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ABSTRACT

Trade spacexploraion andmultidimensional dataisualizationtools have been
devebped to facilitatelesign decisiommaking in an interactive envinment. Trade space
explorationrecognizes thanportanceof subsystentradeoffs sincedifferent domains that are
involved in complex engineering systatesignusually haventerdependentr evenconflicting
interrelationships. Building system design,aespecial case afomplex engineering system
design, requires decisisto be adaptivelyleveloped throughoutlong timespan to incorporate
changing information, as well as to fully explore tre@espace in anfécient manner so that
alternative futures are included in the proper planning scenario.

This thesisand the research behind it, provides a method to incorghettade space
explorationprocessnto the early design phase for advanced energy remafjects for buildings.

It usesa developed list of Energy Conservation Measures (§@kd their combinatorial impact

on the energy and cost performamadter icentifying the dependency matriX.potential retrofit
building isused as a test bed foighmesearchvith the aid of an existing energy simulation
application.This case study is used to illustrate fiecess andalue of this approach. Benefits

of thetrade space exploration procésslude: (1) identification of the drawbacks of traditional

6 r sdf-te h u mibilding design, (2) sufficient and rigoroegaluationof thetrade space for
building energy design, arits impacton future needs, contexts, and timelines, (3) identification
of 6opt i malsaswelieas dominated degignsoand their distinguishing features, and (4)
an automatic tool for evaluating building system design performance in a interactive visual

environmento facilitatedecisioamaking.
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Chapter 1

Introduction and Overview

1.1 Motivation and Objectives

Advanced energy efficient building retrofitsquire an efficient and cesftfectivedesign
evaluationphaseFor engineeringproduct developmentle Weck et al(2010)arguethat the
design phasdsawe the geatest freedom and yet possenssleast knowldge about the target
system it wishes to definBifferentfrom traditional mechanical or aerospat®sign approaches,
building energy design for retrofit projects usually involves enenggleling whichoften relies
heavily onassumptiongPecific Gas ancElectric Companyet al, 2007) and6 r siofteh u mb 6
(Prattand Bosworth2011J). In thebuilding energy design domain, design options are usually not
fully explored due to theost and time required to develop simulatitorsall possible
combinations for a vast numberinput parametersThis is becausbuilding design involvean
overwhelminghumber ofvariables from both inside and outside of the buildargithese
parameters are usual hdfferenbbuildidgdocated in & differenhplace s e n s e
may have drastically different inputs.

This thesis, and the research behinexploresa methodology tosetrade space
exploration for building energy retrofitesign tdfacilitate design decisiomakingin an adaptive
and automated way.sfopposed to thigaditional mechanical design domaithprovidesinsight
into building energy design from a systematic aspect, irarating subsystentradeoffs and
designconflicts.Instead of previous methsdf usingparametric sensitivity analys{Sanchezet
al., 2012 or astepwise factor selection meth@cee et al, 2010, this methodenables

comprehensive comparisons and visualization of Energg&eation Measure (ECM)
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combinatios in order to presibe optimal design scenasibased on energy efficiency gains and
associated lifeycle operating cost3 hisiterativemethod enables decisionakers to develop
their preferences along the wagnew informations obtained and to explore a specific and
narrowed trade space in the next level of exploration.

Figure 1summarizes the currensises in building energy design. The first design
dilemma is associateglith largescale parameter sdgtd.S. Department of Energy2013) which
suggess that researchers capture hourly weather file plus Building Description Language input
describing geographic location and building orientation, buildingrizds and envelope
componentspperating scheduleas well as several other imfoationfor whole-building energy
analysis with DOE2 to make sure a gap is bridgaetween the assumptions and actual
conditionsand that thesimulated model can produce consist&sults as to actual scenaria
acquire such comprehensive informatismather difficult considering that buildings vary from
type to type as well as from location to locatidhe second issue ike conflicting objectives. To
further analyze engineering system designs, it is critical to recognize the conflicting objectives
from a large set of output consideratioRer building energy modeling, a few commonly used
objectivesinclude lifecycle cost, energy performance, and complexity of maintenanc

Borrowing the concept of goal programmir&chniederjansl 995, it is raher important
to then construct a hierarchy against the identified set of objectives and to understand which ones
are prioritized and which can possibly be relaxed in order to improve the scenario from a high
level perspectivelhe third issue involvesgroup decision scena in which different decision
makers tend to have discrete preferred regions. This is often the case in complex engineering
system design because a design solution often involves multidisciplinary domain experts who,
with their domairspecific experience, tend to develop discrete dfgiseference regions. In
order to achieve the goal, one critical step is to identify different setmefderationand

priority hierarchies. /&so importantif looking back at the first conceris categorizingcommon
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parameterghatare presented inigtrete design regions and thus can be leveraged as a bridge
across the multipldisciplinary The fourth issue related &xistingengineering product design
optimization problemis the adaptive information environmeAs mentioned at the beginning of

this thesis, one dilemma that decisimakers have to face is the uncertainty of information. At an
initial stage of engineering design, people are equipped with the most decision flexibility, and yet
theyhave captured the least informatittien An idealdesign process should enable a rather
flexible exploration and evaluation process which, in other words, should enable people to change
the preferences, modify the direction of exploration, set different metrics, and to fix variable
values as new infmation becomes available. fifth issue is the expensiveness as well as the
efficiency of explorationin reatlife environment, it is usually critical to make a first decision for
engineering product design ¢stablish the computational expeps®plewould prefer the model

to run as. Theomputational expensndthe efficiency deterrmes the time of the evaluation,

which will determine the possible fidelity of the models. It is often true that high fidelity models
will imply more accurate and unbiased madglresults, but they are usually costly in terms of
computing time as well as monetary investment. To choose a proper model, not the most costly
one is concerned with all relevant design decisinakers The last issue of current engineering
product degjn is he generality of design exploration and evaluation model across different
industries. This thesis sits in between two fie{d3mechanical/aerospace engineering design
and(2) building systemenergydesign. To use this as an example, it is faddgy to understand

the possible distinctions across different domains, and thus, it leaves a lot of space to understand
that a trade space exploratiprocess needs to be a generic ane should reside on the

similarities of different industries.
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Figure 1: Issues of Building Energy Design Optimization

1.2 ThesisScope and Objective

This thesis is targeted at proposing a trade space explopatioess fobuilding energy
parametric design to avoi d-oftthheu ndoréa whoa c kbsu i d fd i dnag
design, and to propose an efficient and effective design alternative evaluation mefinatirfg
optimaldesign optionsThe mainobjectives othis thesisare (1) to relate the complex
mechanical engineering design optimization methods to building energy parametric design; (2) to
propose an automated and efficient trade space explopatioasgo facilitate design decision
making in an interative environment(3) to demonstrate the userntilti-dimensionabata
vi suali zation and dsdntrade spacd exgdaatiogh)tqprescgbé anc ont r
optimal building energy retrofit design option in terms of epertiity consumption andost;

and (5) to define futurectivities needed to expand the procpssposed in this thesis.



1.3Thesis Overview and Outline

Thethesis is structured as follows. Chaptgr@sents a literature review on trade space
exploration method building energymodeling andengireeringdesign optimizatiostudies.
Chapter 3 assesses the optimizability of building energy retrofit design by presenting the
similarities and differences from traditional mechanical design. Chapter 4 preptoses pace
explorationprocess fobuilding energy retrofit desigoptimization;including in the analysis are
the building decomposition and dependesitycturesas well as energy simulation model and
cost analysis model. Chaptepf&sents aase study on Blding 101in the Philadelphia, PA
Navy Yardenergyretrofitsand utilizesATSV and product design optimizationitentify the
optimal Energy Conservation Measures (E§Nbr Building 101at the Navy YardChapter 6

summaries the thesismd discusses itgilitation as well asuture work



Chapter 2

Literature Review

This chapter presentiserelevant existingvork on trade space exploratidsuilding
energy modelingas well as decision support tools tmmplex engineering systerapalysissuch
astheDesign Structure Matrix. Time Section 23 introduces a typical trade space exploration
approach and thepplied Research Labrade Space Exploration Visualizer (ATSV) tool.

Section 2.4ummarize thelimitationsidentified in this review.

