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ABSTRACT

Energy modeling or simulation is the practice of using computerized simulation
programs to model the energy and environmental performance of an entire building or the
systems within a building. Researchers concur that architects should use the energy
simulation programs as a potential design decision support tool, especially in the early
design stages, where the time and budgetary constraints often preclude the objective
performance feedback from engineers and energy simulation experts who regularly
perform energy simulation and where such objective performance feedback can have
substantial influence on the overall energy and environmental performance of the final
building.
However, user surveys assessing simulation uptake by architects have shown that
energy simulation is rarely employed by architects in practice. A literature review of
these surveys indicated design process related, software related, and user related issues
responsible for their limited uptake. Of these, very limited research is focused on the user
related issues: enhancing the level of understanding of energy simulation of architects
and the ways to facilitate this understanding.
The research presented in this thesis proposes the formulation of a simulation tool
independent guide to address the user related issue and gives an overview of the topics to
be included in this guide. The topics chosen were based on the analysis of the author’s
experience of a performed test design and the issues identified through literature review
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of the user surveys. The topics discussed for inclusion in the guide are: an introduction to
simulation; defining the simulation scope; selection of energy simulation programs;
defining simulation model and performing simulation; quality assurance and program
validation; and data analysis and interpretation. Of these, ‘defining the simulation scope’
was perceived as one of the important topics influencing the modeling and simulation
strategy and the selection of energy simulation programs and hence, was further
analyzed. A simulation tool independent framework is proposed and developed to
facilitate the formulation of the simulation scope. The framework is a visual
representation of the inter-relationship between the design inquiries in the early design
stage, simulation tasks and the related performance parameters to be simulated by energy
simulation programs for deriving decision support for the design inquiries.
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CHAPTER 1
INTRODUCTION

1.1. Overview of developments in digital technology in Architecture
Architecture has always been the medium for expressing the societal, cultural
and technological aspirations and developments. With the development of human
civilization architecture has evolved from being just a shelter and protection against
climate and predators to being an edifice meant to provide pleasant and comfortable
environments. Some of the key technical inventions that led this change were: a)
invention of light bulb, b) invention of air-conditioning, and, c) invention of elevators.
These along with other crucial technological developments in steel and glass
construction techniques made it possible to provide a universal, comfortable and
habitable environment irrespective of the climate and environmental conditions,
eventually leading to wide spread and ubiquitous creation of the glass curtain wall
enclosed sealed multistory towers relying heavily on artificial lighting and air
conditioning systems for year round operation. However, these mechanical solutions
have relied heavily on limited fossil fuel resources and have put enormous pressure on
the earth’s natural resources.
Buildings now not only consume one third of the primary energy supply but are
also major contributors to global warming, climate change and ozone depletion (Hong et
all 2000). Also, the new technologies have created new problems related to indoor
environment quality like sick building syndrome, respiratory disorders etc. Data from
the U.S. Energy information administration illustrates that buildings are responsible for
almost half (48%) of all green house gas emissions annually. Seventy-six percent of all
electricity generated by US power plants goes to supply the building sector (figure 1).
Therefore, immediate action in the building sector is essential if we are to avoid
hazardous climate change (Architecture 2030). The issues of depleting non-renewable
1

fuel sources, perils of global warming and poor indoor environment quality have sparked
a renewed interest in ‘sustainability’ and how to create ‘green buildings’ that mitigate
these adverse environmental impacts. Some of the initiatives influenced by this renewed
interest are the Architecture 2030 challenge, alterations in performance compliance
regulations and the promotion of competitive performance rating methods as green
building marketing strategy, for example, LEED, Green Globes.

Figure 1: US electrical energy consumption: source Architecture 2030
‘Green building’ is defined by the Office of Federal Environmental Executive as
‘the practice of a) increasing efficiency with which the buildings and their site uses
energy, water and materials, and b) reducing building impacts on human health and
environment through better siting, design, construction, operation, maintenance and
removal- the complete building lifecycle” (Building, Design & Construction, 2003).
Some of the factors instrumental in shaping the green building movement have been the
oil embargo and the energy crisis in 1973 that led to formation of the AIA Committee on
Energy and forced the profession to review critically the design and decision making
approach to energy and sustainability in building design (Building, Design &
Construction, 03), the formation of the US Department of Energy in 1977 to address
energy usage and conservation and the creation of US Green Building Council
(USGBC) in 1993 that released the LEED performance rating systems in 2000.
2

Simultaneous research and developments were seen in the digital design realm
with the creation of CAD programs to facilitate the design and delivery of efficient
green buildings, some of these being the developments in building information modeling
(BIM), rapid prototyping, virtual reality and building performance simulation. Of these,
BIM and building performance simulation are considered as potential developments that
can not only change the way buildings are analyzed and optimized for performance, but
also increase the efficiency of the entire design delivery and maintenance process.
Architecture has been slow to adopt the digital revolution as compared to other
manufacturing and production industries like industrial design, aviation, auto industry,
etc. However, with the recent pace of research and developments in BIM, design of user
friendly and powerful energy simulation programs (ESP’s) and data interoperability,
architecture is on the verge of a major digital revolution that can change the way
buildings are designed and executed.
Paul Seletsky (2005) in his article ‘Digital Design and Building Simulation’
rightly comments that we are entering into the age of comprehensive, pervasive, digital
simulation of the physical world as we know it. This thesis investigates how architects
perceive the energy and environmental performance simulation and propose solutions to
facilitate their uptake as a design tool by architects. As major decisions regarding
building form, orientation, materials, appearance and, system selection and feasibility
are made in the early design stage (EDS), with fine tuning and detailing the above
decisions of the same in the subsequent stages, this thesis focuses only on the EDS.
This chapter discusses the findings from the exploratory literature review. The
first section describes the various design decision support systems typically adopted by
architects in the design process to facilitate performance based design decision support.
The next section gives an overview of the building energy simulation and presents the
case for its use by architects. The following section discusses the findings of the
exploratory literature review of the user surveys undertaken by other researchers
assessing the uptake of simulation and the associated barriers. Finally, the research
objectives, scope and methodology are discussed.
3

1.2. Energy and environmental design decision support systems
Design is a complex activity. Building design typically involves considerations
of multiple issues: aesthetic, cultural, social, economic, environmental, contextual,
political, client’s aspirations, etc. Further, the design has to respond to the building
regulations and codes governing the performance of building design. To support the
designer in decision making in this complex and multi-objective planning process,
design decision support systems have been developed (Henrikson 2000) which the
designer can apply if necessary or relevant for supporting performance based decisions.
Of these, the decision support system for energy and environmental issues are listed in
Table 1 and range from the simplistic guidelines and rule of thumbs to sophisticated
simulation tools.
Table 1: Comparison of environmental design decision support systems (source
Morbitzer 2003)
Decision support
system

Description

Examples

Design guidelines or
rules of thumb

Do not predict performance but give
general design advice.

BRECSU 77/98 software
Energy Efficiency Best Practice

Traditional physical
calculation methods
(steady state)

Focus on a limited number of physical
phenomenon’s in a building, in a few
cases, only on one.

U-value calculator

Correlation based
methods

Considers all physical aspects that
influence the building performance;
restrictions in design
specification and performance
assessments.

BRE Environmental Design
Guide for Naturally Ventilated
and Daylit Offices, LT Method

Building
performance
simulation

The methodology of creating a virtual
building where user specifies detail
parameters that influence the building
performance to predict performance as
close to reality as possible.

ESP-r,
Radiance, IES<VE>, Ecotect
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The level to which the designer favors and adopts these decision support systems
depends on many factors like the goals set for the project, expertise of the designer, time
and budget available and the complexity of the design brief. A survey of architecture
students and professionals involved in the design of sustainable environments by Pedrini
(et al 2005) showed that of the 18 decision making techniques considered for the survey
and used by architects, ‘guidelines and rule of thumb’ is the most preferred source for
quantitative and qualitative performance evaluation in the EDS as compared to the other
scientific and mathematical methods short listed for the survey. The following
paragraphs briefly evaluate each of the above mentioned design decision support
systems.
The ‘guidelines and rule of thumb’ are typically provided by guidebooks in the
form of a set of climate based green and passive design strategies applicable to any
design project and the instructions for rough sizing the related building elements.
Though feasible and pragmatic for use in the EDS, they are too simplistic, thus requiring
further detailed calculations for sizing these strategies, by engineers in later design
stages. The guidebooks are easy to use and can provide quick design guidance,
especially suitable with the time and budgetary constraints typically experienced in the
EDS. However, their biggest disadvantage is that they are non-interactive and lack the
site and design specific performance evaluation of synergistic behavior of different
passive strategies typically implemented in contemporary buildings. Neither do they
prioritize the advantage and effectiveness of a selecting a particular strategy over
another, nor do they evaluate the ‘what if’ scenarios of significant interest and
importance to the designers in the EDS.
The traditional physical calculation methods are too specific for the EDS and
often miss the performance dynamics exhibited by the interaction of different design
strategies employed in the design. They can be performed manually or on computerized
software. A typical example of this is the U-value calculator.
The co-relation based methods present the information in the form of co-relation
graphs. These values are based on certain independent variables, which might be just
5

one of the factors involved in determining the co-relation (Morbitzer 2003). Though they
do consider interaction between different domains like thermal, visual and energy, they
are limited in scope and involve many assumptions for generating the graphs. An
example of this method is the LT method 3.0 by Baker and Steemers (1993).
Building simulation or energy modeling, on the other hand, is a powerful tool for
evaluating the building performance based on design and climate specific data (Henson
1994). They range from specialized programs focusing on a particular aspect (for
example, Computational Fluid Dynamics, Lighting) to whole building energy simulation
programs. Depending on the complexity of the ESP’s, they can be used for preliminary
design analysis and evaluating ‘what if’ scenarios in the EDS or for detailed analysis,
design and optimization of systems and building elements in the detail design stage.
1.3. Building performance simulation
1.3.1. What is ‘building performance simulation’ or ‘energy simulation’?
Energy simulation is the practice of using computer-based ESP’s to model the
energy and environmental performance of an entire building or the systems within a
building (AIA, 2007). This whole-building modeling can provide valuable objective
performance evaluation of the building and system energy use as well as the operating
costs. It enables the designer to consider the performance of their designs and alternative
schemes with an accuracy and depth beyond that of the traditional manual and intuitive
methods, as well as deliver required information faster than the specialist consultants
(Clarke 2001).
Simulation is based on the iterative process of understanding & representing the
real world issues. As such the real world is far too complex and hence some
assumptions, abstractions and approximations are required in preparing the model (Hong
et al 2000). Figure 2 illustrates the information typically processed to the ESP’s for
undertaking energy simulation. The objective for using ESP’s is to assist decision
making on the basis of the simulated performance feedback.
6

Most ESP’s consist of two components: the simulation engine and a graphical
user interface (figure 3). The simulation engine is usually developed by one or more
academic institutions/research organizations, the user interfaces are usually implemented
by private software vendors (Maile et al 2007).

Figure 2: Components of Energy simulation
While the number of whole building simulation engines (like DOE, Energy Plus)
is quite small, the number of ESP’s available in the market seems to be proliferating.
Most new tools incorporate existing simulation engines with a graphical user interface
and user friendly front-ends that make the use of simulation more convenient as
compared to directly using the whole building simulation engines (Bajzanac 2001).

Figure 3: General architecture of simulation program (source – Maile et al
2007)
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1.3.2. Application of energy simulation to design
ESP’s can be broadly classified into ‘Design tools’ and ‘Simulation tools’ (Maile
et al 07). Design tools are typically used for system selection and sizing. They are based
on static calculations and usually consider the peak loads and climate conditions e.g.
simulation of building heating/cooling load for HVAC system sizing, etc. These tools
are most suitable for design detailing, optimization and such activities typically
addressed by engineers. Simulation tools on the other hand use time step calculations for
simulating the annual energy consumption and effects of thermal mass, day lighting, etc,
on the overall energy consumption. These programs involve dynamic calculations based
on thermodynamic equations and can predict differences in energy consumption for
different alternatives. These ESP’s are suitable for both: architects and engineers.
The several popular applications listed by Hong (et al 2000) are:
Heating/Cooling load calculations, energy consumption analysis for new designs and
retrofits, building energy management and control systems, verifying regulatory
compliance, cost analysis, and computational fluid dynamic studies. Other uses can be
natural and artificial lighting analysis, acoustic analysis, and to perform life cycle
analysis of building, over the design, construction, operation, maintenance and
management.
1.3.3. Why should architects use energy simulation?
With sustainability becoming a key issue in the building construction industry
and with the increasing clientele awareness, building designers are now faced with the
challenge to adopt innovative design and delivery tools and processes to facilitate the
design of better energy efficient buildings. As 20% of design decisions made in EDS
impact 80% of building decisions in later design stages (Obanye 2006), it is widely
debated that the energy and environmental performance related EDS design decisions
should be based on objective performance evaluations from the ESP’s rather than on
intuition or generic guidelines and rule of thumb. Researchers concur that the ESP’s can
serve as a potential interactive design tool for architects to facilitate performance based
8

decision support in the EDS.
A ‘Whole Building Design’ approach is considered a best practice for designing
energy efficient and sustainable buildings. Crucial to achieve this is the adoption an
integrated design process (IDP). An IDP requires all the team members –architects,
engineers, energy experts, etc to collaborate right from the early design stages through
the building design and delivery (Torcellini et al 05). This ensures that all the decisions
regarding building design including form, massing and envelope are made through
objective evaluation and understanding of the performance implications of these
decisions on the energy and environment. Such collaboration, though valuable and
highly recommended, is often compensated on mid to small scale projects due to
budgetary and time constraints typically leading to the completion of conceptual and
schematic design stages by the architect without consultation from engineers and energy
experts, who regularly perform energy simulation (Marsh 1996, Robinson 1996). This
leads to many EDS decisions about form and envelope being made without the objective
performance feedback offered by engineer and energy experts through the use of
simulation.
An alternative solution to this is to develop in-house simulation and engineering
capabilities. Though architects cannot substitute the expertise of engineers and energy
experts, use of ESP’s by architects can at least ensure objective performance evaluation,
avoid the time delays and cost typically involved with out-sourcing of energy analysis
(MacDonald et al 2005). As argued by Seletsky (2005) “the movement to adopt the
digital building simulation as a design tool will re-instill the understanding that
architects indeed play a vital and pivotal role in the design and construction processes;
that enabling the virtual embodiment of their tacit and explicit knowledge into codified,
digitized, simulated and predictive behavior carries with it certain responsibilities
demanding their forthright attention and should also, therefore, confer their leadership
status on the process”.
Designers are exploring new design concepts and relationships which are not
within the scope of non interactive simplified methods and correlations. The selection
9

and evaluation of building strategies based on rule of thumb or guidelines are often
simplistic, and may not reveal the synergistic performance implications of the different
passive and active technologies, materials and constructions often implemented in
contemporary design projects. In contrast to this, energy simulation is interactive and
offers climate and design specific objective evaluation of design concepts. It allows the
designer to model and simulate the new technologies, innovative mechanism and
evaluate ‘what if’ scenarios, thus enabling them to make educated and responsible
design decisions.
Finally, the recent developments in graphical user interface, simple front ends to
complex simulation engines and data interoperability have shown importance and
awareness of the research community to develop the ESP’s for application by simulation
experts and non-experts like architects. Some of these developments are briefly
explained in the following section. Considering the value in the use of energy simulation
in the EDS, initiatives like Energy Design Advice Scheme (EDAS) and Scotish System
Energy Group (SESG) were initiated by IBPSA, Scotland. The aim of these initiatives is
to train the professionals (both architects and engineers) with necessary skills to equip
them to apply simulation routinely inhouse (MacDonald et al 2005).
1.3.4. Developments in simulation programs
The developments in building simulation can be traced back to the 1970’s with the
creation of the US Department of Energy and the research and developments over
simulation engines DOE, BLAST and TRNSYS (Hong et all 2000). In the past, these
simulation programs were highly technical and meant for use by researchers and experts.
However, building simulation has continued to evolve and the outcomes of research in
this area are evident in recent advancement of building simulation environments
(Malkawi 2004). With the perceived potential of better informed design decisions and
subsequent energy savings resulting from the application of energy simulation in the
EDS, research efforts have concentrated on making ESP’s environments user friendly
for both: the simulation experts and non-experts like architects (Waren 2002, Hong
2002, Crawley 1997, Marsh 1996). The conceptual approaches adopted and technical
10

implementation of the ESP’s varies significantly. Some tools employ “simplified”
methods (Marsh 1996) that address specific perceived needs of the EDS while others
adopt complex first-principle based engineering algorithms that can meet detailed design
requirements.
Apart from the user friendly interfaces, researchers have designed user friendly
front ends to complex simulation engines (Equest for DOE2, Design Builder for Energy
Plus) to allow ease and flexibility in modeling and simplified data entry, focused on
enhanced data interoperability and have developed plug-ins to transfer geometric and
non-geometric information directly from a BIM platform to the ESP’s (e.g. RevitIES<VE> Toolkits). The ESP’s for the EDS are typically populated with predefined data
defaults and have the flexibility to refine them simultaneously with the gradual
refinement of the design scheme. Interoperability, though not with complete success, has
been achieved through the development of integrated simulation suites (Building Design
Advisor, Integrated Environmental Solutions (IES<VE>) and export capability to other
ESP’s (programs like, Green Building Studio), and through the development of
interoperable file formats like IFC’s and gbXML.
These ESP’s’ have been compared and extensively reviewed by many researchers
(Jacobs et al 2002, Maile et al 2007, Crawley et al 2005, Lam 2004). Also, US
Department of Energy (DOE) maintains a listing of all the available ESP’s’ with a short
description of their capabilities, intended audience and links to the ESP website.
1.4. Energy simulation in the early design stage
As discussed in the previous section, energy simulation is a potential design
decision support tool for the design of energy efficient buildings providing
comprehensive and holistic environmental performance feedback. However, the
effectiveness of energy simulation to influence building design and its performance is
dependent on the design stage in which it is performed. It is widely acknowledged that
energy simulation has maximum potential when performed in the EDS (Hong et all
2000, Augenbro 2001, Xia et all 2008). Though the EDS is not explicitly defined in the
11

American Institute of Architects (AIA) handbook, for the purpose of this thesis EDS
refers to the Programming and Schematic design stages as outlined in the AIA design
phases. The design stages are discussed in detail in section 4.2.
Most of the decisions regarding the building design are made in the EDS and
detailed in the detail design stage. It is estimated that 20% of the design decisions made
by architects in the EDS influence 80% of the later design decisions (figure 4) and the
critical decisions affecting the building performance are typically made in this stage
(Obanye 2006). Also, the cost for design modifications in the detail design and
construction stages is very high as compared to those in the EDS. Thus it is important to
ensure that the design decisions in the EDS are based on comprehensive and objective
performance appraisal.

