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ABSTRACT 
Emerging from the challenge to reduce energy 
consumption in buildings is a need for research and 
development into the more effective use of 
simulation as a decision-support tool. Despite 
significant research, persistent limitations in process 
and software inhibit the integration of energy 
simulation in early architectural design. This paper 
presents a green star case study to highlight the 
obstacles commonly encountered with current 
integration strategies. It then examines simulation-
based design in the aerospace industry, which has 
overcome similar limitations. Finally, it proposes a 
design system based on this contrasting approach, 
coupling parametric modelling and energy simulation 
software for rapid and iterative performance 
assessment of early design options. 

INTRODUCTION 
In the past, economic factors related to cost of 
procurement and construction have driven integration 
in building design (Gallaher et al., 2004). As a result, 
integration tools and practices prevalent today are 
invested heavily in improving documentation and 
management tasks that arise late in design (Lawson, 
2005). With demonstrated increases in efficiency, 
reliability and profitability of product and procedure, 
there has been little incentive to alter the underlying 
design paradigm (Young et al., 2008). 
Issues of sustainability are now challenging 
conventional practice and driving a need for new 
design processes. While there are no precise 
Australian statistics outlining energy consumption of 
the building sector as a whole, recent research in the 
US exposes this market division as the single largest 
emitter of greenhouse gases, responsible for almost 
half of all CO2 produced (Architecture 2030, 2011). 
Operational energy consumption is the major 
contributing factor to this statistic, accounting for 
approximately 90% of building emissions; estimated 
to contribute greater than 40% of all energy-related 
carbon emissions in the US, and 33% globally 
(Architecture 2030, 2011; Intergovernmental Panel 
on Climate Change, 2007). Given that carbon 
reduction targets are at the forefront of contemporary 
environmental concerns, minimising energy 
consumption in buildings is critical. 

This demands more integrated design processes that 
engage simulation as a decision-support tool for 
investigating the relationships between architecture 
and energy consumption. Particularly in early design, 
as the decisions made at this time determine around 
80% of the environmental impacts and operational 
costs of a building (Bogenstätter, 2000). Presently, 
however, no tools exist to integrate simulation 
seamlessly into design exploration in a manner that 
meets the needs of all disciplines involved. 
The following case study identifies barriers to this 
integration that must be overcome in order to 
improve support for energy-oriented design. 

A GREEN STAR CASE STUDY 
Queensland Government Project Services has 
recently demonstrated the practical benefits of 
engaging energy simulation early in the design 
process. Their Joint Contact Centre (JCC) project, a 
5100m2 office building located in Brisbane for 24-
hour call support of non-emergency police matters, 
has been awarded the highest Green Star rating ever 
given to an office building in Australia, achieving 92 
points out of a possible 105. This outcome was 
largely accomplished through operational energy 
reductions achieved by investigating the performance 
of different design options at the project outset. 
Coupled with this energy-oriented design strategy 
was an integrated Building Information Modelling 
(BIM) approach to the documentation and 
management of the project. Autodesk�’s Revit suite 
was used for the building modelling and, due to its 
established link to this design software, IES Virtual 
Environment (VE) was employed for the simulation. 
Forty-five design scenarios were modelled and 
analysed, with the design progressing through a 
number of variations, the six most significant of these 
illustrated in Figure 1 on the following page. Each of 
the iterations explored the tradeoffs required between 
spatial organisation, and HVAC, lighting and 
structural systems, to obtain an optimal building 
solution. 
While this process demonstrated the effectiveness of 
simulation as a decision support tool for improving 
building performance, a number of factors limited the 
degree of design integration that was achieved. These 
issues fell into four categories: 
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Figure 1: Progression of the JCC design: a) floor to 
ceiling height of 4.5 metres; b) floor to ceiling height 

of 3.5metres with central unenclosed atria; c) 
addition of cooling towers; d) enclosed central atria; 
e) roof pitch of 23°; f) addition of window shading. 