2.1 Existing Wak on Trade Space Exploration

Papalambroand Wilde(1998 suggesthat the design process must contain recognition
of need(problem definition) act of creatiorfsynthesis)s t udy of confi gurati oné
(analysis)and selection of alternativégptimization) He defined design optimizatianformally
butrigorouslyas a combination of: (1) selection of a set of variables to describe the design
alternatives; (2) selection of an objective/critenem seek to minimize or maximize; (3)
determinatbn of a set of constraints which must be satisfied by any acceptable design; and (4)
determination of aetof values for the design variables while satisfying all the constraints. To
express in formal mathematical models, a generic design optimizatioleqproan be defined as:

Min f(x) (1)
Subject toh;(x)=0 g(x)<=0
ha(x)=0 @(x)<=0
é é
hmi(X)=0 gn2(X)<=0

and xN mPsin



wherex=(xy,%,, € X belongs to a sube tof the ndimensional real space.

deWeck et al. (2010fdefinedesign optimization as a process of finding a system design

that will minimize some objective function. The objective function caav®ztorcomprising

measureof system behavior (6performancefelc) resour

or ri sk (6st a.lEktdnsive studyrhas bgen focuged on Multisciplinary Design
Optimization(MDO), yetit is beyond the scope tfis thesis. For fither work regarding this
topic, Martinsand Lambg2013 providea rather comprehensive survey on Multidisciplinary

Design OptimizatiogMDO) architectures and optimization frameworks.

Trade space exploration serves as a method to explore the design space and to visualize

the designs in plots such as glyph plots and parallel coordinate plots. It is critical to understand

the concept of trade space exploratiRnssand Hasting$2005) déinetradespacea s At h e
spanned by the completely enumerated design variables, which means given a set of design
variables, the tradespace iTmdebgam@lergtiandsdhe o f
exploration and evaluation die trale spacewhich involves trad®ffs among its relevant design
variablesFor the evaluation procedwjo existingconceptsarerecognized(1l) point-basel

design and2) stbased desigriinderstanding that thexplorationprocess is dynamic and
complexcontinuous decisiemaking procesthatinvolves multiple decisiostages with different
levels of information,onetypical method is to set a baseline design which usually comes from
previous experience or developed concepts, and then to provide alesmatmparisong&ach
alternative is evaluated one at a time until designers arrive at a design that satisfies all the
designing constraint3.his method is usuallseferredto as6 P o-BagetD e s i (Bemstein

1998. This method has major drawback. Wn the last design optigeneratedioes not meet
all constraintsthendesigners simply have memainingsolutiors. They arethen forced toestart
from the beginningwhichthus resuliin hugeadditional costand time consumptiorsetbased

design addresses the exploration problem in a different 3@yek(1997)recognze the

spac

poss
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properties obetbaseddesign as understaing the design space, integratimgintersection, and
establising feasibility before commitmenSetbased design allowké designers and other
decisionmakers to develop an initial set of design space based on predefined parameters as well
as the limited informatioat the time the initial decisiois made.lt narrows down the design

space as information becomes more avéldoring the engineering design phase.important
advantage ofet-based design is that it enables people to fully realize the changeability of design
information.Hence, sebased design generates more unbiased design solutiamder to
realizeset-basel design a fully exploredradespace must be accessibltae computational tools
thatenableefficient and effective trade space exploration becari@sal, especialy in complex
engineering system desigrherelarge set of parameters are to lbensidered

Another relevant concept is Concurrent Engineering (CE). Concurrent Engineering is a
work methodology that is based oargllelization of tasks and is often referred to as
multidisciplinary produtdevelopmenfRosenblatt and Watson, 199Toyota proposedet
based design and concurrent engineering methodology in order to explore a broader space of
product design while remaining a relatively short design lead time because it approach the
complex engineering design problem from all possiblaalas, and to develop a set of all design
possibilities(Shingo, 1989 Realizing that changes might occur, this approach helps avoid major
reworkbecause it forbids rejecting any alternative in an early stage. The concept accurately
determines the development status by narrowing down the set of possibilities asfonoration
becomes available (Sohek al, 1996).

Simpsonetal. (2008 charaterizethe trade space exploration procesa dspping
processvhen deaionrmakes identify what they wanwhile they are looking for ita negotiating
process when decisiomsvolve multiple decision makers with conflicting motives and diee
experti®; and an iterative nppcess when trade spaeeplorationdevelopanore depth and detad

more information is exploited and more knowledge is gained.
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Ross et al. (2004) introducatility theory into the proced® providea common metric
that can be easily communicated throughout the design entefiresealso discuss the
application of multiattribute trade space exploration as a front end for effective space system
design. In the papethetrade space exploration methis used to improve quality of
communication, and to facilitate the transfer of knowledge of important drivers of space system
design. He argues that this method amelisréte high level of ambiguity present in early design
phases oéerspace systemand thus, reduces long and costly design cyBless etal. (2005)
extendthe concept by incorporating uncertainty, system flexibility, sustainalstigtability,
spiral development, and policy robustndgsberts etal. (2009)discussscenario planing in
dynamic multiattribute trade space exploration. Some ottoeel methodsredeveloped for
guantitative analysis of alternativésr examplePynamic MATE uses trade space networks to
design for and quantity changeability. Epdeta Analysis (EEAronsiders the impact of short
run and long run context and needs changes on the success of siRatdars€t al., 2030
Responsive Systen@@omparisorMethod (RSC) uses MATE, EEA and other approaches to gain
insights into vlue robust systems developmé¢Rbss, et al., 20Q9Valuation Approach for
Strategic Changeability (VASC) provides framework and metrics for changeability valughin bo
multi-epoch and era domaifiitzgerald, et al.2012. Finally, Epoch Syncopation Fngework
(ESF) investigates how epoch ordering and change strategies affagtaindesign change
decisiongFulcoly, et al, 2012).

One critical issueegarding trade space exploration is how to put hufbaok in the
loopo f or adapt i v(8impdarand Martis201Mankierstarding that people
make better decisions when visualized materials are presented, several visualization software
tools have beedeveloped to provide aid theautomated process exploration.For example,
ATSV is developed by the Applied Research Lab (ARL) at the Pennsylvania State University.

Simpson et al.(2008 proposehat ATSVprovides a visualizednd intuitivedaa environment
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thatallows design decisiemakers to shop for preferred design solutiong,iaservesspecially

for multi-objective design optimization problen&ump etal. (2009)discusshe steerig
commands in ATS\Ythatallowd e si gners to &6steer 6 the optimiza
the best, or Pareto optimal, desighkis suggestamore reasonabl@ o pt i mal 6 sol uti on

creates an interactive shopping environmentitierentdomainexperts

2.2 Existing Work on Building Energy Designand Modeling

Building energyretrofit design, however, differgreatly fromtraditional engineering
productd e si gn. T h e ruldsefitiumb ntizeronstrictiodindustry leaves little space
for designprocess improvement and optimizatidmaditional analgis forbuilding energy
efficiencyperformancaisually adopts conditional mean model or parametric sensitivity analysis
(Sancheget al, 2012) Lam, etal. (2008)gather electricity data for office buildings in subiiezgb
Hong Kong and parameteriiteon ten key design vaables for sensitivity angsis. Siddharth et
al. (201]) use abuilding energy simulation to study some of the combinations of critical
parameters and their impact on annual eneapsumption (AEC) and cost. Thaged genetic
algorithms to generatiis database andstatisticalfit was formulated between the system
variables and the response variableé§. Department of Enerd2013)providesa list of whole
building energy analysis tools available. By subject, they can be categorized into: (1) energy
simulation, (2) load calculation, (3) renewable energy, (4) retrofit analysis, and (5)
sustainablegreen buildingsThese methodgrovide sufficieninformationaboutfactor
significance which helppractitioners to put more focus on some of the more influential ones
however they fail toconsiderthe dependencieskclusivenesamong thalesignvariables

Moreover,a comprehensive set of design combinationsbbabeen studied before drawitige
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final optimal prescriptionThis yieldsa final recommendatiothatmight be biased due to the
sampling bias as well as an unrepresentative starting point.

In order to identify the dependencimsd tradeoffs that exist among stdystemspne
has to learn the principles of systeecompositiorior buildings.Geyer(2009 exploita
componenbriented decomposition fddultidisciplinary Design Optimizabn (MDO) in building
design. He argudbat special setup of optimization model shoulétepted considerinte
uniqueness of buildings. Thayglopted the component scheme following the Industry Foundation
Classes (IFC) as a commBuilding Information Model (BIM) standard in order to allow a
seamless integration into an interactive desigegssThey proposa systematiperspectiveon
the building systerthatconsists otructural, architectural, lighting and epoient, HYAC,and
envelop suksystemsUnited Technology Research Center (UTRGhsiderdour subsystems
that are ideftified tobe most contributable to the energyfpemance of retrofit building: (1)
Lighting and Equipment2) Envelope(3) HVAC Terminal Side, an4) HVAC Supply Side
(Desai, et al., 2012For these recognized subsystems, a total of 45 Energy Conservation
Measues (ECM) arespecified andtudied.This thesis, and the research behind it, uses the same
set of45 ECMsto demonstrate the proposed methodology anmcbhsistent with the energy
auditing task.

