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Foreword

The energy, environmental, and societal challenges of the twenty-first century are
here; they are crystal clear; and they are daunting. Our responses to those chal-
lenges are less clear, but one component at least is obvious—we need a better
building stock, one that uses less energy, provides greater comfort and security,
and houses and supports the economic activity of a rapidly growing and urbaniz-
ing population.

One of the most powerful tools in our collective belts is building energy model-
ing (BEM), physics-based software simulation of building energy use given a
description of the physical building, its use patterns, and prevailing weather condi-
tions. BEM is a sine qua non tool for designing and operating buildings to the
levels of energy efficiency that our future and present require. According to the
ATA 2030 Commitment report, buildings designed using BEM use 20% less
energy than those designed without it. BEM is also instrumental in developing and
updating the codes, standards, certificates, and financial incentive infrastructure
that supports energy efficiency in all building projects, including those that don’t
directly use BEM.

Today, every man-made artifact of any significance—from razors to race cars,
potato chips to computer chips, cardboard boxes to big box stores—is prototyped
virtually before being built and tested physically. Would you get on an airplane for
which only two prototypes were built and whose design and systems weren’t
tested under a range of conditions over millions of hours of computer simulation?
I hope not. Would you shave with a razor that hasn’t undergone tens of thousands
of hours of computer simulation? You probably would, but in actuality you do
not—the margins on razors are sufficiently small that both razors and the machines
that produce them have to be optimized to a degree that only computer simulation
can manage. Why should razors be modeled and buildings not? Buildings provide
a greater range of more important functions, and over much longer service life-
times. The economics of building physical prototyping are more prohibitive; an
owner will not pay to build and test multiple prototypes before settling on the final
version. And most buildings—at least most commercial buildings—are essentially
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viii Foreword

one-offs, sufficiently different from all other buildings in terms of local context
project specifics so as to make high-level lessons transferrable but not full designs.

Yet, curiously and unfortunately, most buildings are still designed without the
use of BEM. The same AIA 2030 Commitment report shows that only 43% of the
new commercial floor space reported in 2017 used BEM during the design pro-
cess. And that number is likely inflated by the fact that the Commitment is volun-
tary and that efficiency focused firms are over-represented in it. Anecdotal evidence
suggests the real number is closer to 20%. That will not do at all.

The mission of the US Department of Energy’s (DOE) Building Technologies
Office (BTO) is to envision and enable a more energy-efficient building stock.
BTO has identified increasing the use of BEM in building design as a high-priority
high-impact vector in achieving its larger energy-savings mission. BTO’s BEM
program centers on the development of a state-of-the-art open-source BEM plat-
form, which consists of the EnergyPlus BEM engine; the OpenStudio software
development kit (SDK), which facilitates application development, workflow
automation, and large-scale analysis; and the star of this book, the graphical
OpenStudio Application.

The OpenStudio project has been a driving force in the evolution of BTO’s
BEM program. OpenStudio was BTO’s first truly open-source software project, a
strategic direction that has influenced BTO’s entire BEM portfolio. Open-source is
not an altruistic emergent enterprise. Successful open-source projects are funded,
centrally managed, and resemble proprietary software projects in many structural
and operational ways. Source control. Code reviews. Regression testing. Bug
reporting and fixing. Pre-feature documentation. Post-feature documentation. The
full Monty. Open-source is different in that it is transparent—anyone can inspect
the algorithms and see how they are implemented under the hood. Transparency is
crucial for BEM, which has many financial and regulatory use cases. And it is dif-
ferent in that it gives others the freedom to take the software and build upon it
without paying a fee, signing a non-disclosure agreement, or even notifying the
original authors. The open-source license used by OpenStudio allows derivative
works to be proprietary and commercial. For OpenStudio and BTO, open-source
has been an accelerant for industry and user adoption. EnergyPlus was re-released
under an open-source license in 2012. Between 2012 and 2016, EnergyPlus down-
loads increased from about ten thousand per version to over forty thousand and the
number of third-party applications using EnergyPlus grew from three to well over
adozen. The larger software industry has learned to live with and profit from open-
source projects, the BEM industry is doing the same.

OpenStudio brought other modern software paradigms to BTO’s BEM pro-
gram, and, in some cases, to the BEM industry as a whole. A library structure with
a rich application programming interface (API) created the classic three-layer
engine-middleware-application architecture found in many computer systems—
think of a smartphone’s hardware-Android-apps setup—that fosters innovation
and adoption. Online libraries that can complement centrally curated content with
“crowd-sourced” content. Scripting, which OpenStudio calls Measures, improves
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BEM workflow productivity, adds a layer of transparency to common BEM tasks,
and transfers BEM process expertise. Scripting acts as a building block for
large-scale BEM analyses. Software packages can run on commodity cloud
services and allow anyone with a credit card to set up and run said analyses. Web
technologies for interface development. Textbooks as BEM teaching tools!

This textbook is visually heavy on the OpenStudio Application. As every kid
learns at a young age, books are much better with pictures! But like any good text-
book, this one stresses universal concepts. The pictures simply hold your hand as
you learn these concepts the way learning is done best, by doing. If you are a
beginning student, you will learn how to use most of the basic features of
OpenStudio. You will also learn the basic components, structures, and processes of
BEM; weather data; thermostat set-points; constructions; schedules; thermal zon-
ing; simple HVAC systems; output reports; and diagnostic variables. These con-
structs are ubiquitous and work in essentially the same way in every BEM tool. If
you are a more advanced student, you will see Measures and learn how to work
with the OpenStudio Parametric Analysis Tool. You will also learn how to think
about model transformations algorithmically, how to organize design variants,
when to use large-scale analysis and optimization and how to constrain it so that
produces meaningful results, and how to reuse not only concepts but actual work
from one project to the next. You will learn about OpenStudio, but you will gain a
basic understanding of BEM and its processes that you can take with you to any
other tool. You will get a fish and learn how to fish.

I hope this book helps you find a passion for BEM and that, OpenStudio or not,
you decide to pursue it more seriously and maybe even professionally. Thank you
for choosing to learn about this fascinating and important field.

Technology Manager for Building Energy Modeling, Amir Roth
Building Technologies Office,

US Department of Energy

Washington, DC, USA

February, 2018



Preface

This book is intended to provide advanced undergraduate and graduate students
with an introduction to the topic of building energy modeling, simulation, analysis,
and optimization. It is assumed that the reader has a basic understanding of fluid
mechanics, thermodynamics, and heat transfer and is prepared to apply those
fundamentals to more complex systems. The authors believe that this book will also
be of value to energy efficiency professionals who are actively engaged in improving
the built environment.

A number of software tools exist to model and simulate individual buildings, and
many of the concepts discussed in this text are applicable to them. That said, the
authors have structured this book around an open-source platform called OpenStudio
and its underlying EnergyPlus simulation engine. OpenStudio is intended to
facilitate the creation of many tools that make use of energy simulation to enable
decision-making by diverse stakeholders at each stage of a building’s lifecycle. The
platform contains a number of attributes unique to energy modeling including an
object-oriented data model, extensible scripting, and an analytical framework that
scales from individual buildings up to portfolios. The reader will experience these
and other features of OpenStudio and EnergyPlus throughout the book using a pair
of example applications built with the platform.

Instructors should find the material organized in a sequence that slowly builds in
complexity, enabling students to gain fundamental knowledge while applying new
skills as they progress. To that end, each chapter concludes with one or more
“checkpoint” exercises, so-named because they generally result in a usable model
that is built upon in a subsequent exercise. The authors consider the checkpoint
exercises as integral to the book’s content, and we strongly urge students to work
through them in their entirety.

While we believe the exercises are organized in the most appropriate order,
instructors can elect to have students work through checkpoints one and three before
proceeding to checkpoints two, four, and onwards without impacting prerequisites
for subsequent chapters. It is really up to the instructor’s preference as to whether
they wish to maintain student focus on rudiments or begin mixing in sophisticated
applications that expand on those fundamentals more rapidly.
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The final third of the book contains advanced material that may be more
appropriate for graduate students or professionals. The authors believe the material
in these chapters is well suited to prepare graduate students for a variety of research
tasks,! however we have attempted to balance that with practical applications that
are approachable and will have resonance with current (or soon-to-be) professionals.
Again, we have attempted to organize material in the text to provide the instructor
with the greatest flexibility in adapting it to the needs of their students.

Whether you are a student, instructor, or practicing energy efficiency professional,
it is our sincere hope that this book will be useful to you in learning about how the
energy performance of the built environment is modeled and analyzed. Perhaps
more importantly, it is our hope that you will use what you learn to make a real
difference in how buildings impact the environment that we all share.

Golden, CO, USA Larry Brackney
Andrew Parker

Daniel Macumber

Kyle Benne

! The authors and their colleagues at NREL regularly use OpenStudio on a large number of research
projects for the US Department of Energy and other clients.



