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Executive Summary

This project was conducted by Pacific Northwest National Laboratory (PNNL) in support of the U.S.
Department of Energy’s (DOE’s) Building Energy Codes Program (BECP). DOE’s BECP supports the
upgrading of the building energy codes and standards, and the states’ adoption, implementation, and
enforcement of those codes and standards as they are incrementally upgraded. Building energy codes and
standards set minimum requirements for energy-efficient design and construction for new and renovated
buildings, and impact energy use and emissions for the life of buildings. They are part of a broader set of
documents which govern the design and construction of buildings for the health and life safety of
occupants. Energy codes and standards set a baseline for energy efficiency in construction by establishing
minimum energy-efficiency requirements. Improving these documents generates consistent and long-
lasting energy savings.

When the model energy codes and standards for buildings are being updated, BECP reviews the
technical and economic basis of these documents. For commercial and multi-family high-rise residential
buildings, which are the subject of this report, the basis for the energy codes is the ANSI/ASHRAE/IES'
Standard 90.1. The 2004, 2007, and 2010 versions of Standard 90.1 are all utilized in the analysis
described in this report (ANSI/ASHRAE/IESNA 2004, 2007 and ANSI/ASHRAE/IES 2010). These
standards are referred to as 90.1-2004, 90.1-2007 and 90.1-2010 respectively in this report or as Standard
90.1 when referring to multiple versions of 90.1. For one and two family dwellings, townhouses and low-
rise multi-family residential buildings, which are not the subject of this report, the relevant code is the
International Energy Conservation Code (IECC).

BECP carries out the following activities:

e Recommends revisions and amendments to the model energy codes and standards during cyclical
updates

e Secks adoption of all technologically feasible and economically justified energy efficiency
measures in these documents

o Participates in the processes that update and maintain these documents.

In 2007, as part of its Advanced Codes Initiative, DOE signed a memorandum of understanding
(MOU) with ASHRAE to develop advanced commercial standards and included an agreement that 90.1-
2010 would result in 30% energy savings relative to 90.1-2004. This MOU initiated the effort by BECP
and ASHRAE which culminated in the release of 90.1-2010 in October 2010. This signed MOU
introduced a new element and significant challenges for developing 90.1-2010. For the first time in the
history of Standard 90.1, an energy goal was established for developing the new edition, 90.1-2010. The
30% energy efficiency goal led to a dramatic increase in the level of activity and enhancement of
Standard 90.1 as reflected in the quantity of changes, called addenda, proposed and approved. Prior to the
development of 90.1-2010, the last three updates of Standard 90.1 to the 2001, 2004 and 2007 editions
generated 34, 32 and 44 approved addenda, respectively. When 90.1-2010 was published, 109 approved
addenda to 90.1-2007 were incorporated.

! ANSI — American National Standards Institute; ASHRAE — American Society of Heating, Refrigerating, and Air-
Conditioning Engineers; IES — Illuminating Engineering Society of North America; prior to 90.1-2010, IESNA
rather than IES is identified as one of the originators, IESNA is Illuminating Engineering Society of North America.
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PNNL was funded by DOE’s BECP to provide both leadership and technical analysis support for
90.1-2010 to reach the 30% energy savings goal. To closely measure the progress towards the goal,
PNNL developed a new metric and process called the “Progress Indicator” (PI). Using the PI, PNNL
periodically reported the energy and cost saving impacts for the proposed and approved changes to
Standard 90.1, called addenda, to DOE and the Standing Standards Project Committee (SSPC) for 90.1
during the three-year Standard development cycle. PNNL conducted the PI with inputs from many other
contributors and sources of information. In particular, guidance and direction was provided by the
Simulation Working Group under the auspices of the SSPC 90.1.

This report documents the PI process and analysis that PNNL developed to evaluate the potential
energy savings from the application of 90.1-2010 to building design and construction compared to the
application of 90.1-2004. The report describes PNNL’s EnergyPlus simulation framework, and the
building prototype simulation models. The combined upgrades from 90.1 -2004 to 90.1-2010 are
described, and consist of a total of 153 approved addenda (44 addenda to 90.1-2007 and 109 addenda to
90.1-2010). PNNL reviewed and considered all 153 addenda for quantitative analysis in the PI process.
Fifty-three of those addenda are included in the quantitative analysis. This report provides information on
the categorization of all of the addenda, a summary of the content, and a more in-depth explanation of the
impact and modeling of the 53 identified addenda and their quantitative savings.

The PI process was implemented using state-of-art energy simulation software—EnergyPlus—for the
quantitative analysis. PNNL developed a suite of 16 prototype buildings based on DOE’s Commercial
Reference Building Models (Deru et al. 2011), with substantial modifications during the PI. These 16
prototype buildings represent 80% of the U.S. commercial building floor area and over 70% of the energy
consumed in U.S. commercial buildings. The prototype buildings are simulated in eight climate zones that
are utilized by ASHRAE for 90.1 Standard developments. The climate zones are further divided into
moist and dry regions, represented by 17 climate locations, 15 of which are in the United States.

Together, these provide a solid basis for reaching conclusions about the potential energy savings of
applying 90.1-2010 compared to applying 90.1-2004.

The 16 prototype building models contain inputs consistent with the type of requirements in Standard
90.1. Each building prototype was first developed as a computer model in accordance with design and
construction requirements found in 90.1-2004. Each building prototype was also developed as a model in
accordance with the design and construction requirements of 90.1-2010. Different versions of the models
were created to match the Standard 90.1 requirements that vary with climate such as wall insulation.

The set of 90.1-2004 and 90.1-2010 buildings were simulated and energy use statistics were extracted
from each building model in the form of annual energy use by fuel type. The annual energy use was then
converted to energy use intensity figures expressed in annual kBtu energy use per square foot of building
area. Energy usage reported for the Progress Indicator was “site” energy, utility energy, electricity and
natural gas, delivered and used at the site. This report also includes summary results in terms of “source”
energy, energy consumed at the power plant to generate the electricity delivered to the site, and energy
delivered to the site as fuel. Using weighting factors by building type and climate related geographic areas
in the United States developed from five years of recent construction data, these energy use statistics were
then aggregated nationally for each step in the revision of Standard 90.1 over the three year development
cycle.
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Standard 90.1 regulates the elements of commercial buildings that result in most of the energy used in
those buildings. Some energy usage from what are sometimes called “process loads” come from
equipment that is not directly regulated by Standard 90.1, including plug-in devices such as computers
and appliances, and other equipment such as gas cooking equipment. This type of equipment uses energy
directly and affects HVAC energy usage indirectly by generating heat in spaces, potentially increasing
cooling energy and reducing heating energy. Plug and process loads (PPL) are incorporated in the
prototypes used in the modeling for the PI. Changes to Standard 90.1 do not directly affect the energy
efficiency of this type of equipment. Results are presented with PPL energy usage to show the impact on
total commercial building energy usage and are also presented without PPL to show the impact on just the
Standard 90.1 regulated energy usage.

Table ES.1 shows the final results of the PI. The DOE-ASHRAE goal of 30% savings for the
application of 90.1-2010 compared to 90.1-2004 was achieved. The simulation results show 32.7% site
energy savings and 29.5% energy cost savings, if plug and process loads are excluded in the percentage
saving calculation. Including PPL in the percentage saving calculation, the site energy savings are 25.6%
and energy cost savings are 23.2%. National aggregated source energy savings, not shown in the table, are
23.2% with all energy uses included.

Table ES.1. Energy and Cost Savings Results for 90.1-2010 vs. 90.1-2004

National-weighted With Without
Energy Savings  Plug/Process Loads  Plug/Process Loads

Site Energy 25.6% 32.7%

Energy Cost 23.2% 29.5%

Table ES.2 and ES.3 separate the energy usage savings by prototype with and without PPL and show
the percentage savings by prototype and the energy usage index in kBtu/ft* for both the 90.1 -2004 and
90.1-2010 cases. While the highest savings percentages occur in the school prototypes when PPL are not
included; these percentages do not stand out as much when PPL are included. The lowest percentage
savings occur in the quick-service restaurant and two apartment prototypes, particularly when PPL are
included.



