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4 ANSI/ASHRAE Standard 140-2011

(This foreword is not part of the standard. It is merely
informative and does not contain requirements necessary
for conformance to the standard. It has not been
processed according to the ANSI requirements for a
standard and may contain material that has not been
subject to public review or a consensus process.
Unresolved objectors on informative material are not
offered the right to appeal at ASHRAE or ANSI.)

FOREWORD

This standard method of test (SMOT) can be used for
identifying and diagnosing predictive differences from whole-
building energy simulation software that may possibly be
caused by algorithmic differences, modeling limitations, input
differences, or coding errors. These tests are part of an overall
validation methodology described in Informative Annex B23.
The procedures test software over a broad range of parametric
interactions and for a number of different output types, thus
minimizing the concealment of algorithmic differences by
compensating errors. Different building energy simulation
programs, representing different degrees of modeling complex-
ity, can be tested. However, some of the tests may be incompat-
ible with some building energy simulation programs.

The tests are a subset of all the possible tests that could
occur. A large amount of effort has gone into establishing a
sequence of tests that examines many of the thermal models
relevant to simulating the energy performance of a building
and its mechanical equipment. However, because building
energy simulation software operates in an immense parameter
space, it is not practical to test every combination of parame-
ters over every possible range of function. 

The tests consist of a series of carefully described test
case building plans and mechanical equipment specifications.
Output values for the cases are compared and used in con-
junction with diagnostic logic to determine the sources of pre-
dictive differences. 

The test cases are divided into separate test classes to sat-
isfy different levels of software modeling detail. Such classifi-
cation allows more convenient citation of specific sections of
Standard 140 by other codes and standards, and certifying
and accrediting agencies, as appropriate. The Class I test
cases (Section 5) are detailed diagnostic tests intended for
simulation software capable of hourly or sub-hourly simula-
tion time steps. The Class II (Section 7) test cases may be used
for all types of building load calculation methods, regardless
of time-step granularity, and are often favored by those need-
ing to test simplified software for residential buildings. The
Class I (Section 5) test cases are designed for more detailed
diagnosis of simulation models than the Class II (Section 7)
test cases. 

Class I Test Procedures (Section 5)

The set of Class I tests included herein consist of

• software-to-software comparative tests that focus on
building thermal envelope and fabric loads and mechan-
ical equipment performance and

• analytical verification tests (comparison of software to
analytical or quasi-analytical solutions) that focus on
mechanical equipment performance.

In addition to comparative and analytical verification
tests, the overall methodology for model validation and testing
described in Informative Annex B23, 2009 ASHRAE Hand-
book—Fundamentals1 (see Chapter 19) and elsewhere2

includes empirical validation testing, where tested software
models are validated to within the uncertainty of measured
data. Such tests will be considered for Standard 140, and
additional research on this topic is recommended, as dis-
cussed in Informative Annex B23.

The current set of Class 1 test cases were initially devel-
oped by the National Renewable Energy Laboratory (NREL)
with the International Energy Agency (IEA)3,4,5 and by Natu-
ral Resources Canada, also in collaboration with IEA6. 