Acknowledgments

The authors thank their colleagues who continue to develop and improve OpenStudio
and related applications:

NREL: Dr. Brian Ball, Willy Bernal, Dr. Jason DeGraw, Dr. Katherine Fleming,
Luigi Gentile Polese, David Goldwasser, Dr. Elaine Hale, Scott Horowitz, Rob
Guglielmetti, Ry Horsey, Edwin Lee, Nick Long, Noel Merket, Noah Pflaum,
Ben Polly, Joe Robertson, Marjorie Schott, Alex Swindler, and Evan Weaver
Affiliated Engineers: Arif Hanif and James McNeil

Ambient Energy: Eric Ringold and Matt Steen

ANL: Dr. Ralph Muelheisen

Autodesk: Krishnan Gowri

Devetry: Katie Noland, Brian Schiller, and Allan Wintersieck

Groupl4: Xia Fang and David Heinicke

IIIT: Subhash Jegi

Independent Consultants: Julien Marrec and Jason Turner

LBNL: Yixing Chen, Dr. Tianzhen Hong, Baptiste Ravache, and Kaiyu Sun
NORESCO: Matt Leach

NRCan: Jeff Blake, Kamel Haddad, Phylroy Lopez, Maria Mottillo, and
Padmassun Rajakareyar

NRCC: Tain Macdonald

ORNL: Mark Adams, Piljae Im, Mini Malholtra, and Jibo Sanyal
Pennsylvania State University: Chong Zhou

PNNL: Yan Chen, Bing Liu, YuLong Xie, and Jian Zhang

PSD: Chris Balbach

OpenStudio is built on the excellent foundations of the EnergyPlus and Radiance
simulation engines and would not be possible without the contributions and hard
work of those development teams as well.

We appreciate the support of NREL management including Bill Livingood and
Dr. Chuck Kutscher.

Xiii



Xiv Acknowledgments

Thanks to the following who provided constructive feedback on the book concept
and various drafts:

Daniel Bishop, Ramin Faramarzi, Dr. Nelson Fumo, Dr. Gregor Henze,
Dr. Sammy Houssainy, Dr. Susan Krumdieck, and our editor Denise Penrose.

And finally, we thank the US Department of Energy and Dr. Amir Roth and Dr. Dru
Crawley for funding and support of both the EnergyPlus and OpenStudio projects.



Contents

1 Introduction to Building Energy Modeling ....................
1.1 Why Modeling? . .. ... ..
1.2 A Brief History of Building Energy Modeling and Simulation. . .
1.3 WhatIs OpenStudio?. .. ...... .. .. ... .. . ..
1.4 Overview of Book Structure .......... ... .. .. .. ......
1.5 Installing OpenStudio ............. ... .. .. .. .. .. .....
References. . ... ...t

2 Building Envelope Specification ................... ... ... ...
2.1 Building Envelope . .. ....... ... .
22 Weather ... ...
2.3 Envelope Geometry and Building Spaces ... ................
24 SUrfaces .. ...
2.5 ConstruCtionsS. . .....o.iui it
2.6 Sub-Surfaces ............i i
2.7 Introduction to Data Inheritance in OpenStudio . .............
2.8 Checkpoint One: Creating an Energy Model

with an Unconditioned Envelope. . ........................
2.8.1 Adding WeathertoaModel........................
2.8.2 Creating New Materials. .. ........................
2.8.3 Importing Materials from Existing Models............
2.8.4 Importing Materials from the Building
Component Library ......... ... .. ... .. .. .. ...
2.8.5 Creating Construction Assemblies. ... ...............
2.8.6 Creating a Construction Set. .......................
2.8.7 Creating Geometry with the OpenStudio Floor
PlanEditor. .. ... ... .. .. . . .
2.8.8 Running Your First Energy Simulation ...............
2.8.9 Studying Time Series Results ......................
2.9 Checkpoint Two: Energy Model of a School. .. ..............
2.10 Additional Exercises . .......... ... .. .. i

References. . ...

N W = =


https://doi.org/10.1007/978-3-319-77809-9_1
https://doi.org/10.1007/978-3-319-77809-9_1
https://doi.org/10.1007/978-3-319-77809-9_1#Sec1
https://doi.org/10.1007/978-3-319-77809-9_1#Sec2
https://doi.org/10.1007/978-3-319-77809-9_1#Sec3
https://doi.org/10.1007/978-3-319-77809-9_1#Sec4
https://doi.org/10.1007/978-3-319-77809-9_1#Sec5
https://doi.org/10.1007/978-3-319-77809-9_1#Bib1
https://doi.org/10.1007/978-3-319-77809-9_2
https://doi.org/10.1007/978-3-319-77809-9_2
https://doi.org/10.1007/978-3-319-77809-9_2#Sec1
https://doi.org/10.1007/978-3-319-77809-9_2#Sec2
https://doi.org/10.1007/978-3-319-77809-9_2#Sec3
https://doi.org/10.1007/978-3-319-77809-9_2#Sec4
https://doi.org/10.1007/978-3-319-77809-9_2#Sec5
https://doi.org/10.1007/978-3-319-77809-9_2#Sec6
https://doi.org/10.1007/978-3-319-77809-9_2#Sec7
https://doi.org/10.1007/978-3-319-77809-9_2#Sec8
https://doi.org/10.1007/978-3-319-77809-9_2#Sec8
https://doi.org/10.1007/978-3-319-77809-9_2#Sec9
https://doi.org/10.1007/978-3-319-77809-9_2#Sec10
https://doi.org/10.1007/978-3-319-77809-9_2#Sec11
https://doi.org/10.1007/978-3-319-77809-9_2#Sec12
https://doi.org/10.1007/978-3-319-77809-9_2#Sec12
https://doi.org/10.1007/978-3-319-77809-9_2#Sec13
https://doi.org/10.1007/978-3-319-77809-9_2#Sec14
https://doi.org/10.1007/978-3-319-77809-9_2#Sec15
https://doi.org/10.1007/978-3-319-77809-9_2#Sec15
https://doi.org/10.1007/978-3-319-77809-9_2#Sec16
https://doi.org/10.1007/978-3-319-77809-9_2#Sec17
https://doi.org/10.1007/978-3-319-77809-9_2#Sec18
https://doi.org/10.1007/978-3-319-77809-9_2#Sec19
https://doi.org/10.1007/978-3-319-77809-9_2#Bib1

Xvi Contents

3 Defining Energy Usesand Spaces .. ..........................
3.1 Energy Uses and Thermal Loads..........................
3.2 SPaC TYPES « - v vttt

32.1 Schedules......... ...
32.2 Load Definitions. . ......... .. ...
3.2.3 BuildingaSpaceType...... ...,
3.3 SPACES .ttt
3.4 Checkpoint Three: Ideal Air Load Simulation
ofaSmallModel ......... ... . .. . .
34.1 CreatingaScheduleSet...........................
342 DefiningOurLoads................ ...,
3.4.3 Defining and Assigning Our Space Type..............
3.4.4 Runningthe Simulation...........................
345 Ideal AirLoads.......... ... ...,
3.5 Checkpoint Four: Assigning Space Types to a School Model. . . .
3.6 Additional Exercises . ...........c. i
References. .. ... ... .. i

4 Introduction to HVAC Systems .. ............................
4.1 IntroduCtion .. ...ttt
4.2 Model Zoning. . .. ...ou vttt

4.2.1 Rules of Thumb for Combining Spaces
into Thermal Zones . ........ ... .. .. . .. .. .. ...
4.2.2 Zoning During Early Design . . .....................
4.3 HVAC System TYPes . .. oot
43.1 Zone HVAC Equipment. .......... .. ... ...,
432 AddaZone HVAC Component. ....................
433 AirLoop Systems ............ ...
434 PlantLoop Systems . ........ ...,
4.4 HVAC System Templates. . . ...,
4.4.1 Add a Template Air Loop HVAC System .............
4.5 Auto-Sizing HVAC Systems .. ...,
45.1 DesignDayFiles...............coiiiiiiiiii...
4.6 Checkpoint Five: Adding a Template HVAC System
toaSchoolModel ......... .. . . .. . i
4.7 Additional EXercises . .......... ...
References. .. ... ... .. i

S Advanced HVACTopics . . ...t
5.1 Introduction . ...t
5.2 AIrLOOPS. ..ot

5.2.1 AirLoop Configuration . ..........................
522 Sizing AirLoops . ...t
523 AirLoopControl . ...... .. .. ... ...

