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Abstract

This research explores the use of rapid prototypsg tool for selecting the building compositiothwhe greatest
potential for energy efficiency. The research exwdimethods to translate the data gathered fronggmneodeling
software, synthesize that data with a three-dinoeragi(3-D) CAD file of the proposed structure, dhen translate
this combined information into a format compatibligh 3-D printing technology. The growing public areness of
the finite quantity of natural resources availdolepower generation has stimulated interest imggnenodeling
during the design phase of new construction prsejdeergy modeling is a highly technical examinatdthe
many variables that together create the energyirergants of a structure. The research evaluatecetveogy
modeling software programs that are compatible véthd prototyping, EnergyPlus with Design Buil@erd
ECOTECT. The research also examined two other gmaggleling programs, DOE-2 and Energy-10. DOE-2 and
Energy-10 are popular energy modeling programsvaare investigated to determine what level of custation is
required for the programs to gain compatibilitywiipid prototyping systems. Rapid prototyping bdlie
potential to present the results of energy modedingies in a medium that improves and enhancesntmication
among all persons involved with the project.
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1. Introduction

Approximately 70% of electric power consumed in theted States is used to power buildiighe growing
public awareness of the finite quantity of natueslources available for power generation has séiredlinterest in
energy modeling during the design phase of newtoaeton projects. Currently, energy modeling inxes use of
specialized software applications that analyzeri@sef variables that affect the energy needssifiecture. This is
a potentially laborious task; often numerous iierat of the analysis are required to compare tbgpted energy
needs of any one variable with its possible altivaa. The task of interpreting and translating thata into a
medium suitable for communicating the results teecd involved in the project brings another leviel o
complication. Ultimately, the time requirementsioE process may outweigh the desire for energgieffcy. This
research explores the usefulness of rapid protagyps a tool for selecting the building compositidth the
greatest potential for energy efficiency. The pcogxamined methods to translate the data gatlieyedenergy
modeling software, seamlessly integrate that détaathree-dimensional (3-D) CAD file of the prageal structure,
and then translate this combined information informat compatible with 3-D printing technology.

2. Background

2.1. sustainability

Defined by the World Congress of Architects in Ja883, “Sustainability means meeting our needsytodthout
compromising the ability of future generations teantheir own needs.Buildings in the United States consume
37% of the nation’s primary energy supplyhis puts strain directly on U.S. coal, oil antietnatural resources.
Additionally, buildings consume 68% of all elecirjcproduced in the United Staté#s the designer, the architect
holds the power to influence the amount of energyilding will require.

2.1.1. the LEED program



The LEED (Leadership in Energy and Environmentadife) program is an initiative created by the UthiBtates
Green Building Council (USGBC) to promote and emage sustainable design within the constructionisiiy.
The LEED program involves the accumulation of adedbtained during all phases of construction idicig
preplanning, design, commissioning and erectiom OBED initiative is viewed as a leading-edge sysfer
designing, constructing, operating and certifying world’s greenest buildingsSince the release of LEED version
2.0 in March 2000, over 1900 project teams havistexged buildings, thus expressing the intent faafo the
USGBC for official LEED certification. This numbeontinues to rise. Additionally, the LEED progratarslards
have been adopted for use in over 17 state antidogarnments throughout the United States.

A project is certified LEED compliant when it obita at least 26 of the 69 available credits. Distied
across six categories, the energy and atmosphastodi contains 17 possible credits, more thanathgr category.
Among the 17 credits is a requirement for buildiegformance simulation modeling.

2.2. energy modeling

Energy modeling is a highly technical examinatiéthe many variables that together govern the gnerg
requirements of a structure. The model is an attéonpimulate the energy operation of a yet-untpritject?

Many different energy modeling analysis tools available. Accuracy of these software programs lyide
varies, as does the level of effort and cost aasetiwith each. Most importantly, the architectfréghese programs
determines when in the design process they arerddfhi to the architect or engineer. Energy analy@dls are
primarily classified as being one of four geneyioas®

1. Screening tools for use primarily during budggtand programming of retrofits.

2. Architectural design tools for use primarily ohgr programming, schematics, and design development
of new construction and major retrofit.

3. Load calculation and HVAC sizing tools for ygémnarily during design development and
construction documentation of new construction auagor retrofit.

