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Abstract

This research explored the use of rapid prototypimg tool for selecting the building compositiathvthe greatest
potential for energy efficiency. This researchraieed methods of translating the data gathered &pergy
modeling software to a format compatible with 3-4inpng technology. The growing public awarenekthe finite
guantity of natural resources available for powemearation has stimulated interest in energy modeliming the
design phase of new construction projects. Ensrggleling is a technical examination of the varialiteat together
create the energy requirements of a structuret rBssarch evaluated two energy modeling softwesgrams that
are compatible with rapid prototyping, Energy Bhith DesignBuilder and ECOTECT. This research fmxlion
the use of ECOTECT to transfer visual data contgi@nergy characteristics to the Z Corp Spectruth3l
Printer. The ECOTECT energy modeling program offerisual data which could be prepared for protatgpiThe
emerging software interoperability format greenlding extensible markup language (gbXML) was alsaneined
for its utility in performing energy analysis onilolings. Rapid prototyping holds the potential tegent the results
of energy modeling studies in a medium that impscaed enhances communication among all personb/ad/o
with energy conscious project.
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1. Introduction

Architects research building designs without arrgynenodeling professional due to the time and cass®ciated
with integrating another professional into the tesmd due to the specialized software required.offentation of
the building is chosen by using a massing studygiwis a study which examines the relative rolebuwfdings in
their environment; the orientation of the buildisgan important consideration because it canneatlteeed after
construction. The orientation and shape of thedingl is one of the first creative steps of the aech and according
to Dr. Larry Sass of MIT, this creative procesbést suited to a feedback comparing candidatesedimihg until
the most suitable design is achieved [1]. Rapidgtyping of building geometry offers an intuitiirgerface for the
creative process at the beginning of a projecsigiecandidates’ can be manufactured more easitglbly

improving the architect's design process. Thessipaymodels can then be used to refine the prdiesign.

The 3D models which architects create are cugrdrging used to replace hand-built models. Dubdo
flexible process of creating physical objects froemputer data, architects could extend the utiftyapid
prototyping technology to encompass other visutd.dbhis research focused on prototyping energyainagl data
on the geometry of a building.



2. Rapid Prototyping Through the Z Corp 3D Printer

The machine used for this research was the Z Cpegt8im 2510 3D Printer. The Z Corp 3D Printehtedlogy
was first developed by MIT in the 1980s. The primicess is shown in Figure 1. A corn starch asigr powder
is transported from the powder supply to the barga by the powder-spreading roller. The inkjetdhthen applies
a low viscosity binder to create the layer of a glodr'he printer head can also be used to appbr ¢ok directly to
the model, important in creating display modelssHuditive process continues until the entire nhiglereated.

The Z Corp printer offers a relatively low costechiane as well as low cost materials, although {fstesn is
not as simple as sending the proper data strasghetmachine. The Z Corp 3D Printer does necéssiast-build
processing using strong glues to fortify the ohjadabor intensive process. These drawbacks mafthe usage of
the printer to larger firms which can support thledr necessary to keep the machine running.
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Figure 1 The Z Corp 3D Printer Process
3. Energy Modeling

Energy modeling is an examination of the physitaracteristics of a building and how they relatéh®energy
characteristics of the building. According to theoBomist, buildings in the United States “... accdont65% of
electricity consumption, 36% of total energy usd 80% of greenhouse-gas emission” [2]. Energy niogés a
highly technical field and common practice is tal @h energy expert to the team late in the desigle avhen most
details are finalized. Figure 2 illustrates thisrkfltow, where energy modeling is positioned betwBeasign
Development and Construction Documents. RicharddisrDirector of the Natural Areas Sector at tim@versity
of Vermont, states that "not only do energy analgsiftware programs have varying levels of accyrdmy are
also intended to be used at different phases aek&n process; and require very different leeéksffort and cost"

[3].
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Figure 2 Current energy modeling workflow [4]