5.2.4 Air Loop Simulation Process. . .....................

59
59
60
61
62
70
72

76
77
82
82
87
88


https://doi.org/10.1007/978-3-319-77809-9_3
https://doi.org/10.1007/978-3-319-77809-9_3
https://doi.org/10.1007/978-3-319-77809-9_3#Sec1
https://doi.org/10.1007/978-3-319-77809-9_3#Sec2
https://doi.org/10.1007/978-3-319-77809-9_3#Sec3
https://doi.org/10.1007/978-3-319-77809-9_3#Sec4
https://doi.org/10.1007/978-3-319-77809-9_3#Sec10
https://doi.org/10.1007/978-3-319-77809-9_3#Sec11
https://doi.org/10.1007/978-3-319-77809-9_3#Sec12
https://doi.org/10.1007/978-3-319-77809-9_3#Sec12
https://doi.org/10.1007/978-3-319-77809-9_3#Sec13
https://doi.org/10.1007/978-3-319-77809-9_3#Sec14
https://doi.org/10.1007/978-3-319-77809-9_3#Sec15
https://doi.org/10.1007/978-3-319-77809-9_3#Sec16
https://doi.org/10.1007/978-3-319-77809-9_3#Sec17
https://doi.org/10.1007/978-3-319-77809-9_3#Sec18
https://doi.org/10.1007/978-3-319-77809-9_3#Sec19
https://doi.org/10.1007/978-3-319-77809-9_3#Bib1
https://doi.org/10.1007/978-3-319-77809-9_4
https://doi.org/10.1007/978-3-319-77809-9_4
https://doi.org/10.1007/978-3-319-77809-9_4#Sec1
https://doi.org/10.1007/978-3-319-77809-9_4#Sec2
https://doi.org/10.1007/978-3-319-77809-9_4#Sec3
https://doi.org/10.1007/978-3-319-77809-9_4#Sec3
https://doi.org/10.1007/978-3-319-77809-9_4#Sec4
https://doi.org/10.1007/978-3-319-77809-9_4#Sec5
https://doi.org/10.1007/978-3-319-77809-9_4#Sec6
https://doi.org/10.1007/978-3-319-77809-9_4#Sec7
https://doi.org/10.1007/978-3-319-77809-9_4#Sec8
https://doi.org/10.1007/978-3-319-77809-9_4#Sec9
https://doi.org/10.1007/978-3-319-77809-9_4#Sec10
https://doi.org/10.1007/978-3-319-77809-9_4#Sec11
https://doi.org/10.1007/978-3-319-77809-9_4#Sec12
https://doi.org/10.1007/978-3-319-77809-9_4#Sec13
https://doi.org/10.1007/978-3-319-77809-9_4#Sec14
https://doi.org/10.1007/978-3-319-77809-9_4#Sec14
https://doi.org/10.1007/978-3-319-77809-9_4#Sec15
https://doi.org/10.1007/978-3-319-77809-9_4#Bib1
https://doi.org/10.1007/978-3-319-77809-9_5
https://doi.org/10.1007/978-3-319-77809-9_5
https://doi.org/10.1007/978-3-319-77809-9_5#Sec1
https://doi.org/10.1007/978-3-319-77809-9_5#Sec2
https://doi.org/10.1007/978-3-319-77809-9_5#Sec3
https://doi.org/10.1007/978-3-319-77809-9_5#Sec6
https://doi.org/10.1007/978-3-319-77809-9_5#Sec8
https://doi.org/10.1007/978-3-319-77809-9_5#Sec12

Contents xvii

5.3 PlantLoops ... ..ot 141

5.3.1 Plant Loop Configuration. . ........................ 141

5.3.2 PlantLoop Sizing. .. ... ... ... ... . i 145

5.3.3 PlantLoopControl. . ........ .. . .. .. .. .. .. .... 148

5.3.4 Plant Loop Simulation Process . .................... 151

5.4 Zone Equipment. . ... ... ... . 152

5.4.1 Zone Equipment Configuration..................... 152

5.4.2 Zone Equipment Sizing . .. ........ .. ... . ... 152

5.4.3 Zone Equipment Control .. ........................ 153

5.4.4 Zone Equipment Simulation Process. . ............... 153

5.5 Service Water SyStems. . ... ..ottt 154

5.5.1 Defining Water Use Equipment..................... 154

5.5.2 Adding Water Use Equipment toa Model............. 155

5.6 Checkpoint Six: Air Loops. .. ... i 157

5.7 Checkpoint Seven: Plant Loops. . ........ .. .. . .. .. ... ... 160

5.8 Checkpoint Eight: Zone Equipment. . . ..................... 168

5.9 Additional EXercises . .......... ..o 170

Reference ........ .. .. 172

6 OpenStudio Measures. .. ..............uuiuiiiirnenenenn .. 173

6.1 Introduction to OpenStudio Measures. . .................... 173

6.2 Accessing and Using Measures . . .............oovuennen... 177

6.3 Using Measures Within the OpenStudio Application .......... 179

6.3.1 Applying a Measure Immediately to a Model .. ........ 179
6.3.2 Adding Measures to an OpenStudio

Application Workflow . ........ ... .. . ... L. 181

6.4 Introduction to Parametric Analysis. ... .................... 185

6.4.1 Starting PAT. ... ... . 185

6.4.2 Managing Measures in PAT........................ 187

6.4.3 Creating Design Alternatives in PAT . .. .............. 191

6.4.4 Running an AnalysisinPAT ....................... 193

6.4.5 Comparing Resultsin PAT. ........................ 196

6.4.6 The OpenStudio Analysis Server Tab . ............... 197

6.5 Checkpoint Nine: Introduction to Parametrics ............... 198

6.6 Additional Exercises . ........... .. .. i 213

References. .. ... ... .. i 213

7 Parametric Analysis with OpenStudio ........................ 215

7.1 Introduction to Parametric Analysis. .. ..................... 215

7.2 OpenStudio Server. .. ...... ... 215

7.3 Algorithmsin PAT . ... ... 217

7.3.1 SingleRun...... ... . . 218

732 Pre-Flight. ... ... ... . 218

7.33 RepeatRun.......... .. .. .. .. . i 218

7.3.4 Baseline Perturbation. . ........... ... .. ... oL 218

7.3.5 Diagonal........ ... ... 218


https://doi.org/10.1007/978-3-319-77809-9_5#Sec13
https://doi.org/10.1007/978-3-319-77809-9_5#Sec14
https://doi.org/10.1007/978-3-319-77809-9_5#Sec17
https://doi.org/10.1007/978-3-319-77809-9_5#Sec18
https://doi.org/10.1007/978-3-319-77809-9_5#Sec22
https://doi.org/10.1007/978-3-319-77809-9_5#Sec23
https://doi.org/10.1007/978-3-319-77809-9_5#Sec24
https://doi.org/10.1007/978-3-319-77809-9_5#Sec25
https://doi.org/10.1007/978-3-319-77809-9_5#Sec26
https://doi.org/10.1007/978-3-319-77809-9_5#Sec27
https://doi.org/10.1007/978-3-319-77809-9_5#Sec28
https://doi.org/10.1007/978-3-319-77809-9_5#Sec29
https://doi.org/10.1007/978-3-319-77809-9_5#Sec30
https://doi.org/10.1007/978-3-319-77809-9_5#Sec31
https://doi.org/10.1007/978-3-319-77809-9_5#Sec32
https://doi.org/10.1007/978-3-319-77809-9_5#Sec33
https://doi.org/10.1007/978-3-319-77809-9_5#Sec34
https://doi.org/10.1007/978-3-319-77809-9_5#Bib1
https://doi.org/10.1007/978-3-319-77809-9_6
https://doi.org/10.1007/978-3-319-77809-9_6
https://doi.org/10.1007/978-3-319-77809-9_6#Sec1
https://doi.org/10.1007/978-3-319-77809-9_6#Sec2
https://doi.org/10.1007/978-3-319-77809-9_6#Sec3
https://doi.org/10.1007/978-3-319-77809-9_6#Sec4
https://doi.org/10.1007/978-3-319-77809-9_6#Sec5
https://doi.org/10.1007/978-3-319-77809-9_6#Sec5
https://doi.org/10.1007/978-3-319-77809-9_6#Sec6
https://doi.org/10.1007/978-3-319-77809-9_6#Sec7
https://doi.org/10.1007/978-3-319-77809-9_6#Sec8
https://doi.org/10.1007/978-3-319-77809-9_6#Sec9
https://doi.org/10.1007/978-3-319-77809-9_6#Sec10
https://doi.org/10.1007/978-3-319-77809-9_6#Sec11
https://doi.org/10.1007/978-3-319-77809-9_6#Sec12
https://doi.org/10.1007/978-3-319-77809-9_6#Sec13
https://doi.org/10.1007/978-3-319-77809-9_6#Sec14
https://doi.org/10.1007/978-3-319-77809-9_6#Bib1
https://doi.org/10.1007/978-3-319-77809-9_7
https://doi.org/10.1007/978-3-319-77809-9_7
https://doi.org/10.1007/978-3-319-77809-9_7#Sec1
https://doi.org/10.1007/978-3-319-77809-9_7#Sec2
https://doi.org/10.1007/978-3-319-77809-9_7#Sec3
https://doi.org/10.1007/978-3-319-77809-9_7#Sec4
https://doi.org/10.1007/978-3-319-77809-9_7#Sec5
https://doi.org/10.1007/978-3-319-77809-9_7#Sec6
https://doi.org/10.1007/978-3-319-77809-9_7#Sec7
https://doi.org/10.1007/978-3-319-77809-9_7#Sec8