After buildingdecomposition, it becomes inevitable t@ze thedependency
relationships among stdystems. Twaoolsthat facilitate this work are Decision&&(Rahman
et al, 2012 and Design Structure MatrigBrady, 2002. A decision tree is a decision support tool
that uses a trelike graph to modetlecisions and their possible consequences, including chance
event outcomes, resource costs, and utilgsign Structure Matrix (DSM) has been widely
adopted in system engineering and engineering design because it effectively helps capture the
essential xclusions or coupling relations of sslgstem or component&ppingerand Browning

(2012) argue that a DSM facilitates the deciswaking by clearly identifying the processes,
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information, products, and organization of complex engineering systéragiegndency matrix

in Chapter 6 of this thesis borrows the concept from both, but it is not identical to any.

2.3 Typical Trade Space Exploration Approach

Simpson et al.(2008 statethat a typical trade space exploration approach consists of
three major steps: (1) building model, (2) running experiments, and (3) exploring the trade space
as shown in Figure. Building the model includes assembling simulation model and sampling a
large number of (1,000+) design points. The modeling process is subject to equaaific rules
and analysis. Running experiments involves a more targeted exploration of the trade space. Often
times, the total number of design points of interest will be lyreeduced after imposing domain
specific rules, and this gives an opportunity to focus on a narrower region of the trade space and
to augment each design with geometry and related information. The exploration stage often
involves identifying trends of ietests, applying constraints and optimg the objective
performance, and visualizing preference structures and Pareto frontiers. This is a particularly
i mportant and usef ul p-im-theleo dopedc athakioeg. S itormrenabl es
Understanding thaieople make better decisions when they are presented with existing design
options each with respective enumerated performance matrix, it is to be expected that people
develop a set of more targeted and specific requirements which, in turn, often reewesrin
iterations and reduced cost. Thipe of a posterios e | ect i on procebPesigni s gi ve
by Shopping Bafling, 1999 . Specifically in ATSV, a O0shoppir
advance sampler: preference samplers, Pareto sangpldraftractors. Brushed controls are also
avail able whose specific applicat ideaussed sextwe | | a
For most of the cases, experiments are run as simulation models. Physical experiments

can be a feasible way tibtain design data, but due to the expensiveness both in terms of time
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and money, it is out of the scope of this thes
case would be to find or construct mathematical functions for input parameterearabjective
functions. For the Basic Sampler in ATSV, uniform, triangular and normal distributions are
among the most explored distributidinssample the input spad@bviously, the user needs to
speci fy at the very be g itsinhe éxplayatidn proceséte Beog nsi v e 6
assigning a total number of initial basic samples. It is recommended to start off with more than
1,000 points, but the appropriate number depends on the features of specificsimeodio
study, and the cost constraror running the experiments, as well as availability of
computational capability. For other cases where a static physical function is not available,
domainspecific simulatioomodelsare often deployed in order to obtain the objective results for
their orresponding input environment.

Data visualization provides a tool of using demonstrated data forms to enable more
perceptual data interpretatidrriendly and Denis (200Hefinedata visualization as the study of
the visual representation of data, megriinformation that has been abstracted in some
schematic form, including attributes or variables for the units of information”. For such a
collaborative decisiomaking context as trade space exploration, it is importantilive a
visualized enginéo allow designers to explore multidimensional trade spaces to understand
relationships between variables, visualize the feasible regions, and to help them adaptively form
and change their preferences for optimality.

In terms of multiple objectives, coidting in most cases, the decisioraking usually
involves multiple parties from different domanvho share divergent motives and carry different
considerations. What happens in most of the cases is that each individual dweilsémrend up
with distanto o pt i mal s et 6 regiomdan lmedound.nStumgtah @Q0S)introduce
the visual steering commands of ATSV to support multidimensional visualization of the

exploration process. The advanced fAsdmplipgpi ngo p
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engines, attractors, as well as brushing control. The visual steering can be categorized into three
major functions: (1) to explore around a point of interest, (2) to explore within a region of high
preference, and (3) to brush off couritgteres region.

Attractor command enables designerseaarch neaspecific existing design poingnd
then toidentify more samples around thefihe yt ness of e a Gpeshbasad s ampl
on the normalized Eucl i ddanensiondlipan{Stumpeeeal, 2009p. m t h e

Chapter 5 demonstratthe specifics of attractor.

Fithess= B (2)

A Pareto Frontier is a set of nolominated design pointsotov and Miettinen 2008
describeechniques for visualizing the Pareto optimal set that can be used if thebjedtiive
optimization problem in the framework wiultiple-criteria decisionmaking MCDM) and
evolutionary multiobjective optimizationEMQO) approaches. They also discussed visualization
techniques for convex multibjective optimization problems based on a polyhedral
approximation of the Pareto optimal set as well as for poige approximation of the Pareto
optimal setThe Pareto samplesas the Pareto Differential Evolution (DE) algorithm developed
by (Storn et al.,1997) which is proved to be a robust evolution algorithm in trade space
exploration. Chapter 8emamstrate thespecifics of Pareto Sampler.

Preference Samplenables designers to develop and select their preferred objectives
before more data points are generated for a specific region. Chajaeohstratethe usage of
Preference Sampler in more det&in the other hand, to brush out cowt¢éerest designgne
can use the brushing control in ordentanuallyremovethe ill-performingdesign optiongn
further samplingorocesse§Stump et al, 2007). Brush controls also allofor imposing
constraints throughout the exploration process to provide more teoeflactions to incoming

information.
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All the aforementioned controensure thaturther desigrexplorations arguided into a

morespecific yet smaller regionnd that further designs will incorporate more information as

they become available alotige way. This greatly reduséhe cost as well asnsureshe

efficiency and effectiveessof the trade space exploratiprocesswhich is especially important

in simulationenabled design evaluatidfigure 2 demonstrates a typical trade space explaratio

process.

-

2.4 Limitations and Summary
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Figure 2: Typical Trade Space Exploration Process
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This chapter reviews the existing work bathirade space exploratias well asuilding

energy modeling and desighhe limitations of eisting work, or rather the perspective that

existing work has visitets the combinatorial of both domains. Understand from the existing

works, one impotant common featurior all trade space exploratigmactices is the parametric

featureof thedesig variablesVast options foN parametesinvolved in the an engineering

productform a N-by-N matrix, whichresults inO(N?) total computational complexity, and thus

Proc
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calls for an efficient and effective method in order to explore the whole ramgssible

solutions that the variability of the initial parameters may allbis thesis proposes a method to
adopt trade space exploratitimbuilding energy parametric design to enable an efficient and
automated design alternative evaluation processtca@dentuallyidentify optimal design option

based upon user preferengesn interactive decisiemaking environmentn the next chapter,

an assessment of optimizability of utilizing trade space exploration on building parametric energy

retrofit design is discussed.
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Chapter 3

Assessing theéptimiz ability of Building Parametric Energy Retrofit Design

3.1 Introduction

The interdisciplinary nature of this thesis suggests that both the enabling method as well
as the application domain be discussed with importance imposed on the combinatorTdligrea.
chapter starts bgliscussinghe generality of the trade space expiioraprocessacross different
domains. Then a comparison analysis is conducted between parametric building retrofit design
and traditional mechanical design with simiiaa$ and differences stated. The last pasesses
the feasibility of adopting trade space exploration on integrated building energy design

optimization, in other words, the optimizability of building parametric energy retrofit design.

3.2 Generalities of Trade Space Exploration

Understanding the domatn-domain differences will certainly facilitate the
implementation ofhetrade space exploration method, yet important to identify the
generalities of the method itself. Wide applicatiohthe trade space exploration methale
been presented axss different domains for the design of complex systems such as ailésmob
aircraft, and spacecraft as discussed in Chapter 2.

One important feature of all previous case studies is that the design problem is
parameterized or cdre modeled in a quatdiive mannerFor mechanical component design,
spacecraft design as well as structural design that involve clear quantified parameters and
variables, trade space exploration serves as a generalized approach. However, for building energy

design it can bedifficult to enumerate variables or parametarsd to consider them from a
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purely quantitative pspective. The next secti@malyze the special features bfiilding energy

retrofit design andhen continusby looking at some similarities and the optiaidity.

3.3 Comparisons of Traditional Engineering Design Domain and Building Energy Retrofit

Design Optimization

Before comparison, it is important to understand the defining scope of building energy
retrofit design andraditional engineering desigRacific Northwest National Laboratorg2011)
categorizes building retrofinto: (1) standard retrofit measurédsatprovide costkeffective and
low-risk efficiency upgrade options including equipmerystem and assembly retrofits; and (2)
deep retrofit neasures require a larger upfront investment and may have longer payback periods
thanOperations & Maintenand®&M) or standard retrofit measur@hey alsadeveloped a
table of deep retrofit package measures. Deep retrofit measuseyaud the standaretrofit
packages because they affect more system types, and the level of retrofit isTdezpeope of
this research is focused on deep retrofit approaches where multiple systems may be redesigned
and altered in the retrofit process.