Table ES.2. Energy and Energy Cost Savings with Plug and Process Loads

Buildi Site Energy Energy Cost Site Energy
L_jl_lypleng Building Prototype (kBtu/ft?/yr) ($/1?) Energy Cost
90.1-2004 | 90.1-2010 | 90.1-2004 | 90.1-2010 | Savings | Savings
Small office 413 32.8 $1.17 $0.93 20.6% | 20.3%
Office Medium office 51.6 37.3 $1.42 $1.01 27.7% | 29.1%
Large office 46.0 33.4 $1.21 $0.92 27.5% | 24.3%
Retail Stand-alone retail 76.0 49.5 $1.89 $1.32 34.8% 29.9%
Strip mall 80.4 56.9 $1.97 $1.42 29.2% | 28.0%
Education | Frimary school 73.4 50.2 $1.80 $1.33 31.6% | 26.3%
Ueation g condary school 66.2 412 $1.64 $1.13 37.8% | 31.0%
Health Care Outpa}tlent healthcare 163.3 123.6 $4.17 $3.15 243% | 24.3%
Hospital 157.4 118.4 $3.55 $2.81 24.8% | 20.9%
Lodein Small hotel 78.5 66.6 $1.72 $1.47 152% | 14.4%
B8 MLarge hotel 163.9 125.9 $2.99 $2.42 232% | 19.0%
Warehouse | Warehouse 26.3 19.0 $0.57 $0.42 27.7% 27.3%
Food Quick service restaurant 570.1 519.9 $10.16 $9.12 8.8% 10.3%
Service Full service restaurant 409.7 330.9 $7.96 $6.12 19.2% 23.1%
Apartment Mid-rise apartment 47.0 41.2 $1.23 $1.11 12.3% 9.4%
P High-rise apartment 48.9 44.0 $1.35 $1.25 10.1% 7.3%
National-weighted average 73.9 55.0 $1.75 $1.35 25.6% | 23.2%
Table ES.3. Energy and Energy Cost Savings without Plug and Process Loads
o Site Energy Energy Cost Sit E
Buildin o e nergy
Ty 9 | Building Prototype (kBtu/ft?/yr) ($/ft?) Energy | Cost
90.1-2004 | 90.1-2010 | 90.1-2004 | 90.1-2010 | Savings | Savings
Small office 32.2 24.4 $0.89 $0.66 24.4% | 26.6%
Office Medium office 36.6 23.9 $0.97 $0.56 34.8% | 41.8%
Large office 30.4 19.2 $0.85 $0.56 36.6% | 34.0%
Retail Stand-alone retail 68.5 42.1 $1.66 $1.10 38.6% | 34.0%
Strip mall 75.0 51.5 $1.81 $1.26 31.3% | 30.5%
. Primary school 52.1 29.3 $1.30 $0.83 43.8% | 35.8%
Education
Secondary school 51.8 27.1 $1.28 $0.78 47.6% | 39.2%
Health Care Outpgtient healthcare 116.0 77.2 $2.88 $1.86 33.5% | 35.3%
Hospital 107.9 69.4 $2.69 $1.96 35.6% | 27.2%
Lodein Small hotel 56.1 44.4 $1.32 $1.07 20.8% | 18.7%
gmng Large hotel 128.5 90.9 $2.57 $2.01 292% | 21.9%
Warehouse | Warehouse 23.7 16.5 $0.49 $0.34 30.3% 31.5%
Quick service
Food restaurant 300.6 250.6 $7.50 $6.46 16.6% | 13.9%
Service )
Full service restaurant 256.3 178.1 $5.78 $3.94 30.5% | 31.8%
Mid-rise apartment 32.4 26.8 $0.79 $0.67 17.3% 14.7%
Apartment - -
High-rise apartment 35.7 31.0 $0.95 $0.86 13.2% 9.8%
National-weighted average 56.8 38.2 $1.37 $0.96 32.7% | 29.5%
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thermal conductance

constant air volume
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cooling degree day
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chilled water

coefficient of performance

central processing unit
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construction quality adjustment

demand controlled ventilation

dedicated outdoor air system
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direct expansion

combustion efficiency

energy efficiency ratio

Energy Information Administration

energy input ratio

Environmental Protection Agency

energy recovery ventilator

thermal efficiency

energy use intensity

heat transfer coefficient of a slab edge unit of perimeter length
fan coil units

flow fraction

full load power
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FLR
FPLR
FT
GPARM
gtp
HDD
HSPF
HVAC
idd
IECC
IEER
IES
IESNA
idf
IPLV
kVA
LBNL
LL
LPD
MHC
MOU

NBI
NC?
NFRC
NLL
NREL
OA

PI

PLF
PNNL
PPL
PSZ-AC
PTAC
PTHP
RCR
SA
SEER

floor

function of part load ratio

function of temperature

General PARaMetrics

ground temperature profiles

heating degree day

heating seasonal performance factor
heating, ventilation, and air conditioning
Energy Plus input data dictionary
International Energy Conservation Code
integrated energy efficiency ratio
Illuminating Engineering Society
[lluminating Engineering Society of North America
Energy Plus input file

integrated part load value

kilo volt amperes

Lawrence Berkeley National Laboratory
load losses

lighting power density

McGraw-Hill Construction
memorandum of understanding

miles per hour

New Buildings Institute

National Commercial Construction Characteristics
National Fenestration Rating Council
no load losses

National Renewable Energy Laboratory
outdoor air

Progress Indicator

part-load fraction

Pacific Northwest National Laboratory
plug and process loads

packaged single zone air conditioner
packaged terminal air conditioner
packaged terminal heat pump

room cavity ratio

supply air

seasonal energy efficiency ratio



SHGC solar heat gain coefficient

SSPC Standing Standard Project Committee
SRI solar reflectance index

SWG Simulation Working Group

TSP total static pressure

U-factor thermal transmittance

USACE United States Army Corps of Engineers
USGBC US Green Building Council

VAV variable air volume

VFD variable frequency drive

VLT visible light transmittance

VRF variable refrigerant flow

VRP ventilation rate procedure

w Watt

w.C. water column

WSHP water source heat pump

WWR window-to-wall ratio
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1.0 Introduction

This project was conducted by Pacific Northwest National Laboratory (PNNL) in support of the U.S.
Department of Energy’s (DOE) Building Energy Codes Program (BECP). BECP was founded in 1993 in
response to the Energy Policy Act of 1992, which mandated that DOE participate in the development
process for national model codes and standards and that DOE help states adopt and implement
progressive energy codes. DOE has been supporting the development and implementation of more
stringent building energy codes and standards since the 1970’s, but the formation of the BECP was the
first time a DOE organization was assigned energy codes and standards as the focus with specific
mandates.

BECP supports the incremental upgrading of the model energy codes and energy standards, and the
states’ adoption, implementation, and enforcement of those documents as they are upgraded. Building
energy codes and energy standards set baseline minimum requirements for energy-efficient design and
construction for new and renovated buildings and impact energy use and emissions for the life of the
buildings. The energy codes and standards are part of the overall documents which govern the design and
construction of buildings for the health and life safety of occupants. Improving these documents generates
consistent and long-lasting energy savings.

When the model building energy codes and standards are being updated, BECP reviews the technical
and economic basis of those documents. For commercial and multi-family high-rise residential buildings,
which are the subject of this report, the basis for the energy codes is ANSI/ASHRAE/IES Standard 90.1".
The 2004, 2007, and 2010 versions of Standard 90.1 are all utilized in the analysis described in this report
(ANSI/ASHRAE/IESNA 2004, 2007 and ANSI/ASHRAE/IES 2010). These standards are referred to in
this report as 90.1-2004, 90.1-2007 and 90.1-2010 respectively, or as Standard 90.1 when referring to
multiple versions of 90.1. The references for the standards are implied and are not shown with each
mention of Standard 90.1. For residential low-rise buildings, which are not the focus of this report, the
relevant code is the International Energy Conservation Code (IECC).

BECP carries out the following activities:

e Recommends revisions amendments to the model energy codes and standards during cyclical
updates

o Secks adoption of all technologically feasible and economically justified energy efficiency
measures in these documents

o Participates in the processes that update and maintain these documents.

As one of DOE’s national laboratories, PNNL has played a major role in supporting DOE’s BECP
since its inception in 1993. PNNL is closely involved in the upgrading of the model codes and standards.
Specifically, PNNL provides significant assistance to the ASHRAE Standing Standard Project Committee
(SSPC) for 90.1 (SSPC 90.1). That assistance ranges from providing leadership and voting members to
development committees to developing change proposals (called addenda) for standards and codes.

! ANSI — American National Standards Institute; ASHRAE — American Society of Heating, Refrigerating, and Air-
Conditioning Engineers; IES — Illuminating Engineering Society; prior to 90.1-2010, IESNA rather than IES is
identified as one of the originators, IESNA is I[lluminating Engineering Society of North America.
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PNNL also conducts analyses and supports DOE’s determinations which are published in the Federal
Register. Determinations confirm whether or not each new edition of the model codes or standards will
improve the energy efficiency of buildings.'

Throughout this report, each addendum to Standard 90.1 is named according to a convention that
begins with 90.1, followed by a hyphen, then the last two digits of the year version of Standard 90.1 that
the addendum applies to, and finally the letter name of the addendum. For example, addendum c to 90.1-
2004 is identified as addendum 90.1-04c and addendum q to 90.1-2007 is referred to as addendum 90.1-
07q.

The rest of this chapter describes ASHRAE’s process for updating Standards, in particular Standard
90.1, and provides an overview of the contents of this report.

1.1 ASHRAE Standard 90.1 Update Process

In 1999, the ASHRAE Board of Directors voted to place Standard 90.1 in a continuous maintenance
process. With the publication of 90.1-2001, ASHRAE began publishing new building energy standards in
its entirety on a three-year cycle, with ASHRAE issuing versions of Standard 90.1in 2004, 2007, 2010,
and planning for a new version in 2013. This cycle allowed users to know when new editions would be
published. Each new edition contained any errata, as well as all new addenda. The new addenda are
processed through the continuous maintenance process rules approved by ANSI. Figure 1.1 illustrates
ANSI consensus standards development process.

