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specific heat, Btu/(1b-°F) [J/(kg-K)]
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thermal conductivity, Btu/(h-ft-°F) [W/(m-K)]
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low emissivity
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National Association of Home Builders

National Climatic Data Center

National Fenestration Rating Council
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National Renewable Energy Laboratory

National Solar Radiation Data Base

not applicable
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building physics test cases

unit thermal resistance, h-ft2°F/Btu [m*-K/W]

average of reference program energy savings predictions using randomly selected
explicit inputs (million Btu or kWh)

reflectance

reflectance for radiation incident from the front (from the exterior surface)
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solar heat gain coefficient
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SUNREL, Version 1.14

surface

temperature
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Typical Meteorological Year

Typical Meteorological Year 2
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Accompanying Files (Electronic Media Contents)

The following files provided within BESTEST-EX-Phase-1-Proc-AccompanyingFiles.zip
apply as they are called out in the test procedure:

e README-BESTEST-EX-Files.doc: Electronic media contents.

e Colorad.TM2: TMY2 weather data for Colorado Springs, Colorado, as described in Appendix A.

o Lasvega.TM2: TMY2 weather data for Las Vegas, Nevada, as described in Appendix A.

e BESTEST-EX-Phase-1-Output.xls: Spreadsheet standard output report for entering results.

o B-EX-Phase-1-Ref-P-Results.xls: Spreadsheet that contains reference simulation results
presented in Appendix G, Section G.1. Use BESTEST-EX-Phase-1-Output.xls to enter simulation
results for the program being tested.

The following reference simulation input files are provided for informative use.
The subfolder B-EX-Ref-Simulation-Physics-Input-Files contains reference simulation input files

developed by NREL for the building physics (“-P”) test cases of BESTEST-EX. The input files are
organized in lower-tier subfolders as follows:

Subfolder Reference simulation program

\DOE-2 DOE-2.1E Version JJHirsch PC 2.1En136
\EnergyPlus EnergyPlus Version 3.1

\SUNREL SUNREL Version 1.14
\B-EX-Ref-Simulation-Weather-Files All programs

Reference simulation input files are described further within README-BESTEST-EX-Files.doc.
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Introduction

A number of computerized energy auditing systems use utility bill data and a variety of calibration
methods with the objective of tuning their audit models to more accurately predict energy savings from
retrofits. A potential increase in performance-based tax incentives for home energy retrofits is driving the
need for establishing procedures to test the accuracy of building energy audit software used to predict
retrofit energy savings. The National Renewable Energy Laboratory (NREL), in work spanning 30 years,
has led development of numerous procedures for evaluating various aspects of building energy analysis
computer programs used in both commercial and residential applications. Consequently, the U.S.
Department of Energy (DOE) tasked NREL to develop a process for testing the reliability of models that
predict retrofit energy savings, including their associated calibration methods. DOE asked NREL to
conduct the work in phases so that a test procedure would be ready should DOE need it to meet legislative
requirements related to residential retrofits in F'Y 2010. This report documents the initial “Phase 1" test
procedure. NREL expects to continue to improve the test procedure as additional empirical residential
energy retrofit data become available. This report has two purposes, a) to serve as a test procedure, and b)
to describe the process of developing the procedure, and what was learned during the work.

Overview of the BESTEST-EX Phase 1 Test Suite

This test suite represents a set of cases applying the NREL BESTEST-EX Methodology. It includes two
kinds of test cases:

Building physics test cases with fully known inputs: A given audit model is tested using
specified inputs; resulting outputs are compared with reference results from three detailed
simulation programs (EnergyPlus version 3.1, DOE-2.1E version JJHirsch PC 2.1En136, and
SUNREL version 1.14) presented in Appendix G. Tested program results may also be compared
with example acceptance criteria (Judkoff et al. 2010), or other results generated using this test
procedure.

Calibrated energy savings test cases with specified base-case monthly utility bill data and
uncertainty ranges for selected inputs: A given audit model (and associated calibration
method) is tested by comparing utility-bill-calibrated energy savings predictions to results from
the reference programs listed above. Reference results for the calibrated energy-savings tests are
not published with the test procedure so that both automated and manual calibration methods are
tested blind, without access to the reference results (answers). Practical application of this
procedure requires that tested-program results are compared to reference results by a third-party.
The calibrated energy savings tests represent a new methodological development, further
described under “Methodology” below.

The cases test the ability to model space heating loads in a representative heating climate and space
cooling loads in a representative cooling climate. The building physics and calibrated energy savings
cases include the following retrofit cases: infiltration air sealing, attic insulation, wall insulation,
programmable thermostat, low-e windows, low exterior solar-absorptance roof (cool roof), and external
solar shading. Combined retrofit cases are also included as appropriate to heating and cooling climates,
respectively. The cases are summarized in Table 1.