A generaimethodfor conducting energy retrofit design is tlwate or moredesigners
identify potentialretrofit measures in a specific buildirend then they analyze the potential
performance impact through some form of energy simulation. While detailed energy modeling
and simulation is not always performed on a retrofit projects, when it is, the mechanical engineer
is typically working sideby-side with the architect, lighting engineers, cost estimators as well as
project managerthroughout the process to make surerdisofit work proceeds smoothly
however, additional considerations remaivhen evaluating whether to embark on a deep retrofit,

one has to asss the current situation of the existiguipment, the usage of the building,



19

occupancyschedulesand whether or not the projeaxzn be retro commissionetihese extra
concerns add to the complexdy building energy retrofitlesign.Chapter 4 discussthe United
TechnologyResearctCenter (UTRC)paradigm of energy redfit design as padf Energy

Efficient Building HUB, and further details regarding the identified list of Energy Conservation
Measures (ECIg) areprovided as well as how they are being evaluated against the whole
building energy design.

Different from building energy retroflesiqn, traditional mechanical engineering system
designmay have factors that are more easily identified and defided of them is that
guantifiable effects of input parameters will lead to more concrete s&ghitth can yield a
higher degree of certainty the decisiong-or example, for a helical compression spring design,
(Deh et al, 2006)considetthree variables: the wire diametemdich isadiscrete variable, the
mean coil diameter Bwhich is realvaluedparameter with a certain rangand the number of
turns N which is an integer value varied with a certain range in order to ddsigminimum
volume and for minimum developed stress. Since the contributing variables are obvious and
common for all spring design, and that there isysjglal function that relates the variables to the
objective functiorwith a high degree of certainti is relatively easy to construaimathematical
problem to define an optimal solution given specific input parameters.

Understanding the differencestiween these two domains will shedighton the trade
space exploration aruktter adjust and tailor the approach to servehi@building energy retrofit
design.The following paragraph articulates the distinctions and similarities.

Buildingdesignim ol ves a hi gh Ibdwel. ®&fy Ometsdt edl®d ,v art
the change ofree factor will often involvenodifications toother factors. For example, to model
the orientation o& building andits effect onbuilding energy performance, there is hardly a
model to construct such relationslgcause the changeaientation triggers difference in

naturallight utilization, whichthen triggers different performance on lighting energy usage, and
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whichthen yield diffeentheating/coolindoads To perceive these affecting inputsaim isolated
way may not work; bwever, one applicable way is to treat a specific building as an integrated
systemthathas certain interactions within the building itself as well as thigexternal
environment. An energy simulation engine allows for a relative thorough modelamg aif

world scenario of building energy designdbypasgsthe dilemma ofrying to identify each
dependent relationshggmong an extreme large paiflvariablesFor this research, an energy
simulation enginsthatfocused orthe adptionof deep retrofimeasuress used for modeling
binary energy conservation measacenarios for building energy desidys discussed in

Chapter 6 modeling aesthetic, cognitiaad comfort concerns still remaia limitation ofthe
current work;however, under reasonable assumptions, it is operable to relate building energy
design tahe parametrianechanical or spacecraft design processedthat building energy

design can bapproached from an optimization perspective with trade space exploration.

3.4 Summary

This chapteassessethe optimizability of building energy design with analysis on the
special features of buildingnergy retrofiescompared to othdraditionalengineering design
fields. After explaining the feasibility of adopting trade spagploration, the next chapter

discussshow the proposed method isadon building energy retrofitesign optimization.
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Chapter 4

A ProposedTrade Space ExplorationProcessfor Building Energy Retrofit

DesignOptimization

4.1 Introduction

This chapter introduces the building energirofit designproblemalong withits
objectives, constraints, and decision variaf®¢). The data environment needed to support the
process isntroducedo frame thegroblem settingand conditionsFinally, thebuilding
decompositiondependency matrix faubsystem tradeffs, as well as thadoptionof ATSV to
aid in the identification o$olutions using thrade space exploration aninteractive and

efficient manneis discussed.

4.2 Building Energy Retrofit Design Optimization Problem

This sectionaddresses the proposed methodology of adofiteigade space exploration
approactor building energy retrofit design optimizatiofhe problemused to prototype this
decisioninvolves two objectiveg1l) minimizing enegy consumptionwhich includes Electricity,
Natural Gas/Popaneg Fuel Oil, and District Heat for building functionsnsistingof cooling,
heating, lighting, equipment, refrigeration, ventilatiomater heatingand pumpand (2)
minimizing initial construction costt is well understood that building energy retrafiin involve
manyadditional objectives such as lifecgdost, architectural quality, water use, indoor air

quality, daylightingandacoustical quality. This thesis uses two objectives in order to simplify
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the scenario without losing generality. Further discusisifmund in the limitation part in
Chapter6 as well.The experiment leveragesuilding energy retrofisimulationthatconsists of
multiple stagesis shown in Figure Stage | is the baseline design in @efhbasic building input
data thatmpacts energy performance are identifeal are used to obtain utility consumption
the baseline performance scenaBtag Il is the Energy Conservation Meas(lE€M) packages
phase|n this stage, eaaneasurés evaluated independently without catesiing the possible
combinationsThis $age provide preliminary resukt in terms of energy conservation abilitr
each individual ECMStage Il is theetrofit packagestage. In this stagppssible combinatorial
measures are taken as input in order to study the effectiveness of utilidtigerECMs at the
same time. Stage IV, Stage V, and Stage VI are sensitivity analysis Stgges.3shows

different stages of the energy audit and retrofit analysis tool.

Phase Il

Combinatorial
ECM evaluation

Phase IV, V, VI

Sensitivity
Analysis

Stage Il

Independent
ECM Evaluation

Figure 3: Phases of Energy Audit Retrofit AnalysisTool

This thesis focuses on analyzing the impact of ECM combinations on building energy
performance, hence, in terms of energy auditing and analysis package, Stage Il engine is used.
Therelationships of ECMs are studigmleliminate obvious unreasonaldembinations. These
wi || beofothd usheidnf easi bl e design inputs, and t
order to improve computing efficiencyurthermore, more effort jgut toeffectivelyexplore the
feasibletrade spacby meansob s hopg pi st e er ibefgre prescniimg thedsst of
optimal design solutions.

ThedecisionvariablesDV) for the building energy design optimization problem are

defined as follows:
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In order to perform the trade space evaluation, other sets of inputscassaryhowever,
they are fixed values as soon as a certain prigattosen. In thishapter and Bapters, a
specfic building project is assumetiprce weather data, baseline buildingput data as well as
others(referto AppendixA) are treated as control variables.

Theconstraints fothis problem are obtained after identifying thependency matrix of
decision variables. In general, there are three types of const(ajregclusive (one decision
variable must not be presented with another decision varig®)epupled (one decision variable
has to work with another decisioariable); and?3) inclusive (one decision variable involves the
other decision variable, thus it makes no sengectadeboth). Appendix Bcontains a full list of
theseconstraining rules.

Figure 4demonstratethe general process flow of builg) enegy design optimization in
Business Process Modeling Notation (BPMN). The process starts by understanding the input data
environment that includes existing building features, ECMs, and the dependency among the
inputs. After obtaining all necessary inputs building energy auditing and simulation engine is
used to obtain corresponding energy and cost performances for each input set. Following that, the
exploration process starts by comparing and evaluating among the large pool of design
alternatives. Assds cussed in earlier chapters, using an
improve the trade space exploration results. The last stage is to visualize thdinmergional

data using various plot, and to eventually shed insight on the optimghgesiscription.
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Figure 4: Building Energy Design OptimizationBPMN Process Map

4.3 Building Design Decomposition

Design decomposition refers to the process of selecting subsystems based on functional
requirements, cohesion, and coupliRgr complex engineering systems, it is important to
developa reasonable hierarchy to access different components of the ertéra,sgpecially
when there are multiple domains involved in the design processesbldding design, it is
especially important to decompose the target building into smaller and manageable casnponent
because thdesignspecific components decompositican provide a structure for an interactive
approach to exploréne optimization set considering the uniqueness of building systdmese
perspectiveare observed fdsuilding design decomposition.