Therefore the programs with more complicated impguirements are used later in the design process
because only then are the proper variables defifteeltool needed for an architect at the beginstages of design
must run without all the variables of a final pratjeThis new workflow recommendation for integrgtimore
energy analysis may introduce new costs to a prdjeit according the United States Green Buildign@ission,

a body which advocates energy conscious desigms,2% increase in construction costs required liteae a
LEED gold rating typically pays for itself in lowieg running costs within two years.”[5]. LEED is anergy usage



certification process which requires energy modgtia one of the first steps. There are multiplegatfor the
LEED program, gold is the second to best with plati being the highest achievable rating. The impneents due
to energy modeling are logical because withoutg@nanalysis feedback the architect does not havedlcessary
information to research energy conscious plans.

A revised workflow would involve an architect hagidirect access to energy modeling tools. Figure 3
illustrates the positive feedback loop which woalldw an architect to refine and improve the energy
characteristics of a building. One example: théigect might examine the building orientation dgrihe winter
and summer to determine how the building perfomthié extremes of weather. For this desired feddloap, the
position of energy modeling from Figure 2 shoulsté&ad be positioned under the Schematic Desigrephisre
the energy modeling feedback can affect the bugldidesign. All tools are not applicable to thigised workflow,
however. Richard Paradis has also said thattherdprograms] such as DOE-2 and BLAST requireanoput
time and detail. Consequently, they are generabgnved for later in the design process when meshjitactural
decisions have already been finalized."[6] Deteingjrthe proper energy analysis tool to use is agead of this

research.
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Figure 3 Proposed generative feedback loop
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4. Combining Rapid Prototyping and Energy M odeling

The goal of this research is to combine rapidgiyging and energy modeling into a spatially retgva
model which emphasizes the energy characteristiastructure. Rapid prototyping was used to bthielmodel
because it offers architects a time and qualitgai¥e method for manufacturing building modelse Thodels are
built without human intervention and are built be tspecifications of the data file. Dr. Larry SeMIT has said
that through the use of rapid prototyping technglarchitects “will be empowered to create artificierids
(Simon 1996) of many physics scales, evaluatingufsarured ideas and engineered solutions with nsdoleilt of
paper, plaster, acrylic and resin” [7]. The ardttiteill not be encumbered with the manual creatibthe model but
instead create the model from CAD data. Sass Hawedahe physical representations of design agnat to the
creative process because of the ability to exasatial relations. By lowering the barrier for dieg this spatial
relationship the architect will be able to creageale model, empowering them to research possévkions
through an intuitive interface.

A physical model with color encoded data applethe surface of the structure would allow an aechito
apply more creative energy conscious design patt&roh as brisolées and building orientation alaavefor
positive feedback. Armed with the proper informatighile researching a building configuration, tinehétect could
modify the building as needed to achieve decreasedyy usage. Using this approach to researchingi@ng
configuration, the exterior of the structure igtod most immediate interest. This research willfprimarily on
examining the exterior of a building, specificadiyidying the building to determine the levels aflght exposure.

5. Energy M odeling Packages

Determining which of the many modeling package Wwhiould provide the necessary tools for creatingaal
representation was not a trivial task. One of thdifigs of a joint report between the US DepartnadriEnergy,
Energy Systems Research Unit, University of Wisaedadison and National Renewable Energy Laboratory
study of energy analysis tools was that “the sitmmfacommunity is a long way from having a cleardaage to
describe the facilities offered by tools and théties that are used to define simulation modef§” [Energy
modeling software packages do not announce the& efuse, an important consideration for an agchivho has
no formal training for using energy analysis softsva

5.1. Green Building Studio



The first software package investigated was the@Ruilding Studio gbXML software extension. Thaftware
extension is novel in that it provides an easyd®e imterface from Autodesk Architectural Desktop{A to a web-
server based service. The gbXML software extensamslates the CAD information into a gbXML datausture
which is sent directly to Green Building Studiotsadysis server. From the server, the gbXML is pesed into
data DOE-2 can process. DOE-2 is an energy modsiiitg developed by the United States DepartmeBnefgy.
This tool does not interrupt the standard workflofvan ADT user because it is a software extensiol to
interface with the native data objects in the CAdiEbnment. This research only examined the plugsiused with
ADT release for 2006.