To help avoid user input errors, the input for the test cases is as simple as possible, and represents
“typical” constructions and thermal and physical properties. The BESTEST-EX base building is based on
HERS BESTEST (Judkoff and Neymark 1995a). Typical building descriptions and physical properties
published by sources such as DOE, the National Association of Home Builders, the American Society of
Heating Refrigerating and Air-Conditioning Engineers (ASHRAE), and the National Fenestration Rating
Council (NFRC) are used for the test cases. The development team used empirical information from
several large utility bill studies (Blasnik 2009), in consultation with industry participants (BESTEST-EX
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Working Group 2009), to modify some of the thermal inputs to be more appropriate for poorly insulated
older buildings.

Methodology

NREL has developed a number of building energy simulation test (BESTEST) suites for evaluating and
diagnosing errors in software used for energy analysis of residential and commercial buildings. These test
suites have been adopted and cited by many organizations such as the Internal Revenue Service (2008)
(for certifying software used to determine tax deductions), ASHRAE (ANSI/ASHRAE/IESNA 2007),
RESNET (2006, 2007), the International Energy Agency (Judkoff and Neymark 2009), and the European
Community under their Energy Performance Directive (European Union 2002). These methods include
software-to-software comparative testing, verification versus analytical solutions, and validation versus
vetted empirical data. The theoretical basis for the BESTEST procedures is further described in the
literature (ASHRAE 2009, Judkoff 1988, Judkoff et al. 2008, Judkoff and Neymark 2006).

The building physics test cases described in the preceding section are a direct application of software-to-
software comparative test methods. The calibrated energy savings tests required NREL to make a
methodological advancement to existing comparative test methods, as follows.

1. Introduce input uncertainty into the test specification (this represents uncertainty
associated with developing inputs from audit survey data):

a. Perform sensitivity tests on inputs with potentially high uncertainty to determine their
relative effect on output; select the inputs that have the greatest effect on outputs as
approximate inputs.

b. Specify uncertainty ranges (approximate input ranges) for the approximate inputs.
2. Develop reference simulation results:

a. Generate base-case synthetic utility bill data using the same state-of-the-art reference
simulation programs as used in the building physics test cases.

i.  For the reference simulations, inputs that are randomly selected from within the
specified approximate input ranges are designated as explicit inputs; the reference
simulation explicit inputs are not included in the test specification (kept secret)

ii. All reference simulations use the same or equivalent explicit inputs for a given
calibration scenario.

b. Generate reference energy savings results by adjusting appropriate base case inputs
(including explicit inputs) as specified for each retrofit case.

3. Develop tested program results:
a. Develop the preliminary non-calibrated base-case model for a given calibration scenario.
b. Predict energy savings by either:

i. Calibrating the base-case model inputs using the synthetic utility bills (described
in 2a above) and then applying the specified retrofit cases to the calibrated
model, or

ii. Applying the specified retrofit to the non-calibrated base case model and then
calibrating or correcting energy savings predictions using the synthetic utility
bills (without adjustment to base-case model inputs), or

1ii. Other calibration methods.
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4. Compare results of tested programs (and their calibration techniques) versus reference
simulation base-case usage and retrofit energy savings projections:

a. Example acceptance criteria may be used to facilitate the comparison.

The conceptual framework for this method was first proposed by Judkoff (2008) with important
refinements contributed by others (Neymark and Norton 2009; Neymark et al. 2009). Development of the
method was facilitated by convening a technical committee of software producers (the “BESTEST-EX
Working Group”) to provide help with quantifying approximate input ranges and developing tested
program results (see Step 1b and Step 3, respectively, above). The test procedure was developed in an
iterative process that allowed improvement of the test specification during the simulation trials and helped
simulation trial participants to improve their software.

In its purest form, the calibration test would be implemented without using the reference simulation
programs. Instead, synthetic utility billing data would be generated with the tested program itself. Such a
pure calibration test requires a) automated calibration or b) that the modeler running the calibration test
does not know the explicit inputs used to develop the synthetic utility bills, implying that an additional
modeler is needed.

Future Work

For further development of BESTEST-EX, NREL intends to add features that may include retrofit
measures such as HVAC equipment, duct sealing, domestic hot water, lighting, appliances, foundation
insulation, and others. Future test cases may include selected cross-referenced cases from HERS
BESTEST and other existing test procedures. NREL also plans to address using empirical data from
existing audited homes to quantify accuracy of building energy simulation tools when used for modeling
older poorly insulated buildings, and retrofits to those buildings. Based on this work, refinements to
BESTEST-EX to better match empirical data may also be considered. Appendix I provides more detail
about recommendations for future work.

Advice to Certifying Agency

This test procedure is written so that it may be referenced directly by a certifying agency. A tested
program may be thought of as successfully completing the test procedure when its results compare
favorably with reference program outputs on a case-by-case and a sensitivity (difference between selected
cases) basis. Example acceptance criteria based on the reference results of Appendix G, Section G.1 of
this report are included in Example Procedures for Developing Acceptance-Range Criteria for BESTEST-
EX (Judkoff et al. 2010). That document, which may also be referenced directly by a certifying agency,
illustrates how a certifying agency may evaluate a software tool with BESTEST-EX. The procedure for
developing example acceptance ranges is also provided there. A certifying agency using BESTEST-EX
may adopt these acceptance criteria or develop their own criteria. Neither DOE, the National Renewable
Energy Laboratory (NREL), nor the authors of this report can be held responsible for any misfortunes
caused by the use of the BESTEST-EX test procedure or the BESTEST-EX example acceptance criteria
in a certification program.
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Table 1. BESTEST-EX Case Summary