The first is todecomposé¢he buildingin terms of diferent domain areas. Building design
involves structural engineerindomain for structural analysis alwhd calculationsmechanical
andHVAC domain for equipmergelection anghlacementventilation and piping desidgior
airflow analysis, andghting domain which mainly targets on lighting system design as well
natural light utilization. Fodiscrepanciethat may arise amortgese areast is important to
categorize variables or design parameters that are relevatitdad to find interrelationship
among themA similar concept idultidisciplinary Design Optimization (MDO) (Martins and

Lambe, 2013)Multidisciplinary Design Optimizatioproblems are optimization problems that
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describe complex coupled engineering systems. The systenangresed of physically
interacting subsystems described by disciplinary analyses, each of which possesses a certain
degree of autonomy but depends on other subsystems via a humber of couplings, also known as
interdisciplinary variablegAlexandrovand Kodiyalam,1998). It is most frequently used in
complexengineeringystem designs such e space shuttle submarinelesignsLittle
literature exist®n usingMDO in building design analysis. Gey@009) argues that MDO be
used in the building design fik and that it requires a special setup of the optimization model that
considers the uniqueness of buildings, and allows the designer to interact with the optimization in
order to assess qualities of aesthetics, expression, and building fuRetipropses thathe
Industry Foundation Classes (IF€nbe used in order to allow seamless integration into an
interactive computational working environment in the future. This leads to thedsperspective
of decomposition, namely, tiecomposérom theBuilding Information Modehg (BIM)
standard$ierarchy

BIM is a process involving the generation and management of computational
representations of physical and functional characteristics of a fgblityonal BIM Standard
2012. It can be viewed aslarge database that containformation to support the interaction
between vitual models as well as datébuilding systemsAn openstandardiata model
hierarchysuch as théndustry Foundation Class (IFC)can be used to facilitatateroperability
in the architecture, enggering and construction (AEC) domains.

The third perspective is teedomposehe buildingin terms of shearing layerBrand
(1994 breaks down a building system irBdayersHe clarifies his understanding of buildings as
acomposition of shearing layers. They are site, structure, skin, services, space plan, and stuff.
Schmidt et al, (2009)then arguehat a fundamental issue is htive building components would
cluster;he suggests that it could be clusteirgd these veying layers of time and function or to

cluster in order teshow strong dependencies between short andliiengomponentsFroma
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process point of view, it could also be decompldst Process, Product, Function (Performance),
and Organization.

It is to be noted that no singtkecompositioomethodserves all purposs. Different sub
systems omethodsf decompositiortan be used when analyzidifferentaspects oén
integrated building systerbomain designers in each the aforementioned disciplisevill
consider a set of objectives and constraimisis most logicato theirown areaHowever often
certain design outcomes involve compromise in another design ddsnaitner dilemma that
designers must face is that ir@&her hard to decide dhe actial level of the decomposition. The
level of the building system decomposition frequently depends on the fidelity of the timatdel
peoplewish to construgtand theresource available for the design process.

This thesis approachésiilding decompositiorsolelyfor energyefficiency. Startng from
energyefficiency improvementghe building is divided into four major siglystems(1) lighting
andplug loads (2) envelope, (Yerminal HVAC, and4) supply HVAC.Energy efficiency
retrofit meaure for each of the systems is considered which have been defined in a lidbng of
Energy @nservatiorMeasuresAppendixC) adoptedrom theUTRC energy simulation and
building diagnostic modeEection 4.5liscusseshe UTRGparadigm as well adetails of the

enggy auditing and analysis tool, which is under development.

4.4 DesignDependency Analysis

From the selected decomposition methsederal subsystem dependency analysis
methods are availabl&he dependencies acategorized into thretypes:(1) dependent(2)
independent (parallgland(3) interdependent (couple@rowning 1998). For this thesis,
dependency analysisaslopted to analyzie interrelationship among each of the identified

ECMO .4t is noted that not alECM are independent of each other. For a simple example, it does
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not make sense to adopt batBreen Roof and Cool Roof at theame time for the same
building since the building will only have one roof surfa€eur types of interrelationship were
developd in this research{l) independent(2) exclusive (3) inclusive, and4) coupled.Foran
ECM that is not to be adopted together with another ECM, the dependency is viewed as exclusive.
Using binarynotation only (Q 0), (0, 1), or (1, 0) are possible combinations. FotECM that
includesanother ECM, the dependency is viewed as inclulgag binary notation, only (@),

(1, 0), or (0, 1) are possible combinations. FlorECM that ha an impacbon another ECM, the
dependency is vieweas coupled. Coupling spans between inclusive and exclisikke1 and
Table2 showtwo DSMs.Tablel indicateshe dependency structure of EGMN basic building
environmentandTable 2showsthe dependency structure of EGMN each other.
Understading that it is not practical to identify the probabilistic featurearde CM without
transferring subjectiveidgmentsnto a numerical rating systemo chance nodes are presented
in theDSM. Henceno partitioning of DSM, via methods of clustering aedjuencing, are
modeled or analyzeduture work descrilshow Analytical Hierarchy Process (AHSaaty and
Forman,1992)as well as other structured techniques for organizing and analyzing complex
decisionscouldbe used in order taid in the definitiorof decision makepreferences to the
priority of subsystem level analysis.

Analyzing design dependency is beneficial becdtupeatly reducethe dimensions of
the design spaaes well as the development cycle tirBpecifically, for a list of 45 int
variables, by identifying an exclusive relationship between 2 variables, the design dimension will
reduceg ¢ T p or8.796le+l2equakto a redudbn of 25% oftotal possible
combinations.

The dependency analysis is enabled bytifigng a set 611 rules collected from
discussionsvith domain expertsfaculty, as well as from internal research meetittgs to be

noted that there is no industry standdediningwhich Energy Conservation MeasyeECM) is
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related to which other measwuandin what specificwayT he ECM6és are system
changes being eltmted for an existing buildingg, the interactions of the individual measures
stand as tacit rules a designer would typically consider based on the systems in a given building

Appendix Bshows a list rules with which feasibility is checked.

4.5 UTRC-paradigm of Energy Retrofit and Analysis Tool

Desaj et al.(2012)discusgshe UTRC developed toolsé more detail The energy audit
and analysis toolsetvaluates energy amtonomic performance of integrated building energy
systems under adpartment of Defense @D) project (SERDP project EV¥709). ECMs and
estimated energy usage intensity (EUI) reduction are utilized from the previously developed tools.
The toolset utilizebvasic building attributes (such as envelope information, lighting, HVAC
equipment, etc.) to estimate baseline-sitergy and soureenergy usage. The energy
consumption of the baseline building and of the retrofit scenarios are calculated using &dimplif
building modeling program designed for this purpose. The model treats a building as a single
thermal zone and performs an 8#&@ur(one yearmass and energy balance calculation on the
components of the building thermal loatlss calculated for the specific location of the building
geographic location using weather data for the areat daes not include specific building
orientation. Heat gain or loss due to conduction through the building envelope is determined
using tle ASHRAE radiant time series meth¢8pitler and Fisher, 1999HVAC system energy
consumption is computed from the building hourly loads assuming that the HVAC equipment
performance can be represented with constanticeeffs and the primary arscondsy HVAC
loops are assumed to be in a gisasadystate.

Suranaet al.(2012)describehe energy analysis model in further detaillseyr

demonstrate the tool application with two types of cases froiddlRereal property database.
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The results illustratboth statistical analysis of the potential for deep retrofitselDoD
portfolio level, which comprises nearly 250,000 facilities in the U.S., and also for a few
representative existing DoD buildingheir energy audit and analysis tool was applieivtn
types of cases fahe DoD building stock{1) statistical analysis at the portfolio level, 83
analysis for individual DoD buildingd.he researchtates that they cluster the building stock by
Commercial Buildings Energy Consumption Sur¢€BECS}based prirary usage categories
and ASHRAEclimate zones, and that they select a representative building from each cluster
based on energy usage, square footage, number of floors and envelope properties. A thorough
discussion can be found in theaper.

The UTRGparadigm of energy auditing and analysis tool was applied to Philadelphia
Navy Yard Office BuildingsA case tudy is imposed on Building 10The Energy Efficient
Buil dings Hub team is taking a-sgidrefootbuildgng | abo ap
in the Navy Yard, where they are testing how different technologies interact in the building with
sophisticatedensors and modeling equipméetbhub.org)lt currently streams over 08 data
points every 60 seconds, and thiermatian is made available to Hub researchers and staff.
Acquired data is continuously stored and is made available to Hub researchers and other building
energy efficiency researchers for development, validation and calibration modeling and
simulation tools, anébr assessment of the impact of building energy technologies and systems
on energy use (eebhwobg). Thestudy wasable to draw some conclusions on ithigéal

assessments of economically attractive retrofit solutions for Building 101.

