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Executive Summary

The U.S. Department of Energy (DOE) Building Technologies program has set aggressive goals
for energy efficiency improvements in buildings that will require collaboration between the DOE
laboratories and the building industry. This report details the development of standard or
reference energy models for the most common commercial buildings to serve as starting points
for energy efficiency research. These models represent reasonably realistic building
characteristics and construction practices. Fifteen commercial building types and one
multifamily residential building were determined by consensus between DOE, the National
Renewable Energy Laboratory, Pacific Northwest National Laboratory, and Lawrence Berkeley
National Laboratory, and represent approximately two-thirds of the commercial building stock.

The reference buildings provide a common starting point to measure the progress of DOE energy
efficiency goals for commercial buildings. The models of the reference buildings are used for
DOE commercial buildings research to assess new technologies; optimize designs; analyze
advanced controls; develop energy codes and standards; and to conduct lighting, daylighting,
ventilation, and indoor air quality studies.

The input parameters for the building models came from several sources. Some were determined
from ASHRAE Standards 90.1-2004, 62.1-2004, and 62-1999 for new construction and Standard
90.1-1989 for post-1980 construction; others were determined from studies of data and standard
practices. National weighting factors are needed for each model in each location, so the relative
importance of each can be factored into nationwide analyses. These factors characterize the
number of buildings that are similar to each reference building type in each location.
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Acronyms and Abbreviations

ACH
AEDG
AF
ANSI
ASHRAE
CAV
CBECS
COP
DOE
EER
FCU
GGHC
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HVAC
IESNA
ILD
IRAC
ISH
LBNL
LPD
MZ
NREL
OA
PACU
PBA
PNNL
PTAC
PTHP
SAMSON
SEER
SHGC
SHW
SS
SSPC
SZ
VAV
WLCNS

air changes per hour

Advanced Energy Design Guide

area factor

American National Standards Institute

American Society of Heating, Refrigerating and Air-Conditioning Engineers
constant air volume

Commercial Buildings Energy Consumption Survey
coefficient of performance

U.S. Department of Energy

energy efficiency ratio

fan coil unit

Green Guide for Health Care

heating seasonal performance factor

heating, venting, and air conditioning

[Mluminating Engineering Society of North America
internal load density

individual room air conditioner

individual space heater

Lawrence Berkeley National Laboratory

lighting power density

multizone

National Renewable Energy Laboratory

outside air

packaged air-conditioning unit

principal building activity

Pacific Northwest National Laboratory

packaged terminal air conditioner

packaged terminal heat pump

solar and meteorological surface observational network
seasonal energy efficiency ratio

solar heat gain coefficient

service hot water

split system

standing standards project committee

single zone

variable air volume

wall construction
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1.0 Introduction

The U.S. Department of Energy (DOE) Building Technologies program has set aggressive goals
for energy efficiency improvements in buildings. This goal will require collaboration between
the DOE laboratories and the building industry. Several analysis activities are under way to
determine the best paths forward. Coordinating research activities and tracking progress require
common points of reference.

The purpose of this project was to develop standard or reference building energy models for the
most common commercial buildings to serve as starting points for analysis related to energy
efficiency research. These models represent realistic building characteristics and construction
practices. Fifteen commercial building types and one multifamily residential building (see Table
1 on page 14) were determined by consensus between DOE, the National Renewable Energy
Laboratory (NREL), Pacific Northwest National Laboratory (PNNL), and Lawrence Berkeley
National Laboratory (LBNL). These represent approximately two-thirds of the commercial
building stock. The remaining one-third is composed of several building types that are not easily
defined by a small number of models; however, some are similar to one or more of the 16
reference building types.

There are three versions of the reference building models for each building type: new
construction, post-1980 construction, and pre-1980 construction. All have the same building
form and area and the same operation schedules. The differences are reflected in the insulation
values, lighting levels, and HVAC equipment types and efficiencies. The new construction
models comply with the minimum requirements of ANSI/ASHRAE/IESNA Standard 90.1-2004
(ASHRAE 2004a), the post-1980 models meet the minimum requirements of Standard 90.1-1989
(ASHRAE 1989), and the pre-1980 models are built to a set of requirements developed from
previous standards and other studies of construction practices.

The reference building models are described in detail in this report and are available as
EnergyPlus input files (http://commercialbuildings.energy.gov/reference_buildings.html).
Spreadsheet scorecards document the model parameters and annual energy performance for each
building type and location.