Xviii

8

Contents
7.3.6 Design of Experiments (DOE). . .................... 219
7.3.7 Latin Hypercube Sampling (LHS). . ................. 219
7.3.8 MorrisMethod. ...... ... .. .. . . i 220
7.3.9 SobolMethod. . ........ ... ... .. .. i 221
7.3.10 Fourier Amplitude Sensitivity Test (FAST99) Method ... 222
7311 Optim. ... 222
7.3.12 Particle Swarm Optimization (PSO) ................. 223
7.3.13 Nondominated Sorting Genetic Algorithm 2 (NSGA2)... 223
7.3.14 Genetic Algorithm with Island Evolution (GAISL). . . . .. 225
7.3.15 Strength Pareto Evolutionary Algorithm 2 (SPEA2). .. .. 226
7.3.16 R-GENetic Optimization Using
Derivatives (RGENOUD) . ........................ 226
7.4 Working with Measure Variables and Arguments .. ........... 226
7.5 Other Changes to PAT in Algorithmic Mode. ................ 231
7.5.1 The Outputs Tab in AlgorithmicMode ............... 231
7.5.2 The Run Tab in AlgorithmicMode . ................. 233
7.6  Working with OpenStudio Server ...................... ... 238
7.7 Checkpoint Ten: Sampling Problems
and Uncertainty Analysis. ........... ... .. 241
7.8 Checkpoint Eleven: Calibration via Sensitivity Analysis
and Optimization . . ...t 248
7.9 Additional EXercises . .......... ... 261
References. .. ... ... .. i 262
Daylighting. . . . ... ... ... 263
8.1 Introduction ............ ... i 263
8.2 Daylighting ..... ... 264
8.2.1 Daylighting Controls . ............................ 265
8.2.2 TIlluminance Maps. . .. ......c.ouviiininnnenen... 266
8.2.3 Advanced Daylighting Objects .. ................... 267
8.3  Checkpoint Twelve: Daylighting Analysis. . .. ............... 267
8.4 Additional Exercises . ............ i 285
References. .. ... ... .. i 286
The OpenStudio Software Development Kit . .................. 287
9.1 Introduction . ........ ...ttt 287
9.2 OpenStudio Measure OVerview. . .. .........ooeuvnvnnenon.. 287
9.3 Adapting an Existing Measure. .. ............. .. .. ... .. ... 290
9.4 Checkpoint Thirteen: Adapting Measures . .. ................ 293
94.1 TextEditor........ ... ... i 293
9.4.2 Programming Background. ............... .. ... .. .. 293
943 CopytheMeasure ...........c.cuiuiinininennen... 293
9.4.4 Reviewthe Measure. ...........c.c.ovuiininennen... 294

9.4.5 Modifythe Measure. ..., 295


https://doi.org/10.1007/978-3-319-77809-9_7#Sec9
https://doi.org/10.1007/978-3-319-77809-9_7#Sec10
https://doi.org/10.1007/978-3-319-77809-9_7#Sec11
https://doi.org/10.1007/978-3-319-77809-9_7#Sec12
https://doi.org/10.1007/978-3-319-77809-9_7#Sec13
https://doi.org/10.1007/978-3-319-77809-9_7#Sec14
https://doi.org/10.1007/978-3-319-77809-9_7#Sec15
https://doi.org/10.1007/978-3-319-77809-9_7#Sec16
https://doi.org/10.1007/978-3-319-77809-9_7#Sec17
https://doi.org/10.1007/978-3-319-77809-9_7#Sec18
https://doi.org/10.1007/978-3-319-77809-9_7#Sec19
https://doi.org/10.1007/978-3-319-77809-9_7#Sec19
https://doi.org/10.1007/978-3-319-77809-9_7#Sec20
https://doi.org/10.1007/978-3-319-77809-9_7#Sec21
https://doi.org/10.1007/978-3-319-77809-9_7#Sec22
https://doi.org/10.1007/978-3-319-77809-9_7#Sec23
https://doi.org/10.1007/978-3-319-77809-9_7#Sec24
https://doi.org/10.1007/978-3-319-77809-9_7#Sec25
https://doi.org/10.1007/978-3-319-77809-9_7#Sec25
https://doi.org/10.1007/978-3-319-77809-9_7#Sec26
https://doi.org/10.1007/978-3-319-77809-9_7#Sec26
https://doi.org/10.1007/978-3-319-77809-9_7#Sec27
https://doi.org/10.1007/978-3-319-77809-9_7#Bib1
https://doi.org/10.1007/978-3-319-77809-9_8
https://doi.org/10.1007/978-3-319-77809-9_8
https://doi.org/10.1007/978-3-319-77809-9_8#Sec1
https://doi.org/10.1007/978-3-319-77809-9_8#Sec2
https://doi.org/10.1007/978-3-319-77809-9_8#Sec3
https://doi.org/10.1007/978-3-319-77809-9_8#Sec4
https://doi.org/10.1007/978-3-319-77809-9_8#Sec5
https://doi.org/10.1007/978-3-319-77809-9_8#Sec6
https://doi.org/10.1007/978-3-319-77809-9_8#Sec7
https://doi.org/10.1007/978-3-319-77809-9_8#Bib1
https://doi.org/10.1007/978-3-319-77809-9_9
https://doi.org/10.1007/978-3-319-77809-9_9
https://doi.org/10.1007/978-3-319-77809-9_9#Sec1
https://doi.org/10.1007/978-3-319-77809-9_9#Sec2
https://doi.org/10.1007/978-3-319-77809-9_9#Sec3
https://doi.org/10.1007/978-3-319-77809-9_9#Sec4
https://doi.org/10.1007/978-3-319-77809-9_9#Sec5
https://doi.org/10.1007/978-3-319-77809-9_9#Sec6
https://doi.org/10.1007/978-3-319-77809-9_9#Sec7
https://doi.org/10.1007/978-3-319-77809-9_9#Sec8
https://doi.org/10.1007/978-3-319-77809-9_9#Sec9

Contents Xix

9.5 Creatinga New Measure .. .........c.ouiuiineninennenen.. 298
9.6 Checkpoint Fourteen: Creating a New Measure .............. 302
9.7 Checkpoint Fifteen: Testing Measures. . .. .................. 306
9.8 The OpenStudio Command Line Interface .................. 309
9.9 The OpenStudio Meta Command Line Interface. ............. 311
9.10 Additional Exercises (for Advanced Users). . ................ 313
References. . ... 314
Correction .. ... ... . El
Resources. . ... ... ... 315
Common Simulation Failures. .. ......... ... .. .. . .. .. .. ... 316
Simulation “Soft” Failures . ......... ... .. .. . i 318
PAT ISSUES . . o oottt e 319
Index. . ... 323

The original version of this book was revised. A correction to this book can be found at
https://doi.org/10.1007/978-3-319-77809-9_10


https://doi.org/10.1007/978-3-319-77809-9_9#Sec10
https://doi.org/10.1007/978-3-319-77809-9_9#Sec11
https://doi.org/10.1007/978-3-319-77809-9_9#Sec12
https://doi.org/10.1007/978-3-319-77809-9_9#Sec13
https://doi.org/10.1007/978-3-319-77809-9_9#Sec14
https://doi.org/10.1007/978-3-319-77809-9_9#Sec15
https://doi.org/10.1007/978-3-319-77809-9_9#Bib1
https://doi.org/10.1007/978-3-319-77809-9_10
https://doi.org/10.1007/978-3-319-77809-9_0003612960
https://doi.org/10.1007/978-3-319-77809-9_10

Abbreviations and Acronyms

AEDG
AIA

AMI
AMY
ANL

API
ASHRAE

AWS
BCL
BEM
BLAST
CAD
CBECS
CDD
CEC
CEUS
CLI
cop
CPUC
CVRMSE
Ccw
DCV
DOAS
DOD
DOE
DOE
DX
EC-2
EE

Advanced Energy Design Guide

American Institute of Architects

Amazon Machine Image

Actual Meteorological Year

Argonne National Laboratory

Application Program Interface

American Society of Heating, Refrigeration, and Air-Conditioning
Engineers

Amazon Web Service

Building Component Library

Building Energy Modeling

Building Loads Analysis and System Thermodynamics Program
Computer Aided Design

Commercial Building Energy Consumption Survey
Cooling Degree Day

California Energy Commission

California End-Use Survey

Command Line Interface

Coefficient of Performance

California Public Utility Commission

Coefficient of Variation of Root Mean Squared Error
Cold Water

Demand-Controlled Ventilation

Dedicated Outdoor Air System

Department of Defense (United States)

Department of Energy (United States)

Design of Experiments

Direct Expansion

Elastic Cloud Computing

Energy Efficiency

XX1



xxii Abbreviations and Acronyms

EMS Energy Management System

EPW EnergyPlus Weather (File)

ERV Energy Recovery Ventilation

EUI Energy Use Intensity

HID High-Intensity Discharge

HW Hot Water

IDE Integrated Development Environment

IDF Input Data File

gbXML Green Building Extensible Markup Language
GLHEPro Ground Loop Heat Exchanger design tool Pro
GSHP Ground Source Heat Pump

GUI Graphical User Interface

HDD Heating Degree Day

HTML Hypertext Markup Language

HUD Department of Housing and Urban Development (United States)
HVAC Heating, Ventilation, and Air-Conditioning
IES Illuminating Engineering Society