INFILTRATION| R-VAL (compos.)] WINDOW DATA |Roof

Case (ACH, (h-f*-F/Btu) SHADE |Solar [TSTAT (°F,
(Notes 1,2,3) | Test Type |CSprgs/LV) |CEILING |[WALLS|TYPE |(OHANG)|Abs. |CSprgs/LV)|Context
L200EX Base 0.760/0.492 13.7 5.1 [SATB [NO 0.6 |68/78 "-p" "-C"
L210EX Infl 0.382/0.246 13.7 5.1 |SATB |NO 0.6 |168/78 "-p" "-C"
L220EX AtticIns  |0.760/0.492 42.7 5.1 |SATB |NO 0.6 |168/78 "-p" "-C"
L225EX Wall Ins |0.760/0.492 13.7 13.0 [SATB |NO 0.6 |68/78 "-p", "-C"
L240EX Tstat 0.760/0.492 13.7 5.1 |SATB |NO 0.6 |68-62/ "-p", "-C"
78-84
L250EX Low-e win [0.760 / 0.492 13.7 5.1 |DLEW [NO 0.6 (68/78 "-p" "-C"
L260EX-P  |RoofAbs1 |0.760/0.492 13.7 5.1 |SATB |NO 0.8 |68/78 "-P" only
L265EX RoofAbs2 [0.760/ 0.492 13.7 5.1 |SATB |NO 0.2 |68/78 "-P" htg&clg,
"-C" clg only
L270EX-P  |Ext. Shade|0.760 / 0.492 13.7 51 |SATB |S+E/W | 0.6 |68/78 "-P" only
L300EX-PH |Combined |0.382/ 0.246 427 13.0 |DLEW |NO 0.6 |68-62 "-P" htg only
L300EX-CnH "-C" htg only
L300EX-PC |Combined |0.382 / 0.246 42.7 13.0 [DLEW |S+EW | 0.2 |78-84 "-P" clg only
L300EX-CnC [Combined |0.382 / 0.246 42.7 13.0 [DLEW |NO 0.2 |78-84 "-C" clg only

Note 1: Changes to Case L200EX are highlighted with bold font.

Note 2: Nominal input values for "-P" cases are shown here. "-C" cases replace key nominal input values with

approximate input ranges.
Note 3: "n" in case designator (e.g., "L300EX-CnH") indicates the calibrated energy savings case scenario number.

BESTEST-EX_CASES-020210.XIs, B-EX(4)la5:128

Abbreviations for Table 1:

“ o
CSprgs

clg

DLEW

Ext

E/W

htg

htg&eclg

Infl

Ins

Low-e win

LV

OHANG

w“p»

RoofAbsl
RoofAbs2
R-VAL (compos.)
S

SATB
TSTAT
68-62
78-84

calibrated energy savings test cases

Colorado Springs, Colorado

cooling

double-pane, low-e window with wood frame and insulated spacer
exterior

east/west

heating

heating and cooling

infiltration

insulation

low-emissivity window

Las Vegas, Nevada

overhang

building physics test cases

roof with high exterior solar absorptance

roof with low exterior solar absorptance

composite air-to-air R-value

south

single-pane window with aluminum frame and thermal break
thermostat

68°F heating base set point with 62°F set point for specified times
78°F cooling base set point with 84°F set point for specified times
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1.0 Test Procedures

11  Modeling Approach
This modeling approach shall apply to all test cases presented in Sections 1.2 and 1.3.
1.1.1 Time Convention

All references to time in this specification are to local standard time and assume that hour I = the interval
from midnight to 1:00 a.m. Do not use daylight saving time or holidays for scheduling. Typical
Meteorological Year 2 (TMY2) weather data are in hourly bins corresponding to local standard time.

1.1.2 Geometry Convention

If the program being tested includes the thickness of walls in a three-dimensional definition of the
building geometry, then wall, roof, and floor thicknesses shall be defined such that the interior air volume
of the building model remains as specified. Make the thicknesses extend exterior to the currently defined
internal volume.

1.1.3 Nonapplicable Inputs

In some instances the specifications will include input values that do not apply to the input structure of
the program being tested. When this occurs, disregard the nonapplicable inputs and continue. Such inputs
are in the specifications for programs that may need them.

1.1.4 Consistent Modeling Methods

Where there are options in a simulation program for modeling a specific thermal behavior, consistent
modeling methods shall be used for all cases. For example, if a software program provides a choice of
methods for modeling windows, use the same window modeling method for all cases.

1.1.5 Equivalent Modeling Methods

Where a program or specific model in a program does not allow direct input of specified values, or where
input of specified values causes instabilities in a program’s calculations, modelers should develop
equivalent inputs that match the intent of the test specification as nearly as the software being tested
allows. Such equivalent inputs are to be developed based on the data provided in the test specification,
and such equivalent inputs shall have a mathematical, physical, or logical basis, and shall be applied
consistently throughout the test cases.