Throughout the development of the reference buildings, the DOE Building Energy Codes
Program, the ASHRAE simulation working group, and Standard 90.1 subcommittees have
provided in-depth review of the underlying assumptions.


http://commercialbuildings.energy.gov/reference_buildings.html�

2.0 Project Scope

The reference building models cover 16 building types and 16 U.S. locations. They directly
characterize more than 60% of the commercial building stock and are very similar to other
commercial building types. The models are fully defined in the spreadsheet scorecards and are
available as EnergyPlus input files.

2.1 Intended Uses of the Reference Building Models

The purpose of these models is to represent new and existing buildings. The reference building
models will be used for DOE commercial buildings research to assess new technologies;
optimize designs; analyze advanced controls; develop energy codes and standards; and to
conduct lighting, daylighting, ventilation, and indoor air quality studies. They also provide a
common starting point to measure the progress of DOE energy efficiency goals for commercial
buildings. DOE’s Building Energy Code Program and PNNL use these models for the
analytical support in the development of new versions of ASHRAE Standard 90.1. The models
provide consistency in modeling approaches and implementation across commercial buildings.

2.2 Uses Not Intended for the Reference Building Models

These reference building models are not intended to represent energy use in any particular
building. Rather, they are hypothetical models with ideal operations that meet certain minimum
requirements.

The reference building model definitions are not intended to act as targets to rate the energy
performance of single existing or proposed buildings. The models and weighting factors are not
appropriate for analysis at the state level, as the datasets used to generate the models and the
weighting factors are too small to form a valid statistical model at this level. Variations of these
models and weighting factors could be created for such purposes, but that is not the objective of
this project.



3.0 Previous Work

Several projects have created prototypical building energy models. The most familiar are from
LBNL, which developed a series of prototypical buildings over several years. Huang et al.
(1991) and Huang and Franconi (1999) present extensive summaries of work in this area; Huang
et al. (2005) present an analysis of 1999 building data. Three recent efforts to develop
prototypical energy models of buildings include a set of standardized energy simulation models
for commercial buildings from the University of Massachusetts (Stocki et al. 2005), a residential
building benchmark model from the DOE Building America program (Hendron 2007), and an
assessment of the entire commercial building stock by NREL (Griffith et al. 2007). Projects that
focused on single building types were carried out to create the Advanced Energy Design Guides
(AEDGsS) for small office, small retail, warehouses, K—12 schools, highway lodging, and small
healthcare (ASHRAE 2009).

Huang et al. (1991) developed 481 prototypical commercial buildings (37 building types and
13 locations) for a market assessment of cogeneration systems. The building types, sizes, and
locations were selected based on the best potential to use cogeneration. The purpose of the
project was to model the energy use in existing commercial building stock as closely as
reasonable. The paper presents a summary of building characteristics databases, engineering
studies, characterizations, and prototypes for energy simulations. The data included the
Nonresidential Building Energy Consumption Survey, which later became the Commercial
Buildings Energy Consumption Survey (CBECS) (EIA 2005), and F.W. Dodge building stock
and forecast data (McGraw-Hill 2005). They completed sensitivity analyses to better understand
the effects of building size, external wall models, thermal zoning, and HVAC types on the
simulated energy use.

Huang and Franconi (1999) estimated the heating and cooling loads in existing commercial
buildings by component and the efficiencies of the equipment used to meet those loads. They
used 120 prototypical buildings covering 12 building types of old and new construction. The
models were updated versions of the 1991 Huang et al. models based on 1989 CBECS data. The
models were extrapolated to represent the regional and national building stock with weighting
factors derived from the 1992 CBECS.

Stocki et al. (2005) present a set of standardized assumptions for commercial building energy
analyses. They define seven building types: large office, small office, retail, education,
apartment, small hotel, and hospital. These are meant to represent typical commercial buildings;
however, there is little justification for the types chosen. The building sizes were based on work
by Huang and Franconi (1999). Energy-related parameters conform to ASHRAE Standards
90.1-2001 (ASHRAE 2001) and 62.1-1999 (ASHRAE 1999). These models could be used to
analyze energy performance of any of the seven building types in any climate; however, there is
no method to extend the results beyond each type and size.