Figure 4: Relation between the influence of decision making with respect to the cost and
timing in the design process (source: Interoperability and Sustainable design, AECbytes http://www.aecbytes.com/feature/2008/Interoperability_SustainableDesign.html)
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1.5. Architect versus Engineer: Difference in approach to energy and
environmental performance evaluation
In the past, environmental performance simulation had been the domain of
engineers and energy experts. The previous section discussed why architects should use
ESP’s as a performance based design decision support in the EDS. To facilitate the
application of energy simulation by architects in the EDS it is essential to understand the
fundamental difference in the perception of architects and engineers towards the
application of ESP’s in the design process, and when and how they are applied in
practice.
User surveys (Lam et al 1999, Mahdavi et al 2003) have shown that ESP’s are
used mainly by engineers, while architects rarely employ ESP’s in practice. Amongst the
architect users, ESP’s are used occasionally for day lighting studies - primarily as a
visualization tool and for checking code compliance. Engineers on the other hand use
ESP’s for code compliance, system selection, sizing and load determination. Also, due
to the fragmented nature of the design delivery process, the use of ESP’s are limited to
detail design stage for verification of design intent and sometimes for optimization,
when the major design decisions related to the building form and construction are
already made by the architect in the EDS.
Firstly, the architectural process models tend to be more cyclical, descriptive and
lattice-like, allowing for many simultaneous process cycles, based on partly implicit and
changing requirements and relying on tacit knowledge (Wilde et al 2002). It is
essentially a ‘problem finding’ process. This iterative nature results in rapid design
changes in the EDS as the solution evolves, thus leading to creation of multiple schemes
out of which the best solution(s) is selected for detail design. The selected solution is
then gradually refined, with level of detail increasing as the design progresses to the
detailed design stage. Even during the detailed design and construction stages, the
design elements are continually detailed and fine tuned based on different design and
construction related considerations. However, the range and extent of changes in the
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detailed design stage are considerably less extensive as compared to the EDS due to the
high cost associated with design changes. Typically, all energy saving features are
embedded in the design in the EDS (Wilde et al 1998). Engineers, on the other hand,
work from a well defined problem towards an optimized solution. In general,
engineering models are more linear, prescriptive and tree-like, having a well-defined
sequence of stages, resting on exhaustive evaluation of requirements and basically
dealing with a well-defined problem (Wilde et al 2002).
Secondly, architects have different needs and expectations as compared to the
mechanical engineers, energy code compliance specialists, and contractors. They
generally use types of knowledge different from those required to use the ESP’s (Pedrini
et al 2005). At the earliest stages in design the need for design direction is more
important to architects than the accuracy of detail (Wilde et al 2002). There is simply
insufficient information, many unknown parameters and very limited time available to
accurately define the simulation model. However, from a given starting point,
understanding the relative effect of making changes to the design is of real value. The
simulation results can be compared to understand the patterns and relationships between
the performance and the design decisions as they are refined and developed (Marsh
2004). The intention is to identify the potential problem areas early in the design stage
and propose innovative design solutions to resolve them. Thus architects prefer simple
computational tools that can be used frequently, can quickly simulate multiple design
scenarios and compare results without investing large amount of time. Engineers on the
other hand work towards arriving at an optimized solution to a design issue. As accuracy
of detail is essential, they prefer to use sophisticated simulation programs in the later
design stages with limited number of variables to test. Using such sophisticated program
requires significant time investment. This is in contrast to the EDS, where the time
available is typically limited, and the number of design options and unknown parameters
are many.
Thirdly, architects simultaneously deal with multiple considerations; like aesthetic,
cultural, social, economic, philosophical, environmental, etc in the EDS while proposing
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a design solution. Energy and environmental considerations, though crucial, often
compete for time with the other equally important design considerations and design
management issues, leading to a very limited time available. Architects typically possess
an understanding of environmental concepts and their impacts on design. However,
factoring and representing these concepts in a simulation model is a complex and time
intensive procedure, often not clearly understood by architects. In contrast to this,
engineers and simulation experts who regularly perform energy simulation possess the
skills and experience to determine the simulation scope and adopt suitable simulation
strategy to evaluate the problem at hand.
Finally, data interpretation and analysis of simulation outputs present another area
of difference between architects and engineers. Being visually oriented, architects prefer
immediate visual feedback for generating, interpreting and communicating ideas (Marsh
1996). The survey of a group of architects and practitioners by Pedrini (et al 2005)
indicated that ‘diagrams and charts’ is the least preferred decision making method by
architects, signifying a strong argument to reject the use of ESP’s. Most of the outputs
produced by the ESP’s are in the form of text reports and charts which require
considerable post processing time and expertise for extracting relevant performance
appraisal and presentation to the design team. Such time investment and expertise,
though commonly available amongst engineers and energy analysts, is not always
possible for architects.
1.6. Experience in the use of ESP’s by architects: issues
An exploratory literature review of user surveys performed by other researchers
was undertaken to assess the extent to which the ESP’s are used in the practice. Only
research papers assessing the simulation uptake by architects/architectural firms in
different geographical locations were selected for analysis to get an overview of the
issues typically faced by the architects in application of energy simulation to a design
problem.
Researches assessing the extent and the issues in the uptake of the ESP’s by
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architects in the EDS (Mahdavi 2003, Pedrini et all 2005, Lam et all 1999, Gonaclaves
1993, Robinson 1996, Trebilcock et al 2006, Wilde et al 1999, 2001) have shown that
architects rarely use energy simulation as a design decision support tool in the design
process. In the EDS, ESP’s were mostly used for visualization, checking code
compliance and occasionally for day lighting and solar studies. In the detailed design
stages, ESP’s were typically used by engineers for load calculation, system design and
sizing and checking code compliance; mostly to confirm design decisions and
occasionally to fine-tune and optimize design elements. Major decisions related to the
selection of energy saving features and environmental performances were made in the
EDS without the simulation support, either by relying on intuition and precedent studies
or on prior project experience, guidebooks and rule of thumb (Pedrini et al 2005, Wilde
et al 2001). For the purpose of this research, the reasons attributed to limited uptake
were categorized into the following categories: a) design process related issues, b)
software developmental issues, c) user related issues.
1.6.1. Design process related issues
An overall interpretation was that the ESP’s are not well integrated with the
design process (Lam et al 1999, Wilde et al 1998, Morbitzer et al 2001). This was also
pointed out by Robinson (1996) and Trebilcock (et al 2006) that the simulation tools
designed for use in the EDS by non-experts like architects were used in the same stage as
the sophisticated simulation tools meant for experts – the detailed design stage. Further,
all the major design related decisions related to form, massing and construction were
either based on intuition and prior experience or on guidebooks and rule of thumb,
instead of the objective performance feedback from the ESP’s. The use of ESP’s was
limited to check code compliance and for visualization purposes.
The above claim, though partially valid, needs to be verified considering the fact
that software developers like Square One (Ecotect), Green Building Studio (GBS) and
Integrated Environmental Services (IES<VE>) have recently been targeting the
development of ESP’s for seamless integration with the digital tools and the design
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process.
1.6.2. Software developmental issues
Another reason for the limited uptake was attributed to the inherent software
limitations. These being limitations in modeling and simulating design scenarios
(Papamicheal 2002, Lam et al 2004), program interoperability with CAD and other
simulation applications, interface related issues, program complexity and associated
learning curve and the time and cost involved in training and use of the ESP. Crucial to
this end is the presence of user-friendly interface and ease of use (Mahdavi et al 2003,
Lam et al 1999).
Simulation programs typically demand a lot of information to initiate the
simulation process. This is particularly true for simulating complex thermal and airflow
simulations. Even though the feedback from these complex simulations can be useful in
the EDS, extensive data input and lack of expertise result in their limited application in
the EDS (Lam 2004, Papamicheal 2002). Also, the lack of interoperability between
commercial CAD applications and simulation programs leads to redundant efforts in
redefining and duplicating the information (Lam et al 1999, Papamicheal 2002).
1.6.3. User related issues
The biggest reason attributed to limited uptake is the lack of simulation know-how
amongst architects and the lack of skills and training resources (Mahdavi et al 2003,
Gonaclaves 1993, Lam et al 1999). Also, the surveys indicated that some architects
perceive performance simulation as out of their scope of works, to be outsourced to
specialists. The reasons cited were increased liability, skepticism towards the usefulness
of simulation as a design decision support for design improvement and lack of credibility.
The users stressed the importance of university education about the application of
simulation as crucial to facilitate uptake of simulation in the future.
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1.7. Conclusion of literature review and Research problem
Of the different energy and environmental design decision support techniques
available to architects, energy simulation is perceived as the most powerful,
comprehensive and holistic performance based design decision support (Henson 1994).
Also, it is widely debated that energy simulation should be used by architects as a design
tool early in the design process. However, the post design experience user surveys
investigating the uptake of ESP’s by architects have indicated that ESP’s are rarely
employed by architects in the EDS. The surveys pointed out many design process related,
software development related and user related issues that explain the cause of limited
uptake.
With the intention to facilitate uptake of the ESP’s by simulation non-experts like
architects, researchers have recently focused on developing user friendly ESP’s. Though
lot of emphasis is placed on making the simulation programs user friendly through
program design simplicity, enhanced interoperability, better graphical user interface,
inclusion of pre-defined data defaults and superior output representation methods, little
emphasis is laid on addressing the user related issue: lack of simulation know-how. To
address this, the thesis investigates approaches to facilitate the understanding of energy
simulation to architects in the EDS. The proposed outcomes of the research are: the
proposal to develop a simulation tool independent guide (An Architects Guide to Energy
Simulation in the Early Design Stage) for architects addressing the application of
simulation in the EDS and a ‘performance parameter identification framework’. Due to
time constraints, and the necessity of detail required in actual guide the author provides a
brief overview of the topics to be included in the guide. Formulation of actual guide is
proposed as a future research step.
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1.8. Research Methodology
1.8.1. Test design and focused literature review to identify and investigate topics for
inclusion in the proposed guide
The exploratory literature review assessed the extent of simulation uptake in
architectural practice through post design experience user surveys. In order to analyze
firsthand the issues architects typically face while using the ESP’s as a design tool in the
EDS, a test design was undertaken by the author. Though the observations from the test
design cannot be generalized for a cross section of architects, it enabled the analysis of
the experience (regarding the specific user related issues outlined through the exploratory
literature review) of an architect (in this case, author) using the ESP’s for decision
support in the EDS.
The Test design was a semester long design studio project focused on studying the
integration of building information modeling (BIM) and energy analysis in the EDS. The
brief was to design a mixed use commercial center (around 20,000 sft) in Calcutta, India.
Revit Architecture 2008 was selected as the commonly available BIM platform. An
exploratory software review was performed to identify and select the ESP’s for the test
design. The ESP’s listed on the DOE’s website and the research paper by Crawley (et al
2005) were used for the review. Based on the software review, Ecotect, Green Building
Studio (GBS) and Integrated Environmental Solutions (IES<VE>) were chosen for the
test design. The primary issues investigated were:
a) Data interoperability and information exchange,
b) Integration with design process – ability to support design inquiries, parameters
evaluated, level of detail, flexibility in modeling with respect to the design stage.
c) Data interpretation and analysis - format of simulation output, ease of
interpretation, effectiveness in supporting decision making and
d) User experience in terms of user friendliness, ease of use, formulation of
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simulation model.
The test design experience was documented and analyzed to identify the topics for
the proposed guide to facilitate simulation uptake. A focused literature review of research
papers assessing the barriers and issues in uptake of energy simulation by architects
(Gonaclaves 1993, Lam et al 2004, Mahdavi et al 2003, Pedrini et al 2005, Robinson
1996, Trebilcock et al 2006, Wilde et al 1999, 2001) was performed to further inform the
guide. Topics like Quality assurance and Program validation, though not identified
through the test design, were added to the list of topics purely on the basis of the focused
literature review.
Of the topics identified for the guide, ‘defining the simulation scope’ is of
significantly importance, influencing the modeling strategy and relevant decision support.
Thus, this topic was chosen for further analysis and the thesis scope was extended to
propose a simulation tool independent ‘performance parameter identification framework’
to assist in formulation of simulation scope.
1.8.2. Analysis and comparison of guidebooks for formulating the ‘performance
parameter identification framework’
A simulation program independent ‘performance parameter identification
framework’ is proposed to facilitate the formulation of simulation scope. A well defined
simulation scope includes identification of the design inquiry, the architectural
parameters related to the inquiry, the simulation/analysis task to be undertaken and the
performance parameters that when evaluated can provide quantitative/qualitative
objective decision support for the inquiry. The framework is a visual representation of the
correlation between the design inquiry, the analysis/simulation tasks, and the
performance and architectural parameters evaluated by the task.
Researchers have proposed simulation supported design processes to facilitate
simulation uptake by the architects in the EDS (Hayter et al 2000, Mendler 2006, Wilde
2001, 2002, Xia 2008, USGBC 1996, Ward 04). These processes propose the design
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stage specific simulation task and the related performance parameters. The literature
review indicated that architects prefer use of guidebooks and rule of thumb to the ESP’s,
even though the ESP’s can offer a comprehensive and holistic performance feedback.
The guidebooks typically list the various energy efficient strategies and techniques to
evaluate them. A focused literature review of the simulation supported design processes
and the guidebooks (Watson 1993, AIA 2007, Kwok et al 2006) was undertaken to
extract the simulation task and the performance parameters for the framework. These
tasks and parameters are correlated with the design stage specific inquiries undertaken in
the EDS to formulate the proposed ‘performance parameter identification framework’.
The following steps were identified to formulate the framework,
1. Investigate and identify the design inquiries requiring simulation support in the EDS.
•

Analyze the energy and environment related design inquiries and decisions
evaluated in the EDS.

•

Identify the architectural parameters related to the above decisions.

The following sources were compared and analyzed;
•

The architects handbook of professional practice, AIA 2001

•

The design process, Shoshke Ellen, 1989

•

‘Towards the integration of simulation in the building design process’, Morbitzer
2003, PHD thesis

The design decisions and activities involved in the design process have been studied
in detail by Shoshke (1989) through case studies and by Morbitzer (2003) through
interviews with designers in an architectural practice. Also, the American Institute of
Architects ‘The architects handbook of professional practice’ (AIA 2001) outlines an
example of the design stage specific level of detail in decision making. A focused
literature review to compare and analyze these three sources was performed to arrive
at a structure of energy and environmental performance related decisions typically
undertaken in the EDS. The validity of this data is ensured by the distinctly different
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data collection methodology adopted by the authors of the above three sources.

2. Analyze the simulation supported design processes to identify the simulation task
and the performance parameters that can provide decision support for the above
inquiries.
•

Identify the simulation task and the performance parameters for evaluating
decision support for the above design inquiries and decisions.
The green design/simulation supported processes reviewed were: National
Renewable Energy Laboratory’s Energy Design process (Hayter et all 2000),
Bernheim & Reid green design process (USGBC 1996), HOK Energy
optimization process (Mendler 06), Low Energy design process for Federal
facilities (Zackman et all 01) and Ian Wards green design checklist (Ward 04).
Of these, the simulation based Energy Design Process, HOK’s Energy
optimization process and the generic Bernheim & Reid green design processes
were selected for further analysis. The discussion below explains the rationale
for selecting these two design processes.

• The Energy Design Process (EDP) – NREL
The Energy Design Process (EDP) proposed was first proposed by NREL
(National Renewable Energy Laboratory) in 1999. It has been used in design of
three low energy facilities – The Zion National Park, Bighorn development and
TTF facility. The process is based on application of building simulation
throughout the design process.
• Bernheim & Reed Green Design Process (B&H GDP) - USDOE Sustainability
manual
The Bernheim & Reid green design process (B&H GDP) on the other hand is
outlined in the USDOE (US Department of Energy) – Sustainable design
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manual. USDOE is one of the key organizations proliferating awareness amongst
designers and owners about necessity and benefits of green design.
• HOK Energy optimization process (HOK EOP)
HOK is ranked to be the greenest design firm on planet according to a survey
published in June 2008 in the construction magazine Engineering News Record
(http://findarticles.com/p/articles/mi_m3601/is_/ai_n27928590). HOK’s energy
optimization process is adapted from the research managed by Architectural
Energy Corporation and Solar Energy Research Institute and widely followed
within the HOK practice. The process is backed by demonstration case studies
and is a simulation tool independent process.
The review indicated that the simulation task and performance parameters for
schematic design stage were nonspecific. Typically, the design inquiries evaluated in
this stage are related to selection of energy efficiency design strategies. These are
addressed explicitly by guidebooks.
3. Analyze guidebooks to identify the energy efficient design strategies, the analysis
task and the performance parameters for the above design inquiries in the schematic
design stage.
•

Identify the energy efficient design strategies, the analysis task and the
performance parameters evaluating the said strategies.
The following sources were compared and analyzed;

•

The energy design handbook, Watson 1993

•

The green studio handbook: Environmental strategies for schematic design,
Kwok et al 2006

•

Energy and environment in architecture: A technical design guide, Baker et al
2000

A number of guidebooks suggesting strategies and approaches to sustainable design
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are available in market. However, considering the time limitations and to enable a
more focused analysis, the selection was limited to three sources. The rational
behind selection of the above guidebooks is explained below,
The ‘Energy Design Handbook’ (Watson 1993) is a reference guide published by
AIA and provides a comprehensive overview of the green design strategies and
energy related issues in building design to be considered in the EDS. For more than
30 years, AIA has been working with members and their communities to create
sustainable,

environmentally

responsible

projects

(http://info.aia.org/toolkit2030/design/architects-green-buildings.cfm). The ‘Green
Studio Handbook: environmental strategies for schematic design’ (Kwok et al 2006)
is targeted for architects and focuses on the schematic design stage. While, the
‘Energy and Environment in Architecture: a technical design guide’ (Baker et al
2000) is targeted for architects and the only source enabling the manual evaluation of
synergistic behavior, albeit limited, between the thermal, lighting and energy
consumption.
4. Synthesis of information from the above three steps
•

Identify the performance domain; correlate the design inquiries and the related
architectural parameters, the analysis/simulation task and the performance
parameters in the form of a matrix.

1.9.

Significance
The guide is intended for architects both experienced and beginners to energy and

environmental simulation. In contrast to the technical guides on use of performance
simulation available for engineers, no software independent literature is available on the
market for architects. With the research and development in parametric modeling and
performance based design, it can be speculated that the ESP’s will be more user friendly
and integrated with the modeling software and that energy simulation modeling by
architects will become a routine exercise. With the emphasis on sustainability,
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proliferation of performance rating systems and emerging digital design techniques, such
a guide for architects can facilitate simulation know-how and help informed application
of the ESP’s.
The proposed ‘performance parameter identification framework’ is the first step in
identifying the simulation support possible from the ESP’s. The framework can be further
expanded to assist in data management and preparation of standardized performance
reports. Finally, the framework can be partially or entirely adopted by software
developers to develop simulation capabilities and formulate interfaces focused towards
providing EDS decision support.
1.10.