1.1.6 Simulation Initialization and Preconditioning

If the program being tested allows, begin the simulation initialization process with zone air conditions that
equal the outdoor air conditions. If the program being tested allows for preconditioning (iterative
simulation of an initial time period until temperatures or fluxes, or both, stabilize at initial values), use
that capability.

1.1.7 Simulation Duration
Results for the tests in Section 1 are to be taken from a full annual simulation.
1.1.8 Programs With Different Operational Modes Depending on Utility Data Availability

If the software being tested applies a different mode for running the building physics test cases (see
Section 1.2) than for running the calibrated energy savings test cases (see Section 1.3)—i.e., when no
utility billing data are available, versus when utility data are available—use the appropriate program
mode corresponding to the specific test type; apply it consistently for the given test type.



1.1.9 Order of Testing
The BESTEST-EX test suite has two main sections corresponding to two different types of test cases:

e “Building Physics” test cases (Section 1.2)
e “Utility Bill Calibration” test cases (Section 1.3).

1.1.9.1 Building Physics Test Cases

Start by running the building physics tests cases in Section 1.2. Building physics test case results may be
compared to the reference simulation results provided in Appendix G (see Section G.1). Tested program
results may also be compared with example acceptance criteria (Judkoff et al. 2010), or with other results
generated using this test procedure. Diagnose disagreements and correct modeling errors before moving
on to Section 1.3. Correction of modeling errors must have a mathematical, physical, or logical basis and
must be applied consistently throughout the test cases. Some disagreements may have a logical basis (i.e.,
may be based on legitimate modeling differences).

1.1.9.2 Calibrated Energy Savings Test Cases

Next, run the calibrated energy savings test cases of Section 1.3. Section 1.3 is written such that a) a
preliminary non-calibrated base-case model is developed as described in Section 1.3.1, b) inputs for the
base-case simulation model (see Section 1.3.1) are calibrated using synthetic reference utility energy-use
data given in Section 1.3.1.2, and c) inputs for retrofit cases (see Section 1.3.2) are developed using
calibrated base-case inputs with modifications as specified for the given retrofit cases. Some modeling
methods may calculate calibrated energy savings, without adjustment to model inputs, e.g., by comparing
differences between base case utility billing data versus predicted non-calibrated base-case energy use,
and then applying an appropriate adjustment to predicted non-calibrated energy savings. For programs
that apply methods not requiring adjustment to base-case model inputs, use the utility bills called out in
Section 1.3.1.2 for calibration; however, specific instructions of Section 1.3.1.2 (and elsewhere in Section
1.3) regarding adjustment of inputs for calibration do not apply.

Reference results for the calibrated energy-savings tests are not published with the test procedure, so that
both automated and manual calibration methods may be tested blind, without access to the reference
results. Practical application of this procedure requires that tested-program results are compared to
reference results by a third-party.

1.2 Building Physics Test Input Specifications

The test cases are described in a manner that allows many different residential modeling tools,
representing different degrees of modeling complexity, to be tested. Within this structure, figures and
tables are grouped as summary data and supplemental data. The summary data, which are based on the
supplemental data, are figures and tables that contain information that summarizes most of the input
requirements for most users. The supplemental tables contain more detailed information that was required
for generating a consistent set of inputs to the reference programs. Such data include material properties
for modeling thermal mass and modeling the attic as a separate zone, interior solar distribution fractions,
combined convective and radiative surface coefficients, hourly internal gains schedules, and detailed
window optical properties. Use the supplemental data as needed, according to the inputs allowed by the
tool being tested.

Apply the modeling rules of Section 1.1 for all test cases. Abbreviations used in the tables, figures, and
text are defined on the acronyms and abbreviations page included with the front matter.



1.2.1 The Pre-Retrofit Base-Case Building (Case L200EX-P)

Begin with Case L200EX-P. Case L200EX-P shall be modeled as detailed in this section and its
subsections. HERS BESTEST (Judkoff and Neymark 1995a) Case L200A is the basis for
Case L200EX-P.

A major part of the work for implementing the tests is assembling an accurate base building model.
Double-check base building inputs before addressing the retrofit cases.

1.2.1.1 Weather Data

This case requires the use of both the Colorad. TM2 and Lasvega. TM2 weather data provided with
accompanying files. These data are used for heating-only and cooling-only test cases, respectively, per
Section 1.2.1.14. If the program being tested uses a different representation of weather, such as degree
days, bin method, etc., then the above weather data shall be processed with the tested program’s weather
data processor so its output will be based on the above data. A summary of the data and a description of
TMY?2 (.TM2) weather data format are provided in Appendix A.

1.2.1.1.1 Ground Reflectance
The solar reflectance of the site ground surface = 0.2.
1.2.1.2 Output Requirements

Output requirements are the same for all test cases. Use the output template BESTEST-EX-Phase-1-
Output.XLS, included with the accompanying electronic files, to enter monthly utility data (metered
energy use) for a full-year simulation for the program being tested. Provide monthly natural gas
consumption in million (10%) Btu, and electricity consumption in kWh. Monthly billing periods are
assumed to run from the first day of the month to the last day of the month: e.g., January 1-31, February
1-28. Results sets for heating and cooling building physics test cases are designated as LnnnEX-PH and
LnnnEX-PC, respectively. Further instructions are included with the output template.