Public
Substantive
Changes

Proposes
Standard
Changes

New
ANSI Standards

Public ASHRAE
Review Comment Committee Board of
and Accepted Approval Directors
Comment Approval

Committee
Proposes
Standard
Changes

Approval or Addenda
Published

Appeal of
Committee

upheld Approval

Figure 1.1. ANSI Consensus Standards Development Process

! For DOE’s commercial code determination, see DOE’s Energy Codes web site at
http://www.energycodes.gov/status/all_about_determinations.stm.
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1.2 Advanced Codes Initiative and 90.1-2010

In 2007, as part of its Advanced Codes Initiative, DOE signed a memorandum of understanding
(MOU) with ASHRAE to develop advanced commercial building standards and codes, with the first step
being a commitment that 90.1-2010 would lead to 30% energy savings compared to 90.1-2004. This
MOU initiated the current efforts by BECP and ASHRAE, which culminated in 2010 with the release of
90.1-2010. The Advanced Codes Initiative also called for the development of advanced residential
standards and codes (not addressed further in this report), with the first commitment that the 2012 IECC
would be 30% better than the 2006 IECC.

This signed MOU introduced a new element and significant challenges for developing 90.1-2010. The
30% energy savings goal led to a dramatic increase in the level of activity and enhancement of Standard
90.1. For the first time in the history of Standard 90.1, an energy goal was set for developing the new
edition of the standard. Prior to the development of 90.1-2010, the last three updates of Standard 90.1 to
2001, 2004 and 2007 editions generated 34, 32 and 44 approved addenda, respectively. By the time 90.1-
2010 was published in October 2010, 109 addenda to 90.1-2007 were approved and incorporated in the
new version.

PNNL was funded by DOE to provide both leadership and technical analysis support for 90.1-2010 to
reach the 30% energy savings goal. To closely measure the progress towards the goal, PNNL developed a
new metric and process named the “Progress Indicator” (PI). The PI is a process to measure progress
toward the 30% improvement goal by 90.1-2010 relative to the baseline 90.1-2004. Using the PI, PNNL
periodically reported the energy and cost saving impacts for the approved addenda to DOE and the SSPC
90.1 during the three-year Standard development cycle. PNNL conducted this analysis with inputs from
many other contributors and sources of information. In particular, guidance and direction were provided
by the Simulation Working Group (SWG) under the auspices of the SSPC 90.1.

1.3 Contents of Report

This report documents the approach and methodologies that PNNL developed to evaluate the energy
savings achievable from use of 90.1-2010. The evaluation was carried out using computer simulations of
16 prototype buildings representing 80% of U.S. commercial building floor area. These 16 prototype
buildings were constructed to fit the framework of the 90.1 Standard across a range of U.S. climates. Each
building prototype used in the simulation analysis was first developed as a computer model in accordance
with design and construction requirements found in 90.1-2004. Building models were also developed to
reflect buildings designed and constructed under the requirements of 90.1-2010. The sets of 90.1-2004
and 90.1-2010 buildings were simulated and energy use statistics were extracted from each building
model in the form of annual energy use by fuel type. The annual energy use was then converted to energy
use intensity (EUI) figures expressed in energy use per square foot per year (kBtu/ft?). Using weighting
factors by building type and geographic area developed from five years of recent construction data, these
energy use statistics were then aggregated to national results for each revision of Standard 90.1. Chapters
2, 3, and 4 in this report detail PNNL’s PI process and methodology, EnergyPlus simulation framework,
and prototype model descriptions, respectively.

This report covers the combined upgrades from 90.1-2004 to 90.1-2010, a total of 153 addenda. As
these addenda were developed, PNNL went through a screening process. This screening focused on the

1.3



118 addenda that affect the mandatory and prescriptive requirements in Chapters 5 through 10 of
Standard 90.1. Other addenda affected only items in areas such as definitions, normative references, the
Energy Cost Budget Method, and the Appendix G performance rating method. The screening of the
addenda, called addenda characterization, determined if the addenda provide savings relative to the earlier
standard. If so, further evaluation determined if those savings could be captured in the quantitative
analysis. Some addenda are believed to contribute savings but could not be quantified in some cases
because the type of building component is not included in the building prototypes modeled and in other
cases because of excessive obstacles to simulation in EnergyPlus. Of the 118 addenda that affect Standard
90.1 Chapters 5 through 10, 53 are expected to result in energy savings that are quantified in the PI; 19
would likely result in energy savings but are not quantified; the remaining 46 addenda were not identified
with potential energy savings. Chapter 5 in this report includes a full listing of the addenda by these
categories.

The 53 addenda with quantifiable savings were evaluated through the effort outlined in Chapter 2 in
this report. Energy savings were evaluated for site energy use and corresponding energy cost. Site energy
refers to the utility electricity and natural gas delivered and used at the building site. Energy cost savings
are based on national average energy costs applied to the site energy usage results. Finally, energy savings
were separated out into energy uses regulated by Standard 90.1 excluding plug and process loads and for
all energy usage including plug and process loads. Energy usage and cost were aggregated using
weighting factors based on the area of new building construction of the types of buildings included in the
prototypes and based on climates locations modeled in the analysis. Source energy is also reported and is
the energy used in generating the electricity used at the site and energy of fuel delivered to the site, such
as natural gas. The results are provided in Chapter 6 of this report.

The report has six appendixes. Appendix A includes prototype building descriptions. Appendix B
lists the internal loads for each thermal zone in all prototypes. Appendix C includes schedules used to
model time of day variation of building operations. Appendix D lists the system name and type used in
EnergyPlus models for all 16 prototype buildings. Appendix E includes the building envelope
prescriptive values from 90.1 -2004 and 90.1-2010. Appendix F presents energy savings results by end
uses.
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2.0 Progress Indicator Process and Methodology

PNNL provided technical support during the development of 90.1-2010. The PI incorporated
quantitative assessment of the changes between 90.1-2004 and 90.1-2010 that were identified as
measurable using the simulation procedure. The process included addenda to 90.1-2004 that led to 90.1-
2007 as well as addenda to 90.1-2007 that are now rolled into 90.1-2010.

A Simulation Working Group (SWG) was formed to guide the simulation effort conducted by PNNL.
The SWG represented the SSPC 90.1 and its subcommittees, such as the Mechanical and Envelope
Subcommittees. The SWG reviewed key building modeling inputs and assumptions and the energy
savings results. The SWG also established the ground rules for modeling. Key guidelines developed with
the SWG included the following:

e Comparison of the different versions of Standard 90.1 on a book-by-book basis, following the
changes in the texts

e Prototype buildings to cover 80% of U.S. commercial building stock
e Prototype buildings to capture a reasonable level of accuracy with a reasonable level of effort

e Whole building energy usage in the models, including regulated and unregulated loads. This usage
includes exterior lighting, plug loads (receptacle loads), cooking appliances, refrigeration
equipment, elevators, and transformers.

PNNL updated the PI and reported to the SWG and the SSPC 90.1 at each of their quarterly meetings.
PNNL also provided support to the SSPC 90.1 subcommittees such as the Envelope and Mechanical
Subcommittees to evaluate new proposals being turned into addenda and provided load profile
spreadsheet tools to the SSPC 90.1 Mechanical Subcommittee members. The load profile spreadsheet
tools were directly used by the Mechanical Subcommittee members to evaluate the energy savings
impacts of several change proposals, such as economizer and energy recovery ventilation. Figure 2.1
outlines the PI technical work done by PNNL.

Develop prototype building models

Generate minimally code-compliant models
for 90.1-2004, 90.1-2007, and 90.1-2010

Apply to 8 climate zones (17 climate
locations)

Develop new building construction
weighting factors

Calculate the national weighted energy
use intensity and energy cost index

Figure 2.1. Progress Indicator Process
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The rest of this chapter describes the development of the 16 prototype buildings, the development of
the models, the climate zones used in the analysis, and the approach used to analyze the results.

2.1 Develop Prototype Building Models

The 90.1 prototype building models used in the PI analysis are primarily based on DOE’s
Commercial Reference Building Models. The development of these models is described in the report,
U.S. Department of Energy Commercial Reference Building Models of the National Building Stock (Deru
et al. 2011). DOE’s Commercial Reference Building Models (in EnergyPlus) are available at
http://www].eere.energy.gov/buildings/commercial _initiative/new_construction.html.

PNNL developed a suite of 16 prototype buildings covering the majority of the commercial building
stock and mid-rise to high-rise buildings. This set of prototype buildings includes all the Reference
Building types, except supermarkets, and adds a new building prototype representing high-rise apartment
buildings. The high-rise apartment building was developed by PNNL based on the mid-rise apartment
building and recommendations from the SSPC 90.1 Mechanical Subcommittee for the heating,
ventilation, and air conditioning (HVAC) system type.

Chapter 4 in this report describes the prototypes in detail. Extensive information on the prototypes
and the EnergyPlus model inputs and outputs are available for no charge at:
http://www.energycodes.gov/commercial/901models/.