4.6 Visualized Trade SpaceExploration Model Configuration

Thisresearchintegrated) TRC6s ener gy simul ation package

Trade Space Visualizer (ATSV). The intermediate transporter is a standalone executable file
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namedAutomatedEvaluationyx@ which is originallya Matlab® .m file (Refer toAppendix Dfor
the cod¢ The automated trade space exploration and design option evaluation is realized by
integrating ATSV andAutomatedEvaluation.extirough command line control.

As discussed in préaus sections, the design spas¢heentireECM binary combination
set; lowever, due to the identification of depencly analysisthe whole setioes not need to be
explored. Bychecking the rules as constraints in fhgomatedEvaluation.exde, only feasible
design inputs are fed the energgimulation engine. Infeasibtgptionswill bypass the
simulation, and thsiwill save evaluation time.

Input data are conveyed into matrix formats. As soon as a simulation output is generated,
output results & called from a separate databasdstoral in matrix form as well. s datais
then,fed back to ATSV for data visualizati@md steeringATSV is capable of takinthe multi-
dimensionadata andepresenhg them in Glyph Plot. For higher dimensional daiteParallel
Coordinate Plat arealso available and better optiorior information demonstration.

The model is designed inveay thatfhumanin-the-loopo interactivity isenabled After
aninitial basic ampling of1,000 designdor exampledecisionmakers camplot the datand
develop their preferences with existing and incoming informatéith the aforementioned
advarced visual steering commands, ATEVs a bl e t o a dasaprefernecergion 6z o o m
to conduct further and more detailed exploratictions It is also possible to avoid certain

regions on purpose. A specific modeling and &lgdy isdiscussed in Chapter 5

4.7 Cost Analysis Model

There are three different types of estimates used at different stages of consifliction:
Conceptual(2) Square Foot3) Assembly, and (4) Unit PriqgkSMeans and Macalus?009).

Conceptual costing is often usedlire programning and schematic desigimaseand has an
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expectedpercent error of 10920%. Semidetailed or assembly, costing is typically adoptid
the design development phassd should expect a percentage error ofl®%%. Detailed costing
is used irthefinal designphase, and roughly 2%% error is expectedost for building projects
is often differentiated into three typg4) initial investment an@2) maintenance/operating cost
(Hendrickson and Au, 1998nitial investment is the cost which is put into the project at the very
beginning typically focusing on the direct demolition andaenstruction costs of the facility.
Maintenance an@perating costindicatethe cost for an existing building over longer term.
Another concept is Life Cycle Cost (LCAO)heLCCA Team, 2005)define Life Cycle Cost
Analysis (LCCA) as a process of evaluating the economic performance of a building over its
entire |ife. Sometimes known as fiwhol e cost
balances initial monetary investment with the lbagn expense of owning and operating the
building.

Specifically for thisresearchthe concepof life cycle cost isecommended; however
due to theseveralconstraing of the thesis work, a preliminary urtibst model is beingrescribed.
In order to tak into consideratiothe initial investmenof eachECM aswell the operating
expenditurenf it, a smoothing modé¢hataverages the total initial investment and variant unit
operating cost is calculated over the total square footage of the target bpitgjew. This
generalization removes the concern of whether the target buildiraghamprerequisite
equipment installed or not. This is to say, for a specified building, all cost accounts for initial
installment of necessary setup, but always smooth it over the operating period as well as the total
square footagesSeveralassumptiongor costingexig due to data availabilityA more detded

discussion can be found @hapter 5.
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4.8 Summary

This chapter proposea process fautomated trade space explorationddvanced
energy retrofidesign optimizatiorn avisual and interactive environment. In particular,
proposes an efficient way ef/aluatinghe Energy Congeation Measureas well as t@shop
for a favored region of energy efficient desigyvith the aid of data visualizatiom the next
chapter, a case study on Building 101 at the Navy Yeindadelphia PA will be conducted to

show a full process of trade space exploration on energy retrofit design optimization.
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Chapter 5

A Case Study: Building 101 EnergyRetrofit Design Optimization

5.1 Introduction

This chapter discusses a use case of building enengyfit parametricevaluationto
demonstratéhe application of trade space exploratiomn interactiveenvironmentThe
dynamics othetest bed, basic data environmendparameterarepresentedThe process of
trade space exploration is shown in an automated manner by linking up the ATSV and energy
auditing and analysis engine using a separate standalone executable file. Alsdagptiesent

analysis fothumanin-the-loopddecisioamaking.

5.2 Problem Description and Data Environment

This sectiondescribsthe dynamics of the case study problem. Section 5.2.1 describe

the problem. Section 5.2.2 descslbiee data environment of Building 101.

5.2.1. Problem Description

A case study wagerformed usindBuilding 101, the temporary headquarters of the U.S.
Depart ment of Ener gy 06s Ideategintigeyhiledelphiadlaveatd Bui | di
The buildng, owned by the Philadelphia Industrial Development Corporation (PIDC), is used as
a test led for assessing technologies and toolsrjtiple teams withithe EEB Hub
(eebhub.org)Building10lisused as a Ol iving | abo6oddrtoactual b

assess the functionality of the current energy design option.
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5.2.2. Data Environment

The collected dathave been selected to serve several analytical purposes which include
guantifying the major electricity and naturakgases in the overaluidding, quantifying the
delivered heating and cooling capacity by the HVAC equipment to understand the building loads
and equipment efficiencies, andntextualizindocal weather condition® properly consider
environmental influences on energy usetfa building (efer toAppendix Afor the entire table
of building inputs).

The input data environmenonsistof two major parts(1) the existing building datand
(2) Energy Conservation Measures (ECMs) packagasic buildingdata consists of all the
necessary data that can be utilized to deseribeb u i | d i nfgaturesoperating schedule,
mechanical systespand other energy use featureise ECM packagedile is a list of 45
identified measures that HUB researchesge identifiedas contributabléo improvingthe
energy performancearough building retrofittindrefer toAppendix Cfor the list of ECMs). In
parametric design, tHist of ECMs ismodeled as binary variables wiftbindicating thaia
particular mease is used, anddindicating that theneasure is not adopted in the packadme
way these two types of dadgeutilized in energy simulation is thtte existing building data
beingused to compute baseline design energy performaitiseut anyretrofitting packageyet
consideredFor retrofitdesign options, ECMs are sampled as a-#4&wvs vector In this thesisthe
baseline designlternativeis run first toobtainthe energyerformanceand ther8,500ECM
packagesarerandmly sampledo ob®rve theeffect.

Theoriginal utility output data istored inthe energy auditing and analysis output
database as shownAppendix E It stores 21 specific energy usage data, including detail system
breals downby energy source. For the purpose of the case study, the focus is placed on Annual

Electrical and Annual Natural gas use as the focus for optimiz&iorheease of
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documentation, the baseline colummdsled tahe end of etrofit column to form a 42ow
vector namedTa

Another output is the cost data. For this thesis, a prelimioast analysis model is used
with the following assumptiongl) For Chilled Water loop variable flow and Hot water loop
variable flow, there is no available data docutirey their costshence, this thesis takes missing
values ag0a (2) Another important assumption is that the current cost naxielimesinearity
when gr ou pAlmner nbd@Mssames tlibe cost oadopting two ECMs wilbe the
addition ofthecost foreach of themThismay not be trubecaussome measures would share
costs in the construction proceBsr examplethe scope of demolition for one ECM may provide
access to install or support a second ECM, thus reducing the incremental cost for the second
ECM. In this casehe actual cost for utilizing multiple ECMgould belower than the current
linearmodel.

A generalized and validated cost aygit model is being developed by thenn State
EEB Hub research teamhe methodologgntailsan entire thesis which is in progreasthe time
of analysis. Due tthe timeline otthis thesisa preliminary cost model issed for the
demonstration.