4. Economic assessment tools for use througheudélign process.

The type of energy modeling most often used isgratethree, load calculation and HVAC sizing todsgineers
typically utilize load calculation and HVAC sizirigols after the building design is finalized. Altlgh building
designs may be enhanced by the early use of esergyfation modeling, architects do not often udlihis tool.

2.3. massing

Massing refers to the size of buildings and how tineet the street. These qualities influence the tf experience
that the pedestrian or resident has with an exaompdgouping of built formt® Examples of massing studies are
illustrated in Figure 1 and Figure 2.

Figure 1 Basic massing study Figure 2 Elaborate massing study example withileeta
surroundings



The architect’s use of massing studies during ded&yelopment is well established. Traditionallyngdeted by
hand, massing studies are also used as an aitsfdaying the finalized design. Building a massatgdy by hand is
time and labor intensive. This has limited the ficadity of their frequent use.

2.4. rapid prototyping
2.4.1. the need for models

The researcher arrived at the idea of rapid prptotyarchitectural models while working with sustgility issues
as a student intern at Glaserworks Architectureldiiichin Design in Cincinnati, Ohio. This idea stédmsn a
coworker’s wisdom: Nothing sells a concept like ad@l. While easy for building professionals to iptet, 3-D
drawings do not have the same impact for someomeisvhot in the construction field, a position fireject’s key
decision maker is usually found. However, presentie decision maker with the design in 3-D modefr elicits

a more powerful response and can reshape theinalfedeal design. Presenting at a poster sessithre Society of
Manufacturing Engineers in July 2005, a woman apgined and asked this researcher to describe mout thie
research. A conversation ensued regarding the ingdasing models to communicate designs. The wowesh
able to instantly appreciate the idea. As a Prdjtotager with the National Science Foundationytbenan had the
opportunity to examine a model of the reconstrucpitans for the Pentagon. The project managereckiat this
researcher the power of that visualization. It #ppé that the influence of examining this model feagreater
than it would have been if the design were desdrisng illustrations only. This conversation ursdered for this
researcher the real potential of using modelstasldor communication. The Project Manger hasadseseen this
technology make an impact.

2.4.2. three-dimensional printing technology

Three-dimensional printing is the technology thakes it possible to produce many models for quarkgarison.
This is a type of rapid prototyping technology deped at the Massachusetts Institute of Techno{MJ¥) in the
1990's! lllustrated in Figure 3, the basic method of 34ihfing involves the use of a vertically moving befd
powder onto which layer upon layer of binder matleis printed. As each layer is complete, a rathewves across
the surface of the already built layer and depasitsther layer of virgin powder. In this way, thedsl’s form is
built up layer-by-layer within the powder bed. Ormmamplete, the build platform can be moved up &edmodel
extracted from within the powdé&iUsing a 3-D printer, an architectural model isatee in only a few hours and for
as little as $20.00 a piece.
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Figure 3 Three-dimensional printing procéss



3. Objective
3.1. the possibilities

The potential impact of utilizing energy modelirsggreat. Performing energy simulation early alloiesarchitect
to examine design methods that will potentially@mte the efficiency of their design. In the exani@ow, the
original design (Figure 4a) was run through theusaition program Energy-10. The program found that t
efficiency of the design could be improved with #dugition of sun shading and skylights. The oripaesign is
updated (Figure 4b) to reflect these suggestions.

Figure 4a Original design concept Figure 4b Revised design using suggestions for
greater efficiency

3.2. objective

The motivation that fuels this research is furthgrihe goal of sustainable design through enhaenedyy
efficiency of buildings. With this in mind, the dajtive of this research is the integration of epengdeling
analysis and 3-D drawing plans to create a singddimat compatible with rapid prototyping. Theseassful
integration of energy modeling results with 3-D C4Bometry will create a tool that, when couplechwitpid
prototyping capability, allows for input that is reomeaningful at the conceptual phase of the projéts supports
the goal of sustainable design by providing a méanall those involved to make more intelligensidm choices.
This objective will be reached with the successfalization of a tool that meets the followingeria:

* Tool will have a slight learning curve

» Tool will analyze initial design and offer suggests for improving efficiency

e Tool will utilize software currently used in thechitectural field (e.g. AutoCAD

» Tool will support creation of file types compatibiléth rapid prototyping technology (e.g. STL, VRML)

3.2.1. tool will have a slight learning curve

Architecture is a fast-paced and demanding fielte Mecessity to meet the scheduling demands afistrection
project mandates that for a new technology to lmpesdl into the design process the technology nrusicbessible,
user-friendly and require a minimal amount of uastruction in order to obtain proficiency.

