buildings shall not be more than 45 W/m2 of the design
value. In 2004, OTTV was replaced by the Envelope Thermal Transfer Value (ETTV) because the OTTV
formula tended to underestimate the solar radiation gain component through the fenestration system
and did not fully account for the full extent of heat gain through the building envelope [21].

The ETTV is a prerequisite or mandatory requirement for BCA Green Mark Non-Residential
Building, which means that project stakeholders have to meet minimum requirements in order to
qualify for Green Mark certification.

The ETTV is similar to OTTV in that it considers the three basic components of heat gain through
the external walls and windows of a building [21]. These three components are:

• Heat conduction through opaque walls;
• Heat conduction through glass windows;
• Solar radiation through glass windows.

The benchmarking of ETTV enforces the optimizing of the design of the building envelop to reduce
external heat gain and hence reduce the cooling load for the air-conditioned building [22]. The ETTV
concept was extended to cover residential buildings in 2008. As air conditioners in residential buildings
are usually turned on in the night, the envelope thermal performance standard for residential buildings
is given the name Residential Envelope Transmittance Value (RETV) to differentiate it from ETTV,
which is meant for buildings that operate air conditioning systems during or throughout the day [21].
The ETTV formula is as follows:

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

where ETTV: envelope thermal transfer value (W/m2); 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.

Chua et al. [23] studied the diverse building parameters that affect the energy performance of
commercial buildings in Singapore and found that there are two key indexes to measure building
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energy performance, namely, envelope thermal transfer value (ETTV) and the annual cooling energy
requirements. The authors then performed a relative ranking of the ETTV functional parameters to
evaluate their effectiveness in lowering the ETTV of a building. These parameters are the shading
coefficient, window-to-wall ratio, the U-values of the wall and windows, and the absorptance of the
opaque wall.

A case study to identify the relationship between Singapore’s Green Mark Scheme (GMS) and the
Buildable Design and Appraisal System (BDAS)’s requirements for building envelopes was conducted
by Singhaputtangkul et al. [24]. Singhaputtangkul et al. [24] discovered that the lengths of windows
and walls and the associated materials influence the Green Mark (GM) score of the building envelope
and the buildability score of the wall system. In addition, they further concluded that varying the
window-to-wall (WWR) ratio has a stronger effect on the GM score, in terms of the building envelope
in comparison with the buildability score of the wall system. To illustrate more detail, WWR shows a
negative relationship with the GM score of the building envelope as when WWR increases from 0.151
to 0.510, the GM score of the building envelope decreases from 15 points to 0 points [24].

2.4. BIM for Green Building Assessment

Existing studies [8,25–27] have demonstrated that BIM supported the green building assessment.
Lu et al. [8] summarized that BIM could support the green building assessment in three aspects. (1) BIM
assists stakeholders in choosing effective strategies to achieve a green building, (2) BIM interprets the
credits of GBAs, and (3) BIM facilitates documentation management. Ansah et al. [26] conducted an
in-depth review of the bibliographic related to BIM for various Green Building Assessments, including
LEED, BREEAM, BEAM Plus, Green Mark and GBI and highlighted that cloud-based BIM and GBAS
will be the future direction. BIM could assist in automating the Green Mark process, and it was
observed that 31 Green Mark items could be attained through BIM software and building performance
analysis (BPA) tools [25]. Moakher et al. [27] provided an overview of how purpose-built BIM solutions
and integrated analysis tools can help to assess building performance, prioritize investments and
evaluate proposals to reduce operational costs, conserve energy, reduce water consumption and
improve building air quality, helping to meet sustainability and energy-efficiency goals.

BIM for Envelope Thermal Performance

BIM is able to capture project information and generate documents and the advent of BIM
technology, particularly anecdotal evidence of its widespread use in green building projects, has led
professionals and researchers to envision the integration of the BIM and green building certification
processes. In particular, the application of BIM in envelope thermal performance measurement has
attracted attention, such as project Helios [28], Integrated Environmental Solutions Virtual Environment
(IES VE) Green Mark Navigator [29], ETTV Assessment through BIM and VPL [22] and a BIM-based
OTTV Calculation [20].