As discussed in the previoakapter, the input data $sibject to certain dependencies.
The useof Design Structure Matrix (DSM)elps break down the dependencies among all four
subsystems. Tablé shows the impact on buildjrbasic data when 45 Energy Conservation
Measures are imposetiable2 shows the impact on othBnergy Conservation Measures when
each one is adopted. This is derived from analyzing the rules/code compliance by talking to

domain experts. A full list of entified rules (11n total) is listed iPAppendix B
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Table 1: Design Structure Matrix: ECM on Building Existing Data

Ea.5 =z | |
m LC o o c
AHEIEN: . 5 3
g dd s 2L £ 3 @
So 3 & 5 & w &|S £ 7 u
Input Data-ECM Matrix R 1 I N
5 5T R Y 2S8R E S
M2 H% 350 REET 8o
52 R T253ELz i
J 00 2o un 4 <g|F a3 £ @4 g
Litility Data [Good to have for baseline model validation)
Annual elec consumption [thous Bl Y ov oY Y Y Y Y Y|y vy PP PR
Annual nat gas consumption (thous Bru) Y % P P P P
Anrual fuel oil consumption [thaus Btu) Y Y P P P P
Annual dist heat consumption (thous Btu) ¥ Y P P P P
Electric heating use [thous Btul L Y ¥ PI¥ W P P F
Electric coaling use [thous Bru) N S ' Y NI|Y P P P P P
Electric ventilation use [thaus Bu)
Electric pump use [thous Btu)
Matural Gaz heating use [thous Btu) L Y ¥ PI¥ W P P F
Matural Gas coaling use (thows Bru) N S ' Y NI|Y P P P P P
Matural Gaz water heating use (thous Bru)
Oistrict Heat heating use (thous Btu) L Y ¥ PI¥ N P P F
Oistrict Heat cooling use [thous Btu) L ¥ NI¥ P P P P F
Oistrict Heat w ater heating uze [thous Bru)
Fuel Qil heating use [thous Btul A A s Y P I¥Y MW P P P
Fuel Oil cooling use [thous Btu) L ¥ NI¥ P P P P F
Fuel Oil water heating use [thous Etu)

Tablel shows the potential effect on existing building scenario when adding one or more
retrofit conservation measure®f{er to AppendiG for a complete tab)e For the simple example
of Upgraded Daylighting, adopting it should inm
consumption. Meanwhile, it will affect the heating and cooling sotions because naturally
lighting systems dismiss heap matter whaénergy source is being utilized for the target
building. In this table, yellove o | or ed cel |l s represent -celbrddect fr o
cells represent effect from Envelop€B®I6 s , | i-cplored cglle represent effect from
Ter mi nal HVAC -ECCIM®drse d amdal Ireedr epresent Gelsfect f
mar ked with 6P6 show positive (increasing) eff

(decreasing) effects.Cl | s mar ked with 6é6Y®d show undirected
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Table 2: Design Structure Matrix: ECMs on ECMs

ECM Matrix

7
7]

30 |55 | X, [ |30 |- | X | Kp | X0 [ ¥y | Noa | Moo | Mo | s | Ko | K- [S0s | Sao | Koo | Ko | K | Mo | ¥ae | Mas | g | Mo | N | N | Ko | Mo | Kz | Mg | Ko [ [ | Ky | K | K | Kp

Lighting|Light Scheduling

Ouspancy Based Lighting Sensors
Darlight Based Dimming

Upgraded Lighting/ Delsmping

[Plug Load Control

|Eéicient Equipment (Plug Loads Oaly)
Light Shelves

| Added Daglight

Envelop| Weathesization

Cool Roof

W

Upgsaded Windows

Tncceazed Tnsulation

Green Roof
| Active Extecnal Shading
T Sid

]

FE
M2

Demand Conteol Veatilation

W

Displacement Ventilation + Radiant Cooling/Heating
Undes Floos Air Ventllation (UFAD) with Peszonal Supply T|X;
Mixed Mode Ventilation

i
7

B
%
=

[NV for night time pee cooling s *

[EIVAC Equipment Upgzade s x
Supplr HCAV o VAV % x
[ VAV & Control Retzofit s R |x
Chiller Flant Optimization

[Heating Plant Optimization

el

d Service Flot Wates

[Hirbsid Ground Soue Heat Pump

|Energy Recovery

Tndizect Evaporative Cooling

Disect Evapontive Cooling
Solar Thezmal

Desiccant D & (used only with Solar Thermal) [X;
[DOAS (Used in conjunction with DV +Radisnt Systems) |

I <
N N

N R [ ] x

Table2 shows thempacts of ECM on each other. As discussed in earlier chapters, since
a proper hierarchy has notdreestablishedanalysis of prioritybased layers or additional
dimensions isot used to show this additional informatiémcording toBrowningd 200()
categorizationTable 2is aParameteBased (or lowlevel schedulePSM and it is effective for
integrating lowlevd design processes based on physical design parameter relationships. This
table helps to breakdown the ECM level so that it can be analyzed from a decomposed point of

view.

5.3 Automated Exploration Model Configuration

As discussed in earlier chapters,autonated update of input filemnable efficient

exploration of design trade space. This is enabled by compiling the energy simulation engine, its
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multiple input and output files together, dimking it to theexploration engine within ATSV.

The modekonfiguration isshown in Figure 5.

Command Line : sionLabFinalFinalidistrib AutomatedIterationLabFinalFinal .exe

Input File : menksiMATLABYAUditE e inter active_atsv_input_sample.csv || &3

Qukput File 21434 My Documents\MATLAB, AuditExe\ExplorationResult. csy

Parser File : 12 usersiyuz143\My Documents\ MATLAB\AUdIkExe\parser . jar || =3

(2] ]a]

[ Load ‘ariables Using Above Settings ]

[ Add Variable ][ Remove Yariable ]

‘atiables
Inputs Oukputs

Capture Yariable Yalues Capture Yariable .
= w 7] £l -] Input Distribution
[v] %z values 3 [v] EZ Discreke Uniform |5
[v] 3 Walues [v] E3
[v] x4 Values [v] E4
[v] %5 Walues L3 [v] ES
[v] <5 Waluss [v] EG
[v] «7 Walues [v] E7
[v] <8 Values [v] ES
[v] PE] Walues [v] ]
[/ |x10 values /] [0 lvall val2 vald vald
[v] %11 values [v] Ell
[v] %12 Values [v] E12
[¥] %13 Values [v] E13 B el bl o] ted b .
o 14 Valnes 3 ] F1s IIDnler all possible values separated by commas

|1,
ath (optional) : | C:\Program Files\MATLABRZ01 28\ runtimelwin3z Ok Cancel

onfigurator {optional) :

Figure 5: Model Configuration

Figure 5shows the how the simulation engine as well the exploration engine are
connected with a standalone executable file compiled from Matladbcode named
AutomatedExplorationexe. This model calls the binary inputs farthrough X;s, andstores the
corresponding results into the output list. Binary is set in the input distribution window with
values of®bdéanddld The input file from whictihe binary are sampled is a .csv data file, and the
output file from which the simulation result and cost reisudalled is another .csv formatted

database. The automated iteration is based on-at@atme manner. For each run, one set of
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Then, another set of input is sampled in ATSV to trigger another round of iteration until the

predefined total number of samples is finished. pitoeess is shown inigure 6.

Sample ECM
combinations
Into .txt or .xlsx file

Input File
Column vector
0,1,0,0, ...)
45 rows, 1
column
Binary values

Feasible
Combination

v YES

-

} ATSY

.exe file

Input Excel File Call input data
Packages.xlsx T A —
(sheet 2) b W

data

Automatediterationlab.m

H Cost Caleulation

Visualize this
Design Point
(one column)

Fy

Qutput Excel

Column vector
. |Combine energy

performance
and cost
performance

Mo

Figure 6: Model Flow Chart

As shown in Figure 6,aeh design option exploration starts with a sampled binary

Energy Conservation Measure list. After that, the specified rules are checked in order to decide if

a full cycle of energy simulation is to be started. This is to say, if the sampled ECM binary list

passes the ruleteni t i

S

seen as

a

6f easi

bl

eob

d esgongn

is called within AutomatedExploraticexe. Infeasible designyjass the simulation engine, and

a result matrixs assigned really largealues which in this case 10 for electricity usage and

gas/propane usage. Thissureghat these infeasible designs are dominated in everyhp@sshy.

The cost calculatioremains as the actual calculatidine AutomatedExploratioaxe is a

standalone executable filleatis compiled with MCR 7.17 compiler from a Matlab® which code

can be found iM\ppendix D Within this AutomateBxplorationexe, all input data files thatea

al

t
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necessary to ruthe energy simulation is called and stored in matrix format. Also, the ATSV
generated sampled measuiistslare stored in .txt format andlled one row at a time. The utility
result is stored ithe éTédmatrix. The cost data is comggtand stored ia separating costatrix.
The overall result is exported &m exploration result data filghich is linked in the &ploration
engine as the output.

Understanding that the exploration process consists of large number of iterations, all
following iterations can be performed in similar manner. To enable automated updating, ATSV
calls AutomateBixplorationexe from its Exploration Enginand the results are plottefdr
example, as Glyph Plot. Decisiomakes then coménto the picture andyt their subjective
judgmenton the existing design optioristhey are satisfied with the current solutidimen they
canstop the exploration engine. If they would like more design alternatives to be sampled and
evaluatedthenthe iteration goes on uhteaching either expectation or the maximum
affordability of both time and money. The next sectiongallb o ut t Hrethefi b o ma n
interactive shopping processes.