Limitations
The proposed framework is designed to facilitate architects in the formulation of

simulation scope. However, the framework is not yet tested on actual design project.
Also, due to the limited time schedule, the framework is based on review of three
representative guidebooks.
The test design was a studio project undertaken by the author. The choice of
studio setting was based on the convenience of managing the test design, ease of
documenting the results, flexibility in determining the scope, level of detail of analysis
and the time available (as against the limited time available with an architectural office).
The outcome may vary with change in the test design setting, participant’s experience in
the use of ESP’s and the project size.
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CHAPTER 2
TEST DESIGN AND THE GUIDE

The previous chapter presented a brief background of the ESP’s and the user
surveys assessing simulation uptake by architects in practice and the associated barriers
outlined. This chapter begins with discussion of the focused literature review
investigating the approaches proposed by researchers to address these perceived issues
and barriers. In order to frame and understand the problem at hand, the author used the
graduate design studio as a test design case to investigate the integration of BIM and
ESP’s in the design process and identify the issues typically faced by architects in the
use of the ESP’s. The remainder of the chapter discusses the findings of the test design
and the conclusions.
2.1.

Approaches to resolve the perceived barriers in simulation uptake by

architects
To address the software related issues identified in the user surveys, some of the
solutions that researchers have proposed are the development of simplified user friendly
simulation programs, better user interface, enhanced interoperability and integrated
CAD environments. To address the design process related issues and to facilitate
simulation uptake by architects, researchers have proposed different approaches. For the
purpose of this thesis, these can be categorized into the following:
1. Program specific interface developments: where a single simulation engine with
customized interface for different design stages to respond human expertise and
varying level of detail,
2. Design process centric approach: where simulation activities respond to design
stage specific decision making. This approach is structured around the design
process and emphasis is laid on the design activities, sequence, hierarchy and scope.
Single or multiple ESP’s can be used for performance evaluation.
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A program specific interface development approach is proposed by Morbitzer (et
al 2001) and also adopted by programs like Equest. Morbitzer proposes the use of a
single sophisticated simulation engine (in this case ESP-r) with customized user
interfaces for the different design stages. The interface responds to the human expertise
and the level of detail. While this approach can enhance user friendliness and facilitate
ease of use, it will require substantial and continual developments to the ESP. Based on
the experience from the field study, expecting a single simulation program to provide
decision support for all design inquiries and at all stages is highly ambitious. Though
this approach can be categorized as a solution to resolve the software related issues, the
fact that interface customization is based on typical simulation scenarios observed in the
EDS makes it a solution proposed for user related issue.
A design process centric approach is proposed by Hayter (et al 2000), Mendler
(2006), Wilde (et al 2001, 2002) and Xia(2008). Both Hayter and Mendler propose
simulation procedures with respect to the design stages and lay out the intent of the
simulation activity to be performed during each design stages. Though these procedures
are independent of the ESP used for performance analysis, they require a detailed
sophisticated ESP like DOE 2 for carrying out the analysis. ‘Parametric analysis’ and
‘ranking’ of energy efficiency measures with respect to their effectiveness are identified
as crucial steps in the programming stage. However, the simulation steps for the
schematic design stage are generic. They define the intent of simulation but do not
elaborate which architectural and performance parameters should be simulated. Though
the concept shows considerable promise, it is currently focused on management of
simulation output and the analysis of only specific scenarios (Mourshed et al 2003).
2.2. Test Design: Application of BIM and energy simulation in the design process.
In order to gain an in-depth understanding of the issues involved with integrating
ESP as a design tool in the EDS, the author performed a test design (figure 5). The
author, initially inexperienced to the use of ESP’s, approached the project with the aim
of using ESP’s to inform design decisions. The design brief was to investigate the
integration of BIM (Revit Architecture 2008 was used as the BIM platform) and the
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ESP’s (Ecotect, IES<VE> and Green Building studio) as a design decision support tool
for the design of a 20,000 sq.ft mixed use commercial building located in a semi-dense
urban neighborhood of Calcutta, India.
The issues investigated and analyzed were:
a) Data interoperability and information exchange,
b) Integration with design process – ability to support design inquiries, parameters
evaluated, level of detail, flexibility in modeling with respect to the design stage.
c) Data interpretation and analysis - format of simulation output, ease of interpretation,
effectiveness in supporting decision making and
d) User experience in terms of user friendliness, ease of use, formulation of simulation
model.

Figure 5: Test design: Commercial mix-use building, Calcutta, India
2.2.1. The software

Revit Architecture 2008 was selected as a commonly available BIM platform. A
software review to select ESP’s for the test design was performed using the US DOE’s
website and the software review by Crawley (et al 2005). The findings of the review are
presented in Appendix A. The criterion’s shortlisted for comparing the ESP’s were: a)
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user interface, b) program documentation and c) ease of use. Based on these criterion,
three ESP’s were selected: Ecotect, Integrated Environmental Solutions (IES<VE>) and
Green Building Studio (GBS).A brief description of the three selected programs is given
below,

Ecotect (www.ecotect.com)
Ecotect is widely published as an ESP designed for use by architects in the EDS.
It combines a user friendly graphical user interface with a broad range of analysis
modules such as thermal, lighting, acoustic, etc. The interface features tabbed views
dedicated to creating, viewing and analyzing the model. The user help is well
documented within the program and the ESP is easy to learn.
Integrated

Environmental

Studio

<Virtual

Environment>

(IES<VE>)5.8

(www.iesve.com)
IES<VE> combines multiple analysis modules over a model builder user
interface. The software is capable of performing solar, thermal, computational fluid
dynamics and lighting (natural and artificial) analysis to name a few and is used mainly
by engineers. This program was chosen for the interoperability it offers with Revit
Architecture 08 through the VE Toolkit.
Green Building Studio (GBS)
(http://usa.autodesk.com/adsk/servlet/index?id=11179508&siteID=123112)
Similar to Ecotect, GBS is widely published as an ESP developed for use by
architects in the EDS. GBS is a web-based energy analysis service, offered by GeoPraxis
at the time of test design and recently acquired by Autodesk. The program can import
gbXML file format generated from Revit Architecture. It uses DOE 2 as the base
simulation engine and the output generated are presented as a web based sheet.
The table 2 summarizes and compares the simulations performed in each of the
above ESP’s.
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2.2.2. The test design

The first quarter of the semester long design studio was dedicated to learning the
software: Revit Architecture 2008 and the selected ESP’s, while simultaneously starting
with site analysis and program formulation. The remainder of the studio focused on
developing the design using ESP’s as a design decision support tool.
Table 2: The ESP’s used and simulation performed in the test design

Lightin
g

Illuminance level analysis

Temperature profiles
Thermal comfort analysis
Insolation analysis
Passive gains breakdown
Heating/Cooling loads
Natural ventilation

End-use energy breakdown
Annual energy consumption
Heating/Cooling energy
CO2 production

Energy

Day lighting analysis

Thermal

Sun-path analysis
Wind rose analysis
Overshadow analysis
Psychometric analysis
Orientation optimization analysis
Sun/Shadow analysis
Parametric analysis

Miscellaneous

Ecotect

o o o o o o

o

o

o o o o o

o o o o

IES<VE>

o

o

o

Simulations
performed

ESP’s used

GBS

o

o
o

o

o o o
o

o

o

The design was developed over three key design reviews. The first review
happened simultaneously while learning the applications of the selected ESP’s. The
second and third key reviews happened two and four weeks later respectively. The design
options for first concept design review were modeled in Revit Architecture, ease of
visualization and the ability to use the same building model in GBS and IES<VE> being
the prime reasons. Climate analysis was performed using Weather Manager and the
climate analysis module of Ecotect 5.5. Ecotect 5.5 was used after the first review as it
didn’t possess the capability to import a ‘.gbxml’ file format and the author was unaware
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of the option of importing the ‘.dxf’ file format into Ecotect without information loss.
While using the ESP’s, the first step was to locate the weather file for Calcutta,
India, through Energy Plus website and convert it to a ‘.wea’ format using Weather
Manager, a tool within Square One family. Outputs for climate analysis (like sun path
diagram, wind-rose studies, and psychometric analysis) from Ecotect were overlaid on
the site and used as the basis for formulating the design options. Considering the program
size and the relatively tight site constraints, orientation for the building was predetermined. Daylight and natural ventilation were established early on as the site specific
form determinants. The choice was made based on the author’s familiarity with the
project site’s climate. A naturally ventilated atrium was integrated in the design to
facilitate stack ventilation and enable light penetration to the interiors. For evaluating
daylight in the early schematic stage, solar access analysis was performed. To this end,
solar access was evaluated successfully within Revit Architecture (Figure 6). Revit
Architecture enabled a quick visualization of the building along with its solar potentials.
However, the author was unable to model and evaluate potential for natural ventilation in
the design options. The design concept was not approved by the instructors in the first on
the aesthetic grounds, and inadequate response of the concept to the site context, thus
further design options were worked. Amongst the newly proposed options, the one with
optimum atrium configuration was chosen for further detailing. The selection was based
partly on the potential for stack ventilation and daylight access and partly for aesthetic
considerations. The selected option was then modeled in Ecotect.

Figure 6: Sun and Shading analysis (first review): Revit Architecture 2008
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An initial attempt to simulate the performance through GBS and IES<VE> was
made for the first review; however, despite carefully detailing the building model in Revit
Architecture as instructed in the Autodesk white paper on preparing Revit Architecture
model for energy analysis in IES<VE>, the simulation model so transferred in both
ESP’s had missing geometric information, leading to lack of credibility in the generated
performance predictions (figure 7). In IES<VE>, apart from missing geometric
information; complex user interface and limited user help lead to inability on the part of
the author to understand the process of rectifying and modeling the missing components.
Due to inability to rectify this information loss within GBS, the software was not used for
decision support after first design review.

a) GBS model

b) Ecotect model

c) IES<VE> model
Figure 7: Comparison of model geometry generated in a) GBS, b) Ecotect, c) IES<VE>
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Solar studies based on the incorrect model were undertaken in IES<VE> initially.
Later, the author resorted to help from experts about defining and rectifying the
simulation model within IES<VE>. However, due to limited time availability and
software complexity, use of IES<VE> for design decision support was limited only to
day lighting (daylight factor, glare analysis) and solar studies (sun penetration and
shading studies). Load calculations and energy consumption studies were performed to
understand the ease of use, format of output, ease of interpretation and the issues faced in
defining the simulation model. Ecotect, on the other hand had plenty of user help, was
easy to use and had an excellent graphical user interface. Thus this program was
extensively used throughout the test design. Also, changing the design in Ecotect was
much more quick and easy than in IES<VE>. In both IES<VE> and GBS, system
selection presented significant challenge. Lack of expertise of the author in system design
and system selection for estimating more realistic energy consumption figures
emphasized the importance of engineer in the EDS. For the purpose of the test design,
author relied on the generic system suggested by the ESP. Climate and Solar studies
(figure 9, 19) (sunpath analysis, sun penetration and shadow analysis, insolation analysis,
shading mask), day lighting (figure 10) (daylight factor) and thermal analysis (figure 8,
11, 12, 20, 21) (room temperature, space loads, overall energy consumption) were
performed using the selected ESP’s.
The following decisions were based on performance feedback from the ESP’s.
Material selection was based on the simulated temperature profiles in the zones, while the
decision to add light shelves based on day light studies in Ecotect. Finally, natural
ventilation, though a crucial form giver was not evaluated by any of the selected
programs. Though the effect of varying the operable window area was quantified by
analyzing room temperature profiles, the author was unable to quantify the success of the
natural ventilation scheme in the design.
2.2.3. Findings

A critical analysis of the issues faced in using these ESP’s from the point of view
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of first-time user (in this case, the author) provided the following key findings:
1. Tool capability: None of the selected ESP was alone capable of performing all of the
performance evaluations identified for the EDS, for example GBS evaluated the
carbon footprint, overall energy consumption, estimated energy cost within a single
analysis step. Also, GBS evaluated the energy saving potential through the use natural
ventilation and the potential for renewable energy sources like photovoltaic and wind
energy to offset the actual energy demand, thus enabling the user to identify design
direction, which the other programs didn’t explicitly address. At the same time,
particular ESP required comparatively less effort to simulate a performance parameter
than the other ESP, with respect to the time and complexity involved in the
evaluation, output representation and ease of use. For example, a day lighting model
could be quickly & easily set up and modified in Ecotect than IES<VE> while
presence of pre-defined data defaults in GBS allowed the evaluation of overall energy
consumption evaluation faster than Ecotect and IES<VE>.

Figure 8: ‘Energy and Carbon results’ graph generated by GBS
2. Selection of ESP: Though this was not a part of the scope of investigation, it was
observed that the selection of ESP for the field study was a considerably challenging
and time consuming task. The DOE website lists over 300 ESP’s. While excellent as
a compilation of all the available ESP’s, the website lacks detail appraisal of the
scope of evaluations and simulation capabilities of each ESP. Also, not all programs
are intended for use by architects nor are they suited for application in the EDS.
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Availability of a software review identifying the ESP’s suitable for the EDS energy
simulation would have saved considerable time in selecting the ESP’s and identify the
scope of simulation support.
3. Interoperability: In terms of interoperability, GBS and IES<VE> allow transfer of
geometry and construction data information directly from Revit Architecture.
However, often information loss was experienced, leading to significant time
investment to rectify the model by filling-in the missing information. While such
model rectification were possible within IES<VE>, it was not possible within GBS.
The incorrect model geometry translation in GBS raised the issue of credibility of
performance feedback presented. Considering the ease of use, holistic and
simultaneous performance evaluation of energy demand, cost and carbon footprint for
a given design option and the ease of use, the author speculates that provided there is
no information (geometric and non-geometric) loss between Revit Architecture and
GBS, GBS can serve as a valuable performance based design decision support tool in
the EDS.

a) Shading mask
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b) Sun-path analysis – Ecotect

c) Sunpath analysis – IES<VE>

d) Solar ray casting - Ecotect

36

e) Incident solar radiation (insolation) studies - Ecotect
Figure 9: Solar studies: a) Shading mask - Ecotect, b)sun path analysis - Ecotect, c)sun
path analysis – IES<VE>, d)Solar ray casting – Ecotect, e) incident solar radiation
studies-Ecotect
4. Integration with design process: At first, it was often unclear at what point in the
design and how the selected ESP’s should be used, leading to an unclear simulation
scope and absence of strategy to identify and prioritize simulation for effective
performance feedback and design direction. Overall, the role of performance
feedback from the ESP’s to inform design decision was very limited in the
programming and early schematic design stage. The solar (interactive sun movement,
shading mask, insolation studies), thermal (room temperature profile, heating/cooling
loads), lighting (day light factor, cloud cover analysis) and energy simulation (overall
energy use) were performed for all the design options. However, it was observed that
a thermal simulation for initial design option selection was not as influential as the
overall energy consumption, lighting and solar studies. Natural ventilation was never
simulated, due to lack of expertise and highly complex model definition process.
Thus, almost all the major design decisions were based on the author’s intuition,
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while the individual design elements were fine tuned based on the performance
feedback from the ESP’s. This was also inferred from the literature review of the user
surveys, leading to the question the way simulation programs are currently used in the
EDS and the fact that simulation programs are not well integrated in the design
process. The author concluded that clarification of scope and strategy like: which
simulations should be performed, which performance parameters should be evaluated,
which programs can do these evaluations and what architectural design elements are
related to these parameters, could have resulted in a more informed and productive
use of performance feedback to inform design decisions. A similar approach was
recommended by Wilde (et al 1998) through the identification of ‘process steps’ or
‘procedures’ for application of simulation. These steps would clarify the objective of
simulation and the performance parameters that should be considered for analysis.
5. Learning curve: The use of ESP’s as a design decision support tool requires a sound
understanding of the concepts and processes involved in performance simulation and
expertise in its use. The initial understanding of these concepts was gathered through
the program documentation of the selected ESP’s and research papers from Square
One website. Lack of any standard guide for architects to understand, perform and
use the ESP’s in the design process was a major shortcoming. Though such guides
exist for engineers, they were highly technical and difficult to understand. Also, the
learning curve for each ESP varies. Many factors influence the learning curve, some
of them are: presence of an intuitive graphical user interface, ease of use,
transparency in the simulation assumptions, procedures and model definition, ease
and flexibility in modeling the ‘what if’ scenarios, effective output data representation
techniques, and program help documentation for users. Of the selected programs,
GBS was the easiest to understand and use, as the program contains predefined input
data saving time to define the initial simulation model. However, due to the lack of
geometry transfer from GBS to Revit Architecture 2008, modifications to design were
required to be modeled in Revit Architecture 2008 and then transferred to GBS.
Though it required comparatively more time to understand and define the initial
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simulation model in Ecotect, it was considerably easy to learn and build the
simulation model due to its interactive graphical user interface and availability of
abundant program documentation. IES<VE>, on the other hand, had the steepest
learning curve of all. The reason for the difference in the learning curves of these
programs can be attributed to the fact that it was often unclear which input data needs
to be defined with the increase in level of design detail and analysis, and where and
how the data can be defined within the program. A confusing interface, coupled with
necessity to define multiple input data often required significant time investment.
Thus a simple solar study was easy to perform, but thermal and energy analysis
required more amount of time and information.
6. Simulation Knowhow: Simulation programs typically require an understanding of the
energy transfer processes within a building and how these can be abstractly
represented in the model. The concepts of thermal zones, schedule of operations and
such other terms typically used in simulation were unknown to the author at the
beginning of the test design. Also, each program required different inputs with
differing level of detail based on the type of simulation performed. For example,

a) Daylight analysis – Ecotect
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b) Daylight analysis – IES<VE>
Figure 10: Lighting studies: daylight analysis a) Ecotect, b) IES<VE>
zone definitions, schedule of operations and internal gains are not essential for day
light studies, but are crucial for thermal and energy analysis. For first time non-expert
users like architects, understanding this based purely on program help can present
significant challenge, even leading to abandoning the simulation efforts. A standard
program independent guide for architects explaining these concepts would have
facilitated better and faster understanding of how the programs can be used.

a) Hourly temperature profile – Ecotect
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b) Comfort analysis - Ecotect
Figure 11: Thermal analysis: a)temperature profile – Ecotect, b)comfort analysis Ecotect
7. Modeling flexibility: Flexibility in modeling the level of detail was found to have
significant impact on the use of the ESP’s throughout the different design stages. In
the programming stages, where the design directions at macro level (like orientation,
glazing proportions, energy conservation measures) were considered more important
than the micro level decisions (like material specification, shading devices, system
sizing, thermal comfort), ESP’s involving less amount of modeling and simulation
time to enable comparison between design options and configurations were preferred.
GBS allowed such parametric comparison at macro level; however, it didn’t allow the
flexibility of modifying these design details at micro level in the later design stages
without updating the parent Revit Architecture 2008 file. Ecotect and IES<VE> on
the other hand allowed the flexibility to analyze the design at both macro and micro
levels, however requiring considerable modeling time and detailed information to
factor the modifications within the models.