A number of resources were used in developing the 90.1 prototype building models to refine the
prototypes used in this analysis and to quantify the savings from 90.1-2010, described in Chapter 5 of this
report. Those resources included the following:

¢ 90.1 SWG and committee member expert recommendations and reviews

o Advanced Energy Design Guides, developed by ASHRAE, the American Institute of Architects
(AIA), IESNA, the US. Green Building Council (USGBC), and DOE
(http://www.ashrae.org/technology/page/938)

e The Commercial Building Energy Consumption Survey 2003 (CBECS 2003) available as
downloadable reports and micro-data files from the EIA website at
http://www.eia.doe.gov/emeu/cbecs/. In the 2003 CBECS survey, 4,859 buildings were surveyed,
and the sampled buildings represent the entire stock of U.S. commercial buildings.

e The F.W. Dodge database (F.W. Dodge 2002) provides detailed historical and forecast databases of
construction activity available for a fee at http://dodge.construction.com/. It contains extensive,
comprehensive coverage of existing building space throughout the United States. Up to 20 years of
historical data are combined with up to 25 years of forecast data for 15 different project types.
Details include floor space, number of buildings, etc.

e National Commercial Construction Characteristics (NC?) Database, an internal database developed
by PNNL to represent nationwide commercial construction energy-related characteristics (Richman
et al. 2008). This database is derived from McGraw-Hill/F.W. Dodge drawings, part of the F.W.
Dodge database described above and available for a fee at
http://dodge.construction.com/Plans/Electronic/Vialnternet.asp. The building plans used were
developed from 1996 to 2007. The current database includes over 300 commercial buildings.
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The CBECS data are organized around 14 principal building activities. Figure 2.2 illustrates the
annual energy consumption in trillions of Btus by the principal building activities, ranking from the most
energy usage to the least energy usage sector. The prototype buildings cover the first seven principal
building activities with the most energy consumption, representing 76% of the building energy usage of
commercial buildings. In addition, the prototype buildings also include two more prototypes, mid-rise and
high-rise apartment buildings, which are not included in CBECS but are regulated by Standard 90.1.
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Figure 2.2. CBECS 2003 Energy Consumption by Principal Building Activity

Table 2.1 shows the 16 building prototypes, including 14 with the applicable principal building
activity categories from CBECS and two added apartment building activity types. The prototypes include
most of the characteristics of buildings that do not change with Standard 90.1 and climate zones.
Characteristics include building size and shape, type of building activity and occupancy, and mechanical
system type. Detailed descriptions of these prototypes are provided in Chapter 4 of this report.
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Table 2.1. Prototype Buildings Used in the PI

Principal Building Activity Building Prototype
Office Small Office
Medium Office
Large Office
Mercantile Standalone Retail
Strip Mall
Education Primary School
Secondary School
Healthcare Outpatient Healthcare
Hospital
Lodging Small Hotel
Large Hotel
Warehouse Warehouse (non-refrigerated)
Food Service Quick-service Restaurant

Full-service Restaurant
Apartment Mid-rise Apartment
High-rise Apartment

2.2 Generate Minimally Standard Compliant Models

As indicated in Section 2.1 of the report, most of the building characteristics and modeling inputs do
not change for the various editions of Standard 90.1. However, some building characteristics do vary with
the version of Standard 90.1 that applies and by climate zones. Values from the different standards are
incorporated in different versions of the models to meet the mandatory and prescriptive requirements in
the standards, such as prescriptive building envelope values for roofs, walls, windows, and other
components. The 90.1-2004 values were incorporated into the baseline models. The 90.1-2007 values are
not reported in the PI as a comparison between 2007 and 2004 editions. However, the changes in 90.1-
2007 are reflected in the 90.1-2010 values. The 2010 values originate from the addenda to 90.1-2004 and
2007 with quantified savings that can be incorporated in the models. The final 90.1-2010 models include
all of these addenda as incorporated in 90.1-2010. Chapter 3 of the report describes the simulation process
that incorporates these values and Chapter 5 describes the modeling strategies for these quantified
addenda.

2.3 Identify Climate Zones

The prototype buildings are simulated in eight climate zones of the International Energy Conservation
Code (IECC) also used by ASHRAE for residential and commercial standards. The common set of
climate zones includes eight zones covering the entire United States, as shown in Figure 2.3 (Briggs et al.
2003). Climate zones are categorized from 1 to 8, with increasing heating degree days (HDDs) and
decreasing cooling degree days (CDDs). These climate zones may be mapped to other climate locations
for international use. The climate zones are further divided into moist, dry, and marine regions.

For this analysis, a specific climate location (city) is selected as a representative of each climate zone.
A set of 17 cities is used that represents the 17 climate conditions identified in Standard 90.1. Two of
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these cities are outside the United States because the climate subzones they represent do not exist in the
United States. Riyadh, Saudi Arabia, represents climate zone 1B (very hot, dry) and Vancouver B.C.,
Canada, represents climate zone 5C (cool, marine).
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Figure 2.3. DOE-Developed Climate Zone Map

The 17 cities representing the climate zones are:

1A: Miami, Florida (very hot, humid)

1B: Riyadh, Saudi Arabia (very hot, dry)
2A:
2B:
3A:
3B:

3C: San Francisco, California (warm,
marine)

Houston, Texas (hot, humid)
Phoenix, Arizona (hot, dry)
Memphis, Tennessee (warm, humid)

El Paso, Texas (warm, dry)

4A: Baltimore, Maryland (mixed, humid)
4B: Albuquerque, New Mexico (mixed, dry)

2.5

4C:
5A:
5B:
5C:
6A:
6B:

Salem, Oregon (mixed, marine)
Chicago, Illinois (cool, humid)

Boise, Idaho (cool, dry)

Vancouver B.C., Canada (cool, marine)
Burlington, Vermont (cold, humid)
Helena, Montana (cold, dry)

7: Duluth, Minnesota (very cold)

8: Fairbanks, Alaska (subarctic)



2.4 Analyze Results

The primary measurement reported for the PI is the national aggregated energy and cost savings.
These savings are the percentage savings for the entire set of prototypes and all of the 15 U.S. climate
subzones, which excludes Riyadh and Vancouver, BC. Percentages are calculated for the change in
annual energy usage and the change in annual energy cost. Annual site energy usage is reported in the PI
as site energy usage intensity (EUI) values — energy use per unit floor area, kBtu/ft*. This includes
electricity and natural gas converted by straight unit conversion to the kBtu unit. Energy usage by utility
energy type is determined during the simulation, and electricity and natural gas usage is used to calculate
energy cost. Energy cost is reported per unit area, an energy cost index similar to the energy usage index
described above. Energy usage that would be delivered by the utility to the building, known as “site”
energy, is reported. The simulation provides a break-down of energy end uses such as lighting, cooling,
heating, fan, service hot water, and plug loads.

The “source” energy is also calculated. Source energy is the energy sage at the utility generating
facility needed to provide the electricity used at the site, and energy of fuel delivered to the site such as
natural gas. Source energy is calculated from site energy reported from the simulations using conversion
factors from the Annual Energy Outlook for 2011 (EIA 2011).

Electricity: 3.2 source Btu per site Btu (10,918 source Btu per site kWh)
Natural Gas: 1.090 source Btu per site Btu

This natural gas source energy conversion factor was calculated by dividing the sum of all natural gas
usage, including usage for natural gas field production, leases, plant fuel, and pipeline (compression)
supply by delivered gas energy, to the four primary energy sectors: residential, commercial, industrial,
and transportation.

Energy use and cost saving results are presented in Chapter 6 of this report.

The following subsections describe the use of the weighting factors, energy prices, outdoor air
ventilation standards, and regulated and unregulated energy.

2.4.1 New Building Construction Weighting Factors

To estimate the energy savings impact on a national scale, PNNL acquired disaggregated construction
volume data from McGraw-Hill Construction (MHC) Project Starts Database. The MHC database
contains the floor area of new construction in the United States for the years 2003 to 2007. PNNL
analyzed this MHC database to develop detailed construction weights by climate zones, subzones, and
states (Jarnagin and Bandyopadhyay 2010). These weights are used in developing a weighted national
energy savings estimate for the impact of the 2010 standard.

Table 2.2 summarizes the construction floor area and percentage weights by building type. As the
table shows, these 16 prototypes cover 80% of new construction floor areas. Table 2.3 lists the weighting
factors assigned to each prototype in all 15 U.S. climate subzones, using 16 prototypes representing the
entire commercial building stock. The two climate subzones that occur only outside the United States,
Riyadh and Vancouver, are not included in the weighted average. The energy and energy cost savings are
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weighted by the percentages shown in Table 2.2 and are summed to create the national weighted-average
values.