If the software being tested does not include domestic hot water (DHW) in its analysis, develop gas DHW
consumption using an external calculation (e.g., spreadsheet) and include the externally calculated DHW
consumption with the tested program’s calculated space heating consumption in the total gas utility bill.

1.2.1.3 Building Geometry and Material Properties

The base building plan is a 1,539 ft? floor area, single-story house with one conditioned zone (the main
floor), an unconditioned attic, and a raised floor exposed to air. Note the following regarding information
provided in figures and tables.

e For the building physics tests use only “Nominal” Inputs provided in the tables; approximate
input ranges (“Min” and “Max” values) are for use with Section 1.3.

e Changes to HERS BESTEST Case L200A are highlighted with bold font in figures and
tables.

The following figures and tables contain information that is applicable to most users. Insulation R-values
noted in the figures are nominal values; use the tables for finding appropriate inputs.

Figure 1-1. Base building axonometric

Figure 1-2. Floor plan — Case L200EX

Figure 1-3. East side elevation — Case L200EX

Figure 1-4. Exterior wall plan section — Case L200EX

Figure 1-5. Raised floor exposed to air section — Case L200EX
Figure 1-6. Ceiling/attic/roof section — Case L200EX



Figure 1-7. Interior wall plan section — Case L200EX
Figure 1-8. Window detail, vertical slider (NFRC AA) with 234 wide frame — Case L200EX

Table 1-1. Building Thermal Summary — Case L200EX

Table 1-2. Other Building Details — Case L200EX.

Relevant supplementary tables that include more detailed information are:

Table 1-3. Component Surface Areas and Solar Fractions — Case L200EX

Table 1-4. Material Descriptions, Exterior Wall, Door, and Window — Case L200EX
Table 1-5. Material Descriptions, Raised Floor Exposed to Air — Case L200EX

Table 1-6a. Material Descriptions, Ceiling, Attic, and Roof — Case L200EX

Table 1-6b. Material Descriptions, Ceiling/Attic/Roof, Attic as Material Layer —
Case L200EX (for calculating equivalent ceiling/attic/roof composite R-value)

Table 1-7. Material Descriptions, Interior Wall — Case L200EX

Table 1-8a. Conditioned Zone Equivalent Inputs for Weather-Driven Infiltration
Table 1-8b. Equivalent Seasonal Constant Infiltration ACH and CFM — Case L200EX
Table 1-9a. Daily Sensible Internal Loads — Case L200EX

Table 1-9b. Normalized Hourly Profiles for Sensible Internal Loads — Case L200EX

Table 1-10. Window Summary (Single-Pane Aluminum Frame With Thermal Break) —
Case L200EX

Table 1-11. Glazing Summary, Single-Pane Center of Glass Values — Case L200EX

Table 1-12. Optical Properties as a Function of Incidence Angle for Single-Pane Glazing —
Case L200EX.

Other details not described in these figures and tables are discussed topically in the following subsections.
1.2.1.4 Attic

Many residential energy analysis tools input an attic by specifying it within a menu of roof types, and
then specifying the insulation-only R-value corresponding to the insulation installed on the attic floor. If
this is the case for the software being tested, the information provided in Figure 1-6 will be sufficient.

For programs such as those used for developing the reference results, more detailed information is
required. The detailed information for modeling an attic as a separate zone is supplied in Table 1-6a.
Table 1-6b gives similar information as Table 1-6a, except in Table 1-6b the attic space is modeled as a
layer of thermal resistance between ceiling and roof materials. In the tables the modeled joist thickness is
the same as that for the batt insulation (3.5 in.); the joists’ remaining height above the insulation is
assumed to be at the attic air temperature and is not considered as thermal mass.

Table 1-6b documents the calculation of ceiling/attic/roof composite air-air R-value noted in the building
thermal summary of Table 1-1. In Table 1-6b, the equivalent resistance for the attic is based on values
from the Cooling and Heating Load Calculation Manual (McQuiston and Spitler 1992, p. 4.12); typical
ventilation by natural effects and roof solar absorptance of 0.6 were assumed. EnergyPlus preliminary
sensitivity test results for the two-zone model versus the one-zone model indicate only a 0.2% difference
in heating load results for Colorado Springs and 0.6% cooling load results for Las Vegas.

As with other components—except where explicitly varied by the test specification—the attic must be
modeled consistently for all test cases such that the modeling rules of Section 1.1 are applied.



1.2.1.5 Raised Floor Exposed to Air

The raised floor exposed to air is provided as an idealization, because when HERS BESTEST was
developed the state-of-the-art for modeling heat transfer between the house and the ground was not very
advanced in whole-house simulation models. Such building-to-ground heat transfer occurs for slab-on-
grade, basement, and crawl space constructions. To somewhat decouple the floor from the modeling
problem, the raised floor is provided with R-19 batt insulation. To simulate a raised floor exposed to air,
the test cases require the following assumptions:

e Air temperature below the raised floor is assumed to equal outdoor air temperature.

e The underside of the conditioned zone floor has an equivalent combined convective and radiative
exterior film coefficient of 2.200 Btu/(h-ft*-°F), consistent with a “rough” surface texture and zero
wind speed (see Appendix C); if the program being tested cannot set the exterior surface
coefficient to a fixed value, allow the exterior surface coefficient to vary with wind speed. If the
tested program allows detailed designation of different surface heat transfer algorithms among
specific surfaces, apply a surface convection algorithm that incorporates only surface-to-air
temperature difference (excludes wind or sets wind speed = 0), and include infrared radiative
exchange separately.

e The conditioned zone floor exterior surface (surface facing downward) receives no solar
radiation.