 

 Static Information Exchanges: Following 
practice typically adopted with BIM-based design 
processes, a data model interoperation strategy was 
engaged for exchanging information between 
domains. With this approach, applications share data 
through a static instance, or series of instances, of a 
generic representation (such as IFC or gbXML), via 
model exchange or model sharing (Hensen, 2004). In 
this project, a model exchange strategy was engaged, 
with gbXML files exported from Revit to IES-VE. 
Figure 2 illustrates how this scenario results in design 
and analysis models being developed separately. 
Accordingly, performance evaluation was observed 
to be two steps removed from the architectural design 
process, as outlined in Figure 3.  This separation 
prevented the interaction between domains that is 
critical for early design integration, and gave rise to 
data redundancies and inconsistencies. Furthermore, 
since exchanges were unidirectional, from design to 
analysis, feedback could not be returned to the design 
environment to inform decision-making directly. 
 

 
Figure 2: Data model interoperation. 

 

 
Figure 3: Design process on the JCC project. 

 Incompatible Representations: BIMs use solid 
geometries to describe building components while 
simulation models require centreline surface 
geometries to examine the transfer of energy between 
spaces (Steel et al., 2010). Transformations between 
these two types of representation were found not to 
be reliable, resulting in inaccuracies when translating 
models between software. Furthermore, the detailed 
BIM data structure proved too complex for early 
design, containing information superfluous in a 
simulation environment, while simultaneously 
lacking certain data required to carry out analyses. 
 Software limitations: While Revit has some 

capacity for parameter-driven modelling, being BIM 
software, it lacks an underlying associative structure 
that hierarchically links each geometric component to 
another that came before it. Without high-level 
parametric dependencies between objects, updates 
could not be propagated through the design 
automatically, and manual rebuilding of the model 
was needed for each scenario tested. Limitations 
were also experienced with the simulation software. 
The early stage VE toolkits could not be used as their 
underlying simulation defaults did not reflect the 
Australian context and were not editable. VE Pro was 
used instead, which required detailed information to 
describe the simulation, largely not reusable between 
options. Analyses were therefore time-consuming 
and labour-intensive to carry out. The complexity of 
the interface, along with primarily numeric inputs 
and outputs, made translation of models and results a 
non-trivial task that constrained the designers�’ ability 
to understand and decide between alternatives. 
 Communication: There was limited knowledge 

of the process requirements of other disciplines, 
particularly concerning model inputs and outputs. 
Without a common conceptual framework the 
relationships between design and performance could 
not be explored collaboratively. 
What emerges from this case study is the need for a 
unified design process that promotes communication 
and enables seamless and dynamic interaction across 
domains. The aerospace industry has addressed a 
similar need through a design methodology known as 
Multidisciplinary Design Optimisation (MDO). The 
following section examines MDO theory and practice 
and discusses its application to building design. 

MDO THEORY AND APPLICATION 
The defining characteristic of MDO methodology, 
compared to conventional design process, is that the 
contributions of all mutually influential disciplines 
are taken into account simultaneously rather than 
sequentially (Lee et al., 2009). The design is not 
viewed as a single entity, but rather deconstructed 
into subsystems that describe and analyse specific 
aspects of performance, in order to evaluate tradeoffs 
between domains (Ledermann et al., 2005; Ren et al., 
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2011). Various computer-aided tools are used 
concurrently for design and analysis, with parametric 
definition of geometric and behavioural attributes 
playing an integral role in facilitating the iteration 
required to search for a system-level optimum (Park 
& Dang, 2010; Hürlimann et al., 2011). 
Implementing an MDO methodology naturally 
engages disciplinary experts earlier in the design 
process than is typical (Lee et al., 2009). The key to 
realising the benefits of MDO therefore lies in the 
existence of an integrated environment for design 
synthesis. Flexible process platforms adopt wrapper 
and parser technologies to enable direct 
communication between a range of design and 
analysis applications by ensuring the compatibility of 
data between sub-models (Kim et al., 2009; Lee et 
al., 2009). This allows built-in optimisation modules 
to systematically evaluate design alternatives 
according to parameters established by the designer 
(Lee et al., 2009). The platform is accessible through 
a Graphical User Interface (GUI) that permits direct 
manipulation of parameters and analyses, as well as 
providing results visualisation (Flager et al., 2009). 
This coupling of design and analysis applications to 
automate the simulation process realises higher 
productivity and improved performance outcomes 
(Schönning et al., 2005). Recent research from 
Stanford has demonstrated the application of MDO to 
building design to result in similar benefits (Flager et 
al., 2009). Further building on this research is Arup�’s 
DesignLink (Arup, 2011). This domain-independent 
platform uses customised plug-ins to couple 
parametric modelling and performance analysis 
applications for trade-off evaluations of constraints 
(Holzer & Downing, 2010). At present however, 
there is a predominantly structural flavour to the 
analysis software linked to the platform, and a focus 
on the translation of geometry between domains. 
The key MDO features required to affect improved 
performance integration are as follows: 
 Process Coupling Framework: A design 