Table 2.2. MHC Data by Building Type

Total Floor Area Construction

Prototype (x1,000 ft?) Weights
Small Office 371,009 4.5%
Medium Office 400,091 4.8%
Large Office 220,134 2.7%
Standalone Retail 1,009,246 12.2%
Strip Mall 375,093 4.5%
Primary School 330,418 4.0%
Secondary School 685,508 8.3%
Outpatient Healthcare 289,171 3.5%
Hospital 228,131 2.8%
Small Hotel 113,837 1.4%
Large Hotel 327,562 4.0%
Warehouse 1,105,951 13.4%
Quick Service Restaurant 38,809 0.5%
Full Service Restaurant 43,650 0.5%
Mid-rise Apartment 484,343 5.9%
High-rise Apartment 593,241 7.2%
Covered by Prototypes 6,616,193 80%
No prototype 1,649,785 20%
Total 8,265,977 100%

2.4.2 Energy Prices

PNNL calculated the energy cost savings using national average energy prices, derived from U.S.
Energy Information Administration (EIA) values. The same energy prices have been approved and used
by the SSPC 90.1 when evaluating the cost effectiveness of draft addenda during the development of
90.1-2010. These prices are $1.22/therm for natural gas and $0.0939/kWh for electricity (EIA 2006).
These prices are applied to the energy use savings, separated by fuel type. The same rates are used for all
prototypes and in all climate zones.

2.4.3 Outdoor Air Ventilation Standards

Outdoor air ventilation rates can have a significant impact on the energy use of commercial buildings.
Minimum outdoor air ventilation requirements are specified in ASHRAE Standard 62-1999 prior and
ANSI/ASHRAE Standard 62.1 2004 and 2007 (ASHRAE 1999, ANSI/ASHRAE 2004 and 2007). 90.1-
2004 lists 62-1999, and 90.1-2007 lists 62.1-2004 and 90.1-2010 lists 62.1-2007 as the corresponding
normative references for outdoor air ventilation. Minimum ventilation rates determined from ASHRAE
62-1999 are generally larger than rates determined under the 62.1-2004 standard. Minimum ventilation
rates determined from 62.1-2004 and 62.1-2007 are the same in nearly all cases, including for all of the
prototypes in this analysis.

2.7



Ventilation rates for both Standards 62-1999and 62.1-2004 were used when simulating the 90.1-2004
baseline for comparison of the impact of the two ventilation standards. The final simulation results used
in the PI and presented in this report use the outdoor air ventilation rates corresponding to the normative
references identified in the corresponding versions of Standard 90.1. The PI presents results for the 90.1-
2004 baseline using 62-1999 outdoor air ventilation rates and for the 90.1-2010 models using the 62.1-
2007 outdoor air ventilation rates.

2.4.4 Regulated and Unregulated Energy

Standard 90.1 regulates the elements of commercial buildings that result in most of the energy used in
those buildings. Some energy usage from what are sometimes called “process loads” come from
equipment that is not directly regulated by Standard 90.1, including plug-in devices such as computers
and appliances, and other equipment such as gas cooking equipment. This type of equipment uses energy
directly and affects HVAC energy usage indirectly by generating heat in spaces, potentially increasing
cooling energy and reducing heating energy. Plug and process loads are incorporated in the prototypes
used in the modeling for the PI. Changes to Standard 90.1 do not directly affect the energy efficiency of
this type of equipment. Results are presented with plug and process load energy usage to show the impact
on total commercial building energy usage and are also presented without plug and process loads to show
the impact on just the Standard 90.1 regulated energy usage.
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Table 2.3.

Construction Area Weights by Building Prototype and Climate Zone

Weights
by
1A 2A 2B 3A 3B 3C 4A 4B 4C SA 5B 6A 6B Building
Moist Moist Dry Moist Dry Marine Moist Dry Marine Moist Dry Moist Dry 7 8 Type
Small Office 0.084% 1.064% 0.289% 0.963% 0.475% 0.078% 0.936% 0.047% 0.123% 0.920% 0.322% 0.241% 0.030% 0.032%  0.005% 5.608%
Medium Office 0.129% 0.813% 0.292% 0.766% 0.715% 0.136% 1.190% 0.036% 0.196% 1.060% 0.342% 0.298%  0.035% 0.033%  0.007% 6.047%
Large Office 0.102% 0.326% 0.061% 0.445% 0.285% 0.117% 1.132% 0.000% 0.154% 0.442% 0.121% 0.133% 0.000% 0.011%  0.000% 3.327%
Standalone Retail 0.224%  2.220% 0.507% 2.386% 1.250% 0.191% 2.545% 0.119% 0.428% 3.429% 0.792% 0.948% 0.091% 0.109% 0.014% 15.254%
Strip Mall 0.137% 0.991% 0.254% 1.021% 0.626% 0.103% 1.008% 0.023% 0.107% 1.023% 0.201% 0.153% 0.016% 0.007%  0.001% 5.669%
Primary School 0.064% 0.933% 0.164% 0.944% 0.446% 0.048% 0.895% 0.030% 0.094% 0.920% 0.224% 0.168% 0.037% 0.023% 0.003%  4.994%
Secondary School 0.160% 1.523% 0.230% 1.893% 0.819% 0.109% 2.013% 0.063% 0.243% 2.282% 0.438% 0.415% 0.086% 0.075% 0.012% 10.361%
Outpatient Healthcare 0.037% 0.567% 0.134% 0.581% 0.275% 0.061% 0.818% 0.023% 0.181% 1.058% 0.218% 0.342% 0.033% 0.039% 0.002%  4.371%
Hospital 0.040% 0.479% 0.096% 0.468% 0.273% 0.039% 0.615% 0.022% 0.106% 0.812% 0.218% 0.221% 0.024% 0.034% 0.001% 3.448%
Small Hotel 0.010% 0.288% 0.030% 0.268% 0.114% 0.022% 0.315% 0.020% 0.039% 0.365% 0.089% 0.107% 0.031% 0.020%  0.004% 1.721%
Large Hotel 0.109% 0.621% 0.125% 0.635% 0.793% 0.106% 0.958% 0.037% 0.123% 0.919% 0.200% 0.227% 0.058% 0.038%  0.004%  4.951%
Warehouse 0.349% 2.590% 0.580% 2.966% 2.298% 0.154% 2.446% 0.068% 0.435% 3.580% 0.688% 0.466% 0.049% 0.043% 0.002% 16.716%
Quick-service Restaurant ~ 0.008%  0.092%  0.020% 0.102% 0.063% 0.007% 0.089% 0.005% 0.014% 0.128%  0.026% 0.025% 0.003% 0.004%  0.000% 0.587%
Full-service Restaurant 0.009% 0.106% 0.025% 0.111% 0.047% 0.006% 0.127% 0.006% 0.010% 0.143% 0.031% 0.031% 0.004% 0.004%  0.000% 0.660%
Mid-rise Apartment 0.257% 1.094% 0.093% 0.825% 0.862% 0.260% 1.694% 0.022% 0.371% 1.122% 0.318% 0.313% 0.056% 0.032%  0.000% 7.321%
High-rise Apartment 1.521% 1.512% 0.076% 0.652% 0.741% 0.173% 2.506% 0.000% 0.358% 1.163% 0.115% 0.125% 0.016% 0.008%  0.000% 8.967%
Weights by Climate Zone  3.242% 15.217% 2.975% 15.025% 10.081% 1.609% 19.286% 0.522% 2.981% 19.366% 4.344% 4.214% 0.569% 0.513% 0.056% 100.000%




3.0 EnergyPlus Simulation Infrastructure

This chapter describes PNNL’s EnergyPlus simulation infrastructure to support the development of
90.1-2010 through the PI. The PI primarily depends on conducting extensive building energy simulation
to quantitatively evaluate the potential energy savings from the new 90.1-2010 relative to 90.1-2004.
EnergyPlus (DOE 2010b) is the computer simulation software used to evaluate the energy savings
impacts among various versions of Standard 90.1 and Standards 62 and 62.1. EnergyPlus is a complex
building energy simulation program for modeling building heating, cooling, lighting, ventilation, and
other energy uses in buildings. To run EnergyPlus simulation, the user needs to prepare a detail input file,
the idf file, to specify the building characteristic as well as the requirements of different versions of
Standard 90.1 and Standard 62 and 62.1. An EnergyPlus input data file (idf, which is also the file
extension used in EnergyPlus) can easily have thousands of lines for numerous object blocks, which make
the manual preparation both tedious and error-prone.

During development of the PI, numerous EnergyPlus simulations were involved. Each of the 16
prototype buildings has a corresponding EnergyPlus simulation model, which consists of all the values
needed to run EnergyPlus simulation. Most of the objects and their values are the characteristics of the
prototype buildings, which are standard-and-climate-zone-independent, but others vary with the standards
and climate zone (e.g., insulation of walls and equipment efficiencies).

By assigning standard-dependent values, the model of each of the prototype building expands into
three different EnergyPlus models: one for 90.1-2004, one for 90.1-2007, and one for 90.1-2010 under
development. The Standard 90.1 model for each prototype is paired with the corresponding versions of
the Ventilation Standard 62 or 62.1 described in Section 4.5.5 in this report. Further considering the
selected 17 climate locations, the three EnergyPlus models for each prototype are expanded into 51 sets
of EnergyPlus models per building type. With all the combinations of the 16 prototypes, 3 versions of the
90.1 standard, and 17 climate locations, a total of 816 EnergyPlus models (3 x 17 x 16) are in each single
batch of simulation runs.

For the PI, the results are used just for the baseline case for 90.1-2004 and 62-1999 and for the
advanced case for 90.1-2010 and 62.1-2007.