The Building America benchmark model (Hendron 2007) provides a common baseline for
determining energy savings of new residential buildings. Hourly energy simulations are used to
determine the savings. The size and location of the benchmark (baseline) building are set to
match the proposed building, but everything else is defined by a set of modeling rules. The
operating schedules are clearly defined and are used for both building simulations.



Griffith et al. (2007) completed an assessment of the commercial building sector for the potential
to reach net zero energy. They autogenerated energy simulation models for all the buildings in
1999 CBECS (EIA 2002), except refrigerated warehouses. This effort resulted in5,375 models
which were used to examine potentials of different technology scenarios for the commercial

building stock. While robust, the number of buildings results in a computational burden for
extensive analysis.



4.0 Overall Approach

It is impractical to model every new commercial building, or even to represent every building
sub-sector, so we selected a small number of prevalent building types and developed weighting
factors to represent a percentage of the commercial building stock. A goal was set to represent
70% of the U.S. commercial building floor area.

National data from the 2003 CBECS (EIA 2005) were used to determine the appropriate, average
mix of representative buildings. We selected 16 building types and developed weighting factors
to adjust for the percentage of the building stock represented by each building type for 16
locations. This mix of buildings and locations demonstrates the climatic and geographic effects

in each construction vintage. The three vintages of 16 building types in 16 locations result in
768 models.

Creating energy simulation input files is tedious and time consuming, and mistakes are common.
Analysis activities of the national building sub-sectors can involve creating hundreds—or even
thousands—of input files. To alleviate some of the workload and minimize the potential for
mistakes, we developed computer programs to create the input files for the energy simulations
based on sets of easily implemented rules. The input files by location are autocreated from a
seed file for each building type and vintage based on rules from appropriate energy efficiency
standards for climate-variable parameters.

4.1 Determining Building Types

The best publicly available data on commercial buildings are from CBECS (EIA 2005), for
which the 2003 version contains 5,215 buildings. The CBECS variables PBA8 and PBAplus8
separate the commercial sector into 29 categories and 51 subcategories based on principal
building activity (PBA). Analysis of the CBECS data provided the project team with the most
typical building types, and the final set of building types was selected by consensus among DOE,
NREL, LBNL, and PNNL. The set of 15 building types from CBECS is listed in Table 1, along
with the PBA numbers. A midrise apartment building model is also included to total 16 building
types. Multifamily housing buildings are not included in CBECS, and the midrise apartment
model was developed from other data in a separate PNNL study (Gowri et al. 2007).

This set of 15 commercial building types represents 3,279 buildings (of 5,215) from the full
CBECS dataset. This subset represents 44 billion ft* (4.1 billion m®) or 62% of the total
weighted floor area in the survey (64% if the vacant buildings are removed from the total) and
65% of the total energy consumption. The remaining CBECS building types include buildings
that vary significantly in size, internal loads, and operation; several building types would need to
be added to reach the 70% goal. Religious worship buildings are the next-largest group of
buildings, which would raise the percentage of the total weighted floor area to 67%. However,
they represent 74% of the new construction from 2003 to 2007 contained in the McGraw-Hill
Construction Starts Database (Jarnagin and Bandyopadhyay 2010).



Table 1 Categorization of 2003 CBECS Data for Reference Building Models

Name PBAS PBAPLUSS
Small Office 2 2,3,4,5,6,7
Medium Office 2 2,3,4,5,6,7
Large Office 2 2,3,4,5,6,7
Primary School 14 28
Secondary School 14 29
Stand-Alone Retail 25 42
Strip Mall 23 50
Supermarket 6 14
Quick Service Restaurant 15 32
Full Service Restaurant 15 33
Small Hotel 18 39
Large Hotel 18 38
Hospital 13 35
Outpatient Healthcare 8 18,19
Warehouse 5 9,10
Midrise Apartment N/A N/A

4.2 Determining Locations

Locations were selected to represent significant portions of the existing building stock and all
U.S. climate zones. Population is a good indicator of building distribution; however, if it were
the only criterion, some climate zones would not be represented. Approximately 78% of the
population is located in five of the 15 climate zones. To represent all U.S. climate zones and the
highest building densities, we selected the most populous cities in each climate zone.

Briggs et al. (2003) developed a climate zone classification system for DOE and ASHRAE
Standard 90.1-2004 based on SAMSON (NCDC 1993) weather data, as shown in Figure 1. An
important characteristic of these climate zones is that they tend to run in east-west bands across
the country; subdivisions for moist, dry, and marine divide these bands. As part of this effort,
PNNL developed a set of “typical” locations (cities) based on their representativeness in each
climate zone. The selections had little to do with population or number of buildings.