Project Helios aimed to develop an add-on application that utilizes the parameters captured within
the digital building model created by Autodesk Revit [28]. Although the concept looked promising
for ETTV calculation from Autodesk Revit, there seems to be little to no information available on this
project after its inception in the year 2009. In addition, the project stakeholders must have a Revit
license, which is an additional cost.

A BIM-based building performance analysis (BPA) software was developed by IES VE to calculate
ETTV/RTTV by using a solar tracking technique to help the calculation of shading effect from structures
with more complex geometry. IES VE aims to provide a step-by-step guide to assess performance
elements of the Green Mark scoring system [29]. Envelope thermal performance simulation can be
evaluated by importing the extracted information from BIM models with the defined data exchange
schema, such as IFC and the gbXML schema [22]. However, Moon et al. [30] pointed out that there
are varying levels of interoperability between existing BIM-based BPA software and BIM authoring
software, and additional effort and modification to BIM model are ineluctable when transferring
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information from BIM to BIM-based BPA software. Furthermore, Chen et al. [31] summarized
the interoperability issue from BIM to mainstream BPA software into the following six categories:
building geometry, space composition, building construction, internal loads, operation schedules and
HVAC systems.

Recently, researchers from Universiti Teknologi Malaysia developed a BIM-VPL based tool for
building envelope design and assessment support. The research demonstrated the importance and
potential of BIM and VPL integration for ETTV assessment, and how it is an important step to automate
ETTV calculation [22]. However, the study required additional data extraction and management
and had limitations. For instance, curtain walls or tilt walls could not be handled, and the effective
shading coefficient of external shading devices (SC2) were not taken into consideration. Furthermore,
the author suggested developing a plug-in or application programming interface (API) for Revit to
measure thermal envelope performance.

Recently, Natephra et al. [20] presented a BIM approach integrating with scripting to automatically
extract thermal parameters from a database and provide an instant OTTV calculation.

3. Research Gaps

According to Inhabit Group [32], “ETTV compliance presents design challenges for architects, builders
and suppliers in Singapore’s building and construction market. Recently introduced benchmarks mean that ETTV
has to be considered more closely when undertaking any design decisions that influence the façade outcome”.

It is well known that generating an envelope thermal performance calculation report is a
cumbersome and time-consuming process for project stakeholders. The current manual calculation
method is time-consuming, and human error can occur throughout the completion of the calculation
process [20]. In addition, the current envelope thermal calculation method does not consider some of
the contributions by non-conventional shading devices, shading of opaque construction, and shading
from surrounding buildings [29]. There is an information delay if the architect initiates a change, such
as changing the glazing size and U values. Figure 1 illustrates the current process to calculate the ETTV.
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Figure 1. Traditional Envelope Thermal Transfer Value (ETTV) calculation process.

4. Proposed Green Mark Collaboration Environment

The proposed methodology comprises several main steps, as shown in Figure 2. The proposed
method starts by creating a design model in BIM authoring tools. In order to streamline the process in
computing the ETTV/RETV, the design BIM model in native format follows certain detailed modeling
rules, which are provided in Section 4.1. The geometric and semantic information in the design BIM
model is then extracted and converted into energy models (in IFC 2 × 3 format) using a customized
program embedded in BIM software. As most of the designers are not able to assign the thermal
properties to a BIM model during the early design stage, a common construction material library with
all the necessary thermal properties of building materials is provided to enable designers to specify
the material property for ETTV/RETV calculation at the early stage. Next, a conventional method is
leveraged and integrated with the semantic model to facilitate ETTV/RETV calculation. In addition, a
performance-based ETTV/RETV calculation method is also proposed in Section 4.3. The fourth step is
to compute ETTV/RETV. The fifth step is to evaluate the ETTV/RETV result. If the results fail to comply,
then the Green Mark Collaboration Environment provides functions to change the new material with
better thermal properties. It is worth mentioning that the solar data are taken from Table C8–C11 from
code on Envelope Thermal Performance for Buildings [33]. The solar data from Table C8–C11 has been
built into the proposed platform to facilitate the building envelope thermal performance computation.
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Figure 2. Proposed workflow for Building Information Model (BIM)-based ETTV computation.

4.1. Modeling Requirements and Core Information for ETTV/RETV Computation

Most parameters needed for the envelope thermal performance analysis can be obtained in the
BIM model. The modeling requirements for thermal envelope performance calculation in the BIM
model are listed in Table 2.