JSON JavaScript Object Notation

LBNL Lawrence Berkeley National Laboratory
LEED™ Leadership in Energy and Environmental Design
LHS Latin Hypercube Sampling

LPD Lighting Power Density

NBS National Bureau of Standards (United States)
NBSLD National Bureau of Standards Load Determination program
NIST National Institute of Standards and Technology (United States)
NMBE Net Mean Bias Error

NRCan Natural Resources Canada

NREL National Renewable Energy Laboratory
NSGA2 Non-dominated Sorting Genetic Algorithm 2
OA Outdoor Air

ORNL Oak Ridge National Laboratory

oS OpenStudio

OSA OpenStudio Analysis (JSON File)

OSM OpenStudio Model (File)

OSW OpenStudio Workflow (JSON File)

PAT Parametric Analysis Tool

PLR Part Load Ratio

PNNL Pacific Northwest National Laboratory

PSO Particle Swarm Optimization

PTAC Packaged Terminal Air Conditioning

RECS Residential Energy Consumption Survey
RGENOUD  R-GENetic Optimization Using Derivatives
RTU Rooftop Unit

SAT Supply Air Temperature

SDK Software Development Kit



Abbreviations and Acronyms

SPEA2 Strength Pareto Evolutionary Algorithm 2
™Y Typical Meteorological Year

UID Unique Identifier

URL Uniform Resource Locator

VAV Variable Air Volume

WWR Window-to-Wall Ratio

XML Extensible Markup Language

XXiii



List of Figures

Fig. 1.1  U.S. Energy consumption by sector with end use breakdowns.
(Data source U.S. Energy Information Administration 2012). .. .. 2
Fig. 1.2 OpenStudio as a BEM operating system.

(Credit: Marjorie Schott) .. ... 6
Fig. 1.3 OpenStudio Application workflow and detail ................. 9
Fig. 1.4 OpenStudio Parametric Analysis Tool (PAT) workflow. ......... 9
Fig. 1.5 OpenStudio home page (http://openstudio.net)................ 10
Fig. 1.6  OpenStudio download page........... .. .. . ... 10
Fig. 1.7 OpenStudio installer dialogsonaMac ...................... 11
Fig. 2.1 Climate zone locationsinU.S . .......... .. ... .. ... .... 15
Fig. 2.2 TMY data inspected using climate consultant. ................ 16
Fig. 2.3 Building envelope drawn with the OpenStudio Application

floorplaneditor .. ... 17
Fig. 2.4 Building envelope drawn using the OpenStudio Plug-In

for Trimble SketchUp ........ ... ... .. 17
Fig. 2.5 Simple office building with three Spaces and two Space Types

onsecond floor. . ... .. ... . L 18
Fig. 2.6  Simple office building with first and second floors zoned

separately . . ... 19
Fig. 2.7 Heat transfer mechanisms within a space.

(Credit Marjorie Schott). .. ...t 20
Fig. 2.8 Interior and exterior surface heat transfer . ................... 20
Fig. 2.9 Two story building with building surface thickness shown. ...... 21
Fig. 2.10 Recommended placement of OpenStudio surfaces

todefine Spaces . ... 21
Fig. 2.11 Inspecting geometry boundary conditions in the OpenStudio

Application. . . ... 22
Fig. 2.12 Material layers in a ceiling construction .. ................... 23
Fig. 2.13 Equivalent RC network for a construction. ................... 23
Fig. 2.14 Mirrored constructions for adjacent surfaces. . ................ 24

XXV



XXVi

Fig
Fig
Fig
Fig
Fig

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

.2.15
.2.16
.2.17
.2.18
.2.19
2.20
2.21
2.22
2.23
2.24

2.25
2.26
2.27
2.28

2.29

2.30
2.31
2.32
2.33

2.34
2.35
2.36
2.37
2.38
2.39

2.40
2.41
242

243
2.44

2.45
2.46
247
2.48
2.49

2.50

List of Figures

Heat transfer through transparent constructions . .............. 24
Construction inheritance hierarchy ............... .. ... .. ... 25
ASHRAE Standard 140 BESTEST Case 600 Building. . ........ 27
TMY data inspected withDView. . .......... ... .. .. .. .... 27
OpenStudio launch dialog .. ........ ... .. .. . ... . ... 28
OpenStudio Application with a newly created model .. ......... 28
A newly saved OpenStudio Model ......................... 29
Adding EPW and DDY files in the OpenStudio Application . .. .. 29
Model directory with EPW file .......... ... ... .. .. .... 30
The OpenStudio Application Constructions Tab and Materials

Sub-Tab . ... 30
Creating a new Material in the OpenStudio Application. ........ 34
OSM Load Library options included with OpenStudio. ......... 34
Dragging and Dropping Materials from Library into a Model .... 35
Downloading a Construction Material from the Building

Component Library . ........ .. .. .. . 36
Creating a double pane window Construction

in the OpenStudio Application. . .. ........ ... ... .. ..., 37
Building a Construction Set in the OpenStudio Application. . . ... 38
Setting a Construction Set as the Default for a building .. ....... 38
Floor plan geometry Editor Quick Start Dialog. ............... 39
Annotated floor plan editor with empty floor plan

in the OpenStudio Application. . .. ........ ... ... .. ..., 40
Drawing BESTEST Case 600 in the OpenStudio Application .... 41
Editing floor height in the OpenStudio Application ............ 41
Model with “Space 1-1" assigned to “Thermal Zone 1”......... 42
Adding a Window definition with the Geometry editor. ......... 42
Placing a Window with the Geometry editor. .. ............... 43
Inspecting the BESTEST Case 600 Building

in the OpenStudio Application. . .. ........ ... ... .. ..c.o... 43
The OpenStudio Application Output Variables Tab. ............ 44
The OpenStudio Application Simulation RunTab ............. 45
The OpenStudio Standard Report within the Results

Summary Tab. . ... 45
The OpenStudio Standard Report with Envelope Summary . .. ... 46
The OpenStudio Standard Report with Zone Condition

Summary .. ... 46
The EnergyPlus Report Viewed within the Results

Summary Tab. .. ... 47
Model directory after simulation........................... 47
Comparison of Outdoor and Zone temperatures in DView . . ... .. 49
Identifying the Surface name for the South Facing Facade. . .. ... 50
South exterior wall surface temperature plotted in DView

asaHeatmap ....... .. .. 50

Monthly temperature profiles for Exterior and Interior
Surfaceson South Fagade . ............ ... ... ... ........ 51



List of Figures

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

2.51 Empty Model Loaded with ASHRAE 90.1-2010 Construction

Set for a primary school. . ...... .. .. ... .. . oL
2.52 Primary school floorplan........... ... ... ... .. .. ... ...
2.53 Primary school floor plan drawn with the Geometry editor. . . . . ..
2.54 Boundary condition view of primary school Model ............
2.55 Boundary condition preview of primary school Model in editor. . .
2.56 Construction View of primary school Model. .................
2.57 Unconditioned primary school envelope summary report. . . .. ...
2.58 Unconditioned primary school zone overview ................
2.59 Unconditioned primary school zone conditions ...............
2.60 DView time series plots of Outdoor, Lobby, and Mechanical

TOOM LEMPETATUIES . « . . v e vttt et e et e e e e e e e
2.61 Geolocating a new Model with the floor plan editor............
2.62 Tracing over an image with the floor plan editor. ..............

3.1 OpenStudio Space Type conceptually applied to a Space . . ......
3.2 Schedule Set for an Office Break Room .....................
3.3 An office Ruleset Schedule defined for workdays..............
3.4  An office Ruleset Schedule defined for Saturdays, and Sundays . .
3.5 Lighting Power Density defined for an Open Office Space Type . .
3.6 Example of an Electric Equipment Load. .. ..................
3.7 People definition for an Office Break Room Space Type ........
3.8  Occupant activity Schedule for an office.................. ...
3.9 Example water use equipment definition. .. ..................
3.10 Outdoor air ventilation for an Office Lobby Space Type. ........
3.11 Infiltration Flow Rate for an Office Lobby Space Type..........
3.12 Adding an Infiltration Effective Leakage Area Object ..........
3.13 Adding loads to define four office Space Types. . ..............
3.14 Assigning Space Types using the Geometry editor . .. ..........
3.15 Space assignment Sub-Tab. . ........ ... .. .. . ... .
3.16 Space load assignments defaulted from Space Type definition. . . .
3.17 Space Surfaces Sub-Tab with defaulted Construction Set. . ......
3.18 Space Sub-Surfaces Sub-Tab........... .. .. .. . ... ... ...
3.19 Defining an Internal Mass Object fora Space.................
3.20 Interior partitions Sub-Tab. . ......... ... .. .. . .. .. .. ...
3.21 Shading Surfaces Sub-Tab......... ... .. .. .. .. ... ... ...
3.22 Creating anew Schedule Set . .......... .. .. .. . .. ... ...
3.23 Creating a new Ruleset Schedule. . .......... .. ... ... .. ...
3.24 Editing Bob’s activity Schedule. .. .......... .. .. .. ... .. ...
3.25 Bob’s default Occupancy Schedule . . .......................
3.26 Using the Schedule editor to create a Fractional

Occupancy Schedule .. ...... ... .. . i
3.27 Creating a new Run Period Profile in a Ruleset Schedule. .. ... ..
3.28 A new profile for Bob’s Schedule copied from the

default Profile. . ..... ... ... .. . .