We selected a revised set of locations as a balance of the representativeness of the climate and
the number of buildings in each climate zone (see Table 2). Two locations were selected for
climate zone 3B because they represent different climates within one zone, which is evident from
the reference building model energy simulation results. These subclimate zones are designated
as “3B-CA” for the California coast and “3B-other” for the remaining part of climate zone 3B.



All of Alaska in Zone 7

except for the following
Boroughs in Zone 8:

Bathel
Delingham

Fairbanks N. Star

Nome
Morth Slope

MNorthwest Arctic
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Yukon-Koyukuk

Zone 1 includes

Hawaii, Guam,

Puerto Rico,
and the Virgin |slands

Moist (A)

Warm-Humid
Below White Line

Figure 1 Climate zone classification
(Credit: Briggs et al. [2003]; DOE [2005])

Table 2 Selected Commercial Building Reference Model Locations

Number | Climate Zone Representative City TMY2 Weather file location
1 1A Miami, Florida Miami, Florida
2 2A Houston, Texas Houston, Texas
3 2B Phoenix, Arizona Phoenix, Arizona
4 3A Atlanta, Georgia Atlanta, Georgia
5 3B-CA Los Angeles, California Los Angeles, California
6 3B-other Las Vegas, Nevada Las Vegas, Nevada
7 3C San Francisco, California San Francisco, California
8 4A Baltimore, Maryland Baltimore, Maryland
9 4B Albuquerque, New Mexico | Albuquerque, New Mexico
10 4C Seattle, Washington Seattle, Washington
1 5A Chicago, lllinois Chicago-O’Hare, lllinois
12 5B Denver, Colorado Boulder, Colorado
13 6A Minneapolis, Minnesota Minneapolis, Minnesota
14 6B Helena, Montana Helena, Montana
15 Duluth, Minnesota Duluth, Minnesota
16 8 Fairbanks, Alaska Fairbanks, Alaska




5.0 Energy Model Development

The intent of the reference building models is to characterize the energy performance of typical
building types under typical operations. Detailed building energy models require several pieces
of information that are not available from standard data sources; therefore, information from
several sources was combined in a sensible way to represent “typical” performance. To better
organize the efforts, we divided the model inputs into program, form, fabric, and equipment
(see Table 3).

Table 3 Building Energy Model Input Categories

Program Form Fabric Equipment
Location Number of floors | Exterior walls Lighting
Total floor area Aspect ratio Roof HVAC system types
Plug and process loads Window fraction Floors Water heating equipment
Ventilation requirements Window locations | Windows Refrigeration
Occupancy Shading Interior partitions | Component efficiency
Space environmental conditions | Floor height Internal mass Control settings
Service hot water demand Orientation Infiltration
Operating schedules

The program and form for the small office, schools, warehouse, small hotel, and outpatient
healthcare were taken, with slight modifications, from the work on the AEDGs for these building
types. PNNL developed the midrise apartment model for its work to support the development of
Standard 90.1. The program and form of the remaining models were developed from analysis of
CBECS (EIA 2005) and Time-Saver Standards for Building Types (DeChiara and Crosbie 2001)
and from experience with these building types.

The fabric and equipment parameters set by energy standards were determined from ASHRAE
Standards 90.1-2004 (ASHRAE 2004a), 62.1-2004 (ASHRAE 2004b), and 62-1999 (ASHRAE
1999) for new construction and Standard 90.1-1989 (ASHRAE 1989) for post-1980 construction.
NREL, PNNL, and LBNL performed research to determine the remaining model inputs. PNNL
completed a series of reports analyzing 2003 CBECS and past energy standards to determine
many of the energy model parameters used in these models. Winiarski et al. (2007a; 2007b;
2008) published two reports and a conference paper that analyzed envelope construction and
some building form characteristics. The HVAC system types were determined from the results
of a study by Winiarski et al. (2006) of system types and efficiencies for pre-1980 and post-1980
models and from input from the standing standards project committee (SSPC) 90.1 Simulation
Working Group and Mechanical Subcommittee for the new construction models. Throughout
the development of the reference building models, the DOE Building Energy Codes Program, the
ASHRAE simulation working group, and SSPC 90.1 subcommittees have provided in-depth
review of the models and the underlying assumptions.