environment that supports interaction by engaging a 
data and process model cooperation strategy for 
exchanging information. Programs are effectively 
coupled by providing the faculty to link to other 
applications at run time (Hensen, 2004). Rather than 
mapping to a common file format, such as with 
conventional IFC-based strategies of interaction, 
translation between software is direct. This removes 
the potential for data inconsistency and redundancy 
that arises when mapping to a representation external 
to the coupled applications. As illustrated in Figure 4, 
one program controls the evaluation process and 
invokes the other applications as required, 
automatically generating simulation models and 
performing analyses (Citherlet et al., 2001). This 
approach is already supported across a range of 
simulation domains, although rarely extended to 
integrate with design environments. 

 
Figure 4: Data and process model cooperation. 

 

 Deconstructed Representations: The 
representation is distributed across a series of sub-
models correlating to each coupled program. This 
decomposition contrasts the centralisation that is 
becoming increasingly entrenched in building 
integration practice. It differs from the 
BuildingSMART concept of Model View Definitions 
(MVD), which describes different user perspectives 
of the IFC representation, in that it proposes 
deconstructed models rather than deconstructed 
views of the same model (buildingSMART, 2011). 
Since each sub-model results from a specific 
transformation, it contains only information required 
for a defined task, in a defined format. Restrictions 
arising from the complexity of an all-inclusive 
structure like IFC are therefore avoided.  
 Parametric Definition: Representations are 

defined through high-level parametric dependencies. 
By structuring components through associative 
relationships, models can be manipulated to generate 
new options without manual rebuilding of the design, 
enabling large numbers of alternatives to be created 
in short spaces of time (Aish & Woodbury, 2005). 
Although there are similarities in the application of 
MDO across the two industries, there is also one 
significant difference. Aircraft design is guided by a 
standardised notion of form where components are 
easily defined and located in relation to one another. 
Well understood variables allow the design space to 
be constrained, so that analysis and optimisation can 
take place concurrently (Price et al., 2009). Building 
design is not subject to comparable preconceptions 
concerning form or materials. Consequently, the 
analysis task must be separated from optimisation 
routines to allow designers to develop an 
understanding of the variables unique to the project. 
This research is primarily concerned with developing 
an integration framework for early design that 
supports the analysis component of MDO. It seeks to 
build on the work from Stanford and Arup by 
examining how design representations for MDO can 
extend beyond a geometric description of a building, 
to include behavioural properties. It focuses on 
energy simulation as a starting point for this 
investigation, but in the long term aims to contribute 
to a more holistic MDO platform like DesignLink. 
The following section reviews a number of energy 
simulation tools to determine the most appropriate 
application for inclusion in the framework. 
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ENERGY SIMULATION TOOLS 
Despite the proliferation of energy analysis programs 
in recent decades, there are few tools that provide 
integrated decision support in early design. The 
reasons for this are well-established in the literature, 
and have been reported by the authors in an earlier 
research paper (Toth et al., 2011). Essentially the 
problem can be summarised as a lack of connection 
to the needs of the designer, brought about by highly 
complex, non-visual and unintuitive working 
environments that cater primarily to engineers. Over 
the years, this issue has engendered a number of 
studies into the classification of �‘designer-friendly�’ 
and �‘design-integration�’ criteria for simulation tools, 
most notably from Augenbroe (1992; 2002), 
Morbitzer (2001; 2003) and Attia (2009; 2010). 
In this research, �‘designer-friendly�’ is not taken to 
mean simplified simulation tools, but rather, features 
that allow simulation tools to be used in simplified 
ways; typically related to interface usability and 
information management. This distinction ensures 
that the needs of the architect are met without 
compromising the integrity of the analysis or needs 
of the engineer. While these features will be 
important to the later development of the integration 
platform, they do not factor in the selection of a 
simulation tool, as the coupling approach engages 
only the calculation engine of the application. 
�‘Design-integration�’ factors, on the other hand, are 
crucial in the tool selection. These criteria outline 
features required to ensure reliable simulation 
procedures and outcomes; as well as functionality 
essential to the development of process networks that 
support the delegation of tasks to applicable system 
modules and the interpretation of results. Three 
critical integration criteria have been identified: 