The assumption of the air temperature below the raised floor being equal to ambient temperature may be
approximated either by modeling a building that hovers above the ground (raised floor on stilts for
example), or modeling a highly ventilated crawl space. The zero solar-radiation-to-exterior-floor
assumption can be modeled by assigning the highest solar reflectance allowed by the software being
tested to the underside of the floor and/or defining shading planes where walls would be if the raised floor
were modeled as a crawl space. Infrared radiative exchange between the conditioned zone floor exterior
surface (surface facing downward) and the ground surface (assumed at ambient air temperature) is
modeled in the EnergyPlus and DOE-2.1E reference simulations; SUNREL applies the specified
combined surface coefficient.

1.2.1.6 Interior Walls

The interior walls in the conditioned zone are included for modeling the effect of their mass. They are not
intended to divide the conditioned zone into separately controlled zones.

1.2.1.7 Infiltration
1.2.1.7.1 Conditioned Zone

Infiltration is modeled assuming blower door data are available for the pre-retrofit base case (L200EX-P).
Detailed inputs for programs that apply Sherman-Grimsrud infiltration modeling are provided in

Table 1-8a. Use only the inputs that apply to the software being tested. For programs that do not apply
Sherman-Grimsrud modeling, values for equivalent seasonal constant air changes per hour (ACH) (or
cubic feet per minute [CFM]) are included in Table 1-8b. These equivalent constant values are also
included as part of the building overview description in summary Table 1-2; these are also used for
developing building summary UA characteristics in Table 1-1.

The equivalence of the inputs of Table 1-8a is based on the ASHRAE residential air leakage model

(2005 ASHRAE Handbook of Fundamentals, pp. 27.12,27.13, 27.21), which is based on the model
developed by Sherman and Grimsrud (1980). Supporting information for ASHRAE residential air leakage
model inputs used to generate reference simulation results is included in Appendix D. Appendix D also
includes discussion of some other approaches to modeling infiltration given the results of fan
pressurization (blower door) tests, along with development of the equivalent constant infiltration rates.



The Colorad. TM2 and Lasvega. TM2 climate sites are at 6,171 ft and 2,178 ft altitude, respectively, so the
air is less dense than that at sea level for both locations. If the program being tested applies a constant
infiltration rate only and does not use barometric pressure from the weather data, or otherwise does not
automatically correct for the change in air density caused by altitude, adjust the constant specified
infiltration rates (to yield mass flows equivalent to what would occur at the specified altitude), as shown
in Table 1-8b.

1.2.1.7.2 Attic

Use the constant attic infiltration rate given in Table 1-8b only if the software being tested allows that
input. Equivalent Sherman-Grimsrud model inputs were not developed for the attic. Attic infiltration is
based on the Cooling and Heating Load Calculation Manual (McQuiston and Spitler 1992) for typical
ventilation by natural effects. The calculation technique used for developing altitude effects on infiltration
is included in HERS BESTEST Appendix B.

1.2.1.8 Internal Loads

All internal loads data are new for this test specification; i.e., changed from HERS-BESTEST. These
are non-HVAC related internally generated loads in the conditioned zone from equipment, lights, people,
etc. The internal loads schedules disaggregate sensible and latent loads. Internal loads are further
disaggregated by associated fuel type, where internal loads related to DHW are associated with gas use
and all other non-HVAC related internal loads are associated with electricity use. There are no internal
loads in the attic. The selection of sensible and latent internal loads and the development of schedules are
described in Appendix B. Details about internal loads are provided below; summary data are given in
Table 1-2.

If the software being tested does not include DHW in its analysis, develop gas DHW consumption using
an external calculation (e.g., spreadsheet) and include the externally calculated DHW consumption with
the tested program’s calculated space heating consumption in the total gas utility bill.

1.2.1.8.1 Sensible Loads

Nominal values for daily total sensible internal loads disaggregated for occupants, electricity, and gas are
specified in Table 1-9a. Normalized sensible load hourly profile fractions for the conditioned zone are
specified in Table 1-9b; the hourly fractions apply for all days of the year as given.

1.2.1.8.1.1 Radiative and Convective Fractions
Sensible loads are 70% radiative and 30% convective.

1.2.1.8.2 Latent Loads

Modeling latent loads for space cooling requires assumptions about the moisture removal by a mechanical
space cooling condensing unit. For the Phase 1 Test Procedure latent loads are not applied. This is
because the currently specified idealized equipment for sensible cooling (see Sections 1.2.1.13 — 1.2.1.15)
does not give guidance about latent load removal. For developing reference simulation results, latent
loads were not included, as they have no effect on the results.