41

Figure 12: Energy analysis – overall energy consumption - Ecotect
8. Data interpretation: The output data presentation and interpretation in GBS reports
was more comprehensive, holistic and organized as compared to the other two
programs. Though the reports explicitly outlined the performance parameters of
interest and the relevant simulation results, they lacked any visual connection to the
design model. For example, both Ecotect and IES<VE> overlaid daylight levels,
sunpath and wind rose diagrams over the model, while Ecotect enabled overlays of
insolation levels and comfort index over the model. Such outputs enabled a more
direct interpretation of the simulation results and saved post-processing time in data
interpretation. With respect to the temperature profiles and heating/ cooling loads, the
graphs generated by Ecotect were more useful as compared to the charts generated by
IES<VE>. For assessing the overall energy cost and savings, a single figure
generated by GBS was more effective in comparing the design option than the
detailed weekly/monthy energy consumption charts. However, the similar detailed
information presented graphically was found more useful to seek out the periods with
high energy consumption and propose design solutions to reduce them. Overall, it
was observed that data presentation does have a significant impact on the
effectiveness of the ESP to influence design decision. Further, identification of what
simulation parameters should be analyzed and compared from the generated output
based on the desired design inquiry could save significant amount of time.
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Apart from the specific issues outlined above, the author experienced an overall lack of
guidance for architects in the EDS related to preparation of simulation model, the
procedure involved in defining the model and in performing the simulation. Though each
ESP has its own methodology of defining the simulation model, the fundamental logic is
more or less the same for all ESP’s. This logic is usually implicitly understood by the
engineers and simulation experts. Also, the design investigations and expected
performance feedback in the EDS differs from those in detailed design stage
investigation. The application of the ESP’s for later has been widely understood and
exercised in the practice; however, the potential of application and related developments
to the ESP’s for the EDS investigations has been recently realized and studies have just
begun to address them.
2.3. Conclusion from test design
In order to experience the issues architects typically face while using ESP’s as a
design tool in the design process, a test design was performed by the author. As
previously concluded by the post design experience user surveys by other researchers, the
author too observed a very limited application of ESP’s for decision support; however the
test design did yield a different albeit interesting perspective concerning user related
issues associated with the application of ESP’s.
It was realized that a lot of research and emphasis is placed on improving the tool
capabilities and making them user friendly for the use by simulation non-experts like
architects. However, a very little emphasis and research is focused on actually enhancing
the architects understanding about the use of these ESP’s as a design tool in the design
process. The test design concluded that architects should be informed and educated about
the following aspects of energy simulation; a) selection of ESP’s, b) the concepts
involved in energy simulation, c) formulation of simulation scope, d) guidance related to
defining the simulation model, and e) data interpretation.
Also, during the test design, it was realized that formulation of scope of
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simulation is an important step in successful application of energy simulation. A
simulation program independent framework is proposed to facilitate formulation of
simulation scope. The ‘simulation scope’ is design stage specific and comprises of the
simulation task to be undertaken to evaluate the design inquiry of interest and the
performance parameters that quantify the performance. The framework is based on the
AIA design stage structure and correlates the simulation tasks with the performance
parameters and the architectural parameters evaluated by these simulation tasks. In the
EDS
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CHAPTER 3
OVERVIEW OF THE ‘ARCHITECTS GUIDE FOR UNDERSTANDING
ENERGY SIMULATION’

3.1. Introduction
As observed through the literature review and test design, the general conclusion
was that a very limited guidance is available for architects to facilitate the use of ESP’s
in the EDS as a design tool. To facilitate this guidance, the author proposes development
of a simulation tool independent ‘Architects guide for understanding energy simulation’.
Formulation of this guide is beyond the scope of this thesis. Instead, based on the
analysis of test design experience and literature review, the author proposes an outline
for various topics to be included in such guide. This chapter provides an overview of
these topics to be included in the guide, the various areas that architects need to be
informed and educated in and the nature of guidance to be offered.
Considering the benefits of using energy simulation for predicting building
performance and influencing design decision, the following UK organizations Chartered institution of building service engineers (CIBSE), Department of environment
and Building environmental performance analysis club (BEPAC) are involved in
development of an CIBSE application manual for engineers (Barthomelow et al 1997) to
provide guidance on selection and appropriate use of such tools. The guide will include
topics like a) role and co-ordination of modeling in design process, b) applicability of
simulation program, c) guidance on selection of programs, d) guidance on program use,
e) illustrative case studies.
No similar guide is available for architects, tailored to their needs and
understanding. As seen in the previous chapters, the needs and understanding of
simulation by architects is different from that of engineers. The current research and
developments on new ESP’s are focused on making the ESP’s more users friendly and
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suitable for use by both experts (like specialist and engineers) and non experts like
architects. The need to create this guide is a result of the awareness that use of energy
simulation by architects is increasing and is likely to become prevalent in future. The
aim of this guide is to allow better understanding and appreciation of energy simulation,
realize the potential in its use, educate architects on preparation and interpretation of
simulation models and outputs and eventually facilitate use of energy simulation as a
design tool in the design process.
The following areas were identified in the previous chapter as requiring
assistance for facilitating uptake of the ESP’s:
•

Introduction to energy simulation

•

Defining the scope of simulation

•

Selection of ESP’s

•

Defining simulation model and performing simulation

•

Data interpretation and analysis

•

Program validation and Quality assurance measures
In addition to the above areas, the focused literature review assessing barriers and

issues related to the limited simulation uptake revealed that researchers (Robinson 1996,
Donn 1999) have stressed the importance of ‘quality assurance measures’ and ‘program
validation’ while performing simulation. Thus this topic is included as a part of the
guide.
3.2. Components of guide
As the detail formulation of this simulation tool independent guide is beyond the
scope of this thesis, the remainder section of this chapter briefly explains the objective
behind each topic, its scope and the related issues to be included in the discussion.
3.2.1. Introduction to energy simulation
Some of the reasons identified by user surveys for the limited uptake were lack
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of know-how in application of energy simulation and skepticism towards the use of
simulation for design improvement. The test design further investigated the presimulation and post-simulation issues related to ‘lack of know-how’ in the application of
energy simulation. This section outlines the pre-simulation issues related to lack of
know-how.
Typically architects understand the three dimensional building model as a
composition of spaces, shapes, size, materials and appearance. While, a simulation
model or a simulation view of the same building model incorporates additional
information like thermal zones, schedule of operations, heat gains, etc. The difference
between the ‘simulation view’ of a building and its perception by architects is too varied
and too significant (Bajzanac 2001). Thus for architects new to the use of the ESP’s, the
guide should first familiarize them with the field of energy simulation, the concepts and
details of the ‘simulation view’ and what potential energy simulation can offer to
architects. The objectives of this section are:
a) Elaborate the benefits of using energy simulation right from the beginning of the
design process and how it can provide design decision support at different stages.
This is essential to create awareness about the potential and enable architects to
realize the value addition to design possible from the use of energy simulation.
b) Provide overview of the basic terminologies, processes and concepts related to
energy simulation. Explain the difference between the ‘building model’ as
typically understood by architects versus the ‘simulation model' typically used by
the ESP’s.
c) Explain the typical issues involved with implementing energy simulation in
practice. These relate to the time allotment for energy simulation, inclusion of
simulation in contractual documents, liability for the results and the level of
detail.
d) The software and infrastructure cost and the technology related issues should be
understood before implementing energy simulation in practice. The infrastructure
cost relate to cost for selecting/upgrading existing hardware for running the
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chosen ESP’s, the training of individuals and cost related to software upgrades.
One of the reasons stated in the user surveys for limited uptake of energy
simulation by architects was the skepticism towards the usefulness of simulation as a
decision support tool (Lam et al 1999, Mahdavi et al 2003). Considering this, it is
essential for the guide to first build a case for uptake of simulation by architects. This
can be illustrated by adding real world case studies of projects where performance
simulation influenced the form of design in various design phases. Interviews and
viewpoints of leading designers using simulation can be added to enable architects
foresee the potentials for design value addition, increased professional competence and
better understanding of sustainability and related building processes. Though the guide
proposes that the architect should use energy simulation, the advantages of early-on
collaboration with engineers and simulation specialist should be stressed and the benefits
of adopting an ‘integrated design process’ spelled.
After the initial introduction, the basic fundamentals and terminologies related to
energy simulation should be explained. The concepts like schedule of operations,
internal gains, thermal zones, etc are understood and regularly used by engineers,
however rarely a part of architects vocabulary. A ‘building model’ as understood by the
architects through commonly used modeling programs is different than a ‘simulation
model’ typically used by an ESP (figure 14). A simple example can be the way
architects understand ‘spaces’ as opposed to ‘room object’ or ‘zone’ defined within an
ESP. Only recently have software developers like Autodesk, Bentley have introduced and
explained this concept through published ‘white papers’ and elaborated the work flow to
define ‘room objects’ within the model to enable energy analysis. An ESP frequently
uses these terminologies and hence should be introduced to architects to facilitate better
understanding.
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Figure 13: Walls as per architectural standards and as defined by simulation
programs (source Maile et al 2007)
Finally, energy and environmental simulation is an activity not clearly described
in the professional practice handbooks. The AIA professional handbook (AIA 1994)
includes a separate section for architects interested to integrate simulation as a part their
contract. However, as the role of architects in performance simulation uptake and use is
still unclear, as a clear and concise contractual framework is yet to be established.
Though the degree and extent to which energy simulation becomes a significant
component of the architectural practice as compared to engineers and simulation
specialist can’t be currently determined, a lack of understanding of these issues can lead
to frustration and further hinder the uptake of simulation.
3.2.2. Defining the scope of simulation and modeling strategy
As pointed out by Donn (1999), no clear guidance exists to inform what features
of building should be modeled that have significant effect on predicted performance.
The need for understanding the simulation scope, i.e. which design inquiries can and
should be evaluated through performance simulation and which quantifiable
performance parameters can evaluate these inquiries was perceived through the test
design. Identifying the design inquiries, performance parameters and building features to
be modeled is the first step towards translating a design inquiry into a simulation model.
It would not only assist in defining the scope of simulation but also help in identifying a
suitable modeling strategy for performing simulation. As observed by the author through
the test design, there is no guidance available for architects to assist in defining the
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simulation scope. The objectives of this section are;
a) Enable architects to understand the relation between architectural design
inquiries and the related performance domains like thermal, energy, lighting, etc.
This is crucial to facilitate envisioning of design inquiries in terms of building
physics and interactions (like thermal comfort, heat transfer, light penetration).
b) Enable the identification of performance parameters which can provide
quantitative/qualitative evaluation and feedback over the design inquiries.
Typically, the energy efficient design measures incorporated in the design often
exhibit synergistic behavior with other design elements and impact multiple
domains (like thermal, energy, etc) simultaneously. Allowing the architect to
understand and envision the impact of particular efficiency measure over
multiple domains can assist in selecting appropriate performance goals and
identify the relevant performance parameters to be evaluated.
c) Enable formulation of a simulation scope. Understand the sequence in which the
simulations should be performed based on the design stage, the level of detail
and prioritize the simulation activity.
d) Enable formulation of a modeling strategy based on the simulation scope. An
understanding of what to simulate can guide the user to decide the input data
required and the approach for modeling the design inquiry. For example, a
daylight simulation can be performed using a .dxf file defining the building
geometry; however, a thermal simulation requires a detailed description
regarding building zones, thermal attributes.
A simulation tool independent framework is proposed for defining the simulation
scope and is described in detail in chapter 4. The proposed framework will explicitly
outline and relate the architectural elements and the energy efficient design strategies
with the associated performance parameters.
A well-informed selection of modeling strategy based on the simulation scope can
streamline the entire effort to translate the design inquiry into a simulation model and
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save considerable time in model preparation. Architects typically possess an
understanding of environmental concepts and their impacts on design. However,
factoring and representing these concepts in a simulation model is a fairly complex and
time consuming procedure, often not clearly understood by architects. Some of the
factors influencing the modeling strategy and to be included in the guide are:
a) The desired performance feedback based on simulation scope.
b) Level of detail. For example, a preliminary energy analysis to determine the
building energy use characteristic can be performed in Equest or Energy 10
without actually defining the building geometry. GBS on the other hand can be
used for the same analysis at massing stage, while Ecotect and IES<VE> can be
used for a very detailed end-use energy analysis.
c) Input data required and methods of defining the data. This is covered in detail in
the section ‘defining the simulation model and performing the simulation’.
d) Interoperability and the related file formats. With the many ESP’s and BIM
programs available on market it is essential to briefly address the approaches
these programs adopt towards data transfer and the possible workflows between
the BIM and simulation programs. One such approach is the development of
open class object –oriented file format - International foundation class (IFC)
developed by the International Alliance for Interoperability. However, other
proprietary approaches are also existent and adopted by many software vendors,
for example a green building xml (.gbxml) file format.
3.2.3. Selection of Energy simulation program

Selection of ESP for a particular design project is a non-trivial task and depends
on many factors like simulation capability, required software/hardware infrastructure
and the associated costs. A general conclusion was that often not all of the ESP’s are
suitable for use by architects and particularly for the EDS performance analysis. With
the aim to make energy simulation accessible to non expert users like architects, many
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new ESP’s with enhanced graphical user interface, better interoperability are being
researched and marketed. However, there is no support system to allow selection of
appropriate ESP (Wilde et al 2001). It is a common fact that for a given project usually
more than one ESP can meet the simulation requirements, however there is no single
ESP that can perform all kind of building simulation (Hong et al 2000). The objectives
for this section are;
1. To make architects aware of issues related to time and cost to be considered
while selecting ESP for design decision support. These are listed below
a) operating platform (Windows based or Mac based) and related infrastructure
requirements (for example, programs installed on the computer versus programs
running from third party server, the required computer configuration) for
implementing energy simulation,
b) base cost and upgrade cost of the software. Some of the ESP’s are distributed
for free. For example the ESP Equest is distributed for free, while others like
GBS allow a limited free runs after which each subsequent runs performed are
charged at a cost. Very few studies have focused on these issues. Mahdavi (et al
2005) and Bajzanac (2001) have studied the time related issues for achieving a
successful simulation run, while the DOE website and software reviews have
compared the cost and computational specifications of various ESP’s.
c) cost related to upgrading the computer specifications,
d) time and cost related to acquiring the skill set required for performing energy
simulation in house through self learning or training programs. Very few studies
have focused on these issues. Mahdavi (et al 2005) and Bajzanac (2001) have
studied the time related issues for achieving a successful simulation run (figure
15).
e) time and cost involved in the use of software, and
2. To make architects aware of issues related to interoperability, user interface,
access to database and libraries and program documentation to be considered
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while selecting the ESP.
3. To stress the importance of understanding the simulation capabilities and
limitations of the selected ESP.
The DOE website offers one of the best overviews of over 300 ESP’s. Also, ESP’s
have been reviewed and compared by many researchers (Crawley et al 2005, Jacobs et al
2002, Lam et al 2004, Maile et al 2007). Though the software reviews give an overview
of simulation capabilities of the ESP’s and the related details like the cost,
software/hardware requirements for operating the ESP’s, the calculation methodology
adopted by the ESP’s, etc, a software review based on the proposed framework can
facilitate a focused evaluation of capabilities of the ESP’s for the EDS performance
analysis. The framework can also be expanded and updated simultaneously to reflect and
incorporate the advances in simulation capabilities of the current and new developed
ESP’s. However, such a software review would be based purely on categorizing the
ESP’s solely on the basis of their simulation capabilities while ignoring other important
aspects like interoperability, interface, etc listed above.

Figure 14: Analysis of proportion of time allotment for various energy simulation related
activities. (source Mahdavi et al 2005)
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3.2.4. Defining the simulation model and performing simulation

This is perhaps the most crucial and time intensive task in any simulation activity.
As pointed out in the previous section, time studies by Mahdavi (et al 2004) and
Bajzanac (2001) have shown that more than half of the time required for the simulation
activity is for defining the simulation model (figure 11). This section will discuss the
strategy to decide the level of detail of the simulation model and the general simulation
inputs typically required based on the simulation domain (such as lighting, thermal,
energy). The objectives of this section are;
a) To provide information sufficient for new users to be able to define and generate a
simulation model. This includes identifying the broad input data categories;
geometric (building geometry) and non-geometric (like schedule of operation,
infiltration rate, surface reflectance, etc) for typical simulation domains and
identifying the sources to find this data. For non-geometry related information,
the guide will outline the general components (like schedule of operations,
internal heat gains, weather data, etc) involved with each domain (like thermal,
lighting, etc) and identify the sources (like client interaction, engineer, building
standards, post occupancy evaluation, etc) for procuring this information.
The input data to be defined in the simulation model will vary depending
on the performance domain simulated (like climate, thermal, lighting, energy).
For example, a simple daylight study requires the user to define surface
reflectance values and color in addition to the building geometry, but not the
definition of thermal zone and building operation schedule. A thermal simulation,
on the other hand, will require the later information in addition to the building
geometry.

b) Provide an overview of the typical approaches to define a simulation model
adopted by the commercially available ESP’s (figure 16 and 17). For example
Equest adopts a wizard based description for defining a simulation model, while
Ecotect adopts a graphical user interface for defining a simulation model. While,
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some programs (like Design Builder) combines both approaches allowing the user
the flexibility to chose a particular modeling strategy over other. Also, some
programs allow automated geometry transfer between the modeling and
simulation programs through software integrated plug-ins, for example VE
Toolkits.

c) Educate user to decide upon the level of detail and level of abstraction for
preparing the simulation model. Simulation is based on the iterative process of
understanding & representing the real world issues. As such the real world is far
too complex and hence some assumptions, abstractions and approximations are
required in preparing the model (Hong et al 2000). Deciding the level of
abstraction or the level of detail of the model is a significantly challenging task
and requires experience and sound understanding of the building processes
simulated through the abstraction.
For example, a) in the Programming stage a simulation model can be
described as a shoebox model with pre-defined data defaults in program like
Equest or Energy 10, b) preliminary daylight analysis to determine optimum
glazing ratio may not require the actual wall reflectance values to be modeled,
however, once the glazing ratio is finalized, the wall reflectance values are critical
to ensure if the room meets daylight targets , c) generic schedule of operations can
be defined from project database library in the programming and early schematic
design stage, however, daily/weekly/monthly schedules are preferred for late
schematic and detailed design stage.

d) Enable user to understand the way information; both geometric and non
geometric, can be input in the ESP. This involves giving an overview of
interoperability between different programs, the resolution or level of detail of
input data and expected accuracy based on input data.