1. The ability to simulate Australian climatic 
conditions and associated HVAC systems. 

2. The use of validated methods of calculation. 
3. The capacity for software extension and 

customisation via an API or scripting interface 
that makes it accessible remotely. 

Another consideration in the selection process is the 
approach that the tool adopts towards design 
integration. While the majority of applications fall 
into the categories of stand-alone or interoperable, 
with no or limited intrinsic ability for design 
integration respectively, several tools already 
implement a process coupling strategy. Any tool 
adopting this approach, as well as satisfying all three 
critical criteria, could benefit the development of an 
MDO platform greatly. The degree of reusability in 
the system would, however, depend on the modelling 
paradigm of the coupled design software, i.e. whether 
it has the capacity for high-level parametric 
associations. Therefore, in addition to the three 
critical criteria, there are also two desirables: 
1. The design integration approach adopted. 
2. A direct link to a parametric design environment 

(applicable to process coupling tools only). 
The results of the review against the five criteria are 
shown in Table 1. It should be noted that tools whose 
integration with CAD data is limited to the import 
and/or export of DWG/DXF files containing highly 
simplified geometry are considered stand-alone in 
this context. Also, with the coupled tools, the criteria 
concerning customisation relates only to the coupling 
link, not to the underlying simulation engine. 
As can be seen in the results, DOE-2.1E and 
EnergyPlus (E+) are the only applications that satisfy 
all three critical criteria. Given that E+ is a modular 

SIMULATION 
TOOL 

AUSTRALIAN 
CONTEXT 

VALIDATED 
CALCULATION 

SOFTWARE 
EXTENSION 

INTEGRATION 
APPROACH 

PARAMETRIC 
DESIGN 

DeST ?1  ?1

Stand-alone N/A 

DOE-2.1E    
Energy-10    
EnergyPlus    
eQUEST  2  
ESP-r    
DesignBuilder  3  

Interoperable N/A 

Ecotect    
GBS*    
Hevacomp  3  
IES-VE    
Tas    
Trace 700    
EcoDesigner  4  

Coupled 

 
IES-VE Plug-ins     
OpenStudio  3   
Project Vasari  5 ? partial 

Table 1: Fulfilment of selection criteria by energy simulation tools 

3 Application is interface / plug-in to EnergyPlus 
4 Application uses the ASHRAE-compliant VIPweb analysis tool 
5 Application uses the Ecotect and GBS simulation calculations 