Table 2. Core information for thermal envelope performance calculation.

Element Modeling Requirements Core Information

Wall

Ensure that overall partition thickness, including
finishes, is correct as per design intent.
Model the walls individually for each story/level.
Terminate height of wall at soffit of beam and slab, or
to exact intended design height.

Build Type
Material
Thickness
Area
Volume

Window

Define the window “TYPE” clearly.
Ensure that locations and counts are correct per type.
Do not over-model.
Ensure that overall window size is correct. Window
details may refer to 2D typical details.
Window to be coordinated with structural openings
if it is in the structural wall.

Build Type
Material
Thickness
Area

Door
Define the door type clearly.
Ensure that locations and counts are correct per type.
Location shall be from room or to room.

Dimensions
Location

Column

If the column is a structural column with an
architectural cladding, model the cladding finish as
the wall.
Model the structural column individually for each
storey.

Dimension
Area
Volume

Beam
Model the beams from and to the center of the
column For CIP structures, join beams to slabs (clear
the connections).

Dimension
Area
Volume

Slab
Model the structural floors at SFL to be coordinated
with Architectural FFL.
Model slabs as individual elements from beams.

Thickness
Grade
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Table 2. Cont.

Element Modeling Requirements Core Information

Roof

For flat roofs, only the roof finish, i.e., screed must be
modeled in the architectural model.
The roof slab must be modeled in the structural
model.
Ensure both finish and slab are aligned and not
overlapping.

Thickness
Area

If the core information in the information table above is not completed in the original BIM model,
the missing information can be patched to the semantic model.

4.2. Features of Green Mark Collaboration Environment

4.2.1. Auto Building Orientation

Project Orientation from the BIM Authoring Tool will automatically be captured when the model
is imported to the Green Mark Collaboration Environment. However, the orientation amendment
can be easily done in the Green Mark Collaboration Environment, and everything will be followed
accordingly, including the calculated results.

4.2.2. Multi-Element Selection

The Green Mark Collaboration Environment is capable of selecting model elements with the same
properties and applying the green data to it. Figure 3 shows the selecting and assigning parameters
for the elements with the same properties. This would largely reduce the time and procedures of
preparing the model for calculation.

Figure 3. Selecting and assigning parameters for the elements with the same properties.

4.2.3. Model Element-Equation Mapping

Model elements, such as windows, walls, beams, columns and others necessary for thermal
performance calculation, can be mapped to the Green Mark Collaboration Environment. Manufacturer’s
data, such as glassing information in Microsoft format or PDF, can also append to the element type.
Stakeholders can retrieve the data of the elements whenever verification is needed. As shown in
Figure 4, elements with the same thermal properties will have their own assigned color code as per the
Green Mark Submission Requirement once it has been mapped with the green building data.

219



Energies 2020, 13, 586

Figure 4. Model elements are mapped with the equation.

4.2.4. Report Generation

The Proposed Green Mark Collaboration Environment has a built-in report template. The template
will capture all calculated data while restoring its linkage to the building model elements. This will
help in assessing the Green Mark information of the project. Any changes made in the model will be
automatically reflected in the reports.

4.2.5. Green Mark Collaborative Working Environment

The Green Mark Collaborative environment is to bridge the gaps caused by isolated and fragmented
Green Mark data generated by different stakeholders. It comprises several modules and each module
focused on a particular requirement specified in Green Mark for Non-Residential Buildings (NRB)
2015. The ETTV/RETV is the first module embedded into the proposed Green Mark Collaboration
Environment. Future research will look into other modules in the Green Mark assessment, such as
Concrete Usage Index (CUI), Lighting efficiency and Computational Fluid Dynamic (CFD).

The proposed Green Mark Collaboration Environment was capable of efficiently managing the
semantic model(s) and hosting the Green Mark project data and documentation generated, updated
and consolidated along with the GM project delivery. Semantic model-based communication and
collaboration allows architects, Green Mark Consultants, contractors and other parties, or even Green
Mark Assessors, to view reports of real-time information. Its emphasis is on streamlining the automated
GM documentation generation, managing GM submission, monitoring the GM score and tracking the
GM project status. Figure 5 illustrates the framework of the collaborative working environment.
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Figure 5. Framework of a collaborative working environment.

