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Abstract

ANSI/ASHRAE Standard 140, Standard Method of Test
for the Evaluation of Building Energy Analysis Computer
Programs, is widely cited for evaluating software for use
with performance-path energy efficiency analysis in
conjunction  with  well-known  energy-efficiency
standards, including: ASHRAE Standard 90.1, the
International Energy Conservation Code, and other
international standards. The BESTEST (Building Energy
Simulation Test) thermal fabric tests, originally published
in 1995, comprise a portion of Standard 140. These are
program-to-program comparative tests, where to assess
model accuracy a tested program’s results are compared
with the range of agreement of the results of other
programs that are typically a set of vetted example results
provided with Standard 140.

This paper summarizes the work to update and adapt the
building thermal fabric test cases to the current modeling
state of the art. The original test specifications were
extensively revised and then field tested with a variety of
internationally developed simulation programs with time
steps of one hour or less. The work resulted in a narrower
range of agreement among the test suite example
simulation results, where the narrowing may be
attributable to less ambiguity in the test specification and
improvements to building performance simulation
software since 1995. The completed test suite has been
integrated into ANSI/ASHRAE Standard 140.

Key Innovations

+ Updates the ANSI/ASHRAE Standard 140 building
thermal fabric test cases for advancements in the
modelling state of the art since 1995.

» Improves input equivalencing in the test specification
so that a greater variety of programs can run the tests
with an improved basis for results comparisons and
improved diagnostics.

Practical Implications

This work drives increased user confidence in building
performance simulation software by providing a better set
of tests for evaluating the software.

Introduction

Background: ANSI/ASHRAE Standard 140 and The
Building Energy Simulation Test and Diagnostic
Method (BESTEST)

ANSI/ASHRAE Standard 140, Standard Method of Test
for the Evaluation of Building Energy Analysis Computer
Programs (ANSI/ASHRAE, 2017), is widely cited and
applied for evaluating software for use with performance-
path energy efficiency analysis in conjunction with well-
known energy-efficiency standards, including ASHRAE
Standards 90.1 and 189.1, the International Energy
Conservation and International Green Construction
Codes, and other international standards. (ANSI/
ASHRAE/IES, 2019; ANSI/ASHRAE/IES/USGBC,
2017; Crawley et al, 2005; IECC, 2018) Standard 140 is
also cited by the U.S. tax code for certifying software used
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to evaluate building energy efficiency tax credits for
commercial buildings (IRS, 2008; U.S. DOE, 2020). As
part of their building energy performance assessments
under the European Community’s Energy Performance of
Buildings Directive (EU, 2018) several countries are
using software tools that have been checked with
BESTEST. A more complete listing of citations is
included elsewhere (Neymark et al., 2017; Judkoff and
Neymark 2013).

The development of practical procedures and data for tool
evaluation and improvement is part of an overall validation
methodology that the U.S. Department of Energy (DOE),
the International Energy Agency (IEA), and the American
Society of Heating, Refrigerating, and Air-Conditioning
Engineers (ASHRAE) have developed for many years. The
methodology combines empirical validation, analytical
verification, and comparative analysis techniques. Further
details and the history of development are discussed in the
2017 ASHRAE Handbook of Fundamentals and elsewhere.
(ASHRAE, 2017, Chapter 19; ANSI/ASHRAE, 2017,
Bloomfield, 1989; Judkoff, 1988; Judkoff and Neymark,
2006; Judkoff et al., 2008)

Aim and Approach
The aim of this work is to:

« Adapt the building thermal fabric test cases to the
current modeling state of the art

+ Improve (narrow) the range of agreement among the
test suite example simulation results, where some
disagreement may be attributable to original test
specification ambiguities.

The approach of the work is to:

« Extensively revise and update the test specifications
such that they would be unambiguous for the input
structures of most whole-building energy simulations
programs with time steps of one hour or less

* Field-test the specifications with a variety of
internationally developed simulation programs

+ Assess the resulting improvement to (narrowing of)
the range of agreement of the vetted simulation results
that will be provided with Standard 140.