5.1 Program

The building program includes the activity, location, occupancy, plug and process loads, service
water heating demand, and schedules. The PBAs were determined during the process of

analyzing the national building data (see Table 1). The reference building models are intended to
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look much more like real buildings as compared to the generic boxes often used for energy
simulation studies. LBNL developed the original geometry characterization of the reference
building models (except for the midrise apartment), including the shape, floor area, number of
floors, and thermal zoning based on previous work and analysis of 2003 CBECS (EIA 2005).
Nine models were completely changed and modifications were made to the other models based
on input from industry and further data analysis. PNNL, NREL, and the AEDG project
committees developed the models for the small office, primary and secondary schools,
warehouse, small hotel, and outpatient health care for the AEDGs for these respective building
types (ASHRAE 2009). NREL developed the stand-alone retail and supermarket reference
building models based on work with national retailers and CBECS. NREL and PNNL developed
the strip mall model from CBECS data and from a review of actual strip mall layouts.

Table 13 lists the building floor areas and many form parameters. Appendix A lists the zone
level program parameters in IP units (Table A-1) and SI units (Table A-2) for each model.

5.1.1 Occupancy

Occupancy information is included in CBECS; however, close inspection reveals that these data
are unreliable. For example, office building occupancy (based on the number of workers on the
main shift from the 1999 CBECS [EIA 2002]) ranges from 334 ft*/person to 300,000 ft*/person
(31 mz/person to 27,871 mz/person) with a mean of more than 25,000 ft*/person (2,323
m?*/person). The occupancy rates for the reference building models were instead taken from the
AEDG studies for the appropriate building types and from the default occupancy rates in
Standard 62.1-2004 (ASHRAE 2004b) following a recommendation by the ASHRAE 90.1
Simulation Working Group. Changes were made for dining, kitchen, storage, and shipping and
receiving areas, where these occupancy rates exceed the 2003 International Building Code
maximum (ICC 2003). The occupancy rates by space type are listed in Table 4, either as the
total number of occupants per space or as occupant density. Appendix A lists occupancy by
zone for each model.

Pless et al. (2007) documented the primary school model with 650 students and the secondary
school with 1200 students; however, the occupancy densities and schedules from the energy
models resulted in much higher numbers of students. The classroom occupancy schedules were
adjusted by factors of 0.75 for the primary school and 0.70 for the secondary school to arrive at
the student numbers documented in the project report.

The hotel guest rooms were assumed to have 1.5 occupants each, and occupancy rates for the
two hotel models were assumed to be 65% to align with the industry average occupancy rate and
Jiang et al. (2008). Rooms were randomly assigned occupants in the small hotel model so 50 of
the 77 rooms are occupied. The occupancy, lighting, and hot water schedules for the unoccupied
rooms were set to zero. The plug load schedule was set to a constant value of 20% for all rooms.
The thermal zoning and the use of multipliers in the large hotel model do not allow for this type
of control; therefore, a set of schedules was created to reduce the occupancy and loads to match
the 65% occupancy rate across all guest rooms.