3.2.2. tool will analyze initial design and offer suggestions for improving efficiency

At the onset of a new building design projectldithformation is established. However, the knowetps of data
are the use of the proposed building, its locatiod the anticipated level of occupancy. With tlasib information,
an estimate of the building’s footprint and locatigpon the site is determined. Successfully incajirng energy
minimizing elements into the evolving design regsia quick analysis of what effect the initial ceoof footprint
and location has upon the energy load of the stracAdditionally, the tool must also make suggesito the
architect for improving the energy performancehaf évolving design.



3.2.3. tool will utilize software currently in use in the architectural field

Modern architecture practice requires the use ofader aided design (CAD) software. Autodesk

AutoCAD software is the program most often used. PurchBAetoCAD is a serious investment for a firm; the
manufacture’s suggested retail price is $3,750ipense’® Therefore, any tool intended to enhance the design
process must include interoperability with AutoCABuccessful interoperability with AutoCAD is re@dwhen
the energy modeling tool is able to run the simatabased upon building geometry imported from ALA®.
Additionally, the tool must be able export buildiggometry to AutoCAD after analysis.

3.2.4. tool will support creation of file types compatible with rapid prototyping technology

The new file created upon integration of the enengyleling results with the 3-D CAD geometry wilkthneed to
be translated into a file format compatible witl3apid prototyping technology. Three common filpds used in
rapid prototyping are sterolithography (STL), vatueality modeling language (VRML), and the polgdde
format (PLY). Autodesk AutoCAR004 software is capable of creating and exporting ah f8e.

4. Approach

4.1 energy modeling softwar e evaluation

To accomplish the research objective, two areas vdemtified for initial examination. First, therfctionality of
established energy modeling programs must be eealuS8econd, any program claming to offer a fumctiseful to
this research must be tested to determine to wégree that program successfully completes the tipera

Mindful of the ten-week time frame for this resdarthe researcher investigated only the most aftenl energy
modeling programs or energy modeling programsdppeared likely to assist the research objectite.tifles
selected for evaluation are DOE-2, Energy-10, Byfeligs with DesignBuilder interface, and ECOTECT.

Table 1 summary results of energy modeling softvearaluation

Easy Learning Curve
Analyze Initial Design
Efficiency
Compatible with CAD Software
RP Compatible

Offer Suggestions for Improving

DOE-2

Energy-10

EnergyPlus with DesignBuilder
ECOTECT

< |2

v [
v [

It is important to note that none of these prograras designed with the rapid prototyping proceswiimd.
Therefore, faults the researcher found with anglsiprogram are not meant to imply that the progisimcapable
of completing the intended analysis. Rather, tleg@m simply is unable to complete the analyss manner that
lends easily to rapid prototyping.
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4.1.1. DOE-2

DOE-2 is a detailed, hourly, whole-building eneemalysis of multiple zones in buildings of comptiesign. It is a
widely used prograrh Simulation results produced by DOE-2 fulfill theilding performance simulation credit
available under the LEED certification program. Whhese are attractive benefits, DOE-2 is a pelmcsion for
early energy modeling simulation. DOE-2 is a higbdynplex program that requires many hours of usémning
before mastery. Additionally, the program operatébout a user-interface and must be run in DOS enéthally,
DOE-2 lacks the ability to display building geonyetmaking file exchange with CAD software impossibl

4.1.2. Energy-10

Energy-10 is a design tool for small residentiatemmercial buildings that can be treated as either or two-
zones: The program analyzes areas of 10,000 square fées(hence the number 10 in the program name).
Energy-10 performs whole-building energy analysisg,760 hours/year, including dynamic thermal and
daylighting calculation8.

It is somewhat easier to learn how to use Eneffjthdn the other programs evaluated. That is neayat
is simple for the novice user to pick up and usergy-10’s user interface is non-intuitive and pnegram’s Help
section is incomplete. Energy-10 is the only pragevaluated that provides clear strategies for avipg a
design’s energy efficiency. Unfortunately, the piaog is unable to display building geometry, makiteggyexchange
with CAD software impossible.