To sum up, the collaborative working environment provides various benefits for stakeholders:
(1) The collaborative working environment allows remote real-time access and concurrent ETTV
analyzing; and (2) integrated GM data acquisition, processing, and management along the project
lifecycle with enhanced collaboration among all the stakeholders.

4.3. Performance-Based Method—Proposed Digital Analysis Method for Arbitrarily Shaped Shading Device

The window shading analysis can be very difficult for arbitrarily shaped shading devices.
To simplify the analysis process, the tabular reference and analysis sample for the most often used
shading device shapes have been provided in the Code on Envelope Thermal Performance for
Buildings [33]. However, nowadays, more and more modern buildings have been designed with
special shapes and render the simplified analysis process inadequate for envelope thermal transmittance
analysis. Therefore, an effective digital analysis technology for envelope thermal transmittance analysis
of windows with arbitrarily shaped shading devices is necessary.

This paper hereby proposes a numerical analysis method to analyze envelope thermal
transmittance with arbitrarily shaped shading device windows.

Assume the position of the sun can be specified by the angles illustrated in Figure 6, which is
adapted from [21,33].

Figure 6. Solar geometry.
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By using the finite element approach, the window can be divided into smaller grids. Each small
grid will be represented by its central point, as shown in Figure 7.

Figure 7. Finite element approach.

A solar ray R(t) with origin O and normalized direction D can be defined as:

R(t) = O + tD. (2)

Assume the shading device of a window is divided into triangle elements, which is always needed
for computer graphical display, as shown in Figure 8.

Figure 8. Finite element approach.

Each individual triangle element can be expressed, as illustrated in Figure 9.
Using this approach, the three joints of a triangle element (A, B, C) can also be expressed as vectors

V(a), V(b), V(c). By introducing the local parameters (u, v) as shown in Figure 9, any point P within the
triangle element can be expressed as:

P(u, v) = (1 − u − v) V(a) + uV(c) + vV(b) (u ≥ 0, v ≥ 0, u + v ≤ 1). (3)
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Figure 9. Individual triangle element.

A solar ray in a window point to each individual triangle element can be calculated to determine
its intersection, as shown in Figure 10.

Figure 10. A solar ray in a window.

Computing the intersection between the individual triangle element and solar ray is done by
using following equation:

O + tD = (1 − u − v) V(a) + uV(c) + vV(b) (4)

As shown in Figure 7, the window has been divided into several small triangle elements, and the
center of each element can be defined as the solar point. Therefore, by referring to each solar point and
the shading plan, the above equation can be solved. Inferably, it means that if there is a solution, the
solar ray has been shaded; if there is no solution, there is no shading of the solar ray.

To check the results, a cloud-based platform has been developed to provide a 3D view of solar ray
shading effects. The user graphic interface is shown in Figure 11a,b. By using the platform, any shape
of shading devices and any direction of the solar ray can be calculated and viewed.

  
(a) (b) 

Figure 11. Three-dimensional view of solar ray shading effects.

4.4. Analysis of Shading Coefficient

In the ETTV formula as described above, the solar factor has been derived from the annual average
of solar radiation transmitted through a 3 mm clear glass window. For other systems of fenestration,
the rate of solar heat gain is modified by the shading coefficient of the fenestration system, which is
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defined as the ratio of solar heat gain through the fenestration system having a combination of glazing
and shading device to the solar heat gain through an unshaded 3 mm clear glass. This ratio is a unique
characteristic of each type of fenestration system and is represented by the equation:

SC =
Solar heat gain o f any glass and any shading combination

Solar heat gain through a 3 mm unshaded clear glass
(5)

In general, the shading coefficient of any fenestration system can be obtained by multiplying the
shading coefficient of the glass (or effective shading coefficient of glass with solar control film where a
solar control film is used on the glass) and the shading coefficient of the sun-shading devices as follows:

SC = SC1 × SC2 (6)

where SC: shading coefficient of the fenestration system; SC1: shading coefficient of glass or effective
shading coefficient of glass with solar control film where a solar control film is used on the glass; SC2:
effective shading coefficient of external shading devices.