Though, effort is made to avoid the discussion based on a particular simulation
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program, the currently available ESP’s lack a standardized approach to defining the
simulation model, hence reference to strategies adopted by representative ESP’s for
model definition can’t be avoided. Selecting these representative ESP’s is a challenging
task, however, some software reviews (Lam et al 2004, Maile et al 2007) have attempted
to identify architect friendly ESP’s for the EDS performance evaluation.

Figure 15: Wizard based model definition (Equest)

Figure16: User interface based model definition (Ecotect)
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3.2.5. Quality assurance and Validation

As commonly quoted in connection to simulation, ‘garbage in garbage out’, the
quality and veracity of simulation output depends on the quality and veracity of
simulation input. Practitioners are offered today a lot of models, embedded in ready to
run packages, but very often almost without information about their domain of use and
their actual accuracy. One of the reasons for skepticism can be attributed to the question
that, provided the model is accurately defined, are the results validated against actual
expected performance? In other words, does the simulated performance represent
reality? Clarke (2001) points out that the programs predictive accuracy can only be
assessed by actually modeling an ‘in-use’ building and comparing its predicted output
with the actual use characteristics. Though, architects need not possess the expertise on
the procedures followed for validation, they should be educated about the methodology
and premises on which the software is validated. Understanding how the software is
validated can enable the user to trust the program and at the same time understand the
premises of its outputs.
Quality assurance on the other hand is the responsibility of the user, to ensure that
correct information is modeled in to represent appropriate abstraction of the design
inquiry. It was discussed earlier that absolute accuracy of detail in simulation results is
not of importance in the EDS (as many of the parameters are yet to be defined) as
against the comparative assessment of change in performance due to changes in the
design. However, a certain degree of accuracy and consistency of input data is expected
to define the simulation model. Researchers have proposed procedures to ensure that
quality assurance measures are embedded in practice (Donn 1996, Morbitzer 2003,
Elrich 2006). It is essential for architects to be aware of the quality assurance measures
in order to reduce the risk associated with using simulation and to accept responsibility
for predictions generated from ESP’s.
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3.2.6. Data interpretations and analysis

The mode of simulation output presentation by the ESP’s is significantly different
from the ways of data analysis architects are familiar with. As indicated by Pedrini (et al
2005), diagrams and chart are least preferred methods to support design decisions by
architects. Considering the fact that most of the simulation outputs are in the form of
diagrams and charts, this topic acquires special importance in acquainting and educating
the architects to enable the analysis and interpretation of results. The guide will provide
case studies outlining the simulation outputs and the ways they were interpreted for
extracting decision support. The objectives of this chapter are:
a) To familiarize architects with the performance domain specific simulation output
formats and the ways in which the data can be post processed to extract relevant
performance results.
b) Show illustrations through case studies on how these outputs can be analyzed and
presented in a comprehensible and presentable manner to third party (like team
members, client).

After the creation and simulation of the model, the next step is to analyze and
interpret the simulation results. The success of any simulation activity depends of the
quality of output and the ease of interpretation to extract productive decision support.
Typically, the iterative simulation activity produces multiple qualitative (like
photorealistic renderings) and quantitative (like graphs, pie charts, etc) outputs (figure
18); comparing, analyzing, interpreting and communicating the implications of these
outputs to the client or team members is a non-trivial task and can demand significant
post processing time, if not familiar or not well understood by architects.
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a) daylight illuminance rendering

c) Daylight report – IES<VE>
Figure 17: Quantitative versus Qualitative simulation output: a) photorealistic
renderinr-IES<VE>, b) Daylight report – IES<VE>
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a) Wind rose diagram – Ecotect

b) Psychometric chart – Weather Manager

Figure 18: Climate analysis: a)wind rose diagram - Ecotect, b) psychometric
chart – Weather manager

60

a) End – use energy consumption – Energy 10

b) Annual energy consumption – Ecotect

c) Parametric analysis – Energy 10
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d) Annual energy consumption – IES<VE>

Figure 19: Energy consumption: a) end-use energy consumption – Energy 10, b)
annual energy consumption – Ecotect, c) Parametric analysis, d) annual energy
consumption – IES<VE>

Figure20 : Passive heat gains – Ecotect
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Most of the available ESP’s provide a one or two-dimensional representation of
the data obtained from the simulation. In the past, the output from the ESP’s used to be
in the textual format requiring significant post processing time and expertise typically
exhibited by engineers and specialist. However, with the intention of making energy
simulation accessible to simulation non experts like architects, researchers have focused
on developing enhanced graphical user interface and more intuitive and visually oriented
data representation techniques (Prazeres et al 2003, Mahdavi et al 2005, Marsh et al
1995, Milne et al 2007, Papamichael et al 1997). Most notable efforts can be seen in the
domains of weather data analysis, lighting and acoustics. Overlaying daylight levels over
the 3D model is one such example (Figure 10). This guide will provide an overview of
such existing as well as future proposed developments in data visualization. This is
crucial for architects to believe that simulation can be equally or even more informative,
attractive and presentable as any other non-interactive tool like guide books and corelation based methods like LT tool.
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CHAPTER 4
DEFINING SCOPE OF SIMULATION: THE PERFORMANCE PARAMETER
IDENTIFICATION FRAMEWORK

4.1. Introduction
This chapter explains in depth the ideas led out under 3.2.2, ‘defining the scope
of simulation’. Formulating the simulation scope is the first step towards translating the
design inquiry into a simulation model. A ‘performance parameter identification
framework’ is proposed and developed as an ESP independent tool to assist architects in
formulating the scope of simulation.
The proposed ‘performance parameter identification framework’ expands on the
concept of the ‘process centric assessment matrix’ proposed by Wilde (et al 2002). The
assessment matrix is designed to assist in the management of simulation output for
selecting the best performing design option and to assist in the selection of ESP’s. The
assessment matrix is a co-relationship framework based on the analysis of design
activities and the related performance evaluation in the design process. Though the
concept of matrix shows considerable promise, it is currently focused on management of
simulation output and the analysis of only specific scenarios (Mourshed et al 2003).
Nevertheless this concept can be expanded to develop the ‘performance parameter
identification framework’ to support formulation of simulation scope. A well defined
simulation scope includes identification of the design inquiry, the architectural
parameters related to the inquiry, the simulation/analysis task to be undertaken and the
performance parameters that when evaluated can provide quantitative/qualitative
objective decision support for the inquiry.
The main components of the framework are a) the design inquiries, b) the
architectural parameters related to the design inquiry, c) the analysis/simulation task and
d) performance parameters to be simulated by the ESP’s. The framework is developed
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through the literature review of three sources.
1. Review of design process: design inquiries & architectural parameters
• The architects handbook of professional practice, (AIA 2001)
• The design process, (Shoshke 1989)
• ‘Towards the integration of simulation in the building design process’,
(Morbitzer 2003)
2. Simulation/analysis task and performance parameters for Programming
stage
• The Energy Design process, (Hayter et al 2000)
• The Energy optimization process, (Mendler 2006)
• The Bernheim and Reed Green Design Process, (USGBC 1996)
3. Simulation/analysis task and performance parameters for Schematic stage
• The energy design handbook, (Watson 1993)
• The green studio handbook: Environmental strategies for schematic
design, (Kwok et al 2006)
• Energy and environment in architecture: A technical design guide, (Baker
et al 2000)
This chapter begins with a review and analysis of the design process to identify
the type of design inquiries, decisions and the related architectural parameters typically
evaluated at each design stage (section 4.3). The rest of the sections investigate how
decision support can be obtained for these design inquiries through energy simulation.
Section 4.4 explains the review and analysis of the ‘simulation supported design
process’ and ‘green design process’ performed to identify the typical simulation task and
the performance parameters evaluating the design inquiries. The review indicated that
the simulation task and performance parameters for the programming stage were
elaborate and specific; however those for the schematic design stage were nonspecific.
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Based on the analysis presented in 4.3, the main task performed in schematic design
stage is selecting and sizing of energy efficiency design strategies. Typically,
guidebooks list these strategies, the analysis to be performed and parameters required to
evaluate these strategies. Thus, the guidebooks are analyzed and compared in section 4.5
to identify the strategies, analysis task and the performance parameters evaluated for
decision support for the design inquiries in section 4.3. Finally, the ‘performance
parameter identification framework’ (figure 23) is presented and described in section
4.6.
4.2. Overview of architecture design process
The framework is based on the AIA design stage description and focuses on
early design stage (EDS). The AIA design phase structure is widely recognized in the
North American construction industry and also forms the basis of contractual documents
between the owner and architect. The advantages of using the AIA design stage structure
are,
1. It is based on the structure designers are already familiar with,
2. The simulation activities can be outlined in detail in the contractual documents,
thus enabling precise determination of the scope of simulation and hence the
professional fees associated with it.
The following stages form the AIA plan of work (AIA, 2001),
1. Schematic Design
2. Design Development
3. Construction Documents
4. Bidding and Negotiations
5. Construction contract administration
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Figure 21: The performance parameter identification framework
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In addition to the above phases, to account for sustainability considerations the
AIA handbook (AIA 2001) proposes addition of a Pre-planning or Programming phase,
which essentially focuses on defining the objectives of the sustainable design efforts.
The thesis uses the term early design stage (EDS), not defined in the AIA design phase.
The term 'Early Design Stage' (EDS) refers to the stage of work where initial design
ideas are being conceptualized in tandem with the formulation of the building project
requirements. However, it’s often unclear in practice when one phase ends and another
begins. For this research the EDS refer to Pre-planning, Programming & Schematic
design stage only.
Even though the design process can be conceptualized as having a liner quality
involving analysis, evaluation, synthesis and following the phase-wise transition from
Programming through Construction, it rarely follows this linearity in detail. The process
is highly iterative and involves simultaneous interaction of information and ideas. David
Schon (1995) describes the process as ‘reflection in action’ where the designer
repeatedly analyzes his own actions and the new information so produced by the actions
simultaneously. It is almost impossible to propose an ideal design process which is
common for all architects (Perkins 2007). However, irrespective of the process and
sequence followed, researchers have attempted to analyze the process and identify the
design inquiries and decisions at the different stages in the design process.
4.3. Decision structure in the early design stage
The design decisions and activities involved in the design process have been
studied in detail by Shoshke (1989) through case studies and by Morbitzer (2003)
through interviews with designers in an architectural practice. Also, the American
Institute of Architects ‘The architects handbook of professional practice’ (AIA 2001)
outlines an example of the design stage specific level of detail in decision making. A
focused literature review to compare and analyze these three sources was performed to
arrive at a structure of energy and environmental performance related decisions typically
undertaken in the EDS. The comparison is presented in Apendix B. The validity of this
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data is ensured by the distinctly different data collection methodology adopted by the
authors of the above three sources.
Typically, building decisions are related to many fields like structural,
mechanical, electrical, etc. Only the tasks and decisions related to energy and
environmental performance of the design were selected for the purpose of the
framework. The review investigated the ‘tasks involved’ in each stage, the design related
quantitative and qualitative ‘information available’ and the energy and environmental
performance related ‘information evaluated’ through each task. The ‘tasks involved’ list
the activities typically performed by the architect/design team during the EDS such as
site analysis, climate analysis, etc. The ‘information available’ describes the form related
(massing, orientation, etc) and semantic data (program brief, schedule of operations,
internal heat gains, etc) available to the architect in that particular phase. Finally, the
‘information evaluated’ indicate the energy and environment related design decisions
requiring performance feedback.
The following sections present the analysis and information evaluated related to
each stage. For the purpose of this review, the Schematic stage is further broken down
into sub-categories: Early schematic and Late schematic design stage.
4.3.1 Pre – Programming: information evaluated
During the Pre - Programming stage, the architect assists the client/owner in
defining the program scope and clarifying the goals and objectives for sustainable design
efforts that should be pursued in the design. The architect can also assist the client/owner
in site selection, preparation of guidelines for the proposed development based on
precedent analysis. If a integrated design process is adopted then the design team
comprising of engineers, energy specialist and contractor is often formed during this
design phase.
Information evaluated in Pre-Programming stage
This stage involves a broad appraisal of the program scope and objectives and its
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qualitative impact on the indoor and outdoor environmental performance factors. The
client typically assesses the feasibility of pursuing performance rating systems like
LEED, Green Globes.

Table 3: Pre-Programming stage – information evaluated
Design Stage
A

Pre
Programming

Tasks
• Precedent analysis
• Defining project objectives
• Defining project Scope
• Site selection
• identify and adopt
voluntary energy standards

Information
available
• General
description of
the facility

Information
evaluated
• Analyze overall
performance (Site,
Water, Materials,
Energy & IEQ)

4.3.2. Programming: information evaluated
During the Programming stage, the architect assists client/owner in developing
the program brief, reviewing codes and regulations, performing a site and climate
analysis, identifying the green strategies that can be explored on the project and
formulate preliminary project budget and schedule. The architect does not actually
design the building, but analyzes factors that are influential in informing the design
decisions. At the end of Programming stage, the architect has enough information about
the site, climate, program and design strategies based on projected cost, to enable him to
propose design alternatives in the subsequent design stage.
Information evaluated in Programming stage
Spatial and occupant comfort requirements: This includes the physical as well as
thermal and visual comfort requirements of the space. Physical requirements include
space types, area requirements, occupancy. The thermal and visual comfort requirement
can be determined by the type of activity happening in the space and the comfort
temperature range desired for the occupants. This will largely impact the selection and
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sizing of the active and passive green strategies.
Occupant operation schedules: The operation schedules determine the time schedule for
occupants and equipment use on daily, weekly, monthly or annual basis.
Equipment needs: The equipments are a considerable source of internal heat gain. A
precise understanding of the equipment requirements of the space is thus essential in
assessing the space heating and cooling loads as well as area needs.
Table 4: Programming stage – parameters evaluated
Design Stage
B

Programmin
g

Tasks
• Developing
detailed program
• Analysis of the
program
requirements
• Team formation
• Reviewing codes
and regulations
• Site analysis
• Climate analysis
• Preparing
preliminary
budget

Information
available
• Site plan and
global
location
• Project
scope and
objectives

Information evaluated
• Spatial requirements
• Occupant comfort requirement
• Occupant operation schedules
• Equipment needs
• Utility rates & Fuel type
• Identifying energy efficient
design strategies suitable for the
project
• Applicable energy targets and
performance provisions

Utility rates and Fuel types: The fuel type used in the building can have significant
implication on the energy cost and emissions caused by the building. Also, projects
using green power can apply for incentives and external funding. Thus, assessing the
choice of fuel is considered in this stage.
Identifying energy efficient design strategies: This is a complex activity with a variety of
options and alternatives. The strategies include both active and passive means of
achieving optimum performance and comfort. As there is no building design at this
stage, the strategies are selected based on their potential and suitability to the project
based on the site, climate and program analysis. Some of the potential passive strategies
assessed at this stage are: day light, passive cooling, thermal mass, insulation, shading,
passive heating while some of the active strategies are active solar thermal storage, heat
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exchange systems and renewable energy production.
The review presented rather vague explanation for this activity. Typically,
guidebooks provide a suggestive list of the active and passive strategies or energy
efficient design measures with guidelines on how to apply them on the project, while the
design team selects suitable strategies. The applicability and suitability of a particular
strategy depends on a lot of factors like the location, climate, project budget and the
impact on performance. The selection of most appropriate energy efficient design
measures is a critical step, as it influences the overall energy performance of the project.
Currently, some ESP’s like Energy10, Equest, Climate Consultant and GBS evaluate and
suggest potential energy efficient design strategies suitable for the project.
Applicable energy targets and performance provisions: Based on the code and
regulations applicable for the project, minimum performance requirements for envelope
and energy targets are determined. The team sets performance targets to meet or exceed
the minimum performance criteria’s.
4.3.3. Early Schematic design stage: information evaluated
During this stage the architect formulates a range of design alternatives based on
the analysis from the Programming stage. Typically, the alternatives are analyzed,
compared and presented on metrics like energy, feasibility, cost and time. The best
performing option is chosen in this stage, which is then further refined and detailed in
the Late Schematic and Detailed design stages. Majority of the energy saving features
are selected in this design stage (Wilde, 2001-selection of energy saving components).
Collaboration with engineers and energy specialist is highly desirable for sizing of
building elements and system selection. Though the ‘sizing of energy efficient design
strategies’ is identified as an independent information category, the other ‘information
evaluated’ categories are directly related to and influenced by the selected energy
efficient design strategies.