The Green Building Studio service does exhibiitétions. The building geometry can on occasiaver
to lose surfaces such as a roof. Lacking a roefstimulation will produce meaningless results. Emascurrences
were difficult to reproduce, despite defining ropér ADT documentation. This inconsistent and stamdard
error makes the Green Building Studio a poor chfocgerforming quick analysis while researchiniguading
design. The geometry problem would force the agchito either discontinue energy analysis and foingdoenefits
of feedback or alter the design to produce an gnenglysis compatible file. The utility of this D&@Eoutput was
also not directly pertinent to the final goal o$walizing the energy characteristics because ttibwas primarily
given by tabulated data.

5.2. ECOTECT

The ECOTECT energy analysis suite is actively urtdelopment by Square 1 Research of Perth, Aigstral
ECOTECT offers both visual output from energy maaghs well as limited CAD development functionalit

5.2.1. importing geometry for analysis

Methods of importing data from ADT 2006 were attéedp The DXF file format was successful in that al
geometry was transferred, although there was aaa@ssary increase in geometry to describe thecas:fa his
increase in geometry is demonstrated by the damwstirigure 4. A simple building with only five ws| one
window, and one door resulted in excess geometyral the windows and doors. This unoptimized fieansould
potentially increase the analysis time of the mddelause, in the case of the solar radiation seafh face of the
object is individually analyzed. With increasedda comes increased analysis time, thereby raisenbarrier for
an architect to run many consecutive analyses. s€éhend method attempted was by using the recomBignd
Studio file format. This format also had the irased geometry problem found with the DXF file fotma

Figure 4 Imported Geometry of Door

The increased difficulty with transferring datarfr outside software into the ECOTECT environmeat$e
this research to propose that ECOTECT be usecdtdabinning of a project to run quick analysese gaometry
should be defined used the native ECOTECT toos/tod potential problems associated with extrangmasnetry.



5.2.2. using the native ECOTECT CAD tools

The benefits of using ECOTECT are that calculatiores are reduced and the desired visual feedisguioduced.
For this research, a massing model was create@@ITECT, as seen in Figure 5.

Initial design sketches were run through an enenggleling program at the earliest stages in design.
Energy Star, the joint program of the US Departnodiiinergy and US Environmental Protection Agency,
recommends that a project begin with energy modetirmind [9]. ECOTECT offers a visual feedbackiethSass
found important for the creative design proces$.[IDombining conscientious energy usage with dreatesign at
the beginning stages of researching a buildingssatteristics will remove the necessity to makedrtamt design
changes as the design is being detailed.

6. Rapid Prototyping Energy Modeling Data

The ECOTECT energy modeling program was useddatera massing model study. The massing model
without energy analysis is shown by Figure 5. A sirag model examines the interactions of buildingadarge
scale. Combining energy modeling and massing matitsonstrate the self-shading properties of a imgjld
system. This energy analysis can be seen in Fjureich illustrates an incident solar radiationdst done on a
model position in Las Vegas, Nevada. The time ehder the analysis was an hourly average throhgh t
afterrrrwénon during the summer months. A brighteocaidicates a higher incidence of solar radiatioanits of
Wh/nt.

Figure 5 ECOTECT massing model

Figure 6 Massing model with shadows and incidelsrgadiation

Of interest in Figure 5 is the cylindrical builditbecause it shows the more discrete analysis. The



rectangular buildings convey a limited amount ddfmation because the value of the incident sa@dration is
averaged across the surface, thereby glossingamyechanges across the surface. The cylindrigldibg offers
more discrete surfaces because the surface isxap@ted using multiple rectangles. When the analigsdone,
each rectangle receives its own value for the gna@nglysis. The cylindrical building in Figure 6rdonstrates the
gradation which would be expected. The rectanglgish are most exposed to the sun would be brighted as
that value decreased their color would follow. Bhadows shown in Figure 6 illustrate the self sigd
characteristics of this building system. The emteaof the right most building shows a low incidewn¢ solar
radiation because the cylindrical building is blimgkthe sun exposure.