Therefore, the key part of the analysis is to determine the SC2 parameter. A sample model
with different types of windows and shading devices is selected for the digital analysis, as shown in
Figure 12.

 

Figure 12. Example model.

A typical shading plate, as shown in Figure 13, is selected for analysis and comparison. The
orientation of the window is facing the north-east direction. The SC2 value calculated by using the
table from the Singapore Green Mark Standard is 0.6345.

However, the SC2 value calculated by the proposed digital analysis method is 0.7308, which is
larger than the calculation from the BCA Table, as shown in Figure 14. There is a gap of 0.0962.

The study found that the bulk of the variance was due to the assumption of the shading plate
extended along the long axial direction when creating the BCA table.
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Figure 13. SC2 calculation by using the ETTV Guide table.

 

Figure 14. SC2 calculation by using the proposed digital method.

When the length of the shading plate was altered (as shown in Figure 15) and stretched long
enough to shade all the solar rays on both sides of the shading plate, the two values converged.

 

Figure 15. Shading plate with a longer length.
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In this case, the calculated result for the SC2 value turned out to be 0.6356, as shown in Figure 16,
which is very close to the result of 0.6345 obtained by the BCA table.

 

Figure 16. SC2 calculation by using the proposed method.

The comparison of the SC2 parameter calculated from the Green Mark Guide table and proposed
analysis method is provided. The parameters used in our analysis are displayed in Figure 17, which is
adapted from [21,33].

Figure 17. SC2 calculation by using the proposed method.

226



Energies 2020, 13, 586

In the following analysis process, the window width is 1 m, window length A = 1 m, shading
plate width p = 0.1 m, and the shading plate thickness is 0.01 mm (we set the thickness as almost zero
to reduce the effect of the shading plate thickness).

The analysis results of the SC2 parameter compared with the ETTV Guide table for the case
of Φ = 0 and Φ = 20 are provided in Figure 18. From the analysis results, it is concluded that the
calculated results by using the Green Mark Guide table will lead the SC2 value to be smaller than the
actual value since it assumes that the length of the shading device is infinitely extended.

 

Figure 18. SC2 comparison calculation by using the proposed digital method and the traditional method.

As an example, a digital analysis technology is used to calculate a mesh-shaped shading
device, as shown in Figure 19. The proposed numerical method should be adopted for this kind of
shading shape.

  
(a) With gap (b) Without gap 

Figure 19. Mesh-shaped shading device.
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The orientation of the window facing is in the east direction. The calculated SC2 value with the
gap of 10.59 mm between the window and shading device is 0.5935. If the gap between the window
and shading device is removed, the calculated SC2 value becomes 0.6002 (as shown in Figure 20),
which means more space in the window will be shaded when the gap is removed.

 

Figure 20. SC2 calculation by using the proposed digital method.

5. Validation

The following three validation studies (as shown in Figure 21)with analysis and results are
provided to test the accuracy of the envelope thermal performance calculations. The results were
obtained using a BIM model and calculation using the proposed analysis method. In the proposed
analysis method, the shading areas of sun shading devices are obtained by using proposed digital
analysis technology, which is embedded in the Green Mark Collaboration Environment.

Figure 21. Models for validation.

5.1. Case 1: Twenty-Five-Story Office Building

An example from the ETTV Guide for a 25-storey office building is calculated. The analysis results
are compared in Table 3.
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Table 3. Case 1 comparison.

Method N E S W

ETTV Guide 41.6 52.1 44.7 55.6
Proposed 41.6 52.1 44.69 55.58

Differ 0 0 0.01 0.02

5.2. Case 2: Twelve-Storey Residential Building

An example of the Residential Envelope Transmittance Value for a 12-storey residential building
is calculated. The analysis results are compared in Table 4.

Table 4. Case 2 comparison.

Method N N-E E S-E S S-W W N-W

ETTV Guide 18.048 34.075 17.143 34.368 18.69 36.419 17.619 35.54
Proposed 18.45 33.97 17.17 34.26 18.76 36.31 17.66 35.43

Differ 0.402 0.105 0.027 0.108 0.07 0.109 0.041 0.11

5.3. Case 3: TwoStorey Residential Building

An example of a Residential Envelope Transmittance Value for a two-storey residential building
has been calculated. The RETV of this building has been calculated via spreadsheet tools. The results
obtained by both Excel tools and the proposed method are compared in Table 5.