Table 4 Occupancy by Space Type

Occupancy Occupancy
Space Type per Space | ft’/person | m’/person Data Source
Apartment 3.0 - - Gowri et al. 2007
Auditorium seating area - 10.8 1 Pless et al. 2007
Cafeteria/FF dining - 15 1.4 ICC 2003
Classrooms - 43 4 Pless et al. 2007
Corridor (school) - 107.6 10 Pless et al. 2007
Corridor (public spaces) - 1000 93 Engineering judgment
Hotel guest room 1.5 - - Jiang et al. 2008
Gym (primary school) - 35.8 3.3 Pless et al. 2007
Gym (secondary school) - 10.8 1.0 Pless et al. 2007
Gym, auxiliary (secondary school) - 35.8 3.3 Pless et al. 2007
Kitchen (commercial) - 200 18.6 ICC 2003
Laundry - 250 23. Jiang et al. 2008
Library/Media center - 46.8 4.4 Pless et al. 2007
Lobby (school) 0.0 - - Engineering judgment
Lobby (hotel) - 33.3 3 ASHRAE 2004b
Lobby (office building) - 100 9.3 ASHRAE 2004b
Office - 200 18.6 ASHRAE 2004b
Office (apartment) 20 - - Gowri et al. 2007
Office (school) - 215 20 Pless et al. 2007
Office (warehouse) 5.0 - - Liu et al. 2007
Reception areas - 33.3 3.1 ASHRAE 2004b
Restaurant dining rooms - 15 ICC 2003
Restroom (school) - 1076 100 Pless et al. 2007
Sales - 66.7 6.2 ASHRAE 2004b
Shipping/Receiving - 300 28 ICC 2003
Storage - 300 28 ICC 2003
Supermarket - 125 11.6 ASHRAE 2004b
Warehouse 0.0 - - Liu et al. 2007
Hospital spaces
Critical and intensive care - 50 4.7 Doebber et al. 2009
ER exam rooms and triage - 50 4.7 ASHRAE 2004b
Laboratory - 200 18.6 GGHC 2007
Nurse’s station/waiting rooms - 750 69.7 Engineering judgment
Operating/surgical cystoscopic rooms - 200 18.6 GGHC 2007
Patient room - 200 18.6 GGHC 2007
Physical therapy - 200 18.6 GGHC 2007
Radiology 200 18.6 GGHC 2007
Outpatient spaces
Nurse’s station - 50 4.7 GGHC 2007
Operating room - 50 4.7 GGHC 2007
Procedure room - 50 4.7 GGHC 2007
Exam room - 50 4.7 GGHC 2007
Clean/soiled areas - 50 4.7 GGHC 2007
Recovery room - 50 4.7 GGHC 2007
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5.1.2 Ventilation

The ventilation or outside air (OA) requirements are listed by space type in Table 5 (IP units)
and Table 6 (SI units). Standard 90.1-2004 refers to Standard 62-1999 as a normative reference,
so the ventilation requirements from Standard 62-1999 Table 2 are used (ASHRAE 1999). The
occupancy rates were taken from the AEDG technical support documents for those buildings
with AEDGs and the default occupancy rates from 62.1-2004 for other building types as
recommended by the Standard 90.1 Simulation Working Group. The occupancy rates in
Standard 62.1-2004 are considered to be more realistic than those in 62-1999. We assumed that
the ventilation requirements are the same for all vintages of reference building models because
reliable data for older buildings are not available. We will reevaluate this assumption as more
information about existing buildings becomes available.

The OA requirements for the hospital and the outpatient facility were determined from the 2007
Green Guide for Health Care (GGHC 2007), the 2001 Guidelines for Design and Construction
of Hospital and Health Care Facilities (AIA 2001), and from Standard 62-1999.

A brief discussion of the ventilation design practices for hospitals is worthwhile. Most hospitals
are designed to comply with AIA (2001). This document is updated periodically; e.g., 1987,
1992, 1996, 2001, and 2006. The Centers for Medicare and Medicaid Services references the
2001 edition, but most consultants design to the current version. Compliance is law in many
states, and is a requirement for reimbursement for Medicare and Medicaid. Regardless, very few
hospitals choose to not accept Medicare and Medicaid patients. In 2004 most designs probably
would have complied with the 2001 edition. Today most are shifting to the 2006 edition,
although it is not generally required by law.
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Table 5 Outside Air Requirements (IP units)