72

Information evaluated in the early schematic design stage
Optimum orientation: The building orientation has direct impact on the solar gains
through envelope and potential for natural ventilation. Though a long skinny building
with East-West orientation is ideal, site conditions may not necessarily allow this. Thus,
assessing the impact of different possible orientation and building form is crucial in this
stage.
Table 5: Early Schematic design stage – information evaluated
Design Stage
C

Early
Schematic

Task
• Building Orientation
• Building massing
• Site forms and
massing
• Propose spatial
zoning
• Designing for natural,
artificial lighting
• Proposing conceptual
elevations
• Propose fenestration
design
• Initial material
selection
• Initial systems
selection
• Space allocation for
mechanical areas

Information
available
• Program brief
• Site analysis
• Climate analysis
• Code & regulation
analysis
• Potential passive and
active green design
strategies

Information
evaluated
• Optimum
orientation
• Optimum volume,
space depth
• Spatial zoning
options
• Glazing area and
location
• Natural lighting
design
• Sizing energy
efficient design
strategies
• Envelope
specification –
materials and
building wall
section
• Fenestration design
- shading
• Need for
mechanical
heating/cooling

Optimum volume, space depth: Space depth and building volume, typically related to
massing studies, are critical determinants influencing the energy efficiency strategies
like day lighting, natural ventilation, thermal mass, etc.
Spatial zoning options: This deals with location and grouping of the various functions
based on the building program. Spatial zoning is directly influenced by the occupancy
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schedule, thermal comfort requirement, daylight suitability, internal gains and outside
views. A typical green design strategy is to group spaces with similar comfort and
energy requirements together. However, this might not always be possible. Thus an
evaluation of the space use, comfort requirement and operation schedules can assist in
spatial zoning.
Glazing area and location: The decisions with respect to glazing area are related to the
location and area of glazing, orientation and the selection of glazing material. These
decisions interact with multiple green strategies like day lighting, direct solar gain,
natural ventilation, etc.
Natural lighting design: The space geometry and glazing areas are designed to ensure
maximum space area is lit by natural lighting. The lighting levels may be evaluated to
assess if set goals for natural lighting levels are achieved.
Sizing energy efficient design strategies: The potential passive and active energy
efficient design strategies selected in the Programming stage are integrated in the design.
For example, if natural ventilation is selected as a potential energy efficient design
strategy, then the operable window areas and location for natural ventilation are
proposed and evaluated in this stage. Typically, the guidebook provides generic
guidance in sizing and incorporating these strategies. The tasks like optimum
orientation, natural lighting design, fenestration design, glazing area and location may
sometimes overlap with this task of sizing energy efficient design strategies, based on
the selected energy efficiency measures.
Envelope specification: Material selection and wall construction options for the major
building elements are done in this stage. These decisions have a significance influence
on assessing the heat transfer through the building. The selection of glazed envelope
material depends on the SHGC (solar heat gain co-efficient) and VT (visual
transmittance) for glazed materials while the selection of opaque materials like wall and
insulation depends on the U and R values for opaque and glazed materials. Engineers
may be involved for proposing initial material selection options.
Fenestration design: Fenestration design detailing is usually dealt in late schematic
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design stage. However, in this stage, area requiring fenestration considerations like
shading are identified and preliminary solutions are proposed. Fenestration design
impacts the heat gain through the envelope and day light penetration.
Need for Mechanical heating/cooling: The aim of early schematic design stage is to
minimize the heating and cooling loads through active and passive green design
strategies and optimizing the performance through design to provide comfort. At the end
of this stage the architect should be able to assess whether the facility requires
mechanical heating or cooling. For the time when comfort conditions can’t be achieved
through the above strategies, mechanical systems are then considered. Typically,
engineers are involved in this stage for proposing envelope material and initial system
selection.
4.3.4. Late Schematic Design Stage: information evaluated
During this stage the architect refines and details the approved alternative from
the Early Schematic stage. Here, the architect ensures that all the client/owner
requirements and proposed energy efficiency measures are integrated in the design and
the design meets the performance objectives outlined in the Programming stage. The
building elements proposed and information evaluated in the early schematic stage are
detailed in this stage. The design is sufficiently detailed to enable a revised cost analysis
before proceeding to the detailed design stage.
Table 6: Late Schematic design stage – information evaluated
Design
Stage
D

Late
Schematic

Task
• Glazing
(window/skylight) and
fenestration design
• Artificial lighting
design
• Final Material selection
and specification
• Mechanical system
selection

Information
available
• Building form
• Orientation
• Spatial Zoning
• Schematic
elevation scheme
• Initial system
selection option

Specific information
evaluated
• Natural and artificial
light levels
• Envelope material
specifications
• Detailing energy
efficiency design
measures
• Mechanical system
sizing
• Thermal and visual
comfort
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Information evaluated in late schematic design stage
The decisions made in the early schematic stage are further refined in the late
schematic design stage. This is essentially an iterative process aimed at right sizing of
design details and specifications for materials and systems so as to achieve the set
performance targets and achieve occupant comfort goals. By the end of the schematic
design stage, the areas requiring mechanical heating/cooling are identified and suitable
systems selected and the artificial lighting scheme is proposed. These systems are then
detailed and right sized in the detail design stage.
4.4.

Review of ‘green design processes’ and ‘simulation supported design

processes’
In order to facilitate the uptake of simulation by architects, Wilde (et al 2001)
proposed that simulation should be supported by development of clear ‘procedures’ or
‘process steps’. These procedures should provide a methodology to specify the design
objectives and the relevant performance indicators that describe the extent that these
objectives are achieved. A review of the green design/simulation supported design
processes was performed to identify the simulation task and performance parameters for
providing decision support for the ‘information evaluated’ in 4.3.
The green design/simulation supported processes reviewed were: National
Renewable Energy Laboratory’s Energy Design process (Hayter et all 2000), Bernheim
& Reid green design process (USGBC 1996), HOK Energy optimization process
(Mendler 2006), Low Energy design process for Federal facilities (Zackman et all 2001)
and Ian Wards green design checklist (Ward 2004). Of these, the simulation based
Energy Design Process, HOK’s Energy optimization process and the generic Bernheim
& Reid green design processes were selected for further analysis. The discussion below
explains the rationale for selecting these two design processes.
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The Energy Design Process (EDP) – NREL
The Energy Design Process (EDP) proposed was first proposed by NREL
(National Renewable Energy Laboratory) in 1999. It has been used in design of three
low energy facilities – The Zion National Park, Bighorn development and TTF facility.
The process is based on application of building simulation throughout the design
process.
Bernheim & Reed Green Design Process (B&H GDP) - USDOE Sustainability manual
The Bernheim & Reid green design process (B&H GDP) on the other hand is
outlined in the USDOE (US Department of Energy) – Sustainable design manual.
USDOE is one of the key organizations proliferating awareness amongst designers and
owners about necessity and benefits of green design.
HOK Energy optimization process (HOK EOP)
HOK is ranked to be the best green design firm according to a survey published in
June

2008

in

the

construction

magazine

Engineering

(http://findarticles.com/p/articles/mi_m3601/is_/ai_n27928590).

News
HOK’s

Record
energy

optimization process is adapted from the research managed by Architectural Energy
Corporation and Solar Energy Research Institute and widely followed within the HOK
practice. The process is backed by demonstration case studies and is a simulation tool
independent process.
4.4.1. Analysis of the green design and simulation supported design processes
The general tasks involved in the Energy design process, Bernheim & Reid green
design process and HOK energy optimization process are compared in detail in
Appendix C. The analysis of the above three processes are presented in Table 7 and
discussed below. The table lists the design stage specific simulation tasks to be
performed by the designer and the related performance parameters evaluated through
each task. These are used for the proposed framework.
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4.4.2. Simulation task for Programming stage
Typically, the energy efficient design strategies are discussed and shortlisted for
inclusion in the design in this stage and are analyzed in detail in the schematic design
stage. The simulation tasks crucial to this stage are program analysis, climate analysis,
base case energy analysis and parametric analysis. Each of these tasks is briefly
explained in the following paragraphs.
Table 7: Analysis of simulation supported design processes
Design Stage
1

Programming

2

Early Schematic

Information evaluated
(from 4.2.2)
• Spatial requirements
• Occupant comfort
requirements
• Occupant operation
schedules
• Equipment needs
• Utility rates & Fuel
type
• Identifying energy
efficient design
strategies suitable for
the project
• Applicable energy
targets and
performance
provisions

• Optimum orientation
• Optimum volume,
space depth
• Spatial zoning options
• Glazing area and
location
• Natural lighting design
• Sizing energy efficient
design strategies
• Envelope specification
– materials and
building wall section
• Fenestration design –
shading
• Need for mechanical
heating/cooling

Analysis Tasks

Information evaluated

• Codes and Regulations
• Review Design Criteria’s,
Analysis
data collection
• Performance goals
• Macro and microclimate
Climate
to determine solar and
Analysis
wind availability,
orientation, potential
thermal sinks and rainfall.
• End-use energy break
Base case energy
down
analysis
• Benchmark energy use
• Sensitivity to specific load
Parametric analysis
components like internal
heat gain, lighting load,
etc
• Potential energy
efficiency measures
• Identify major loads
• Identify the ECM's to
reduce these loads,
develop green solutions
• Refine the model and resimulate
• Check cost
Program
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Program analysis comprises of data collection and analysis of information
related to site, building program, utilities and applicable codes and regulations. The
activities listed under this task are similar to those identified in 4.3.2. This task does not
require simulation support.
Climate analysis comprising of sun, wind and precipitation studies can be
performed through weather simulation tools like Climate Consultant and Weather
Manager. They offer multiple ways for data representation. Some of the analysis types
are sun-path analysis, wind rose analysis, cloud cover analysis, and psychometric
analysis which map the comfort zone on the psychometric chart. The above weather
simulation tools can perform the said analysis based on the project location. These
programs also propose the potential energy efficient design strategies suitable for the
project.
Base case energy analysis analyzes the end-use energy consumption of a ‘solar
neutral’ building incorporating the climate and specification for a generic building type.
The analysis identifies the major energy related loads associated with the particular
building type and climate and can provide insights on design strategies to reduce them
through the parametric analysis. It is also used for benchmarking energy performance
and setting the energy performance goals or the project.
A parametric analysis is simulation based sensitivity analysis of the total building
performance to specific building loads (Hayter 2000). It is accomplished by eliminating
building loads one at a time from the simulation, such as conduction losses, people, solar
gains, and plug loads. For example, if eliminating all conductive heat transfer through
the building envelope has a small effect on energy costs, there would be little sense in
increasing building insulation levels beyond those prescribed by code. Similarly, the
parametric modeling exercise may demonstrate an upper limit to the amount of
insulation before internal loads begin to increase air-conditioning loads. Energy
consumption and energy cost are the metrics typically used to compare the different
parametric options with the base case model. Parametric analyses is a valuable
simulation task in this stage to test, rank and select the most effective ‘green design
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strategies’ or ‘energy efficiency design measures’ based on the climate and program
brief.
In the Programming stage, the building is yet to be designed. The ESP’s like
Energy 10 and Equest can perform a base case energy analysis and parametric analysis
based on the building area and global location.
4.4.3. Simulation/analysis task for Schematic design stage
The analysis of selected processes revealed that the simulation/analysis tasks in
the programming stage and the related performance parameters are specific and
elaborate; however, those in the Schematic design stage are nonspecific. They are
essentially iterative: proposing, defining and simulating green solutions to optimize
energy performance. They specify the intent of simulation but do not elaborate the
energy efficient design strategies and the performance parameters associated with these
strategies to be evaluated. For example, in the schematic design stage, the Berheim and
Reid green design process proposes ‘test green solutions’, while the Energy design
process proposes ‘incorporate preliminary design solutions and compare with base case’.
What these design solutions or energy efficient strategies can be and which performance
parameters should be evaluated is often left unaddressed. Neither was this addressed by
the design process reviewed and analyzed in 4.3.3 and 4.3.4.
Also, even though the ‘sizing of energy efficient design strategies’ is identified as
an independent information category in 4.3.3, the other ‘information evaluated’
categories are directly related to and influenced by the selected energy efficient design
strategies. Typically the guidebooks enlist and illustrate a set of energy efficient design
strategies and provide generic guidance and for sizing, evaluating and integrating them
in the design. As indicated by user survey (Pedrini et al 2005) architects favor
guidebooks over other decision support techniques in the EDS. However, the biggest
drawback of guidebooks is that they are non-interactive and the guidance provided is not
climate or design specific. The same guidance can be derived from the use of ESP’s,
which besides being interactive offer a design and climate specific decision support.
Thus, the energy efficient design strategies, the analysis task and the related
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performance indicators for providing decision support for the ‘information evaluated’
(4.3.2.) in the schematic design stage are thus extracted from the guidebooks.
4.5. Review of guidebooks: Performance parameters for the schematic design stage
Though many guidebooks are available in the market for architects and engineers,
reviewing all of them was beyond the scope of this thesis. Three representative
guidebooks were selected for review and analysis (to allow for data collection from
more than one source) and are listed below;
1. Energy Design Handbook, (Watson Donald, AIA)
2. Green Studio Handbook: environmental strategies for schematic design (Kwok,
Grondzig)
3. Energy and Environment in Architecture, A Technical Design Guide (Baker,
Steemers)
Typically, the guidebooks list a series of commonly adopted energy efficient
design strategies to minimize the building heating and cooling loads. This in turn
reduces the loads on mechanical systems. The systems are then designed and detailed in
the detail design stage. Appendix D presents the comparison of the representative
guidebooks, while Table 8 presents the analysis of the three sources. The following
information was extracted and analyzed:
1. The performance domains/design components/architectural parameters addressed
by the guidebooks. The typical performance domains identified by the guidebooks
are heating, cooling, ventilation, lighting and energy systems. The design
components are envelope and orientation while the architectural parameters refer
to the individual building elements and their properties. The guidebooks listed the
energy efficient design strategies in relation to the above performance domains
and design components. These are co-related to the ‘information evaluated’ in
4.3.3 and 4.3.4.
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2. The energy efficient design strategies. The potential strategies are typically
indentified in the Programming stage while they are evaluated in the schematic
design stage.
3. Performance indicators evaluating the particular energy efficient design strategies.
The Appendix D adopts the terminology used by the guidebooks.
4. Analysis task required to be performed for evaluating the performance
parameters.
It was realized that the ESP’s sometimes use different terminology for the
performance parameters and analysis tasks than those adopted by the guidebooks. Also,
from the authors experience in the application of ESP’s, it was realized that the ESP’s
can quantify and evaluate a particular strategy through multiple performance parameters
than those mentioned in the guidebooks. Wherever possible, the terminology for analysis
tasks and performance parameter adopted by the ESP’s has been used for representing
the analysis tasks and performance parameters identified from guidebooks.

The following text briefly explains each performance parameter included in Table 8.
Incident solar radiation (insolation): It represents the amount of radiation incident on a
point or a surface (over grid) over a specified period. The insolation data takes into
account the direct and diffuse solar radiations as well as the effect of overshadowing by
surrounding objects.
Heat gain: Heat gain refers to the amount of heat transferred through the building fabric
(through walls, glazing and openings) into the space by conduction, convection and
radiation. Heat gain comprises of conduction gains, direct solar gains, infiltration gains,
ventilation gains, heat stored and re-radiated by thermal mass.
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Table 8: Analysis of the energy efficient design strategies and analysis task from
guidebooks
Design
component/Architect
ural parameters for
Schematic
design
stage
1 Orientation

2 Envelope
• Surface-to-volume
ratio
• Envelope construction
properties
 opaque construction
– thermal properties
 glazed construction
– size, location,
visual and thermal
properties

3 Heating
• Spatial zoning
• Envelope construction
properties
• Internal surface color,
reflectance
• Internal gains
 lighting gains
 occupant gains
• Exposed surface area
for thermal mass
• Thickness, thermal
properties and location
for insulation

Energy efficient
design strategy

Performance parameter

Analysis task

• Shading

• Incident solar radiation
• Heat gain
• Heat loss
• Heating load/energy
• Cooling load/energy
• Overall energy consumption

• Climate
analysis
• Overshadow
analysis
• Energy analysis
• Right to light
analysis

• Thermal mass
• Insulation
• Shading
• Green roofs

• Conduction gain
• Direct solar gain
• Heat loss
• (for thermal mass) Specific
heat capacity
• (for thermal mass) heat
Storage capacity per unit
mass space temperature
profile
• (for green/cool roofs) Solar
reflectivity index
• Discomfort time
• Heating load/energy
• Cooling load energy
• Overall energy consumption

• Climate
analysis
• Overshadow
analysis
• Assess solar
access potential
• Check
orientation for
glazed areas
• Assess skin
load versus
internal loads
• Energy analysis

• Direct solar gains
 related
strategies:
daylight,
shading
• Indirect solar
gains
 example –
trombe wall,
water wall,
roof pond
 related
strategy shading
• Isolated solar
gains
• Thermal mass
• Insulation

• Direct solar gain
• (not for indirect gains,
thermal mass, insulation)
Incident solar radiation
(insolation)
• Heat loss (through
envelope)
• Conduction gains
• Infiltration loss (through
glazing/openings)
• Space temperature profile
• (for thermal mass,
insulation) Time lag in heat
transfer
• (for thermal mass,
insulation) Heat storage
capacity per unit mass
• (not for indirect gains,

• Climate
analysis - sun
path
• Overshadow
analysis
• Assess solar
access potential
• Assess
overheating
potential
• Check
orientation for
glazed areas
• Daylight
analysis
• Assess skin
load versus
internal loads
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4 Cooling
• Spatial zoning
• Internal gains
 lighting gains
 occupant gains
• (for thermal mass)
Exposed surface area
• (for shading) Type –
internal/external

5 Ventilation
• Spatial zoning
• Massing and room
geometry
• Envelope construction
properties
• Internal surface color,
reflectance
• Internal gains
 lighting gains
 occupant gains
• Exposed surface area
for thermal mass
• Thickness, thermal
properties and location
for insulation
• Operable window area
and location
• (for stack ventilation)
location, area and
height of stack)

6 Lighting
• Spatial zoning

• Automated
controls

thermal mass) Glare
• Discomfort time
• Heating load/energy
• Cooling load/energy
• Overall energy consumption

• Energy analysis

• Shading
• Active methods
 evaporative
cooling towers
 earth cooling
tubes
 absorption
chillers
• Automated
controls

• (not applicable to active
methods)
 direct solar gains
 daylight factor
 illuminance levels
 glare
• (not applicable to shading)
 temperature differential
 air flow rate
 humidity
 cooling capacity
• Space temperature profile
• Discomfort time
• Heating load/energy
• Cooling load/energy
• Overall energy consumption

• Climate
analysis
• Overshadow
analysis
• Assess solar
access potential
• Daylight
analysis
• Check
orientation for
glazed areas
• Discomfort
analysis
• (for earth
cooling tubes)
Soil
temperature
analysis

• Natural
ventilation
 cross
ventilation
 stack
ventilation
• Night ventilation
and thermal mass
• Automated
controls

• External temperature
• Temperature differential
• Wind pressure
• Air flow path
• Air change rate
• Air speed
• Humidity
• Ventilation gains
• Space temperature profile
• (for thermal mass,
insulation) Time lag in heat
transfer
• (for thermal mass,
insulation) Heat storage
capacity per unit mass
• Heating load/energy
• Cooling load/energy
• Overall energy consumption

• Climate
analysis – wind,
sun
• Bio-climatic
chart analysis
• Check
orientation for
glazed areas
• Assess skin
load versus
internal loads
• Discomfort
analysis
• Heating/cooling
degree days
• Energy analysis

• Daylighting
 related
strategies:

• Direct solar gain
• Heat loss (through
envelope)

• Climate
analysis –
sunpath, cloud
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• Massing and room
geometry
• Envelope construction
properties
 opaque construction
– color, reflectance,
texture
 glazed construction
– size, location,
visual and thermal
properties

light shelves,
shading,
skylights
• Automated
controls –
dimmers,
occupant sensors

• Incident solar radiation
(insolation)
• Space temperature profile
• Daylight factor
• Lighting gains
• Daylight distribution
• Daylight autonomy
• Glare
• Heating load/energy
• Cooling load/energy
• Overall energy consumption

cover
• Overshadow
analysis
• Assess solar
access potential
• Assess
overheating
potential
• Daylight
analysis
• Check
orientation for
glazed areas