Table 5. Case 3 comparison.

Method N E S W

Excel 22.24 10.35 22.85 10.48
Proposed 23.18 10.37 23.80 10.48

Differ 0.94 0.02 0.95 0.0

Based on the three cases above, the tolerance between the proposed method and manual calculation
is about 0% to 4.05%.

6. Research Novelty

This research provides a thermal envelope performance engine based on a BIM cloud platform-
Green Mark Collaboration Environment. Thermal data of the façade can be automatically extracted
from the BIM model or manually assigned if the thermal data is not available in the BIM model. Solar
data and calculation formulas have been embedded in the proposed platform to facilitate calculating the
building envelope thermal performance in a more productive and convenient manner. The contribution
of this research is elaborated as follows:

• The thermal envelope performance analysis and calculation engine not only includes the function
of computing through a traditional way but also provides the function of direct analysis and
a calculation engine to address the complex situation (arbitrarily shaped shading devices),
which is not covered in the ETTV guideline [21], as explained in Section 4.3, which provides a
simplified building envelope thermal performance calculation procedure through interlinking
formulas/equations with the building elements. The thermal information in the model can be
easily tracked by stakeholders.

• The consolidation of information from stakeholders could be eliminated because the information
is progressively collected by the proposed Green Mark Collaboration Environment during the
development of the green building project. Errors from the manual procedure could be avoided.
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• The proposed Green Mark Collaboration Environment marks the abandonment of the outdated
and tedious extraction and collection of the information needed for building envelope thermal
performance by providing a new and rapid approach for harnessing readily available information
in the BIM model.

• Dynamic information and fast decision-making: Stakeholders would be able to envision the
green impact of design changes through involvement via Green Mark Collaboration Environment
during the design stage. This would enable stakeholders to make quick decisions with regard to
the project.

7. Future Research

It is worth mentioning that ETTV only takes into consideration the heat gain through external
walls and windows of a building. Basically, it is a metric to measure the solar gain through the
building envelope and does not directly link to energy efficiency. ETTV is more like a passive
strategy to minimize the solar gain, whereas the actual energy efficiency in buildings is impacted
by the performance of the HVAC system, operating strategies (e.g., cooling/heating set point) and
energy-related occupant behaviors, which have large variations in reality [34].

This study only focuses on the proposed Green Mark Collaboration Environment, the proposed
performance-based method for arbitrarily shaped shading devices and the validation of its accuracy.
The relationship between ETTV and energy efficiency will be the future research direction that
requires attention from scholars. Moreover, the research will also progressively develop other
modules, such as the Concrete Usage Index (CUI) Calculator, Lighting Calculator and other modules
to automate the Green Mark process and embed all the modules into the proposed Green Mark
Collaboration Environment.

8. Conclusions

This study compared various BIM-based building envelope thermal performance software. Based
on an initial comparative analysis, the study identified that there is an onerous amount of effort
required by the users while exporting the building performance BIM model to the BPA software.
Furthermore, the findings of this research also indicate that the current methods of calculating ETTV
through spreadsheets are tedious and error-prone, which is quite cumbersome if there are any future
changes raised by project stakeholders. In addition, the current methods of calculating ETTV is
dependent upon the ETTV guidelines, which do not cater to complex and irregular shading devices.
To address these various issues, this research proposed the development of a BIM-based platform to
digitalize the ETTV calculation. This platform is an improvement over current methods, which require
the import and export of a BIM model. At the same time, the platform also facilitates parametric
capabilities that promotes change management, which means that any changes in the BIM model by
the project stakeholders will directly update the ETTV.

Furthermore, the platform developed through this research is a cloud-based platform, which acts
as a common data environment (CDE) for the Green Mark scheme. This allows various project
stakeholders to access the Green Mark data simultaneously in a federated manner so that the relevant
information can be shared, validated and allows project stakeholders to keep track of the GM data
generated throughout the project lifecycle. The platform also allows the relevant documentation to be
hyperlinked with the BIM model, which can finally be produced in the form of a report for regulatory
approval purposes. The research validated that the use of this platform will enable productivity
improvement as far as the ETTV calculation is concerned.
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