PNNL further conducted sensitivity analysis to evaluate the energy savings results using ventilation
standard 62.1-2004 with all three versions of Standard 90.1 considered. This additional analysis adds
another set of 272 models to the batch runs, resulting in 1,088 models.

During the development of 90.1-2010, numerous batches of simulation runs were launched. For most
of the addenda implemented to enhance 90.1-2010, periodic batches of simulation runs were conducted to
verify the implementation and to estimate the energy savings resulting from the addenda as they were
created. In addition, the PNNL simulation team provided quarterly Pls to the SSPC 90.1 to report timely
progress towards the 30% improvement goal in 90.1-2010. All this translates to a large number of batches
of simulations, each requiring the evaluation of over 1,000 EnergyPlus models. The massive numbers of
EnergyPlus simulation runs present a challenge in preparing the idfs, conducting EnergyPlus simulations,
and post-processing the output files to assemble building energy consumption information and to assess
energy savings of the advanced standards against the baseline standard.
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The following sections document the infrastructure that the PNNL simulation team developed to
address this challenge, including the steps below:

1. Parameterizing the prototype building models into two sets of files, i.e., templates and parms

2. Automating the EnergyPlus idf creation based on templates and parms by a PNNL-developed
program known as GPARM (General PARaMetrics)

3. Controlling the simulation process with make utility

4. Aggregating simulation output to assemble energy end-use results and to prepare energy savings
through a series of Perl scripts.

All energy simulations were completed within a PNNL Linux energy simulation infrastructure, which
manages inputs and outputs of the EnergyPlus simulations. This infrastructure includes creating
EnergyPlus idfs with by GPARM, submitting input files to a computing cluster with 150 central
processing units (CPUs) for batch simulation, and extracting energy end-use results. Figure 3.1 is a flow
diagram of these procedures as described in the remainder of this chapter. An additional challenge
discussed in this chapter is maintaining model idfs consistent with the different versions of EnergyPlus
released periodically during the project.

3.1 Prototype Model Parameterization

Simulation for each round of PI required over 1,000 EnergyPlus models to capture the different
versions of Standard 90.1 and Standards 62 and 62.1 and the different climate zones. To facilitate the
automatic creation of the large number of EnergyPlus idfs, the prototype models were parameterized by
splitting the prototype model into two separate but related associated file pairs called template and parm
files.

The template is a modified EnergyPlus idfs where the values of the standard/climate zone dependent
fields are replaced with replaceable tags (i.e., variables). The values of the variables are specified in a
separate parameter file called parm file. The parm file is a simple rectangular comma delimited file. Each
row of the parm file consists of the set of values that would be taken by those variables in the template
file and represents one EnergyPlus idf to be generated. The combination of the template and parm pair
uniquely defines all EnergyPlus models of a given prototype associated with different versions of
Standard 90.1 and Standards, 62and 62.1, and climate locations.

3.2 Automation of the EnergyPlus Input File Creation

With the split of the prototype model into a template, which is a parameterized EnergyPlus idf, and a
CSV formatted parm file, it is possible to automatically create the required EnergyPlus idfs for the
combinations of the versions of Standard 90.1 and Standards 62 or 62.1 and the climate locations. The
GPARM program was used for this idf creation. GPARM is a program, written in Perl, to help generate
huge numbers of input files for programs like EnergyPlus. In its simplest function, GPARM is basically a
generic system for doing a "mail merge." It works in a row-by-row fashion through the parm CSV file.
Each time, it takes a row from the parm and uses the values specified in that row to replace the
corresponding replaceable tags in the template file. After such a replacement, the template file represents
a complete EnergyPlus idf, which can be saved and then used for subsequent EnergyPlus simulations.
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Figure 3.1. Flow Diagram of PI Simulation Framework
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During the early development of EnergyPlus simulation for 90.1-2010, PNNL created an opaque
construction (walls, roofs, etc.) library, a fenestration library, and prototype building/climate zone specific
slab and basement ground temperature profiles (gtp). The opaque construction and fenestration libraries
are text files in EnergyPlus idf format, which consist of a large number of construction materials, such as
various types of walls, floors, roofs, ceilings, and windows. The prototype-building and climate-location-
specific slab and basement gtp are sets of hundreds of files in EnergyPlus idf format. Both the
construction libraries and the gtp need to be included in the EnergyPlus idfs for the simulation run.

3.3 Batch Simulation

One of the challenges in dealing with the required massive EnergyPlus simulations is solved by
parameterizing the prototype model into template and parm, specifying Standard and climate-location-
dependent values in the parm file, and using GPARM to combine the template and parm creating
EnergyPlus idf. Another challenge is the time and complexity of running so many EnergyPlus
simulations.

Each EnergyPlus simulation run takes time to complete. The computing time needed for the
simulation of a single model ranges from minutes to over an hour, depending on the number of thermal
zones in a prototype and the CPU used to run the model. A batch run with over 1,000 models needs
significant time to finish. The simulation is conducted in a Linux cluster with around 150 CPUs. The Sun
Grid Engine queuing system is used for scheduling and dispatching simulation jobs to the CPUs in the
cluster. Simulation jobs are queued up in a single master list and sent out to the execution queues as slots
become available.

As illustrated in Figure 3.1, a complete batch of simulations involves multiple steps occurring in
sequence. What has been described above is the first step, which turns the prototype model into a series of
EnergyPlus models distinguished by the combination of Standard 90.1, and Standards 62 and 62.1, and
climate location by combining the template and parm files using the GPARM utility program.

These EnergyPlus idf files are created initially for design day simulation to size the mechanical
equipment. The EnergyPlus simulation needs to run in design day mode, and the simulation outputs with
the sizing information needs to be extracted and used to replace “auto-size” fields for annual simulation
run. Additional information on the development of HVAC system capacity is included in Section 4.5.2 of
this report. In addition, the mechanical equipment efficiencies need to be specified based on the sizing
information from the design day simulation as well as the requirements of the different versions of
Standard 90.1 and Standards 62 and 62.1 that are applied. Perl scripts have been written to automatically
extract the sizing information from the design day simulation output files, to subsequently look up the
required equipment efficiencies, and to use them to modify the design day idfs to idfs for annual
simulation.

Each EnergyPlus simulation run generates dozens of miscellaneous output files. For a complete batch
run of over 1,000 idfs, many thousand output files are generated. To assess the energy consumption in
term of end-use categories (e.g., heating and interior lighting) and to evaluate the energy savings of the
advanced case against the baseline case, the end-use energy consumption from the model runs need to be
extracted from the corresponding output files in order to create energy consumption and energy savings
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tables. Another Perl script was written for aggregating all outputs into a single table. Further data
extraction occurs after the batch simulation, described in Section 3.4 below.

3.4 Extraction of Pl Results

The simulation process results in a large table of raw model output data aggregated from all of the
models in a batch from the batch simulation process. The EnergyPlus annual simulation generates energy
consumption in generic combined energy units (joules, millions of Btu) associated with energy end uses
such as heating, cooling, and interior lighting. Visual basic macros are used to automatically load the
aggregated outputs from the batch simulations and populate the numbers to separate spreadsheets with the
energy consumption and energy savings tables and necessary unit conversion. The macros also automate
this data loading and table-making process for all 16 prototype buildings, and create energy savings tables
between pairs of 90.1 -2004 and 90.1-2007 or 90.1-2010. The spreadsheets calculate national averages of
these results for each prototype and climate location using construction weights described in Chapter 2 of
this report. Summary results with and without unregulated energy uses and energy costs are also extracted
to overall results spreadsheets for all prototypes. Results compilation and content are described in Section
2.4 and are presented in Chapter 6 of this report.

3.5 Maintenance for New Versions of EnergyPlus

EnergyPlus has been under continuous development by DOE since 1996 (DOE 2010a). During the
process of 90.1-2010 Standard development, the PNNL simulation team upgraded the prototype models
several times from version 3.0 to version 6.0. Since the prototype models are parameterized using the pair
of template and parm files and the templates carry the essence of the prototype model, the templates have
to be upgraded whenever a new version of EnergyPlus was adapted as the simulation engine. Although
there is a companion utility program for idf version transition associated with each newly released version
of EnergyPlus, the programs cannot directly be used for the template files upgrade because of the
existence of replaceable tags.