Heat loss: Heat loss refers to the amount of heat dissipated by the building fabric
(though walls, glazing and openings) to the outside. Heat loss comprises of heat loss
through conduction, radiation, ventilation and infiltration.
Conduction gain: It refers to the heat gain through the opaque envelope elements (walls,
ground and roof).
Direct solar gain: It refers to the amount of heat gain occurring from direct sunlight
entering through the glazed opening area.
Ventilation gain/loss: It refers to the amount of heat gain contributed by the incoming
fresh air. If the external air temperature is above the ambient room temperature,
incoming fresh air will add heat and thus increase the ambient air temperature.
Infiltration gain/loss: this refers to the heat transfer due to movement of air through the
cracks and openings in building fabric such as windows, openings, etc.
Specific heat capacity: It is the measure of heat energy required to increase the
temperature of unit quantity of substance by a certain temperature interval. It is often
used to evaluate heavy mass constructions.
Time lag: It is used in connection with thermal mass and refers to the time required to
transfer heat from one face of the thermal mass to other.
Heat capacity per unit mass: It is the measure of how much how much heat a material
85

can hold.
Space temperature profile: Space temperature profiles can be calculated hourly, weekly,
monthly or yearly. The profiles plot the internal temperature variation as compared to
the external air temperatures.
Temperature differential: It refers to the difference between the outdoor and indoor air
temperature.
Daylight factor: It is a ratio of daylight illuminance at a particular point within an
enclosure to the simultaneous outdoor illuminance, expressed as a percentage.
Daylight autonomy: It is the percentage of time throughout the year that each point will
require no additional light to maintain the selected light level.
Lighting gains: These refer to the heat gains caused by the artificial lighting within the
space. Spaces with sufficient daylight offset the need for artificial lighting and thus
reduce heat gain (provided lighting sensors and dimmers are employed) through
luminaries.
Illuminance levels: These are estimated illumination levels calculated by multiplying the
daylight factor with the current design sky value. The unit is lux or footcandles (fc)
Glare index: Glare is often related to visual comfort caused by light sources of excessive
brightness or uneven distribution in the field of view. It is the ratio of window luminance
to the average surrounding surface luminance within the field of view.
Discomfort time: It indicates the amount of time a particular space spends out of
specified comfort conditions if that space is not artificially heated/cooled. It is usually
analyzed through ESP by performing a discomfort analysis.
Heating load/energy: The heating load relates to the amount of heating to be supplied
using artificial means (after minimizing the loads through passive energy efficient
design strategies) like radiators, central heating systems, etc. Heating energy is the
energy required to meet the said load.
Cooling load/energy: The cooling load relates to the amount of cooling to be supplied
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through artificial means (after minimizing cooling loads through passive energy efficient
design strategies) like HVAC, etc. Cooling energy is the energy required to meet the
said cooling loads.
Overall energy consumption: It comprises of all the energy uses in the building, like
heating, cooling, lighting and equipment loads. The components involved in overall
energy consumption are typically dependent on the calculation methods adopted by the
ESP’s and thus may or may not include additional energy uses.s
Air change rate: It is the measure of how quickly the air in interior space is replaced by
fresh air by ventilation and infiltration.
Air speed: It relates to the speed of air flowing within the space. They may be obtained
by using CFD simulations.
Wind pressure: It is often estimated using wind pressure coefficients and is a complex
function of wind speed, direction and building geometry. They may be obtained by
using CFD analysis.
Air flow path: This refers to the movement of air between inside and outside and within
the space. It can be simulated using CFD analysis and is represented with arrows to
indicate the direction of air flow.
The following conclusions were drawn from the analysis presented in Table 8.
1. Some strategies require initial involvement of engineers, for example energy
systems and active cooling strategies. For such strategies, guidebooks provide
general rule of thumb for rough sizing the systems and the related design
considerations. However, the author was unable to identify performance
parameters that can be simulated using the ESP’s.
2. Some performance parameters like airflow path, wind pressure are best simulated
using computational fluid dynamics (CFD) simulations. However, CFD
simulations might not be possible at the early schematic design stage, considering
the vast amount of information required to set up the simulation model and the
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expertise required to do so. The same can be argued about life-cycle cost analysis.
Nevertheless they are included in the analysis.
3. The author was unsure of the exact terminology for some performance parameters
like ‘time lag’ and ‘heat storage capacity per unit mass’ of thermal storage
adopted by the ESP’s and if the current simulation program can simulate them.
Nevertheless they are included in the analysis.
4. Finally, all the energy efficient design strategies are proposed to minimize the
overall energy consumption. However, the guidebooks didn’t explicitly mention
this performance parameter. Nevertheless this was included in the analysis.
4.6 The ‘performance parameter identification framework’
The main components of the framework are a) the design inquiries, b) the
architectural parameters related to the design inquiry, c) the analysis/simulation task and
d) performance parameters to be simulated by the ESP’s. The analysis of design
inquiries and related architectural parameters is presented in 4.3. The analysis/simulation
tasks and the performance parameters for the Programming stage are adopted from the
analysis of the ‘simulation supported design processes in 4.4. Finally the
analysis/simulation tasks and the performance parameters for the Schematic design stage
are extracted from the analysis of guidebooks in 4.5. The proposed framework is a visual
representation of the inter-relationship between the components analyzed in the above
three section (4.3, 4.4, 4.5).
For the purpose of classifying the performance parameters, the following analysis
domains were identified,
1. Thermal analysis
Thermal analysis relates to manual or computer calculations to mathematically
model the interplay of thermal processes within a building. A thermal analysis
typically deals with comfort conditions within the space, the heating and cooling
loads and heat transfer through the envelope.
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2. Lighting analysis
Lighting analysis deals with day lighting, glare and artificial lighting design and
analysis.
3. Energy analysis
Energy analysis deals with analyzing the buildings energy consumption and the
related heating and cooling energy.
4. Miscellaneous analysis
This includes any analyses that are not a part of any of the above three. For
example, climate analysis, overshadow analysis.
The first column lists and classifies the performance domain/design analysis task
/design components evaluated in the programming and the schematic design stage. The
next column list the energy efficient design strategies connected to each of these
domain/design analysis task /design components. The last column lists the architectural
parameters related to each of the energy efficient strategy. Finally the central body of
framework lists the analysis task and the performance parameters to be evaluated to
analyze each of the energy efficient design strategy. The inter-relationship between the
strategies and performance parameters is highlighted with a filled square (refer figure
23, Apendix E).
For example, for evaluating and designing for insulation, the following parameters
should be analyzed and compared;
1)

in the programming stage
analysis: climate analysis - humidity, base case energy analysis, parametric
analysis
performance parameters: end-use energy consumption

2)

in schematic design stage
analysis: climate analysis, thermal analysis, overshadow analysis, energy
analysis
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performance parameters: conduction gain, heat loss, mean radiant
temperature, heating load/energy, cooling load/energy, overall energy
consumption.
3)

The related architectural parameters are thickness and R-value.

Another example can be considered of the energy efficient design strategy –
Daylight. For evaluating and designing for daylight and hence the window to wall ratio,
the following parameters should be analyzed and compared;
1)

in the programming stage
analysis: climate analysis – sun-path, cloud cover, base case energy analysis,
parametric analysis
performance parameters: end-use energy consumption

2)

in schematic design stage
analysis: climate analysis – sun-path, cloud cover, daylight analysis,
overshadow analysis, glare analysis, energy analysis
performance parameters: direct solar gain, heat loss, incident solar radiation,
daylight factor, illuminance levels, glare index, space temperature
profile, daylight distribution, daylight autonomy, lighting gains,
heating load/energy, cooling load/energy, overall energy consumption.

3)

The related architectural parameters are: window to wall ratio, U-value for
glazing system, visual transmittance, solar heat gain coefficient, room shape

The examples above illustrate how the architect can formulate the simulation
scope for evaluating a particular energy efficient design strategy by first understanding
its impact over multiple performance domains, identifying the architectural parameters
related to that strategy and the performance parameters that can evaluate this impact. As
mentioned previously in the discussion, the terminology for the performance parameters
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used in the framework, in some cases, does not resemble the terminology used by the
ESP’s. The reason being, based on the authors experience of the use of the ESP’s, the
ESP’s did not explicitly simulate the parameters or were beyond the authors expertise,
for example, for thermal mass - time lag and heat capacity per unit mass, for ventilation
– air speed, wind pressure. Nevertheless, they were retained in the framework, as the
future ESP’s may possess the simulation capability to simulate the said parameters.
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CHAPTER 5
DISCUSSION AND FUTURE RESEARCH
This chapter discusses future research which has to be done in order to test,
expand and complete the ‘guide’ and the ‘performance parameter identification
framework’.
5.1. The ‘performance parameter identification framework’
The proposed framework is developed through a focused literature review of three
representative guidebooks. However, the framework should be further expanded to
incorporate the new energy efficient design strategies and advances in building systems
beyond the scope of the above three sources. Also, the framework should be updated to
reflect advances in simulation capabilities of the ESP’s. Finally, the framework should be
tested to evaluate its application and user friendliness on actual design projects. This
section presents discussion on the above issues.
5.1.1. Expanding the framework
The framework is composed of the energy efficient design strategies and the
performance parameters extracted through the focused literature review of three
representative guidebooks. However, the framework should be further expanded and
updated to account for strategies and parameters beyond the scope of these
representative guidebooks. The strategies can be added through further review of
different guidebooks. Such guidebooks can be selected based on their significance,
comprehensiveness and popularity with architects. Additionally, the projects listed on
U.S. Department of energy’s ‘High Performance Buildings Database’ can be analyzed to
identify strategies not currently addressed by the framework.
Building simulation is a constantly researched and rapidly evolving field. The
advance in research and development of new user friendly ESP’s, with better
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interoperability and enhanced modeling and simulation capabilities will allow the design
inquiry identified in the framework to be evaluated against multiple performance
metrics. Such future performance metrics should be included in the framework. For
example, in the existing framework, the energy systems are evaluated through a limited
set of performance parameters. Also, the active strategies are included in the framework;
however, no suitable performance parameters evaluating these strategies were identified
in the literature review. The test design, performed using different ESP’s, can be one of
the methods to identify such new performance metrics.
Finally, the author envisions the framework to be used by architect as a studio
companion while using the ESP’s. The framework is based on the linear AIA design
phase description assuming no initial collaboration of engineers/simulation specialist in
the EDS. Ideally, such collaboration is highly recommended, unless otherwise
impossible. In case of collaborative design teams or integrated design process, the
framework can be still used with some modifications. In such scenarios, typically an
energy analyst or an engineer who can perform energy modeling is involved with the
design team early on, assisting the architects in decision making process. As compared
to the AIA decision structure, though the same type of building decisions are made, the
sequence of decisions and team members responsible for making the decisions are
different.
5.1.2. Expanding the application of the framework
The proposed framework is developed primarily to assist in formulation of
simulation scope. However, its use can be further extended in developing software review
to assist in selection of the ESP’s and in data management and standardized report
generation. These topics are further explained in the next section.
5.1.3. Testing the framework
The proposed framework should be tested on actual design projects to evaluate its
effectiveness and user friendliness. This can be done through a test design with users
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with/without experience in application of the ESP’s. Such a test design will help identify
not only the efficacy of the framework in identifying performance parameters based on
the desired design inquiry, but also the ease of use, navigability and clarity of framework
as perceived by different participants. Feedback from actual users will be crucial to
enhance the usability and appeal of framework to the expanding pool of interested
simulation users.
5.2. The guide
This thesis only provides an overview of the topics to be included in the guide.
The immediate step would be to develop the actual guide by expanding on the topics
outlined in the thesis. The author proposes undertaking multiple test design as a tool to
inform and further develop the guide. A test design was preferred over user surveys as a
research methodology because the test design necessitated use of ESP’s to inform design
decisions, it enabled a detailed analysis of the user experience in the application of the
selected ESP’s and it provided an insider perspective identifying what information should
an architect have in order to successfully use energy simulation as a design tool.
The way the information in the proposed guide is organized and presented will
have significant impact on its understanding by architects. Also, building simulation is a
constantly researched and rapidly evolving field. Thus, the author proposes presenting
the guide in the form of an online internet database, readily accessible to users and on
the similar lines of ‘whole building design guide’ (http://www.wbdg.org/) and ‘bimwiki’
(http://bimwiki.com/). The advantages are, it can be updated frequently to reflect the
advances in digital design and simulation research and developments and it can be
linked other comprehensive databases like the ‘whole building design guide’ in future.
Also, each topic should be further illustrated with case studies of successful projects on
which energy analysis was used as a design decision support tool. Such illustrations can
be sourced from the designers of projects included in the US Department of Energy’s
‘High Performance Building Database’.
Finally, the application of the proposed performance parameter identification
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framework can be further expanded to assist in selection of the ESP’s, data management
and standardized report generation. The framework will be an important component of
the guide and presented with built-in user interactivity. For example, by simply hovering
over a performance parameter, the user can choose to view detailed information and
significance of the parameter, its synergies with other parameters, the ESP’s likely to
simulate it and the inputs required to be gathered for preparing the simulation model.

Figure 22: Applications of energy simulation: Ecotect studies (source:
Sustainable design tools exhibited at AIA 2009, AECbytes http://www.aecbytes.com/feature/2009/AIA2009_EnergyApps.html)

Figure 23: Case study: Analysis of glazing façade geometry for solar shading
(source: Interoperability and Sustainable design, AECbytes http://www.aecbytes.com/feature/2008/Interoperability_SustainableDesign.html)
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The following sections briefly outline the future research under the topics
proposed in the guide.
5.2.1. Introduction to energy simulation
As a clear and concise understanding of what information an architect should
possess to understand and successfully perform energy simulation was lacking, a test
design was used to gain a detailed perspective. The test design involved many variables
like a) the participant experience in the use of the ESP’s, b) the test design setting –
studio versus office, c) the project size and type and d) the ESP’s selected for test
design. The author proposes undertaking multiple test design’s to further gain detailed
understanding of what are the information requirements of experienced versus first time
users, on small scale projects (less than 10,000 sft) versus mid (between 10,000 sft and
50,000 sft) to large scale (over 50,000sft) projects, and using ESP’s other than those
chosen for the test design undertaken by the author. Such test design can help customize
information presented in the guide based on user experience level, project size and
identify the terminologies and processes adopted by the different ESP’s.
5.2.2. Selection of energy simulation program
As the framework is developed as a tool to assist in formulation of simulation
scope, extending the same framework to perform software review can facilitate
identification of the ESP’s suitable for carrying out the simulation activities identified in
the scope. Such a review will not only enable the user to identify the simulation
capabilities of a particular ESP with respect to the design inquiry and scope, but also
inform and facilitate in updating the framework with regards to the software advances.
5.2.3. Defining the simulation model and performing simulation
The information to be presented in this section can be expressed in the form of
process models, where the activities are represented as a sequence of actions, with the
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information required at each step, the source for this information, and the ESP’s that can
be used. The proposed framework can be used for data management, by identifying the
simulation scenarios and developing process models for the same. Such process models
should be design stage specific and closely integrated with the framework.
5.2.4. Data representation
Once the simulation is performed, identifying the relevant output information and
presenting it in a comprehensible format is crucial to identifying decision support. Once
the framework is created online as a database, it can be further linked to the ESP’s to
extract outputs for the performance parameters outlined in the framework. Standardized
output formats can further be developed to present the extracted information, enabling
ease of interpretation.
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o o o o o o o o o o

base case end use energy breakdown
proposed end-use energy breakdown
Heating energy
Cooling energy
savings in Lighting energy
reduction in Heating energy
reduction in cooling energy
overall energy consumption
energy generated by alternative

Energy analysis

Room Temperature
Heat storage/removal capacity
Occupancy gains
Conduction gain
Direct Solar gain
Lighting gain
Timelag in heat transfer
Overall Heat gain/Loss
Heating load
Cooling Load
reduction in Heating/Cooling load
air change rate
Infiltration gain

HDD/CDD
Incident Solar radiation (Insolation)

Thermal analysis

Glare index

Daylight factor
Illuminance level

diurnal Temperature variation
right to light analysis
Shading Mask
Cloud cover analysis
Overshadowing analysis

Humidity and Precipitation analysis
Psychometric analysis
Min/Max Temp range

Sunpath Analysis
Wind Rose analysis

Performance
domain/design
Energy efficient design
analysis task/building strategies
design component
(Passive/Active)
Programming Stage
Climate analysis
Base case analysis
Parametric analysis

Lighting
analysis

Analysis task

Daylight autonomy

Analysis task/performance domains

o
o
o o

Legend

Architectural design parameters

energy efficiency measures

o
o
o
o

Programming Stage
Programing stage repeated in early schematic stage
Early Schematic Design
late Schematic Design

Schematic Design
Stage
Orientation
Massing
Site massing
Space zoning

o o
o o

o o
o o
o o

o
o

o o

o

o o o
o o o

optimum orientation
aspet ratio, volume

o

Notes:
1 CHP - Combined Heat Power
2 Thermal mass is a strategy for Cooling, however, it
not listed under cooling to avoid duplication

Envelope
Insulation

o

envelope - opaque
envelope - glazed
Green/Cool roof

o

o

o

o o

o

o

o

o
o
o o
o

o
o
o

o
o
o
o

o
o o o
o
o
o o
o
o
o o o

optimum U, R values, thickness
U, R values, thickness
SHGC, VT, U value, optimum WWR
U,R values, thickness

o o o o
o o o o
o o o
o
o o o

o
o
o
o

o
o o o
o o o o o
o o o o o

o o o
o o o
o o o

o o o
o o o
o o o

Area, location, thickness, heat storage capacity
WWR, SHGC, location
thickness, heat storage capacity, location

o o o o o o
o o o o o o
o o o o o o o
o

o o o
o o o
o o o

o o o
o o o
o o o
o

window opening area, location
stack height, location, opening area
area of thermal mass & openings
geometry, location

Heating
Thermal Mass
Direct solar gain
Indirect heat gain
Heat recovery

o
o
o

o
o
o

o o o
o o

o o o
o o o
o o o

o
o

Cooling & ventln
Cross Ventilation
Stack ventilation
Mass+night cooling
Shading
Evaporative cooling
Earth cooling tubes
Absorption chillers

o

Daylighting
Light shelves

o
o

o

o o o o
o o
o

o o
o o

o

o

o

o o o o
o

o o

o

o
o

o o
o o
o o o
o

o o

o

o
o
o o
o

Lighting

Daylight zoning
Skylights

o

o

o o

optimum DF, WWR, SHGC, VT
location, DF

o
o

o
o
o

o
o o

optimum DF, SHGC, VT
sensor location

o
Sensors controls

Energy systems
Solar power
Wind Power
Solar DHW
Heat pumps
CHP

o
o

o

o
o

o

o

o

o o panel sizing
o o
o o panel sizing
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9
Equest
Cost (annual, student, single
user), educational