XXVil

52
52
53
53
54
54
55
55
55

56
57
57



XXViii

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.

3.29
3.30
3.31
3.32
3.33
3.34
3.35
3.36
3.37
3.38
3.39
3.40
3.41
3.42
3.43
3.44

3.45
3.46
3.47
3.48

3.49
3.50
3.51
3.52

3.53

3.54

3.55
3.56
3.57
3.58
3.59
3.60

3.61
3.62

3.63
3.64
3.65

List of Figures

A higher priority Ruleset Schedule profile for weekends . ....... 81
Laptop usage profile derived from Occupancy Schedule ........ 81
Setting a Heating Thermostat Ruleset Schedule for Bob’s Office.. 82
Setting a Cooling Thermostat Ruleset Schedule for Bob’s Office. . 82

Defining a Schedule Set for Bob’s Office .................... 83
Defining the Loads for Bob’s Office ........................ 83
Creating a new Space Type and Adding a Schedule Set ... ...... 84
Adding Loadstoa Space Type . ........ ..., 84
Assigning our New Space Type to Bob’s Space ............... 85
Inspecting the Loads assigned to Bob’s Space ................ 85
Additional content in the OpenStudio report related to our Space . 86
Annual end use breakdown for Bob’s Unconditioned Office . . ... 86
Monthly end use breakdown for Bob’s Unconditioned Office .... 87
Zone Conditions for Bob’s Unconditioned Office.............. 88
DView time series plots for Bob’s Unconditioned Office ........ 89
Adding Thermostat Schedules and Ideal Air Loads to our

Thermal Zone. . ... ... .. . 89
Zone Conditions with Ideal Air Loads. . . .................... 90
Annual end use breakdown with Ideal Air Loads .. ............ 90
Monthly end use breakdown with Ideal Air Loads ............. 91
Time series plots of ambient and interior temperatures

alongside district heating/cooling load .. ................. ... 91
Adding Space Types from the Library. . ..................... 92
Adding the Classroom Space Type as the building default . ... ... 93
Inspecting load definitions for the new Space Types............ 93
Inspecting the imported people definition for the Cafeteria

Space TypPe . . .o 94
Inspecting the Imported Schedule Set for the Cafeteria

Space TypPe . . .o 94
Inspecting an Imported RuleSet Schedule for the Cafeteria

Space TyYPe . . .o 94
Adding PrimarySchool HtgSetp and ClgSetp from the Library ... 95
All Spaces defaulted to the Classroom Space Type............. 95
Overriding Space Type defaults for other Spaces .............. 96
Verifying load definitions for Spaces. . ...................... 96
Verifying Surface Constructions for Spaces .................. 97
Using multi-select to assign the cooling Thermostat Schedule
toallzones. ... ... .. 97
Space Type breakdown for the Primary School Model . ......... 98
HVAC Loads and Zone Conditions for the Primary

School Model. . ...... .. .. 98
Annual end use breakdowns for the Primary School Model . . . . .. 98
Monthly end use breakdowns for the Primary School Model . . . .. 99
Time series plots for the Primary School Model . .............. 100



List of Figures

Fig

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig
Fig

4.1
4.2
43
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11

4.12
4.13
4.14
4.15

4.16
4.17
4.18
4.19
4.20
4.21
4.22
4.23

4.24
4.25
4.26
4.27
4.28

5.1
52
53
54
5.5
5.6
5.7
5.8

59
.5.10
.51

Two Thermal Zones containing one or more spaces .. ..........
Core and Perimeter Zoning . . ...,
Adding a piece of Zone Equipment. ........................
Setting properties for a piece of Zone Equipment..............
Supply and demand sides of an AirLoop .. ..................
A typical Plant and Air Loop relationship. . ..................
Plant Loop branch examples .. ........... ... .. .. . ......
An unsupported Plant Loop topology . ............ .. ... .. ...
ASHRAE 90.1 Appendix G system type seven. ...............
Adding a template HVAC systemtoaModel .................
Air handler included in Packaged Rooftop VAV with reheat
templatesystem. . .. ..ot
Connecting Thermal Zones to an Airhandler .. ...............
Two Thermal Zones Connected to a Single Air Handler. . .......
Examining the Properties of an Air Terminal .................
Clicking a Chilled Water Coil Node to Navigate

to the Associated Plant Loop . . ...... .. ... . . oL,
Plant Loop Serving the Air Handler Chilled Water Coil . ... .....
Condenser Loop Serving the Chilled Water Plant. . ............
Adding Design Days fromaDDY File .. ....................
Design Days Added to an OpenStudio Model. . ...............
Primary School Model with Four Thermal Zones. . ............
Adding Thermal Zone One to an Air Handler. .. ..............
Hot Water Loop Serving Air Handler for Thermal Zone One. . . . .
Monthly Electricity and Gas Consumption for School

with Four Packaged VAV Units . .. ...... .. .. ... . ..o o...
Zone Conditions for School with Four Packaged VAV Units . . ...
Zone Overview for School Divided into Four Thermal Zones . . . .
Air and Plant Loop Detail for the Revised School Model. . ... ...
EnergyPlus Unmet Hours Report. . ........... ... ... ... ....
EnergyPlus Auto-Sizing Report. . ......... ... ... ... ... ...,

Flow direction in an empty Air Loop. .. ........ .. ... .. .. ....
Supply and demand sides of an empty Air Loop...............
Empty supply side Air Loop detail .........................
Typical fan locations within an Air Loop. . .. .................
Adding supply side Equipment in OpenStudio . ...............
Connecting acoiltoaPlantLoop . .......... .. ... .. .. ...
Empty demand side Air Loop detail ........................
Connecting demand side Air Loop with two Thermal Zones

and Simple Air Diffusers . .......... . . i i
Thermal Zone design supply air sizing parameters. ............
Specifying sizing parameters for a particular Air Loop..........
Specifying Outdoor Air Sizing Algorithm for a particular

AT LOoOp. . oo



XXX

Fig
Fig
Fig

Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

.52
.5.13
.5.14

.5.15
.5.16
.5.17
.5.18
.5.19
.5.20
.5.21
.5.22
.5.23
.5.24
.5.25
.5.26
.5.27
.5.28
.5.29
.5.30
.5.31
.5.32
.5.33
.5.34
.5.35
.5.36
.5.37
.5.38
.5.39
5.40
541
542
543
5.44
5.45
5.46
547
5.48
5.49
5.50
5.51
5.52
5.53
5.54
5.55

List of Figures

Setpoint Manager on supply outlet Node. . . .................. 136
Default OpenStudio Setpoint Manager propagation . ........... 136
Adding Explicit Setpoint Managers for each supply

Side COMPONENt . . ...ttt 137
Specifying Air Loop availability control . . ................... 138
Specifying OA control for an Air Loop...................... 139
Flow direction in an empty Plant Loop . .. ................... 141
Supply and demand sides of an empty Plant Loop ............. 142
Empty Plant Loop supply side detail . . . ..................... 142
Plant Loop supply side containing two chillers. ............... 143
Plant Loop with one Loop and two branch pumps ............. 143
Adding Equipment to the supply side of a Plant Loop .......... 144
Demand side details of an empty Plant Loop ................. 145
Demand side of a Plant Loop serving two Cooling Coils . . ... ... 145
Air and Water Flow throughaCoil ............. ... ... .. ... 146
Plant Loop Coil Sizing parameters for hard or autosizing. ... .... 146
Specifying Plant Loop sizing parameters .................... 147
Sizing factor used for components installed on branches . ....... 148
Plant Loop supply control .. ........ .. .. ... .. .. . . ... 149
Multiple Setpoint Managers for component control . ........... 149
Plant Loop Load Distribution Scheme. . ..................... 150
Adding Zone Equipment to a Thermal Zone. . ................ 152
Examining child objects within a piece of Zone Equipment. . . ... 153
Creating a Water Use Equipment definition. .. ................ 154
Adding a water use connection to the service Hot Water Loop. ... 155
Adding a sink to an empty water use connection . ............. 155
Adding Equipment to a water use connection. . ............... 156
Adding a hot water connection to a Hot Water Loop. . .......... 157
Adding anempty AirLoop ........ ... ... .. il 158
Air Loop with initial supply Equipment components . .......... 158
VAV outlet setpoint temperature . ... .............oenina.... 159
Air Loop with VAV reheat terminal . . . ...................... 159
Addanempty Plant Loop ...... ... ... . . i 160
Chilled Water Loop with initial components. .. ............... 161
Connecting a Cooling Coil to the Chilled Water Loop .......... 162
Chilled Water Loop with Cooling Coil connected. . ............ 163
Condenser Water Loop with initial components .. ............. 164
Condenser Loop with chiller attached . . . ................. ... 165
Hot Water Loop with initial components. .................... 166
Hot Water Loop with Heating Coils connected . .. ............. 166
Assign Thermal Zones to Air Loop . .. ........... ... ... .... 167
Disconnecingt the Thermal Zone from the Air Loop. ........... 168
Adding Four Pipe Fan Coil Zone Equipment ................. 169
Connecting Zone Equipment Coil to a Plant Loop . ............ 169

HVAC Monthly Load Profile for school with advanced
HVAC SyStems . . .. oot 170



List of Figures

Fig.
Fig.
Fig.

Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

5.56 Zone conditions for school with advanced HVAC systems. . .. ...
5.57 Air Loops detail for school with advanced HVAC systems. . . . . ..
5.58 Plant Loops detail for school with advanced HVAC systems . . . . .

6.1 Measure used to add heat recovery to an HVAC system
(https://bcl.nrel.gov/mode/39440). . ... ... o
6.2 Measure used to apply a complete daylighting solution
to a school (https://bcl.nrel.gov/node/39783) .................
6.3 DOE prototype building Measure (https://bcl.nrel.gov/node/
83591) dialogandresult. . . ...... ... .. . . L
6.4 OpenStudio reporting Measure examples (https://bcl.nrel.
gov/node/82771, https://bcl.nrel.gov/node/83647, https://bcel.
nrel.gov/node/83307). .. ...
6.5 Landing page of http://bcl.nrel.gov . ...... ... ... .. .. ...
6.6 HVAC Measuresonthe BCL..............................
6.7 BCL web page for ERV Measure ..........................
6.8  Accessing the BCL from within the OpenStudio Application. . . . .
6.9 The BCL interface within the OpenStudio Application. .........
6.10 Model HVAC air loop prior to applying Measure . . ............
6.11 Apply Measure Now window with ERV Measure selected. . . . . ..
6.12 Report from ERV Measure after application..................
6.13 Model HVAC air loop after applying Measure ................
6.14 OpenStudio Application Measures Tab . .. ...................
6.15 High level OpenStudio workflow with Measures ..............
6.16 Measures added to a simulation workflow. ................ ...
6.17 Starting OpenStudio’s Parametric Analysis Tool (PAT) .........
6.18 PAT new projectdialog .......... .. ...
6.19 Specifying a new PAT project’s location. . ...................
6.20 Opening the “Office_ HVAC” projectin PAT. . ................
6.21 Specifyingananalysisin PAT .......... ... ... .. ... ......
6.22 PAT’s Measure Library dialog for the “Office_ HVAC” project. . . .
6.23 PAT’s Measure Library with BCL fenestration content shown . . . .
6.24 Three Measures added to a PAT project. .. ...................
6.25 Set window to wall ratio by Facade Measure expanded . ........
6.26 A newly created Measure option . ........... ...,
6.27 Window to wall ratio Measure with three design options . . ... ...
6.28 Ensuring the OpenStudio Results Measure is included
withanoption ........ ... ... i
6.29 PAT’s design alternatives Tab. . . ......... ... .. .. . .. ....
6.30 PAT’s Run Tab indicates it is ready to simulate. . ..............
6.31 PAT analysis in Progress ... .....o.euvunenenennenenenenn..
6.32 PAT completed analysSis. ...,
6.33 An individual PAT data pointexpanded. .. ...................
6.34 Re-running a singledatapoint. ............. .. .. .. .. .. ....
6.35 PAT summary table onthereports Tab . .....................

XXXi

170

171

171

174

174

175



XXXii

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

6.36
6.37
6.38
6.39
6.40
6.41
6.42
6.43
6.44
6.45
6.46
6.47
6.48
6.49
6.50
6.51
6.52
6.53
6.54
6.55
6.56
6.57
6.58

6.59
6.60
6.61

6.62
6.63

6.64
6.65
6.66
7.1
7.2
7.3
7.4

7.5

List of Figures

End user comparisonchart. . ........ .. .. ... . .. 197
PAT’s OpenStudio Cloud Management Console Tab ........... 198
Creating a new primary school PAT project .................. 199
Adding the OpenStudio Results Measure to the project . ........ 199
Creating a Report Option for the project. .. .................. 199
Creating the baseline Design Alternative in the project. ......... 200
Running the project containing only the baseline . ............. 200
Examining the baseline datapoint............... ... ... .... 200
Reviewing the monthly end use breakdown for the baseline. . . . .. 201
PAT comparison summary containing only the baseline......... 201
Finding EE Measures for the project. ....................... 202
Downloading the AEDGK12HVACDualDuctDoas Measure . . . . . 203
Adding three AEDG K-12 HVAC Measures to the project. . ... .. 203
Defaults for a new dual duct DOAS option. . ................. 204
Defining the dual duct DOAS option and entering system cost ... 204
Creating a fan coil DOAS Measure option . .................. 205
Creating a GSHP DOAS Measure option .. .................. 205
Adding the Xcel Energy utility rate tariff to the project ......... 206
Creating a utility rate Measure option . . ... .................. 206
Adding three additional Design Alternatives to the project. . ... .. 206
Simulating the four Design Alternatives ... .................. 207
PAT Project directory structure . ...................c.oou... 207
Reviewing the Measure actions that produced the

GSHP DOAS datapoint. . ..ottt 208
Comparing the three Design Alternatives against the baseline . ... 208
Adding additional Measures to the project . .................. 209
Defining a Design Alternative with GSHP and additional

EEMeEasures .. .......ouiiuiiuiniiiiiiiiaann. 210
Comparing the four Design Alternatives to the baseline . ... ..... 210
Comparing end use breakdowns for the baseline

and Design Alternatives. . ... 210
Adding the “Reduce Lighting Loads by Percentage”

Measure with tWo Options . ... ..., 211
Comparing the two additional Design Alternatives

withthebaseline .......... ... ... ... .. ... .. . . .. 212
Comparing end user breakdowns for baseline and alternatives. ... 212
PAT, OpenStudio Server, and Workers. . . .................... 216
PAT analysis Tab in algorithmic mode. . .. ................... 217
Selecting an algorithm in PAT . . .......... ... .. .. ... ..., 217
A DOE with two independent variables and two

sampling levels. .. ... . 219

LHS concept with two independent variables
and four samples . ......... 220



List of Figures

Fig.

Fig.
Fig.

Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.

7.6

1.7
7.8

7.9
7.10
7.11

7.12
7.13
7.14
7.15
7.16
7.17
7.18
7.19
7.20
7.21
7.22
7.23
7.24
7.25
7.26
7.27
7.28
7.29
7.30
7.31
7.32
7.33
7.34

7.35
7.36
7.37
7.38
7.39

7.40
7.41

7.42

Morris method concept with initial and subsequent data

pointsforr=4 ... .. ... .. .
Optim conceptual progression to optimal solution .. ..........

Example particle swarm optimization progression

(Figure adapted from Ephramac, 2017).....................
Genetic algorithm “DNA” for three building data points . ... ...
Genetic algorithm applied to a building optimization problem. . . .

Multi-variate optimization of heating and cooling energy use

withPareto Front . . ..... ... ... .. .. .. ... . o
Assigning multiple variable types to a Measure’s inputs. . . . . . ..
Uniform distribution for window to wall ratio. . . .............
Discrete distribution for cardinal direction . .................
Normal distribution for window to wall ratio .. ..............
LogNormal distribution for window to wall ratio . . ...........
Triangle distribution for window to wall ratio. . ..............
“Pivoting” an analysis on building type. . .. .................
PAT’s Design Alternatives Tab in algorithmic mode . . .........
PAT’s Outputs Tab in algorithmicmode ....................
Outputs available from the OpenStudio Results Measure. . . . . ..
Configuring selected outputs . . ............ ..
PAT’s Run Tab in algorithmicmode .......................
PAT’s Run Tab with Run on Cloud selected .................
AWS console with secret key option highlighted .............
Server and worker node configuration in PAT’s Run Tab .. ... ..
PAT AWS responsibility dialog .. ......... ... .. ... ... ..
AWS cluster startingupin PAT ... ....... .. ... ... ..
AWS cluster starting up in the AWS console. . ...............
AWS cluster nearly ready for use in the AWS console .........
Cloudruncompleted .. ...... ... .. ...
OpenStudio Cloud Management Console front page ..........
OpenStudio Cloud Management Console view of a project . . . . .

OpenStudio Cloud Management Console project

variable summary. . ... ... ..

OpenStudio Cloud Management Console parallel coordinate

plot visualization .. .......... .. .
Net zero building study visualized as a parallel coordinate plot . . .
Net zero building study with output filtering. . .. .............
Setting up an LHS sampling problem with our school model. . . .

Setting up outputs for LHS sampling problem with our

schoolmodel ........ ... ... . ... .. . i
LHS sampling analysis in progress for school model problem. . . .

OpenStudio Server reporting progress of LHS analysis

for school model problem . ......... ... ... .. ... .. ... ..
LHS analysis report page for school model problem. ..........