A Perl utility program developed by PNNL is used to automatically upgrade to a new version of the
template files. The idea is to temporally comment out the replaceable tags in the templates and replace
them with default values for those fields associated with replaceable tags based on the Input Data
Dictionary (idd) files of EnergyPlus. By doing so, the template files are converted back to complete idf
files that can then be upgraded to the new version by the version transition utility tool of EnergyPlus. The
Perl utility program automates this process. The program automatically searches for replaceable tags in
the templates files, comments them out, replaces the tags with default values from the idd file, and then
saves the files to temporary idf files. It then invokes the EnergyPlus version transition tool to do the
version upgrade. The program moves the commented replaceable tags in the upgraded idf files back to
their original places, removes the comment characters, and then saves the files as upgraded template files.
The development of this template version upgrade tool greatly facilitates the model upgrade between
versions.
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4.0 Prototype Building Models

This chapter describes the 16 prototype buildings used in the PI that were introduced in Section 2.1 of
this report.

e Office e [odging

1. Small Office 10. Small Hotel

2. Medium Office 11. Large Hotel

3. Large Office e Warehouse

e Mercantile 12. Warehouse (non-refrigerated)
4. Standalone Retail e Food Service

5. Strip Mall 13. Quick-service Restaurant
e Education 14. Full-service Restaurant
6. Primary School e Apartment

7. Secondary School 15. Mid-rise Apartment

e Healthcare 16. High-rise Apartment

8. Outpatient Healthcare

9. Hospital

Appendix A includes prototype building descriptions. Appendix B lists the internal loads for each
thermal zone in all prototypes. Appendix C includes schedules used to model time of day variation of
building operations. The prototype “Scorecards,” spreadsheets that contain the key inputs shown in
Appendixes A, B, and C, as well as other information are available online
(http://www.energycodes.gov/commercial/90 1models/). The EnergyPlus model inputs and outputs for the
prototype buildings representing 90.1 -2004, 2007, and 2010 are also available for free download at the
same website.

For the prototype buildings, the following subsections discuss schedules, form, envelope, occupancy,
HVAC requirements, service water heating equipment, lighting, other equipment, and plug and process
loads.

4.1 Building Schedules

An important element in simulating buildings and in actual building energy usage is the time-of-day
operation of the building. For simulation, this is defined by schedules that can correspond to operating
hours in real-world buildings for some parameters. Schedules include values such as the fraction of lights
that are on, whether HVAC systems are on or off, and thermostat temperature setpoints. Schedules
contain information for each hour and may vary by day of the week and time of year. In addition to day-
to-day operations, schedules are used to define values at design conditions for developing peak HVAC
equipment capacities and related inputs that vary with capacity, such as motor size and efficiency. Table
4.1 shows an example schedule for interior lighting and building occupancy for the first 12 hours of the
day; actual schedules continue through midnight. Values in the main body of the table are the proportion
of the total lighting power that is on. Appendix C includes the operating schedules for all 16 prototypes.
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Table 4.1. Example Simulation Schedules

Hour of the day ending at hour shown (through noon shown)

Building Lighting 10 11

Schedule lam 2am 3am 4am Sam 6am 7am 88am 9am am am Noon
Weekday 0.18 0.18 0.18 0.18 0.18 023 023 042 090 0.90 090 0.90
Weekend 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18
Winter Design
Day 0 0 0 0 0 0 0 0 0 0 0 0
Summer Design
Day 1 1 1 1 1 1 1 1 1 1 1 1

4.2 Building Form

For the prototypes, building form is selected to represent typical buildings of the corresponding
prototype. The model prototypes use the same building forms as DOE’s Commercial Building Reference
Models (Deru et al. 2011), with the exception of the high-rise apartment prototype, which is not included
in the reference models. PNNL developed the high-rise apartment prototype based on the mid-rise
apartment and inputs from SSPC 90.1 members. Figure 4.1 illustrates the 3D rendering of the 16
prototype building models, representing a range of building shape, size, and number of floors. Table 4.2
lists the building floor area, number of floors, window-to-wall ratio (WWR), floor-to-floor height, and
floor-to-ceiling height by building type.

Small Office Medium Office Warehouse

Secondary School

7

Outpatient Healthcare Hospital Small Hotel Large Hotel

Quick-service Restaurant  Full-service Restaurant Mid-rise Apartment

Figure 4.1. 3D Rendering of Prototype Building Models
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Table 4.2. Building Form

Window-to- Floor-to- Floor-to-
Floor area Number  Aspect Wall Ratio Floor Ceiling
Building Prototype (ft») of Floors Ratio (WWR) Height (ft) Height (ft)

Small Office 5,500 1 1.5 15% 10 10
Medium Office 53,630 3 1.5 33% 13 9
Large Office 498,640 12® 1.5 40% 13 9
Standalone Retail 24,690 1 1.28 7% 20 20
Strip Mall 22,500 1 4 11% 17 17
Primary School 73,970 1 NA 35% 13 13
Secondary School 210,910 2 NA 33% 13 13
Outpatient Healthcare 40,950 3 NA 20% 10 10
Hospital 241,410 5@ 1.33 16% 14 14
Small Hotel 43,210 4 3 11% 9 9

11@ 11@
Large Hotel 122,120 6 5.1 27% 10 10

3.8 13¢@ 13¢@
Warehouse 52,050 1 22 0.71%" 28 28
Quick-service Restaurant 2,500 1 1 14% 10 10
Full-service Restaurant 5,500 1 1 18% 10 10
Mid-rise Apartment 33,740 4 2.75 15% 10 10
High-rise Apartment 84,360 10 2.75 15% 10 10

(a) These buildings also include a basement, which is not included in the number of floors.

(b) The large hotel basement aspect ratio is 3.8; all other floors have an aspect ratio of 5.1.

(c) For the warehouse, 0.71% is the overall WWR. The warehouse area has no windows; the WWR for the small
office in the warehouse is 12%.

(d) First floor only.

4.3 Building Envelope

Chapter 5 of Standard 90.1 provides prescriptive requirements for building envelope thermal
performance and other characteristics. These values change with the version of Standard 90.1. Appendix
E in this report includes the building envelope prescriptive values from 90.1-2004 and 90.1-2010. Some
fundamental characteristics of the building envelope do not change, in particular, the construction type, as
shown in Table 4.3. Foundations for all prototypes are slab-on-grade except large office, hospital and
hotel which have basements. These constructions are consistent with DOE’s Commercial Building
Reference Models (Deru et al. 2011). Originally many of these characteristics came from PNNL’s
analysis of CBECS 2003 information (Winiarski et al. 2007).

To determine the modeled fenestration performance values for Standard 90.1 requirements, the type
of fenestration must be defined. Table 4.4 includes weighting factors for the mix of window types in each
prototype used to develop the fenestration inputs. For 90.1-2004 the types are operable or fixed. For 90.1-
2007 and 90.1-2010, the types are nonmetal, metal curtain wall/storefront, metal entrance door, and all
other metal windows.
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Table 4.3. Roof and Wall Construction Types

Building Prototype Roof Exterior Wall
Small Office Attic and Other Wood-framed
Medium Office Insulation Entirely Above Deck Steel-framed
Large Office Insulation Entirely Above Deck Mass
Standalone Retail Insulation Entirely Above Deck Mass
Strip Mall Insulation Entirely Above Deck Steel-framed
Primary School Insulation Entirely Above Deck Steel-framed
Secondary School Insulation Entirely Above Deck Steel-framed
Outpatient Healthcare Insulation Entirely Above Deck Steel-framed
Hospital Insulation Entirely Above Deck Mass
Small Hotel Insulation Entirely Above Deck Steel-framed
Large Hotel Insulation Entirely Above Deck Mass
Warehouse Metal Building Roof Metal Building
Quick-service Restaurant ~ Attic and Other Wood-framed
Full-service Restaurant Attic and Other Steel-framed

Mid-rise Apartment
High-rise Apartment

Insulation Entirely Above Deck Steel-framed
Insulation Entirely Above Deck Steel-framed

Table 4.4. Fenestration Type Weighting Factors

90.1-2004 90.1-2010®
Metal,
ASHRAE and Prototype Ducker Building Metal Curtain All
Building Types Category Fixed Operable®™  Nonmetal Wall/Storefront Other
Small Office Office and Bank 95% 4.6% 2% 62% 36%
Medium Office 95% 4.6%
Large Office 100% 0.0%
Standalone Retail Stores, Other 98% 2% 10% 62% 28%
Strip Mall Mercantile
Quick-service Restaurant
Full-service Restaurant
Warehouse Manufacturing/ 95% 5% 2% 10% 88%
Warehouse

Primary School Educational 65% 35% 22% 45% 34%
Secondary School
Outpatient Healthcare Hospital/Health Care 88% 12% 9% 60% 31%
Hospital
Small Hotel Hotel/Motel/Dormitory 78% 22% 11% 21% 68%
Hotel
Mid-rise Apartment High-rise Multifamily 42% 58% 32% 5% 63%

High-rise Apartment

(a) Excludes entrance doors.
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Air leakage reduction is also part of building envelope requirements in Standard 90.1. PNNL has
done considerable work in estimating infiltration and air leakage through the building envelope, as
described in Infiltration Modeling Guidelines for Commercial Building Energy Analysis (Gowri et al.
2009). Model values used for the 90.1-2004 baseline are generally 0.2016 cfm)/ft* of above-grade exterior
wall surface area, adjusted by wind speed.

Addendum 90.1-04c and addendum 90.1-07q (Section 5.2.1.1 of this report) modify infiltration due to
changes in vestibule requirements. Addenda 90.1-07am and 90.1-07bf (Section 2.2.1.6 in this report)
result in changes to infiltration through the building envelope.