1.2.1.8.3 Fractions of Base Load Usages to Internal Gains

Only a fraction of the non-HVAC energy from electricity and gas used in a home is converted to sensible
internal gains. To generate synthetic utility bills, percentages of non-HVAC gas energy and electric
energy converted to sensible loads must be assumed. The following nominal values are used for
conversion of non-HVAC energy use to sensible internal gains:

e 75% of the non-HVAC energy for electric appliances and lights
e 27.5% of the non-HVAC energy for gas DHW.



These values were developed in consultation with the BESTEST-EX Working Group (2009). Further
background discussion is included in Appendix B. Resulting nominal non-HVAC energy usage based on
these fractions is included in Table 1-9a.

Reference simulations integrate internal gains by applying internal gains fractions for electricity (X%)
and gas (Y %) using the following steps:

1. Convert the sensible internal gains due to non-HVAC electric appliances and lights (divide by
X%/100) to obtain base load electricity consumption.
2. Convert the sensible internal gains due to non-HVAC gas appliances (DHW) (divide by Y%/100)
to obtain base load (DHW) gas consumption.
3. Each month:
a. Add the non-HVAC electricity consumption to the monthly HVAC electricity
consumption and
b. Add the non-HVAC gas consumption to the monthly HVAC gas consumption.
4. Use kWh for metered electricity consumption and million (10°) Btu for metered natural gas
consumption.

1.2.1.9 Combined Radiative and Convective Surface Heat Transfer Coefficients

If the program being tested does not allow variation of combined surface coefficients, or if it
automatically calculates interior and exterior surface convection and radiation, this section may be
disregarded.

Combined surface coefficients are denoted in various section drawings throughout Section 1 as “Interior
Film” and “Exterior Film” (e.g., see Figures 1-4 through 1-7). If the program being tested uses combined
surface coefficients, use the information given in Table 1-2; this information is also included with the
detailed material descriptions (e.g., see Tables 1-4 through 1-7).

ASHRAE Terrain Class 2 (suburban/urban terrain per ASHRAE [2005, p. 16.3]) is assumed. See
Appendix C for more information about surface coefficients.

1.2.1.10 Opaque Surface Radiative Properties

These properties apply to all opaque exterior and interior building surfaces; they are roughly equivalent to
medium color paint or a light color roof.

The nominal value for exterior surface solar absorptance is 0.6. All other opaque surface radiative
properties have explicit inputs, as shown in Table 1-2.

1.2.1.11 Windows

A great deal of information about the window properties has been provided so equivalent input for
windows is possible for many programs. Use only the information (nominal values) relevant to the
program being tested. The basic properties of the single-pane window, including shading coefficient (SC),
solar heat gain coefficient (SHGC), and thermal resistance, are provided in Table 1-1. Additional
information is included in Figure 1-8, Table 1-4, and Tables 1-10 through 1-12. This information was
drawn primarily from the WINDOW 5.2 (2005) software for developing detailed glazing properties (see
Appendix E). For programs that need transmittance or reflectance at other angles of incidence, interpolate
between the values of Table 1-12 using the cosine of the incidence angle as the basis of interpolation.
Where other unspecified data are needed, values that are consistent with those quoted must be calculated.

For the base case, total glass and frame areas for each wall may be combined into a single large area for
that wall. For more detailed models, exterior surface convective coefficients may vary with the height of
the surface centroid.



1.2.1.12 Interior Solar Distribution

If the program being tested does not allow for variations of interior solar distribution, this section may be
disregarded. Interior solar distribution is the fraction of transmitted solar radiation incident on specific
surfaces in a room. If the program being tested does not calculate this effect internally, use the interior
solar fractions from Table 1-3. The calculation of transmitted solar radiation reflected back out through
windows (cavity albedo) is presented in HERS BESTEST Appendix E.

1.2.1.13 Mechanical System

This mechanical system applies to the conditioned zone only; it does not apply to the unconditioned attic.
The mechanical system shall be modeled with the following features as noted below and in Sections
1.2.1.14 and 1.2.1.15:

100% convective air system

The thermostat senses only the air temperature
Nonproportional type thermostat (see Section 1.2.1.14)
No latent heat extraction.

1.2.1.14 Thermostat Control Strategies

Seasonal thermostat control settings are shown for heating and cooling climates in Sections 1.2.1.14.1 and
1.2.1.14.2, respectively.

1.2.1.14.1 Colorad.TM2
For Colorad. TM2 weather data (heating only)
During heating season (October 7-May 16):
HEAT = ON IF TEMP < 68°F; COOL = OFF
During non-heating season (May 17—October 6):
HEAT = OFF; COOL = OFF.
Where: “TEMP” refers to conditioned zone-air temperature.

The designated heating season is the time period during which approximately 95% of the total heating
load occurs as indicated by an EnergyPlus simulation of Case L200EX-P.

1.2.1.14.2 Lasvega.TM2
For Lasvega. TM2 weather data (cooling only)
During cooling season (March 28—October 28):
COOL = ON IF TEMP > 78°F; HEAT = OFF
During non-cooling season (October 29—March 27):
COOL = OFF; HEAT = OFF.
Where: “TEMP” refers to conditioned zone-air temperature.