4.1.3. EnergyPlus with DesignBuilder interface

EnergyPlus includes innovative simulation capabdiincluding time steps of less than an hour, faydystems
simulation modules that are integrated with a bedénce-based zone simulation, and input and odguat
structures tailored to facilitate third party irfiere developmeritDesignBuilder is a third party interface developed
for the EnergyPlus simulation engitieThe evaluation examined these two programs asgtespiece of software.
At the time of this research, DesignBuilder is yet commercially available. The researcher utilibeth version
0.7 of the program for this evaluation.

EnergyPlus with DesignBuilder is the most satisfyof the four programs evaluated. Designed fortyse
architects and building service engineers, the ramgnakes the most of the EnergyPlus engine wihrtany
evaluation options given to the user. For examus&g EnergyPlus with DesignBuilder it is possitdeevaluate a
range of facade options for the effect on overngagnergy use and visual appearance. Also possitile
visualization of site layouts and solar shadingother attractive option is the ability to check émtimal use of
natural light, useful in modeling lighting contsy'stems and calculating savings in electric lightmn
Unfortunately, at this stage of development, DeBigjlder is unable to offer the user suggestiondrfgoroving the
energy efficiency of a design.

DesignBuilder is primarily a visual program. Theogetry of the proposed design is visible at alks.
This allows the program to export the building getnynto CAD software, specifically AutoCAD. Curréntit is
only possible to export geometry. Importing is fusictional at this time.

4.1.4. ECOTECT

ECOTECT is a highly visual and interactive buildishgsign and analysis tool that links a comprehen3iD
modeler with a wide range of performance analysigtions covering thermal, energy, lighting, anddihg™?
ECOTECT has an easy to use interface with commsintiar to those found in most CAD programs. The
researcher did not call the program user frieng&e(Table 1, above) only because of the large tiredidhe
program. Nevertheless, even casual users willthiglprogram helpful. Of the four programs evaldateCOTECT
is the only title able to fully support file exctgas with CAD software. Both the importing and exjpay of
building geometry is possible. However, as in thsecof EnergyPlus with DesignBuilder, ECOTECT duats
currently offer suggestions for improving the desgefficiency.

ECOTECT is the only energy modeling software exsadithat is capable of directly importing a STlefil
The program is also able to export a file in theMIRformat. This functionality allows ECOTECT to hige only
utility of the four listed here that is directly mpatible with rapid prototyping technology.



4.2 issueswith exporting to CAD

While both DesignBuilder and ECOTECT are able tpakbuilding geometry to AutoCAD, the result actdd by
either program is unsuited for rapid prototypingeTgeometry imports to AutoCAD as a wireframe obj€he
wireframe assumes the default lineweight valueeob zThis nullifies creation of an STL file becaaskneweight
of zero is the same as if the line did not existlatAs rapid prototyping is intended to createaatual product, the
STL file format only reads geometry in solid forthat is, geometry with a lineweight greater tharoze

Currently, the only solution to this problem is fbe user to manually assign a lineweight to each
individual section of the imported wireframe object

5. Recommendations

It is the belief of this researcher that the meddifh energy modeling analysis with rapid prototgptechnology is
worthy of further investigation. The evaluationexiisting energy modeling software programs provalesalth of
inspiration for future investigation. For exampdesoftware plug-in that enabled the results ofrargy analysis to
link with an existing CAD file might enable the CAg2ometry to update in real time as the analysignesses.
This would enable architects to easily comparestiergy modeling results based upon a specific @hasugh as
the effect of utilizing sunshades versus reorigntire building away from the East and West. Thisxactly the
type of scenario in which rapid prototyping will helpful. Modeling each of these will help the aretts and the
owner evaluate the two options.

For the research to continue, this researchenmme@nds the services of a software engineer. The nex
phase of this research will examine methods taextate the information from energy modeling progsand
synthesize that data with a 3-D CAD file. Additilpamethods of assigning a lineweight, or thickaes the
building geometry exported from the energy modefinggrams must be devised in order to supporttbation of
file types associated with rapid prototyping tedbgy.

6. Conclusions

Buildings designed using input from energy modebonffware programs enable designers to minimizetigegy
needs of a structure. Though traditionally utilizgdengineers after the design is finalized, usenafrgy modeling
software during the conceptual phase of a projentiges early feedback to the architect as thegdesdntinues to
evolve. Currently, several available tools encoardg early use of energy modeling. Unfortunatetghitects have
not embraced these products en masse. By fusingyen®deling analysis with rapid prototyped masshglies, a
new kind of tool is created. The visually orientedult of this process will encourage architectsse energy
modeling early, especially architects specializimthe fast moving area of sustainable design.
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