4.4 Building Occupancy

People contribute to space loads in the building. Table 4.5 shows the total number of people in each
prototype. The number of occupants is modeled with values for each zone depending on type of
occupancy, and zone by zone values are included with the zone summaries in Appendix B. The number of
people is consistent with DOE’s Commercial Reference Buildings Models (Deru et al. 2011), derived
from multiple sources, including the Advanced Energy Design Guides. Occupancy is also related to
ventilation; but for some prototypes, occupancy for interior loads differs from the default occupancy used
to meet the ASHRAE 62.1 ventilation requirements (Section 4.5.5 in this report).

Table 4.5. Building Occupancy

Total Floor Occupancy Occupancy
Prototype Building Area (ft?) (number of people)  (people/1,000 ft%)
Small Office 5,500 31 5.6
Medium Office 53,630 268 5.0
Large Office 498,640 2,493 5.0
Standalone Retail 24,690 371 15.0
Strip Mall 22,500 180 8.0
Primary School 73,970 1,477 20.0
Secondary School 210,910 6,096 28.9
Outpatient Healthcare 40,950 419 10.2
Hospital 241,410 767 5.0
Small Hotel 43,210 259 6.0
Large Hotel 122,120 1,494 12.2
Warehouse 52,050 5 0.1
Quick-service Restaurant 2,500 94 37.6
Full-service Restaurant 5,500 287 52.2
Mid-rise Apartment 33,740 79 23
High-rise Apartment 84,360 199 34

4.5 Building HVAC Requirements

Chapter 6 of Standard 90.1 provides HVAC requirements. The application of these requirements
depends largely on the fundamental choice of HVAC system type(s) that are chosen for a building. Once
system types are defined, other elements of the 90.1 requirements follow, including system heating and
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cooling equipment efficiency, fan power, and controls. Minimum outdoor airflow is another important
characteristic of HVAC systems. Outdoor air requirements vary with the version of Standard 62.1, which
sets minimum outdoor air requirements as referenced in the version of Standard 90.1 considered, as
described in Chapter 2 in this report. Some characteristics of the HVAC systems, such as the type of
HVAC systems, remain the same in most cases for the 90.1-2004 and 2010 models. These characteristics
are addressed in this section. Controls vary the most with the changes introduced by the addenda and are
addressed primarily in Chapter 5 of this report.

45.1 HVAC Equipment Types

For most of the prototypes, the primary HVAC system consists of unitary packaged equipment that
delivers conditioned air to the thermal zones for comfort. In some cases, central plant equipment, such as
chillers and boilers, provide heating and cooling to air-delivery systems. In some buildings, separate
secondary systems provide conditioning to selected zones with different operating characteristics from the
zones served by the primary systems. The types of systems are generally consistent with DOE’s
Commercial Reference Buildings which utilize analysis of CBECS 2003 information (Winiarski et al.
2008). Table 4.6 shows these system types.

In most cases, the system types are the same in the 90.1-2004 and 90.1-2010 models. Some single-
zone systems that are constant air volume (CAV) systems in the 90.1-2004 models become variable air
volume (VAV) systems in the 90.1-2010 models because of the requirement of addendum 90.1-07n
(Section 5.2.2.12 in this report). This change occurs depending on system capacity which varies with
climate zone. In the simulations, prototypes that experience this change for at least some climate zones
are shown with footnote (b) in Table 4.6. Appendix D of this report lists the system name and type used
in EnergyPlus models for all 16 prototype buildings.

45.2 HVAC Equipment Capacity

HVAC equipment capacity varies with external climate conditions, internal loads, and outdoor air
ventilation rate. These characteristics change for the different climate locations simulated and for
differences between 90.1-2004 and 90.1-2010. The procedures for defining system capacity do not change
and are incorporated in the simulation methodology described in Chapter 3 in this report.

HVAC equipment sizing refers to the method used to determine the capacity of the HVAC
equipment. EnergyPlus allows users to select a “design day” simulation method for sizing equipment.
With this method, two separate design day inputs are specified, one for heating and one for cooling. The
program determines the design peak loads by simulating the buildings for a 24-hour period on each of the
design days. The design peak loads are then used by the subprogram for sizing HVAC equipment. The
analysis for the PI uses the design day sizing method primarily for two reasons: (1) it is common practice
for designers to choose the design day method for sizing the HVAC equipment; and (2) using the design
day method prevents equipment over-sizing to meet the extreme peak weather conditions occurring for a
very short period of time during a year.

The design day data for all 16 climate locations are developed based on the weather data contained in
the accompanying CD-ROM of ASHRAE’s 2009 Handbook of Fundamentals (ASHRAE 2009). In this
data, the heating design day condition selected is based on the 99.6% annual frequency of occurrence.
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Table 4.6. HVAC Primary and Secondary Equipment

Building Prototype Heating Cooling Primary System Secondary System

Small Office Heat Pump Unitary DX® Packaged CAV No
Medium Office Gas Furnace  Unitary DX Packaged VAV No

w/Reheat
Large Office Boiler Chiller, Cooling Tower VAV w/Reheat No
Standalone Retail Gas Furnace  Unitary DX Packaged CAV® No
Strip Mall Gas Furnace  Unitary DX Packaged CAV® No
Primary School Gas Furnace ~ Unitary DX Packaged CAV® No
Secondary School Boiler Air-cooled Chiller VAV w/Reheat Packaged CAV
Outpatient Healthcare Boiler Unitary DX Packaged VAV No

w/Reheat
Hospital Boiler Chiller, Cooling Tower VAV w/Reheat Central CAV
Small Hotel Electricity DX PTACY No
Large Hotel Boiler Air-cooled chiller Fan-coil Units VAV w/Reheat
Warehouse Gas Furnace ~ Unitary DX Unit Heater Packaged CAV
Quick-service Restaurant ~ Gas Furnace ~ Unitary DX Packaged CAV No
Full-service Restaurant Gas Furnace ~ Unitary DX Packaged CAV® No
Mid-rise Apartment Gas DX Split DX system No
High-rise Apartment Boiler Fluid Cooler WSHP No

(a) DX — direct expansion.

(b) These systems are constant volume in the baseline, and in some cases are VAV in the 90.1-2010 models. See
note in text above as well.
(¢) PTAC — packaged terminal air conditioners.

The 99.6% condition means that the dry-bulb temperature occurs at or below the heating design condition
for 35 hours per year in cold conditions. Similarly, annual cooling design condition is based on dry-bulb
temperature corresponding to 0.4% annual frequency of occurrence in warm conditions. In EnergyPlus
simulations, design day schedules can also be specified. To be consistent with the general design practice
for HVAC equipment sizing, the internal loads (occupancy, lights, and plug loads) are scheduled as “0.0”
on the heating design day, and “1.0” (maximum level) on the cooling design day.

45.3

HVAC Equipment Efficiency

Equipment efficiency is modeled using the same methodology in the 90.1-2004 and 90.1-2010
models. Efficiency values are assigned automatically according to system capacity as described in Section
3.3 of this report. However, efficiency values change with addenda for many types of equipment from
90.1-2004 to 90.1-2010, as shown in Chapter 5 of this report. Efficiency values are compared on a book-
to-book basis between the published 90.1-2004 and 90.1-2010 models. Efficiency values used for the
90.1-2004 models are the values in the original effective date range when the standard began, where
different effective dates are listed. For example, single package air conditioners under 65,000 Btu/h have
an efficiency of 10 SEER, the value for equipment manufactured prior to January 23, 2006. Values from
90.1-2004 are shown in Tables 4.7 through 4.13. Equipment not shown in these tables is not represented
in the prototypes. See 90.1-2004 for testing procedures for efficiency ratings and other notes and

definitions.
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Table 4.7. Unitary Air-Conditioner Efficiency, 90.1-2004

Equipment Heating Section Subcategory or
Type Size Category Type Rating Condition Minimum Efficiency
Air <65,000 Btu/h All Split System 10.0 SEER (before 1/23/2006)
Conditioners, 12.0 SEER (as of 1/23/2006)
Air Cooled Single Package 9.7 SEER (before 1/23/2006)
12.0 SEER (as of 1/23/2006)
>65,000 Btu/h and  Electric Resistance Split System and 10.3 EER
<135,000 Btu/h (or none) Single Package
All Other Split System and 10.1 EER
Single Package
>135,000 Btu/h Electric Resistance Split System and 9.7 EER
and <240,000 (or none) Single Package
Btu/h All Other Split System and 9.5 EER
Single Package
>240,000 Btu/h Electric Resistance Split System and 9.5 EER
and <760,000 (or none) Single Package 9.7 1PLV
Btu/h All Other Split System and 9.3 EER
Single Package 9.5 IPLV
>760,000 Btu/h Electric Resistance Split System and 9.2 EER
(or none) Single Package 9.4 IPLV
All Other Split System and 9.0 EER
Single Package 9.2 IPLV

(a) EER — energy efficiency ratio

(b) IPLV — integrated part load value.

Table 4.8. Unitary Air-Cooled Heat Pump Efficiency, 90.1-2004

Heating Section Subcategory or
Equipment Type Size Category Type Rating Condition Minimum Efficiency
Air Cooled >65,000 Btu/h All Split System 10.0 SEER (before 1/23/2006)
(cooling mode) 12.0 SEER (as of 1/23/2006)
Single Package 9.7 SEER (before 1/23/2006)
12.0 SEER