* GBS �– Green Building Studio 
1 Program is only available in Chinese 
2 Application is interface to DOE-2.2 
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software based on popular features from DOE-2.1E 
and BLAST (another simulation application that has 
not undergone development since 1998) (Crawley et 
al., 2005), it has been selected as the most suitable 
tool for the system. Despite E+ lacking inherent 
integration capabilities, significant research exists to 
demonstrate that extensibility is readily achievable. 
While none of the coupled programs are suitable for 
inclusion in an MDO framework, their strengths and 
weaknesses do provide guidance for its development. 
OpenStudio links E+ directly to SketchUp, allowing 
E+ building geometry to be created and analysed 
directly from within the design environment. 
However, it is unable to handle all critical simulation 
inputs, and requires expertise in using E+. The 
EcoDesigner extension to ArchiCAD integrates the 
VIPweb engine directly into this program�’s core for 
seamless data exchange, but is a design aid only as 
opposed to a simulation tool. The IES-VE plug-ins to 
SketchUp and Revit provide control over the 
complexity of the simulation depending on which 
software from the IES-VE suite is invoked. However, 
as with the underlying simulation software, 
customisation and extension is not possible. Perhaps 
the most promising is Project Vasari, which 
integrates analysis into a Revit-based design 
environment modified to provide �‘push/pull�’ 
modelling capabilities and basic parameter-driven 
manipulation. While well-suited to the early design 
needs of the architect, with exceptional visualisation 
of results, its downfall is that it employs unverified 
Ecotect and GBS simulation procedures considered 
unreliable by engineers, which inhibits collaboration 
between disciplines. It is also unclear whether this 
tool has the capacity for customisation, as it has only 
been released as a technology preview. In addition to 
these individual downfalls, none of the coupled tools 
link to high-level parametric design environments 
with the capacity for associative modelling. 

Each of these applications has significant benefits for 
the design process, but fails to overcome all 
obstructions to design integration. The following 
section proposes the structure for a design system 
that actively addresses these downfalls by engaging 
the MDO methodology outlined previously. 

PROPOSED DESIGN SYSTEM 
DEEPA (Dynamic Energy-Efficient Parametric 
Architecture) is an energy-oriented design system 
that couples parametric modelling and energy 
simulation software to create a decision-support tool 
for early design. The structure for this system (which 
is currently under development) is illustrated in 
Figure 5. This openly customisable environment 
establishes a dynamic and cooperative design process 
by linking applications through a server-based 
integration platform. Here, a database automatically 
assigns building geometry the behavioural attributes 
required for energy simulation. This allows analytical 
models to be generated from design representations 
without the need for expert interpretation and 
translation, so that the modelling environment can 
invoke the simulation process directly. Evaluation 
occurs in close to real time, with results being pushed 
to a web application that displays design options and 
performance outcomes side-by-side. 
The system consists of four key components, 
discussed in the following subsections. 

Custom plug-in for parametric design software 
There are two high-level parametric design 
applications commonly used in practice and research 
�– GenerativeComponents (GC) and Grasshopper (a 
parametric plug-in to Rhinoceros). Given that GC has 
a well-tested extensibility, a long-standing ability for 
compiling new features and a built-in capacity for 
integration with BIM, this modelling application has 
been selected for the development of the DEEPA. 

Figure 5: Structure of the DEEPA system. 
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Additional features must be embedded inside GC to 
ensure that design models can correctly generate 
corresponding analytical representations and that the 
simulation process can be invoked. Energy analysis 
requires the building to be described as a series of 
zones defined by closed sets of planar surfaces, to 
which behavioural properties must be attributed 
(Dong et al., 2007). Since high-level parametric 
design tools are geometry-based rather than 
structured around building components, they do not 
recognise the constructs of �‘zone�’ and �‘surface�’. New 
representations must therefore be created. A �‘surface�’ 
is based on the geometry of a polygon, with the 
addition of an inbuilt �‘construction�’ property to 
allocate conductance values. A �‘zone�’ adopts a solid 
geometry to represent its internal space, and requires 
the additional properties of �‘activity�’ and �‘HVAC 
system�’ to determine internal gains and services 
loads respectively. Within GC, these properties are 
simply tags assigned to the geometry. Once the plug-
in invokes the energy simulation procedure, however, 
the database is queried for the relevant attribute data 
for each tag, along with additional information 
concerning weather and building scheduling. This 
information, along with the geometric data from the 
model (which undergoes an orientation 
transformation to ensure correct ordering of surface 
vertices), is then forwarded to E+ for analysis. 

Performance specification database 
The performance specification database is essential 
for ensuring that building geometry acquires the 
behavioural attributes required for simulation, 
without complicating input requirements for the user. 
It separates the numerical simulation data from the 
design model, allowing designers to focus on the 
manipulation of form. The user populates and edits 
the database through a GUI that has data organised 
into tab separators for each of the following: 
 Construction Types: to define the thermal 

properties of the materials and their combination 
and position within the building. 