For the building thermal envelope and fabric load cases
of Section 5.2, the “basic” cases (Sections 5.2.1 and 5.2.2)
test the ability of the programs to model such combined effects
as thermal mass, direct solar gain windows, window-shading
devices, internally generated heat, infiltration, sunspaces, and
deadband and setback thermostat control. The “in-depth”
cases (Section 5.2.3) facilitate diagnosis by allowing excita-
tion of specific heat transfer mechanisms. The space-cooling
equipment cases of Section 5.3 test the ability of programs to
model the performance of unitary space-cooling equipment
using manufacturer design data presented as empirically
derived performance maps. In the steady-state analytical veri-
fication cases of Sections 5.3.1 and 5.3.2, which utilize a typi-
cal range of performance data, the following parameters are
varied: sensible internal gains, latent internal gains, zone
thermostat setpoint (entering dry-bulb temperature), and out-
door dry-bulb temperature. Parametric variations isolate the
effects of the parameters singly and in various combinations
and isolate the influence of part-loading of equipment, vary-
ing sensible heat ratio, “dry” coil (no latent load) versus
“wet” coil (with dehumidification) operation, and operation
at typical Air-Conditioning, Heating, and Refrigeration Insti-
tute (AHRI) rating conditions. Quasi-analytical solution
results are presented for the test cases in this section. The
comparative test cases of Sections 5.3.3 and 5.3.4 utilize an
expanded range of performance data, an outdoor air mixing
system, and hourly varying weather data and internal gains.
These cases cannot be solved analytically. In these cases, the
following parameters are varied: sensible internal gains,
latent internal gains, infiltration rate, outdoor air fraction,
thermostat setpoints, and economizer control settings.
Through analysis of results, the influence of part-loading of
equipment, outdoor dry-bulb (ODB) temperature sensitivity,
and “dry” coil (no latent load) versus “wet” coil (with dehu-
midification) operation can also be isolated. These cases help
to scale the significance of simulation result disagreements in
a realistic context, which is less obvious in the steady-state
cases of Sections 5.3.1 and 5.3.2. The space-heating equip-
ment cases of Section 5.4 test the ability of programs to model
the performance of residential fuel-fired furnaces. These tests
are divided into two tiers. The Tier 1 cases (Sections 5.4.1 and
5.4.2) employ simplified boundary conditions and test the
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basic functionality of furnace models. More realistic boundary
conditions are used in the Tier 2 cases (Section 5.4.3), where
specific aspects of furnace models are examined. The full set
of space-heating test cases is designed to test the implementa-
tion of specific algorithms for modeling the following aspects
of furnace performance: furnace steady-state efficiency, fur-
nace part-load ratio, furnace fuel consumption, circulating
fan operation, and draft fan operation. These cases also test
the effects of thermostat setback and undersized capacity. 

Class II Test Procedures (Section 7)

The Class II (Section 7) test cases were adapted from
HERS BESTEST, developed by the National Renewable
Energy Laboratory7. This set of test cases formally codifies the
Tier 1 and Tier 2 tests for certification of residential energy
performance analysis tools, as described in the 2006 Mort-
gage Industry National Home Energy Rating Systems
Standards8.

The Section 7 test cases are divided into Tier 1 and Tier 2
tests. The Tier 1 base building plan (Section 7.2.1) is a single-
story house with 1539 ft2 of floor area, with one conditioned
zone (the main floor), an unconditioned attic, a raised floor
exposed to air, and typical glazing and insulation. Additional
Tier 1 cases (Section 7.2.2) test the ability of software to model
building envelope loads in the base-case configuration with
the following variations: infiltration; wall and ceiling R-val-
ues; glazing physical properties, area, and orientation; shad-
ing by a south overhang; internal loads; exterior surface
color; energy inefficient building; raised floor exposed to air;
uninsulated and insulated slabs-on-grade; and uninsulated
and insulated basements. The Tier 2 tests (Section 7.2.3) con-
sist of the following additional elements related to passive
solar design: variation in mass, glazing orientation, east and
west shading, glazing area, and south overhang. The Section 7
test cases were developed in a more realistic residential con-
text and have a more complex base building construction than
the Section 5 test cases (which have more idealized and sim-
plified construction for enhancement of diagnostic capability).
To help avoid user input errors for the Section 7 test cases, the
input for the test cases is simple, while remaining as close as
possible to “typical” residential constructions and thermal
and physical properties. Typical building descriptions and
physical properties published by sources such as the National
Association of Home Builders, the U.S. Department of Energy,
American Society of Heating, Refrigerating and Air Condi-
tioning Engineers, and the National Fenestration Rating
Council are used for the Section 7 test cases.

Comparing Tested Results

The tests have a variety of uses, including

a. comparing the predictions from other building energy
programs to the example results provided in Informative
Annexes B8 and B16 for Class I tests, Informative Annex
B20 for Class II tests, and/or to other results that were
generated using this SMOT;

b. checking a program against a previous version of itself
after internal code modifications to ensure that only the
intended changes actually resulted; 

c. checking a program against itself after a single algorith-
mic change to understand the sensitivity between algo-
rithms; and

d. diagnosing the algorithmic sources and other sources of
prediction differences (diagnostic logic flow diagrams are
included in Informative Annex B9).