Default
Occupancy OA Total OA OA Data Sources

Space Type ft’/person | cfm/person | cfm/ft’ | cfm/ft’ ACH Occupancy Ventilation
Auditorium seating area 10.8 15 - 1.39 - Pless et al. 2007 | ASHRAE 1999
Bath (cfm/room) - 20 - - - ASHRAE 1999
Cafeteria/FF dining 15 20 - 1.33 - ICC 2003 ASHRAE 1999
Classrooms 43.1 15 - 0.35 - Pless et al. 2007 | ASHRAE 1999
Corridor (school) - - 0.10 0.10 - - ASHRAE 1999
Corridor (public spaces) - - 0.05 0.05 - - ASHRAE 1999
Hotel guest room (cfm/room) - 30 - - - ASHRAE 1999
Gym (primary school) 35.8 20 - 0.56 - Pless et al. 2007 | ASHRAE 1999
Gym (secondary school) 10.8 20 - 1.86 - Pless et al. 2007 | ASHRAE 1999
Kitchen (commercial) 200 15 - 0.075 - ICC 2003 ASHRAE 1999
Kitchen (residential, cfm/room) - 25 - - - - ASHRAE 1999
Living areas (residential) - 15 - - - - ASHRAE 1999
Lobby (school, treat as a corridor) - 0.10 0.10 - - ASHRAE 1999
Lobby (hotel) 33.3 20 - 0.60 - ASHRAE 2004b |ASHRAE 1999
Lobby (office building) 100 20 - 0.20 - ASHRAE 2004b | ASHRAE 1999
Office 200 20 - 0.10 - ASHRAE 2004b | ASHRAE 1999
Reception areas 33.3 15 - 0.45 - ASHRAE 2004b | ASHRAE 1999
Restaurant dining rooms 15 20 - 1.33 - ICC 2003 ASHRAE 1999
Restroom (cfm/wc or urinal) - 50 - - - ASHRAE 1999
Sales 66.7 - 0.30 0.30 - ASHRAE 2004b | ASHRAE 1999
Shipping/receiving 300 - 0.15 0.15 - ICC 2003 ASHRAE 1999
Storage 300 - 0.15 0.15 - ICC 2003 ASHRAE 1999
Supermarket 125 15 - 0.12 - ASHRAE 2004b | ASHRAE 1999
Warehouse - - 0.05 0.05 - - ASHRAE 1999
ER waiting room - - - - ASHRAE 2004b - AlA 2001
Operating/surgical cystoscopic rooms - - - - Pless et al. 2007 - AIA 2001
Critical and intensive care — - - - ASHRAE 2004b - AIA 2001
Patient room - - - - ASHRAE 2004b - AlA 2001
Examination room 50 - 0.30 0.30 - ASHRAE 2004b | GGHC 2007
Clean linens - - 0.30 0.30 - - GGHC 2007
Soiled linens - - 1.50 1.50 - - GGHC 2007
Nurse station - - 0.15 0.15 - - GGHC 2007
Physical therapy 50 - 0.30 0.30 - ASHRAE 2004b | GGHC 2007
Radiology - - 0.30 0.30 - - GGHC 2007
Anesthesia storage — — 1.20 1.20 — — GGHC 2007




Table 6 Outside Air Requirements (Sl units)

Default Total
Space Type Occupancy OA OA OA Data Sources
m’/person |L/s/person| Lis/m® | L/s/m® ACH Occupancy Ventilation

Auditorium seating area 1.00 7.08 - 7.08 - Pless et al. 2007 ASHRAE 1999
Bath (cfm/room) - 9.44 - 0.00 - ASHRAE 1999
Cafeteria/FF dining 1.39 9.44 — 6.77 - ICC 2003 ASHRAE 1999
Classrooms 4.00 7.08 1.77 - Pless et al. 2007 ASHRAE 1999
Corridor (school) - - 0.51 0.51 - - ASHRAE 1999
Corridor (public spaces) - - 0.25 0.25 - - ASHRAE 1999
Hotel guest room (cfm/room) - 14.16 - - - - ASHRAE 1999
Gym (primary school) 3.33 9.44 — 2.83 - Pless et al. 2007 ASHRAE 1999
Gym (secondary school) 1.00 9.44 - 9.44 - Pless et al. 2007 ASHRAE 1999
Kitchen (commercial) 18.59 7.08 - 0.38 - ICC 2003 ASHRAE 1999
Kitchen (residential, cfm/room) - 11.80 - - - - ASHRAE 1999
Living areas (residential) - 7.08 - - - - ASHRAE 1999
Lobby (school, treat as a corridor) - 0.51 0.51 - - ASHRAE 1999
Lobby (hotel) 3.10 9.44 - 3.05 - ASHRAE 2004b ASHRAE 1999
Lobby (office building) 9.29 9.44 - 1.02 - ASHRAE 2004b ASHRAE 1999
Office 18.59 9.44 - 0.51 - ASHRAE 2004b ASHRAE 1999
Reception areas 3.10 7.08 - 2.29 - ASHRAE 2004b ASHRAE 1999
Restaurant dining rooms 1.39 9.44 - 6.77 - ICC 2003 ASHRAE 1999
Restroom (cfm/wc or urinal) 23.60 - - - ASHRAE 1999
Sales 6.20 - 1.52 1.52 - ASHRAE 2004b ASHRAE 1999
Shipping/receiving 27.88 - 0.76 0.76 - ICC 2003 ASHRAE 1999
Storage 27.88 - 0.76 0.76 - ICC 2003 ASHRAE 1999
Supermarket 11.62 7.08 — 0.61 - ASHRAE 2004b ASHRAE 1999
Warehouse - — 0.25 0.25 — — ASHRAE 1999
ER waiting room - - - - ASHRAE 2004b - AlA 2001
Operating/surgical cystoscopic rooms - - - - Pless et al. 2007 - AIA 2001
Critical and intensive care - - - - ASHRAE 2004b - AIA 2001
Patient room - — — - ASHRAE 2004b - AlA 2001
Examination room 4.65 - 1.52 1.52 - ASHRAE 2004b GGHC 2007
Clean linens - - 1.52 1.52 - - GGHC 2007
Soiled linens - - 7.62 7.62 - - GGHC 2007
Nurse station - - 0.76 0.76 - - GGHC 2007
Physical therapy 4.65 — 1.52 1.52 - ASHRAE 2004b GGHC 2007
Radiology - - 1.52 1.52 - - GGHC 2007
Anesthesia storage — — 6.10 6.10 — — GGHC 2007