In this case study, an initial samplingmiper is set to 8,500. Figuresfiows the iitial

Glyph Plot for these design options.
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Figure 7: Basic Sampler Glyph Plot (before rescaling)
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From Figure 7it can be observed that the design points seem to converge to two

different corners of the cube. This is becausalthremy values for infeasible alternatives are set

to be 168° and it makes the feasible design output \@lneomparable small. Figurds

obtained by brushing off thafeasible designs and rescaling the plot.
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Figure 8: Basic Sampler Glyph Plot (after rescaling)

This figure shows all the feasible data from the initial 8,500 samples. By unchecking
10" value of E4, the infeasible designs are brushed off. The specific design parameters can also
be read fronthe details windowFor example, for Design point 7506, inputs are listed, E9 (total
electricity consumption) is 384000KWh, and E13 (total gas/propane consuinigtir6400
KWh. TotalCost i8230000 USD. Going back to the objective of this researitth is to
capture the ptimal design option and its features from a large set of trade space, a Pareto Frontier
can effectively capture the optimality in terms of the current three objectiyeminimizing total
electricity utilization, (2) minimizing gas/propane utilizati@md (3) minimizing total cost.
Figure 9, 10and11 show the Pareto Frontiddote that for some of the ECM combination, quite
low level of gas/propane is utilized causing some design options with rather small values. This

causes t haxishfigmp 1. on X
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5.4 Interactive Shopping Process in Exploration

The i

dea of

Figure 11: Pareto Frontier in 2D Plot (Gas/Propane vs. Total Cost)
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built-in features of ATSV to enable a more targeted and focused design exploration process. The

advanced sampler in ATSV includie Pareto Samplewhich samplesnore design options

around the Pareto frontier after an initial basic sampling process. Preference Sampler samples

designs according to different preferences for the objectives. Attractor Sampler makes it possible
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5.4.1 Reducing the input parameter dimensions by observing Pareto design samples

Usingtheinitial 8,500 design data, a list of Pareto Frontiesgns are exportetb Table
3. A common feature of all the optimal design is observed: Av&lues are 0. $represent
ECM=Energy Recovery. An educated guess would be that Energy Recoygrig @costly yet
not so effective ECM. Hence ¢ds manudly set to 0 in order to populate the following designs.
This reduces variable dimensions and narrows the design space. Figure 12 shows an additional

100 designs sampled with,gfixed at O.

Table 3: Table Display of ParetoFrontier Design Data

r
Table Display of Data : Default "._”'Elgl
EZ E3 E4 ES E6 E7 E& E3 EL0 Ell E1Z EL3 El4 E1S El

49,377.836 137,037.1586) 213,569.047) 0| 29,580.611 0] 47,033.941 513,186.5) 1] o 43.511 43.511 o 1] ~
16,821,537 B3,618.367| 192,212,141 0f 50,960,727 0 31,465.521| 395,997,675 0 0 47.862 47,802 0 0 T

0] 83,618,367 192,212,141 0| 63,107.707 0| 20,469.785| 367,525.219 0]  83,145.164 47.862| 83,193,031 o 1]

16,277 .044 3,400 192,000 o 52,900 0| 22,619.954 357,000 0 0 47.862 47.862 0 0

a 55,500 192,000 a 51,800 0] 29,578.625 349,000 0| 272,797.875 43.511| 272,641,375 o 1]

21,700 61,100 214,000 a 45,700 1] 26,700 350,000 1] o 47.9 47.9 o 1]

o 69,400 192,000 o 45,300 0 29,300 357,000 0 239,000 47.9] 239,000 0 0

24,100 55,500 192,000 a 31,200 1] 40,700 374,000 1] o 240 240 o 1]

o 54,300 192,000 o 63,400 1] 26,000 366,000 1] 262,000 47.9 262,000 0 1]

a 54,300 192,000 a 63,400 1] 28,000 366,000 1] 282,000 47.9 282,000 o 1]

13,500 180,000 214,000 o 58,000 0 22,400 96,000 0 0 43.5 43.5 0 0

28,700 115,000 192,000 a 67,900 1] 24,200 43,000 1] o 43.5 43.5 o 1]

45,200 73,400 214,000 a 74,500 1] 27,600 448,000 1] o 47.9 47.9 o 1]

24,700 71,300 192,000 1} 31,000 0 46,400 399,000 0 0 43.5 43.5 0 0
23,600 93,500 192,000 a 27,900 1] 24,500 368,000 1] o 43.5 43.5 o 1] =
36,500 55,500 214,000 o 48,900 0 22,200 361,000 0 0 43.5 43.5 0 0 b

£ | >

Table 4: Table Display of Pareto Frontier Design Inputs

Table Display of Data : Default |-_HEW>__<|
0 1 1 1 0 0 0 1 1 0 0 0 0 0 -
0 1 1 1 1 1] 0 0 0 1) 1 1) 1) 1) ]
1 1 0 0 0 1 0 0 0 0 0 0 1 1
1 1 0 1 1 1 0 1 1 1] 1] 1 1 1
1 0 0 1 1 1 0 0 0 1 1 1) 1 1)

[1 [1 1 1 1 1 0 [1 [1 1 [1] [1] [1] 1

0 1 1 1 i 1 0 1 1 1 0 0 1 1

0 0 0 0 0 0 0 0 0 1 1 1 0 0

1 0 0 1 [ [ 1 1 1 1] 1] 1] 1 1]

1 0 1 0 1 1] 0 0 0 1) 1 1 1) 1)

0 1 0 0 0 0 0 0 0 0 1 0 0 1

0 0 0 0 1 i 1 1 1 0 1 0 0 0

0 1 0 0 1 1] 0 0 0 1 1 1) 1) 1

[1 [1 [1 1 1 1 1 [1 [1 [1] [1] 1 1 [1]

1 0 1 1 1 1 0 0 0 1) 1 1 1 1 B |
hd
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Figure 12: Model Setting for X;5~=0

These 100 rows of design data are attached to the original 8,500 data, and Figure
shows the Glyph Plot and 2D Scatter Plot of the additional basic samples with prefgyred X

value. It can be clearly observed that this enhances the density around Pareto Frontier.
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Figure 13: Glyph Plot for Additional 100 Designswith X19=0
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Another way to observe is to export the Pareto designs. By using basicrsaitiple
setting any fixed valutr inputs, a total of 16 Pareto optimal ones are obtained from 8,500 runs.
Yet, by manually setting %=0, a total of 4 Pareto ones aratained from 100 runs. It is a sign of

improving sampling effectiveness, from a mere ratio of 16/8,500=0.19% to 4/100=4%.

Table 5: Additional Pareto Optimal Designs

I [ ] FINAL_ExportParetoDesign+100ManualPareto - Notepad
|| File Edit Format Yiew Help

Hl x45 E1l E2 E3 E4 ES EG E7 ES ES E10 E11l E1l2 E13 Eld4

Bl 1.0 36587.875 49377.836 137037.19 213569, 05 0.0 29580.611 0.0 47033.94

) 0.0 159915, 594 18821.537 83618.37 192212.14 0.0 50960.727 0.0 31465, 521
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5.4.2. Pareto Sampler

To further explore a narrow preferreghion, another way is tasethe Pareto Sampler
directly. Figure 14shows the Glyph Plot of an additional 100 designs on the basis of the initial

8,500 data.
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Figure 14: Pareto Sampler Exploration Engine and 2D Scatter Plot

In Figure 14a), a few preferred designs are selected around the Pareto Frontier from
initial 8,500 runs, and the Pareto Sampler maglskt up ashown in Figure 1) with 32% of
Initial Generation Selected and 68% Random Selection. This is to say, in the next 200 runs, a
ratio of 32% will be comparable tbe previous preferred design wh@8% will be randomly
selected according to the btiift algorithm(discussd in Chapter 2jor the Pareto Sampler.

Three objectives remain unchangéb):minimizing E9 (Total Electricity)(2) minimizing E13

(Total Gas/Propane), arfd) minimizing Total Cost as shown in tRégure 14(b).
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Figure 15: Pareto Sampler Plot (2D Scatter and Glyph)

For less expensive simulation or exploration examples, it is able to monitor the Pareto
sampling in a redime manner, which will present more obviously how designs teaddmegate

around a specific preferredgion.

5.4.3. Attractor Sampler for Fixed Total Budget

An actual scenario that might arise in real project scenario is that a budget be fixed before
the design work begins. To make sure the design options aneaseshable, and to avoid extra
work for overly costly design alternatives, an Attractor Sampler can be used in order to generate
design options only around a specific total cost. In order to sample around tofadecost of
5,000,000 USD, an attractor is usedémple around that specifiagien to further explore that
sub trade spacén additional 200 design points are sampled around the attracted hyperplane by

using the Attractor Sampler. Figure 16 shows a Glyph Plot as well as 2D scatter plot of these

points.














































