Regarding the comparative test results of Annex B8,
selected parts of Annex B16, and Annex B20, the building
energy simulation computer programs used to generate these
results have been subjected to a number of analytical verifica-
tion, empirical validation, and comparative testing studies.
However, there is no such thing as a completely validated
building energy simulation computer program. All building
models are simplifications of reality. The philosophy here is to
generate a range of results from several programs that are
generally accepted as representing the state of the art in
whole-building energy simulation programs. To the extent pos-
sible, input errors or differences have been eliminated from the
presented results. Thus, for a given case, the range of differ-
ences between comparative test results presented in Informa-
tive Annexes B8, B16, and B20 represents legitimate
algorithmic differences among these computer programs. For
any given case, a tested program may fall outside this range
without necessarily being incorrect. However, it is worthwhile
to investigate the sources of substantial differences, as the col-
lective experience of the authors of this standard is that such
differences often indicate problems with the software or its
usage, including, but not limited to

• user input error, where the user misinterpreted or incor-
rectly entered one or more program inputs;

• a problem with a particular algorithm in the program; or
• one or more program algorithms used outside their

intended range.

Also, for any given case, a program that yields values in
the middle of the range established by the comparative test
example results should not be perceived as better or worse
than a program that yields values at the borders of the range.

Informative (non-mandatory) Annex B22 provides an
example procedure for establishing acceptance range criteria
to assess annual or seasonal heating and cooling load results
for software undergoing the Class II tests contained in
Section 7. Inclusion of this example is intended to be illustra-
tive only and does not imply in any way that results from soft-
ware tests are required by Standard 140 to be within any
specific limits. However, certifying or accrediting agencies
using Section 7 may wish to adopt procedures for developing
acceptance-range criteria for tested software. Informative
Annex B22 presents an example range setting methodology
that may be useful for these purposes. 

Importance of Analytical and 
Quasi-Analytical Solution Results

Analytical verification test results for the Class I HVAC
equipment performance tests include both quasi-analytical
solutions and simulation results in selected sections of
Informative Annex B16. In general, it is difficult to develop
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worthwhile test cases that can be solved analytically or
quasi-analytically, but such solutions are extremely useful
when possible. Analytical or quasi-analytical solutions rep-
resent a “mathematical truth standard.” That is, given the
underlying physical assumptions in the case definitions,
there is a mathematically correct solution for each case. In
this context, the underlying physical assumptions regarding
the mechanical equipment as defined in Sections 5.3 and 5.4
are representative of typical manufacturer data normally
used by building design practitioners. Many whole-building
simulation programs are designed to work with this type of
data. It is important to understand the difference between a
“mathematical truth standard” and an “absolute truth stan-
dard.” In the former, we only test the solution process for a
model, not the appropriateness of the model itself; that is,
we accept the given underlying physical assumptions while
recognizing that these assumptions represent a simplifica-
tion of physical reality. An “approximate truth standard”
from an experiment tests both the solution process and the
appropriateness of the model within experimental uncer-
tainty. The ultimate or “absolute” validation truth standard
would be comparison of simulation results with a perfectly

performed empirical experiment, with all simulation inputs
perfectly defined.

The quasi-analytical and analytical solution results pre-
sented in selected parts of Annex B16 represent a mathemati-
cal truth standard. This allows identification of bugs in the
software that would not otherwise be apparent from compar-
ing software only to other software and therefore improves the
diagnostic capabilities of the test procedure. The primary pur-
pose of also including simulation results for the cases where
analytical or quasi-analytical solutions exist is to allow simu-
lationists to compare their relative agreement (or disagree-
ment) versus the analytical or quasi-analytical solution results
to that for other simulation results. Perfect agreement among
simulations and analytical or quasi-analytical solutions is not
necessarily expected. The results give an indication of the
degree of agreement that is possible between simulation
results and the analytical or quasi-analytical solution results.
Because the physical assumptions of a simulation may be dif-
ferent from those for analytical or quasi-analytical solutions,
a tested program may disagree with such solutions without
necessarily being incorrect. However, it is worthwhile to
investigate the sources of differences as noted previously.
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