The Updated Thermal Fabric Modeling Test Suite

The planning for this update began in 2012 and is

discussed in a previous paper (Judkoff and Neymark,

2013). That paper includes:

+ A review of the history of the application of the IEA
BESTEST building thermal fabric test cases

» A listing of the original Standard 140/IEA BESTEST
building thermal fabric test cases

* A summary of relevant advances in the building
thermal fabric modeling state of the art, and an initial
listing of potential improvements to consider for the
updated building thermal fabric test suite

+ The proposed process for revising the test
specification, conducting simulation trials, and
adapting the updated test suite for Standard 140.

That paper also provides greater discussion regarding:

e Input equivalency, and its fundamental role in
comparative test procedures

« The philosophy underlying revisions of the test cases

» The importance of iterative simulation trials for
vetting test specifications.

The original test specifications (Judkoff and Neymark,
1995) comprise the building thermal fabric modeling tests
of Standard 140 (ANSI/ASHRAE, 2017, see Sections
5.2.1, 5.2.2 and 5.2.3). These are program-to-program
comparative tests, where to assess model accuracy a
tested program’s results are compared with the range of
agreement of the results of other programs that are
typically a set of vetted example results provided with
Standard 140.

For the update, the thermal fabric test suite was
extensively revised and then field tested with a variety of
internationally developed simulation programs with time
steps of one hour or less. The U.S. Department of Energy
sponsored a collaborative effort to vet and revise the test
case specifications for external use as a standard method of
test that can be integrated with the tests of ASHRAE
Standard 140. The collaboration included a number of
software developer members of ASHRAE SSPC 140 (the
Standard 140 project committee) along with other
international software developers and participants. The
contribution of the SSPC 140 industry working group
participants was particularly valuable because the expert
software developer teams supplied continuous feedback
throughout the field trial effort. The final process of
updating and improving the test specification (and details
of the improvements), along with developing the final
field-trial simulation results, is described in Part I11 and Part
I, respectively, of the project final report (Neymark et al.,
2020).

A major enhancement to the test specification was to
improve equivalent inputs for surface heat transfer.
Equivalent inputs are important because they allow testing
of a variety of programs with a variety of input schemes
that may require different levels of input detail. (Judkoff
and Neymark, 2013) Carefully defining surface heat
transfer parameters is fundamental to modeling because:

» Interior surface heat transfer interfaces the building
interior surfaces and related thermal mass with the zone
temperature and the thermostat

» Interior surface radiative exchange interfaces interior
surfaces with each other

» Exterior surface heat transfer interfaces the building
with weather data, the surrounding environment, and
other parts of the building (if the building has a concave
geometry).

Work related to the surface heat transfer specification
improvements, and the substantial effect of those improve-
ments, is described in Neymark et al. (2019), and in greater
detail in Part IV, Appendix A of the project final report.

Another substantial improvement was replacing the
Denver, Colorado, TMY data set applied for the original
test cases with Denver TMY 3 weather data for the new test
cases. Although both data sets were taken within the same
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metropolitan area, the precise locations and time periods of
the data are different, resulting in some differences: e.g.,
annual average temperature and global horizontal solar
radiation are 9.7°C (TMY) versus 10.9°C (TMY3) and
1832 kWh/m2 (TMY) versus 1670 kWh/m2 (TMY3),
respectively. The change to TMY3 format also eliminates
the issue of applying weather data in solar time (for TMY
data) versus standard time (for TMY3 data).

There were a number of other specification improvements
and clarifications, including revisions to window
construction properties, super-insulated floor details, site
altitude and terrain details, infiltration airflow rate
adjustment for site altitude, internal mass, simulation
initialization and  pre-conditioning  requirements,
thermostat control, and others.

New test cases were added to address:

Sensitivity to increasing insulation in both high-mass
and low-mass construction contexts

Isolation of differences among programs related to their
application of different time-varying surface interior
and exterior convective heat transfer and radiative
exchange models, by specifying constant combined
surface heat transfer coefficients in three cases.

This increased the total number of building thermal fabric
modeling diagnostic test cases from 39 to 52. The final set
of test cases are summarized in Tables B1-2 and B1-3 of
the project final report (Neymark et al., 2020).