 Activities: to define the internal gains for 
occupancy, lighting and equipment, as well as 
ventilation rates, for each activity being housed. 

 HVAC Systems: to define the climate control 
systems being used in the building. 

 Schedules: to define the hours of occupancy and 
systems operation. 

 Environment: to define the weather data to be 
used in the simulation calculations. 

The database is hosted on a web server, but can also 
run stand-alone. Users can work in connected or 
disconnected modes, depending on the availability of 
internet connection. The database can also invoke the 
simulation process directly, so that building materials 
and HVAC systems can be further investigated and 
refined once a design model exists. 

Server-side energy simulation 
E+ performs analysis on a text-based representation 
of the building data known as an Input Data File 
(IDF), created when the simulation procedure is 
invoked. The results of the analysis are generated as 
CSV and HTML files to be displayed directly in the 
results interface. At the same time, the geometry 
from the parametric model is stored in the database 
for on-demand visualisation of the three-dimensional 
data. This ensures that a snapshot of the design is 
captured for every simulation that is performed, to 
facilitate the tracking of design options and their 
respective performance results. 

Web application for results visualisation 
As well as displaying the results of the energy 
analysis, this web application is also embedded with 
a Java applet that displays the stored geometry, so 
that design options and performance outcomes can be 
viewed side-by-side by multiple users. In this manner 
decisions can be made collaboratively. Simplified 
simulation results are also returned to GC to provide 
the designer direct access to the performance 
outcomes within the design environment. 

KEY BENEFITS 
This system moves away from the trend of linking 
energy analysis to BIM-based design environments, 
and turns to parametric modelling and cooperative 
integration for the rapid and flexible process-based 
exploration that it offers early design. Although it 
makes use of validated methods of simulation, this 
tool does not seek to provide exact estimations of 
operational energy consumption, but rather to support 
decision-making by providing a reliable means by 
which to compare early design alternatives. 
Four key benefits arise from establishing a system 
that focuses on process integration: 
 Collaboration: Architects and engineers are able 

to work in parallel, as seen in Figure 6, with the 
architects undertaking the modelling of different 
design alternatives, using input from the performance 
specification database that is manipulated and refined 
by the engineers to ensure accuracy in the results. 
This integrates these typically separate tasks of 
design and specification to produce a holistic 
understanding of the building, while mimicking the 
existing workflows of each discipline, so that 
decisions can be made collaboratively. 
 Iteration: By integrating energy simulation into 

a parametric modelling environment, design options 
can be produced and assessed rapidly, allowing more 
alternatives to be considered. 
 Scalability: The system accommodates various 

usage scenarios, from a single user working on a 
local computer to multiple users accessing the 
database, server, and results, and can swap between 
modes of operation at any stage. 
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 Customisation: Users have the freedom to 
define their own construction types, activities, 
HVAC systems and building schedules within the 
property specification database. This is a key 
characteristic of the system, as one of the primary 
downfalls of energy analysis applications simplified 
for early design is that the default properties data is 
largely hidden from the user and usually only suits 
the climate and context in which the program was 
developed. In addition to this, the actual coupling 
link is customisable and can be extended as required 
to include further capabilities such as code-checking. 
By supporting a simulation-based design process, this 
system will facilitate the sharing of design 
intelligence across disciplines, so that a more holistic 
understanding of the relationships between 
architecture and energy usage can be developed. 

CONCLUSION 
This paper has presented an energy-oriented design 
system based on MDO methodology from the 
aerospace industry to overcome limitations in process 
and technology currently experienced in building 
design integration. In the long run, it is envisaged 
that this system will be extended to link to more 
conventional BIM-based modelling systems for 
development and documentation in the later design 
stages; and to include other simulation domains, such 
as structure and daylighting. But more importantly, it 
is anticipated that the introduction of flexible and 
concurrent design and analysis environments, such as 
the one presented in this paper, will open up a 
dialogue between architects and engineers and 
strengthen design communication networks. This will 
support the development of more integrated design 
practices that facilitate a shared understanding and 
knowledge between disciplines that is of as great a 
benefit to the design process as the performance 
evaluation capabilities that the system provide. 
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