XXXiii

221
222

223
224
224

225
227
227
228
228
229
230
230
231
231
232
232
233
234
234
236
236
236
237
237
237
238
239

240

241
242
242
243

244
245



XXXIV

Fig

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig
Fig
Fig
Fig
Fig

.7.43 Variable distributions for LHS sampling of school

model problem. . ...... ...
7.44 Parallel coordinate plot for LHS sampling of school

model problem. . ...... ...
7.45 Preparing to add electricity and gas consumption data

toschoolmodel .......... ... .. ... .. . i
7.46 Adding electricity consumption data to school model. . .........
7.47 Adding gas consumption data to school model .. ..............
7.48 Setting up a Morris Method problem with our school model . . . ..
7.49 Setting up outputs for Morris Method problem with our

schoolmodel ........ ... .. .. .. .. .
7.50 Completed Morris Method analysis for school model problem . . .
7.51 Morris Method elementary effects box plots for school

model problem. ........ ..
7.52 Morris Method p* plots for school model problem. ............
7.53 Setting up an SPEA2 optimization problem with our

schoolmodel ........ ... .. .. .. .. .
7.54 School model calibration project with completed SPEA2

OPHIMIZAION . . .. oottt et e
7.55 SPEA2 optimizer results for school model calibration problem . . .
7.56 PSO optimizer results for school model calibration problem . . . ..
7.57 Parallel coordinate plot of all SPEA2 data points .. ............
7.58 Parallel coordinate plot of SPEA2 results filtered for

ASHRAE Guideline 14 ........... ... ... .. . ...
7.59 Additional filtering of SPEA?2 results on parallel

coordinate plot. . ...t
7.60 An SPEA?2 optimized solution for the school calibration

problem . ... .
7.61 School model calibration reports pre and post

SPEA2 optimization. . . ...ttt

8.1 gbXML import within the OpenStudio Application ............
8.2 gbXML Model import previewed in the geometry Tab..........
8.3  OpenStudio SketchUp Plug-in gbXML Import Menu. ..........
8.4 Initial Model import screen in SketchUp. .. ..................
8.5 Rotated view of Model in SketchUp . .................... ...
8.6 Rendering in SketchUp by Thermal Zone . . ..................
8.7 Isolated Atrium Space from Original Model .. ................
8.8  Section Cut of the Atrium Space .. ........ .. ... ...
8.9 Placing a Daylighting Control ina Model. . ..................
. 8.10 Moving a Daylighting Control Withina Model. . ..............
. 8.11 Inspecting Daylighting Controls . ............... .. .. .. ....
. 8.12 Placing an Illuminance MapinaModel .....................
. 8.13 Resizing an [lluminance Map withina Model. .. ..............
. 8.14 Inspecting the Illuminance Map. . ........... ... .. ... .. ....

List of Figures



List of Figures XXXV

Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig

Fig
Fig
Fig

Fig
Fig
Fig
Fig
Fig
Fig

Fig.

Fig
Fig
Fig

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig
Fig
Fig
Fig
Fig
Fig
Fig

. 8.15
. 8.16
.8.17
. 8.18
.8.19
. 8.20
.8.21
.8.22

.8.23
.8.24
. 8.25

. 8.26
. 8.27
. 8.28

. 8.29
. 8.30
. 8.31

8.32

. 8.33
.8.34
. 8.35

9.1
9.2
9.3
94
9.5
9.6

9.7

9.8

9.9

.9.10
.9.11
.9.12
.9.13
.9.14
.9.15
.9.16

Inspecting the Atrium Thermal Zone. ............ ... ... .... 275
Deleting Thermal Zones from the Imported Model. .. .......... 276
Deleting Space Types from the Imported Model. .............. 276
Applying a New Schedule Set to the Imported Model .......... 276
Applying a Lighting Definition . . ............ ... ... ... .... 2717
Reviewing the Lighting Schedules. . . ....................... 277
Adding an output Variable to the Model ..................... 278
Running a simulation using EnergyPlus for

Daylighting calculations . .......... .. .. ... .. .. . .. ... 278
EnergyPlus Illuminance Map on 6/21 at 8:00 AMDST ......... 279
EnergyPlus Illuminance Map on 6/21 at 1:00 PM DST ......... 279
EnergyPlus Daylighting Illuminance and Electric

Lighting Energy .. ........ .. i 280
OpenStudio Radiance Measure added to workflow. . ........... 280
OpenStudio Radiance measure parameters . .. ................ 281
Re-running simulation with the OpenStudio Radiance

TNEASULE . . ettt et ettt e e e e e e e e 282
Radiance Illuminance Map on 6/21 at 8:00 AMDST........... 282
Radiance Illuminance Map on 6/21 at 1:00 PM DST ........... 283
Radiance Daylighting Illuminance and Electric

Lighting Energy .. ........ .. i 283
Comparison of EnergyPlus and Radiance Illuminance

Calculations . . ........ . 284
OpenStudio Radiance Measure run directory . ................ 284
Radiance scene rendering .. ................ ... 285
Additional Daylighting Metrics. ................ ... ... .... 285
NEST thermostat Measure concept . . .. .........vvuenenn... 288
Code beautify used to inspect a Measure.xmlfile.............. 289
Anatomy of aMeasure. .. .......... i 289
Measure library with BCL fenestration content shown. ......... 291
Measure flow in PAT .. ... .. .. .. i 291
OpenStudio Apply Measure Now dialog highlighting BCL

and MyMeasures CONtent. .. .......vvuvn v enennenenen.. 292
Preparing to make a copy of a Measure in the

OpenStudio Application. . ......... ... .. 292
Reading throughaMeasure. .. ...... .. .. ... ..., 294
Initial edits to the new Measure. . ............ ... ... ... .... 295
Verifying that the argument changes were made correctly . ... ... 296
Identifying the location of a Measureerror. .................. 296
Making a second change to the Measure. . ................... 296
Making a third change to the Measure. . ..................... 297
Making a fourth Measure change ............... ... ... .... 297
Final Measure change ........... .. .. .. . . .. ... 298
Output from a successful application of our Measure. .......... 298



XXXVi

Fig
Fig
Fig

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig
Fig
Fig
Fig
Fig
Fig

.9.17
.9.18
.9.19
9.20
9.21
9.22
9.23
9.24
9.25
9.26
9.27

9.28

9.29

9.30
9.31
9.32
9.33
9.34
9.35
9.36
9.37

9.38

AL
A2
A3
A4
A5
.A.6

List of Figures

Boiler efficiency modified successfully by our new Measure . . . . . 299
OpenStudio Application Measure creation dialog. .. ........... 299
New Measure template file edited within the RubyMine IDE. . . .. 300
Example Measure arguments method .. ..................... 301
Run method from the new Measure template . ................ 301
Creating the new Measure XML .. ........ ... ... .. ... .. ... 303
Measure argument code . . .. ... 304
Assigning Measure arguments to Measure variables. . .......... 304
Identifying the largest SpaceinaModel .. ................... 304
Error trapping logic for models with no spaces. ............... 305
Ruby code that adds electric or gas equipment objects

to the largest Spaceinthe Model. . .......... ... .. .. .. .... 305
Reporting the final state of the Model after the

Measure COmpletes. . . ... cov vt 305
Successful addition of a process load to the largest Space

maModel ...... .. .. 305
A typical Measure unit test . . ...t 307
Typical Measure unit testoutput . ........... .. ..c.ovuo... 308
Modified unit test for the Gas Boiler Efficiency Measure . . . .. ... 309
Unit test output for Gas Boiler Efficiency Measure. ... ......... 310
Example OSWfile. .. ... .. ... i 311
OpenStudio CLI enabled analysis (Credit: Marjorie Schott). . . . .. 311
OpenStudio CLI helptext ..., 312
OpenStudio Meta CLI enabled analysis (Credit: Marjorie

SChott) .. 313
OpenStudio Meta CLL helptext. .. ...... .. .. ... .. 313
OpenStudio documentation webpage . . . .................... 316
The Unmet Hours webpage .......... ... ... .. ..coo... 317
EnergyPlus documentation webpage ....................... 318
PAT server running on a four core laptop . ................... 320
PAT server troubleshooting tools. . ......................... 320
PAT server troubleshooting tools. . ......................... 321



List of Tables

Table 2.1
Table 2.2
Table 2.3
Table 3.1
Table 3.2
Table 6.1

Table 7.1

OpenStudio to EnergyPlus Material type mapping. ........... 31
Material properties for our first Model . .................... 32
Defining Construction layers. . ........... .. ... ... 37

Typical power consumption associated with various activities

(ASHRAE 2013, Table 1, p. 184.) . ... ... 68
Schedule Types and names for Checkpoint 3 exercise ......... 78
EE Measure Option names and arguments . .. ............... 209
Variable assignments for LHS school model analysis. . ........ 244

XXXVil



	Dedication
	Foreword
	Preface
	Acknowledgments
	Contents
	Abbreviations and Acronyms
	List of Figures
	List of Tables