5.1.3 Plug and Process Loads

Determining the plug or process load intensity is difficult because available measured data are
scarce. Thus, we had to make several assumptions based on experience with a small number of
buildings, previous work by Huang et al. (1991), levels from ASHRAE (1989), and the AEDG
series. The plug and process loads and schedules are determined at the zone level based on the
activities in each zone. The models will be updated as new data become available. Appendix A
lists all the plug loads by zone for each building model in IP and SI units. Table 7 lists the main
references for the plug and process loads by building type. Kitchen loads for all building models
with kitchens are discussed in the Commercial Kitchen sections.

Table 7 Plug and Process Load References

Building/Zone

Data Source

Small Office Engineering judgment
Medium Office Engineering judgment
Large Office Engineering judgment
Primary School Pless et al. 2007

Secondary School

Pless et al. 2007

Stand-Alone Retail

Engineering judgment

Strip Mall Engineering judgment
Supermarket Engineering judgment

Small Hotel Jiang et al. 2008

Large Hotel Huang et al. 1991

Hospital Doebber et al. 2009, GGHC 2007

Outpatient Healthcare

Doebber et al. 2009, GGHC 2007

Warehouse

Liu et al. 2007

Midrise Apartment

Hendron 2007

The laundry facility loads for the hotels were modified from Jiang et al. (2008), who assumed
60-1b (27-kg) commercial washing machines that use 3.4 Btu/h (1,390 W) of electricity per cycle
and gas dryers that use 2.6 Btu/h (750 W) of electricity per cycle. They also assumed 9 1b (4.1
kg) of laundry per room per day and that the washed laundry retains water equal to 87.5% of its
dry weight. For the assumed 65% occupancy, the small hotel requires 8 loads per day and the
large hotel requires 18 loads per day. To calculate gas use, we assumed a heat of vaporization of
1000 Btu/lb (2,326 kJ/kg) of water and a thermal efficiency of the gas dryer of 80%. The total
energy use for washing and drying was divided evenly over 8 hours. (See Appendix A for the
electricity and gas loads for each space.)

5.1.4 Elevators

Elevators are included in all buildings with multiple floors. They are modeled in EnergyPlus as

a zone load but labeled as “elevators,” so they are reported separately in the EnergyPlus output.

The number of elevators in the reference building models was determined from rules of thumb

presented by Beyer (2009) (see Table 8). The office buildings have one elevator for every

45,000 ft* (4,181 m?), plus one service elevator for the large office building. The hotels have one
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elevator for every 75 rooms, and the large hotel includes one service elevator for every two
public elevators, plus one additional elevator for the dining and banquet facilities on the top
floor. The hospital has one public and one service elevator for every 100 beds (250 total), plus
two elevators for the offices and cafeteria on the top floor. The outpatient healthcare model has
the minimum recommendation of two elevators. The apartment building has one elevator for
every 90 units, and the secondary school has two elevators.

Table 8 Number of Elevators Installed and Motor Power

Building Type r\llztljmber of Motor Power

evators (w/each)
Medium Office 2 14,610
Large Office 12 18,537
Secondary School 2 14,610
Small Hotel 2 14,610
Large Hotel 6 18,537
Hospital 8 18,537
Outpatient Healthcare 3 14,610
Midrise Apartment 1 14,610

For buildings with fewer than six stories (counting the basement), we assumed the elevato