6.1. Rapid Prototyping the Massing M odel

The color coding of the polygons is important hesait is included with the geometry data through t
VRML tool in ECOTECT, allowing this information toe exported in a useful format. VRML is the virtuaality
modeling language and it is compatible the MateséaMagics rapid prototyping preparation softwaféie Magics
software allows for the correction of problemshie ¥VRML data file and it also helps with maniputatiof
geometry when the geometric data contains errorthd case of Figure 6, the buildings were nothtd to each
other, thus when built in the Z Corp 3D Printentheould have been separated. Adding a base tmtfte| using
the Magics software created a single solid whiclildidold together after the printing was done. Tihal
prepared data file was then prototyped on the HpGgrectrum 2510 3D Printer. The prototype cre&ieah this
work is shown in Figure 7.

Figure 7 Prototyped Model

6.2. Rapid Prototyping the Analysis Grid M odel

To continue the research of this massing modelgthand level of the model was examined to detegrtiie
shading effects of the buildings. The buildings owlty shade each other, but also create a shaditeyp across
their common ground. This calculation was performsithg the ECOTECT analysis grid utility, createngnesh of
pseudo surfaces. As seen in Figure 8, these pseuthwes exist in ECOTECT without volume, theyserinly as
surfaces against which to run a calculation. Tiysis grid shows a higher incidence when thermibuilding
between the face of the surface and sun. ThednciEdecreases as the buildings create a shadirgypacross the
surface. The areas of lowest non-trivial incideaceur in areas directly out of the sun's view.e Tivial case
would be directly underneath the building wheredhe will never be cast.
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Figure 8 2D Analysis Grid

The mesh seen in Figure 9 can become a more ustirface when the color scale is integrated thjrec
into the presentation. This alteration can be peréal using the ECOTECT 3D plot tool which usesr#iative
color scale to determine the vertical positiontaf analysis grid square. The brightness of theragtermines the
vertical height of the analysis square. Thus, tloeigd in this system becomes a 3D mesh. The sn3isurface is
due to the quality of the gradation. This 3D scefaffers a more intuitive model for the architiecevaluate
because it helps to show trends much like a toptgeal map. The color is no longer a simple imdge rather a
piece of information integrated into the overalldab The 3D analysis gird show in Figure 9 off@nsintuitive
idea of the buildings as solar radiation sinkspasideration when determining loads on buildingherground level
due to incident light.
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Figure 9 3D Analysis Grid




Figure 10 Comparison of analysis grid model andnadmodel
7. Conclusions

The 3D model can be used creatively in the infggkarch phases of a building’s plan and as aim &gk project
proposals. As Dr. Gerard Ryder, senior lecturanethanical engineering at IT Tallaght Dublin, etiat'models
allow those without an understanding of the infatioraconveyed in 2D technical or building drawingdetter
understand the design and communicate design irjigljt Using physical representations of energydeils, the
decisions makers will have an intuitive interfagtithe building characteristics. With more inttétmodels
displaying energy characteristics, it is hoped thate energy conscious designs will be implemented.

8. Recommendations For Further Research

Future work on this subject should include a revigunteroperability formats for CAD packages ame gy
modeling software. This work would resist removthg architect from their usual workflow. More qolinated
energy analysis should also be attempted as bgildizterials were not examined in this researchudyg

building materials, it is hoped that further resbawill yield more accurate results. Further wodkild also be done
to reduce geometry detail upon import into ECOTEQhis work could allow for the building geometrytie
analyzed in a timely fashion.
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