Trial Versions
Free Downloads
Online Training Modules

OUTPUT

TEXT
GRAPHS
3D MODEL
CAD/Revit Import-export
Graphic Interface

Energy Simulation Programs
Design Builder
IES<VE>
Visual DOE
Energy Plus
EcoTect
Green Building Studio
Energy Scheming
Bsim
Other Applications

Energy Economics
Indoor Air Quality
Solar Climate Analysis
Utility Evaluatin
Ventillation & Airflow, CFD
Atmospheric Pollution
Water Conservation

1
2
3
4
5
6
7
8
Material
Components
, Systems

By Subject

Envelope Systems
HVAC
Lighting Design

Energy Simulation
Load Calculation
Renewable energy
RetroFit Analysis
Sustainability/Green Design

Appendix B

Software review of ESP’s for Test design (http://apps1.eere.energy.gov/buildings/tools_directory/alpha_list.cfm) – Building
energy software tool directory

PRAGMATICS

$899
50 Pounds
$1,062
FREE
$90
Run based
$49
938 Euro
FREE
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Legend
Full capability
Partial capability
Programs & simulations of interest in the test design
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APPENDIX C
Analysis of decision structure in the design process
AIA Design
phases

AIA decision making LOD: decisions
evaluated

Programming

•
•
•
•
•
•
•
•
•
•
•
•

Gen - Project objectives
Gen - Project Scope
Gen - Program codes and regulations
Gen - Project budget
Sit - Site selection
Sit - Requirements for access, circulation,
parking, utilities, landscaping, lighting
STR - Performance requirements for floor,
roof, stair, other structural elements
STR - Performance requirements for walls,
doors, windows, etc
Mec - Performance requirements for
plumbing, HVAC, fire protection
Mec - Need for special mechanical systems
Ele - Performance requirements for lighting
systems
Eqp - Delineation of equipment needs and
performance

Shoshkes analysis: Design activities

Morbitzer's analysis: energy and
environmental performance
based architectural design
parameters evaluated

Pre-Planning:

• Discuss client’s requirement
including time scale and financial
limits.
• Determine feasibility of the
requirements

• Precedent analysis
• Site selection
• Site analysis - context to propose design
guidelines

Programming:
•
•
•
•
•
•
•
•

Team Selection
Program analysis
Program discussed
Schedule of design and execution
proposed
Cost Proposed
Zoning and site characters discussed
Design strategies proposed based on
program analysis
Formal exploration of program studied
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Early
Schematic
Design Stage

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Gen - Program interpretation
Gen - Basic design concepts
Gen – Siting
Gen - Building massing
Gen - Blocking and stacking
Gen - Design vocabulary, styles, constraints,
character
Gen – Sustainability
Sit - Site Concepts
Sit - Site forms and massing
Str - structure in relation to function and
elevation
Str - approach to elevations, fenestrations
str - Initial envelope elements sizing and
selection
Mec - Impact of mechanical concepts on
building planning
Mec - Space allocation for mechanical areas
Mec - Initial systems selection
Ele - Approaches to natural, artificial
lighting
Ele - Lighting quality and character

• Organizing design theme proposed
• Form constraints worked based on site
and program
• Functional zoning based on the proposed
form

• Building Orientation (appraisal)
• Insulation of building envelope
and glazing
• Thermal mass (appraisal)
• Space usage
• Glazing area (appraisal)
• Solar control (appraisal)
• Air change rate (appraisal)
• Floor plan depth
• Fuel type
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Late Schematic
Design Stage

•
•
•
•
•
•
•
•
•
•
•
•
•

Gen - Design concept elaboration
Gen - Schematic floor plan
Gen - Schematic sections
Str - sizing of key elements
Str - Selection of wall systems, materials
Str - Schematic elevations
Str – fenestration
Str - Selection of roof system, materials
Str - Selection of partition systems, internal
finishes
Mec - Mechanical system selection
Mec - Refinement of service, distribution
concepts
Ele - Window, skylight and glazing design
Ele - Selection of lighting, electrical
systems

Detail Design
Stage

Abbreviations:

•
•
•

Materials, bldg character proposed
Cost and program reworked,
Design modified to reach cost
Form explored based on plan shapes and
volume – massing
Mechanical services proposed with
respect to interior design layout and
elevations
fenestration studies, materials proposed,
window locations and sizes
ventilation strategy proposed, elevations
modified
ID proposed
cost reworked
functional zoning proposed

•
•
•
•
•
•

wall detailed based on elevation design
cost reworked
materials finalized
elevations detailed
ID detailed, materials specified
Structure detailed

•
•
•
•
•

•
•

• Glazing (detailed analysis)
• Glazing type – shading and/or
blinds
• Orientation (small adjustments)
• Air change rate (detailed
analysis)
• Construction adjustment in
overheated areas
• Artificial lighting strategy, day
light utilization, visual comfort
• Cooling required – yes/no?

Gen – general decisions
Sit – Site related decisions
Str – Structural system related decisions
Mec – Mechanical system related decisions
Ele – Electrical system related decisions
Eqp – Equipment related decision

Notes: Morbitzer’s analysis focuses on the early and late schematic design (Outline and Schematic design stage of the RIBA framework) stages only.
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Appendix D
Analysis and comparison of ‘green design’ and ‘simulation supported design processes’
AIA design
stage

Ten-Step ‘Energy design process’ for
Designing and Constructing Low-Energy
Buildings

Bernheim and Reed's
‘Green Design Process’

HOK's ‘Energy optimization process’

Programming
stage

• Set specific and measurable energy
performance goals, which may include
percent energy savings, percent energy cost
savings, or emission reductions. The entire
team must understand these goals and how
they are affected by design features. Also at
this stage, the design team should develop a
thorough understanding of the building site,
local weather patterns, and building functional
requirements. At this point, the design team
should brainstorm energy solutions, especially
those that affect the architecture. Each
building is unique and will have a different
minimization strategy.

• Develop Green vision
• Establish Project goals
& Green design criteria
• Set priorities
• Develop Building
program
• Establish Budget
• Assemble Green team
• Develop partnering
strategies
• Develop project
schedule
Review Laws &
Standards
• Conduct research
Select site

• Project Definition: Establish and embed in
the scope of works the general scope of
project and services the sustainability goals
and analysis to be undertaken in the project.

• Create a base-case building model to quantify
base-case energy use and costs. The base-case
building is solar neutral (equal glazing areas
on all wall orientations) with equivalent floor
area and meets the requirements of applicable
energy efficiency codes such as ASHRAE
Standards 90.1 (ASHRAE 2004).
• Complete a parametric analysis of the basecase model to determine sensitivities to
specific load components. Sequentially
eliminate loads from the base-case building,
such as conductive losses, lighting loads, solar
gains, and plug loads.

Collect programmatic information such as
space use, population, hours of occupancy,
expected equipments, etc. Also collect
climate data, utility rate structure, code
requirements, site information.

• Team building: Assemble team of
professionals with expertise in design and
delivery of sustainable buildings, identify
the sustainability advocates to oversee the
efforts of each specialty and co-ordinate the
contributions of all members to the team.
• Education and goal setting: Engage team in
discussion of sustainable issues and
opportunities, including cost and schedule
impacts. Hold a sustainable goal session
with all team members to set broad goals
and measurable outcomes, like LEED
targets. Review design criteria and
standards and challenge those that work
against integrated sustainable solutions.
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• Site evaluation: Analyze site to identify
constraints and sustainable opportunities.
Evaluate macro and micro climate to
determine solar and wind availability,
orientation, potential thermal sinks and
rainfall. Identify the transportation networks
and the cultural/historic resources to be
preserved.

• Develop preliminary design solutions. The
design team brainstorms possible solutions,
which may include strategies to reduce
lighting and cooling loads by incorporating
daylighting or to meet heating loads with
passive solar heating.

Schematic
design stage

• Incorporate preliminary design solutions into
a computer model of the proposed building
design.
• Energy impact and cost effectiveness of each
variant are determined by comparing the
calculated energy performance with the
original base-case building and to the other
variants.
• Variants with the most favorable results
should be incorporated into the building
design.

• Confirm green design
criteria
• Develop green
solutions
• Test green solutions
• Select green solutions
Check cost

• Baseline analysis: Develop baseline energy
and water analysis: establish budgets and
compare with benchmarks and project
sustainable goals. Explore potential for
renewable energy, financial incentives
and/or utility rebates for energy efficiency,
water and renewable.
 Create base case energy model on the
basis of ASHRAE standard 90.1
 Characterize energy use
 Perform parametric analysis
• Design concept: Use integrated and
collaborative design process to embed
energy efficient design strategies within
design concept that is responsive to project
site and regional ecosystem.
 Develop alternative solutions – identify
energy efficient strategy to reduce
energy loads.
 Design optimization: Explore, test and
evaluate broad range of solutions to
discern those with greatest potential.
Engage entire design team in multidisciplinary approach to seek synergies
in development and refinement of site
and building systems.
 Simulate the alternative solutions:
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Detail design
stage

Production
Information
BOQ
Tender
Project
planning

• Identify the HVAC system that will meet the
predicted loads. The HVAC system should
complement the building architecture and
exploit the specific climactic characteristics of
the site for maximum efficiency. Often, the
HVAC system capacity is much less than in a
typical building.
• Verify that simulations are updated with
design changes.
• Finalize plans and specifications. Ensure that
the building plans are properly detailed and
that the specifications are accurate. The final
design simulation should incorporate all costeffective features. Savings that exceed 50%
from a base-case building are frequently
possible with this approach.

• Refine green solutions
• Develop, test & select
green systems
• Check cost

• Document green
materials and systems
• Check cost
• Clarify green solutions
• Establish cost
• Sign contract

identify major loads, identify energy
efficient strategies to reduce these loads,
refine the design and re-simulate

• Documents and specification: Carefully
document all project requirements. Engage
in a process to update and improve contract
documents and specifications to ensure that
sustainable goals including materials,
systems and other requirements are
included.
• Bidding and construction: Engage design
team, contractor and owner in collaborative
approach to bidding, buyout, procurement,
construction and commissioning to deliver a
healthy, environmentally responsible
facility that meets projects sustainable
goals.

Operation on
Site

• Rerun simulations before design changes are
made during construction. Verify that changes
will not adversely affect the building’s energy
performance.

• Review substitutions
and submittals for
green products
• Review materials test
data
• Build project
• Commission the
systems
• Testing
• Operations and
maintenance manuals
• Training
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Feedback

• Commission all equipment and controls.
Educate building operators. Only a properly
operated building will meet the original
energy efficiency design goals. Building
operators must understand how to properly
operate the building to maximize its
performance.
• Measure and evaluate actual energy
performance to verify design goals were met.

• Re-commission the
systems
• Perform maintenance
Conduct postoccupancy evaluation

• Post occupancy: Engage design team and
building users in discussion to improve
building operations, maintenance and
occupant satisfaction. Undertake post
occupancy evaluation to identify hard and
soft metrics and identify lessons learned
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Appendix E
Comparison of the energy efficient design strategies and analysis tasks from guidebooks
A) Green Studio Handbook: Environmental strategies for Schematic design, Kwok Alison, Grondzik Walter

1

2

Performance domain/Design
components/Architectural
parameters for schematic design
stage
Envelope
• Insulation
 Thickness, location, thermal
properties
• Wall & roof construction
 R/U value
• Glazing
• Wall – window ratio
• Solar heat gain co-efficient
• Massing

Energy effient design strategy

Performance parameter

Analysis task

• Shading
 overhangs
• Alternative materials like
strawbales, SIP’s, double
envelope, green roofs

• Solar gains
• Heating load
• Cooling load
• infiltration
• Mean radiant temperature
• Overall energy
consumption
For double envelopes
• Lighting performance
• Thermal performance
For green roofs
• Solar exposure

• Building orientation
• Solar exposure

Lighting
• Glazing
 Size, location, visual
transmittance, thermal
performance
• Internal reflectance
 Color, texture
• Space shape and volume
• Daylight zoning
• Electric lighting
 Luminaries type,
positioning

• Daylighting
 Light shelves
 Related strategy – direct
heat gain
• Shading
 Internal blinds
 Overhangs
 Automated shading
controls
• lighting controls and dimmers

• Daylight factor
• Illuminance levels
• Glare index
• Solar gain
• Mean radiant temperature
• Lighting energy use
• Daylight penetration and
distribution
• Shading mask

•
•
•
•

Availability of daylight
Solar access for daylight
Orientation of glazed areas
Space function, usage and
orientation for daylight
zoning – assess user
requirements
• Glare analysis
• Shadow analysis for shading
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3

Heating
• Envelope thermal properties
• Glazing – area, location and
thermal properties
• For thermal mass – exposed
surface area
• Spatial zoning
• For night ventilation – size,
location of operable glazing.

• Direct solar gains
 Related strategy –
daylighting
 shading
• Indirect gains
 For example - Trombe
walls, roof pond
 Related strategy Thermal mass
• Isolated gains
 For example – sunspaces
• Night ventilation of mass

• (not for indirect gains)
Solar gains
• Heat loss
• Heating load
• Glare index
• Temperature differential
over day & night
• Mean radiant temperature
• For thermal mass – time
lag, heat storage capacity

• Skin load versus internal
load dominated building
• Climate analysis
• Comfort analysis using
psychometric chart
• Solar access
• Prevent overheating
• Orientation of glazed
openings
• Glare analysis
• Prevailing wind analysis
• Overshadow analysis

4

Cooling
• For cross ventilation – size,
location of operable glazing.
• For stack ventilation – size,
location and height of stack
• Spatial zoning
• For thermal mass – exposed
mass area, location
• For earth cooling tubes – tube
length, material, location, site
planning

• Natural ventilation
 Cross ventilation
 Related strategy –
daylighting, shading
 Stack ventilation
 Night ventilation and
thermal mass
• Active cooling
 Earth cooling tubes
 Evaporative cooling
towers
 Absorption chillers
(parameters not
available)

• Space temperature
• Temperature differential
over day
• Wind pressure & wind
speed
• Air change rate
• Indoor air temperature
• Air movement within space
• Humidity
• Cooling load offset by
natural ventilation
• For thermal mass – heat
storage capacity

•
•
•
•
•
•

5

Energy systems
• Active solar thermal energy
systems
 Size, location of collector
• Ground source heat pumps
(GSHP)
 Piping depth, layout
 Flow rate
• Heat exchangers
• Photovoltaics
• Wind power

For PV –
• Incident solar radiation
• energy output

•
•
•
•
•
•

Climate analysis
Prevailing wind
Orientation
Occupancy pattern
Bio-climatic chart analysis
Skin load versus internal
load dominated building
• Design cooling load
• For earth cooling – soil
temperature and site
planning

Climate analysis
Solar access
Overshadow analysis
Orientation
Demand load – plug loads
Design loads served by the
system
• For GSHP – soil temperature
and site planning

115

• Hydro turbines
• Fuel cells
• Combined heat power

B) Energy and Environment in architecture : A technical desin guide, Baker Nick, Steemer Koen

1

2

3

Design tasks/Architectural
parameters for schematic design
stage
Orientation
• Glazed areas

Energy effient design strategy

Performance parameter

Analysis task

• shading

• incident solar radiation
• solar gains
• daylighting
• heating/cooling energy

• overshadowing

Envelope
• surface area – volume ratio
• glazing
 glazing area, location,
thermal properties
• heavy weight/light weight
construction
Heating & Cooling
• Glazing – area, location, operable
area
• Spatial zoning
• Internal gains

• Insulation
• Shading
• Thermal mass

4

Ventilation
• Room shape and volume
• Operable windows – size, location

5

Lighting
• glazing
 area, location, visual

• Insulation
• Shading
• Thermal mass
• Heat recovery
• Ventilation preheat
• Automated temperature
controls
• Natural ventilation
 Cross ventilation
 Night ventilation with
thermal mass
 Stack ventilation
• Automated sensors
• Daylight
• Extract ventilation through
luminaries

• Orientation

• Solar gains
• Conduction gains
• Infiltration gains/loss
• Overall heat gain
• Overall heat loss
• Space temperature profile
• Lighting gains
• Temperature differential
• Ventilation gains
• Air change rate
• Air flow path
• Space temperature profile
• Air pressure distribution
• Daylight distribution
• Daylight factor
• Glare

• Prevent overheating
• Insolation analysis
• Orientation

• Prevailing wind analysis
• orientation

• Availability of daylight
• Orientation
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6

transmittance, solar heat
gain coefficient
• room shape
• spatial zoning
Energy systems
• Solar energy – solar collectors
• Heat pumps
• Photovoltaic
• Combined heat power
• Wind power
• Hydro power
• Heat recovery

• Shading
• Light shelve
• Lighting and dimming controls

• Illuminance levels
• Heat gains
• Cooling load/energy
• Lighting gain/energy
• Co2 production
• Electricity generation

C) The energy design handbook, Watson Donald
Design tasks/Architectural
parameters for schematic design
stage
Envelope
• Glazing
 Size, area, thermal and
visual properties
• Wall/roof construction
 Thermal properties

Energy effient design strategy

Performance parameter

• Insulation

• Heat gain/loss
• Temperature differential
• Time lag (for thermal mass)
• Thermal capacity (for thermal
mass)
• Infiltration rate (for openings)

2

Heating
• Glazing – size, location, thermal
properties
• For thermal mass size of exposed
area, thermal properties, location

3

Cooling
• Glazing

• Thermal mass
• Direct heat gains
• Indirect heat gains
 Trombe walls, roof pond
• Isolated gains
• Shading
• Insulation
• Night insulation over glazing
• Direct cooling
 Related strategies –

1

Analysis task

• Orientation

• Air speed
• Space temperature

• Orientation
• Climate analysis
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size, location, thermal
properties
 operable area size, location
• For thermal mass size of exposed
area, thermal properties, location
• Room shape and volume

daylighting, shading
 Natural ventilation
 Stack ventilation
 Evaporative cooling
• Indirect ventilation
 Night ventilation and
thermal mass
 Night sky radiation
• Shading

4

Lighting
• Room shape and volume
• Glazing – size, location, thermal
and visual properties
• Internal surface – reflectance,
color

• Daylight
• Light shelves
• Automated controls

5

Energy systems
• Active solar system
 Solar collectors
• Photovoltaic
 Collector size, orientation,
system efficiency

• Humidity
• Air change rate
• Temperature differential
• Internal heat gains
• Wind speed
• Conduction gains
• Wind pressure
• Degree days
• Air flow pattern
• (For thermal mass) time lag
• (for thermal mass) heat sink
capacity
For shading
• Daylight
• Glare
• Solar gain
• Shading mask
• Incident solar energy
• Cloud cover
• Heat gain/loss
• Glare
• Daylight factor
• Illumination levels
• Heating load
• Cooling load
• Incident solar radiation
• PV output
• Average insolation

• Daylight analysis
• Overshadow analysis

• Existing sky condition
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