The designated cooling season is the time period during which approximately 95% of the total cooling
load occurs as indicated by an EnergyPlus simulation of Case L200EX-P.



1.2.1.14.3 Nonproportional Thermostat

The thermostat is nonproportional in the sense that when the conditioned zone-air temperature exceeds
the thermostat cooling set point, the heat extraction rate is assumed to equal the maximum capacity of the
cooling equipment. Likewise, when the conditioned zone-air temperature drops below the thermostat
heating set point, the heat addition rate equals the maximum capacity of the heating equipment. A
proportional thermostat throttles the heat addition rate (or extraction rate) in proportion to the difference
between the zone set point temperature and the actual zone temperature. If the program being tested
requires use of a proportional thermostat, a proportional thermostat model can be made to approximate a
nonproportional thermostat model by setting a very small throttling range (the minimum allowed by the
program being tested).

1.2.1.15 Equipment Characteristics

HEATING CAPACITY = 3.413 million Btu/h (effectively infinite)
EFFECTIVE HEATING EFFICIENCY = 70%

COOLING CAPACITY = 3.413 million Btu/h (effectively infinite)
EFFECTIVE COOLING COEFFICIENT OF PERFORMANCE = 3.0

FAN POWER =0 W (no fan electricity use)
WASTE HEAT FROM FAN =0 W.

Equipment efficiency is constant: independent of part loading, indoor dry-bulb temperature and humidity
ratio, outdoor dry-bulb temperature and humidity ratio, and/or other conditions. The heating efficiency
may be thought of as the ratio of heat provided to the space by the furnace divided by the furnace gas use
measured at the meter, and includes all losses associated with furnace efficiency, air distribution, etc.
Similarly, the cooling coefficient of performance (COP) may be thought of as the ratio of sensible heat
extraction from the space by the space cooling equipment divided by the electricity use measured at the
meter, and includes all losses associated with system efficiency, air distribution, etc.; latent load is not
considered.

The 3.413 million Btu/h requirement comes from the IP units equivalent of 1 MW. If the software being
tested does not allow this much capacity, use the largest system it allows.

The intent of the very high equipment heating and cooling capacities is to produce only pure heating load
and sensible cooling load outputs by assuring that the zone load is always met, and that the zone air
temperature is always maintained at the appropriate thermostat set point (or within the minimum
throttling range allowed by the program being tested) when either heating or cooling is required. If 3.413
million Btu/h of capacity causes the simulation program being tested to become unstable, then use a
smaller value for over-sizing equipment, but not less than the capacity required to maintain the set point
temperature for each case.



BIELZEOY-00HY-AD

oljdwouoxe Buipjing aseg |- ainbi4

10



X3002Z1 se) — uejd 10o|4 “Z-} ainbi4

"ueld 100y} 1531539

SY3H [eulbLIo 8y} woly paAowall
Sem |[em JoLidjul jo yibuaj .6 & ‘c-| a|qel

(ubiy .8-.9 X BpIM ,£) J0Op POOM BI0D-PIIOS = (
8-1 @Inbl4 88s ‘(YbIY .G x BPIM ,€) MOPUIM = M

JO eale |jem Joudjul Buipuodsaliod pue ‘pusben
et y3buaj [jem JoLia3ul a3y} yojew o] :3}0N
E——u0-0L —  [50-pf .0 = Ao toze oz k00 .08
w Mmoo M M M M _ M A
S . 0L v 0L « 0-Z} T
B W 0-LL T
M = "
(=] E
- > z
g :
A M
M : n
|\_.,| " Olnw ~ n O|_w T N
.- " Ql_w lA T LA l_ Lb_\l_\| » Onh@|v 4] nUn
& ! @ S
M S S -, 0-2} |v~ J_m,r M
= @  [«0-F—> “
& Atk 0-9 09 —4<—.0-9 ——.0-9 =] &
o © =
& i M q L™ sl oM™ M M i
k- 0-G | - 0-9 —| . 0-9 ,A —oegle—] 0-e —lozlrzle—3ogk— |«—,0-8—

11



20EL2E0V-90HY-AD

X300Z1 9seD — UoneAs|d apis Jse3 "¢-| ainbi4

[IeJop MOPUIM 10} 8-] 8inBi4 89S ‘Umoys se A||ed1IaA pajeso| SMOPUIM || :9JON

n OIFNN

n 0-L8

—{ . 0-@

n OIn—w gk

" 9';17

2L = yolid Jooy

‘..\ n @lhm —-

12



\ <« Interior Film
\_s“ Plasterboard
Insulated | < \ Air Gap (R-1.01)
Section
\ . 2x4, 16" o.c.
- = y o — \
Framed | ““m‘: }{,,/’ \
Section il Y \
7 - —h
/ Fiberboard Sheathing (1/2")
f,f’f Hardboard Siding (7/16")
/ Exterior Film
CD-RHO6-A0327319A
Figure 1-4. Exterior wall plan section — Case L200EX
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Notes for raised floor exposed to air:

e Exposed to outdoor dry