Results and Discussion

The updated building thermal fabric modeling test cases
have been vetted via field trials with a number of detailed
state-of-the-art  building  performance  simulation
programs from around the world; see Table 1. The field-
trial process was iterative in that executing the
simulations led to refinement of the test cases, and the
results of the tests led to improving and debugging the
models. Improvements to simulation programs or
simulation inputs made by participants must have a
mathematical and a physical basis and must be applied
consistently across tests. Arbitrary modification of a
simulation program’s input or internal code just for the
purpose of more closely matching a given set of results is
not allowed. All improvements were requested to be
documented and justified in  modeler reports.
Improvements to simulation models are summarized in
the project final report (Neymark et al., 2020; see Table
3.4-1 and the participant modeler reports of Section 3.9).

Improvements to the Updated Ranges of Differences
of Example Results Versus Original Example Results
from 1995

The range of difference has been reduced (improved) for
the updated simulation results as compared to those in the
1995 BESTEST report (Judkoff and Neymark, 1995). This
reduction may be attributable to:

» The test specification updates described above

» Applying a set of more up-to-date programs or versions
than was available in 1995

» Correcting software errors

« Model input corrections using the improved diagnostic
capabilities of the BESTEST procedures.

The new simulation results are included with the update to
Standard 140 (ANSI/ASHRAE, 2020). Figures 1 and 2
compare ranges of differences of results for the set of
programs that ran the updated test specification versus the
set of programs that produced the 1995 BESTEST results.
For this comparison, Figure 1 shows Case 600 (low mass)
annual heating and cooling loads, while Figure 2 shows
Case 900 (high mass) annual heating and cooling loads. In
both figures, the range of 1995 and new results is
represented by darker and lighter vertical lines,
respectively, with individual 1995 and new results shown
with darker and lighter bars, respectively.

These figures, and Table 2 discussed below, exclude the
new results for the NewHASP program because: 1) the
program does not allow variation of internally fixed-
within-the-program constant convective heat transfer
coefficients for opaque surfaces, which prevented the
program from matching alternative constant values
provided in the test specification, and 2) the program is no
longer maintained, so this issue could not be addressed.
Further discussion is provided in Sections 2.2.1 and 3.6.1.2
of the project final report.

Table 2 quantifies ranges of differences of the new results
set versus the 1995 results set for the Basic Tests of
Standard 140, Sections 5.2.1 and Section 5.2.2 (low-mass
Cases 600 through 650 and similar high-mass Cases 900
through 950) (ANSI/ASHRAE 2020, 2017). Here, the
range for each data set is assessed by:

Max-Min
(Max+Min)/2

For this calculation, a smaller percent-difference indicates

better agreement. Table 2 includes this comparison for
annual total heating and cooling loads and annual peak
heating and cooling loads.

Table 2 indicates that new results have substantially
improved ranges of difference (narrower range implying
better agreement) versus the 1995 results for annual heating
and cooling loads and peak heating loads, where in many
cases the range of difference is reduced by half or more. For
peak cooling loads, the tabulation indicates similar
improvement for the high-mass cases and for low-mass
cases 620 and 630. However, new peak cooling load results
for low-mass Cases 600, 610, 640 and 650 have a mild
percent-range increase versus the 1995 results, with both
ranges < 22%. This level of percent-difference for the new
peak-cooling load results appears to be consistent with the
percent-difference for other new results in Table 2. In
general, peak cooling load is considered more difficult to
assess than the other outputs shown in Table 2, because of
timing of solar gains and mass and surface heat transfer
interactions, and the ranges of differences for the new
results support that. This indicates room for improvement
may remain in the state of the art of modeling.

Another noteworthy result is the relatively small
improvement (56% to 47%) in the difference for the new
annual heating results for Case 940 (high mass with heating

(% difference ) = % 100% )
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temperature setback). A possible cause for the continuing
relatively high percent-difference for Case 940 is that the
night setback annual heating load is about 2/3 of that versus
Case 900. This is in addition to that the results differences
typically occurring throughout the 900-series cases annual
heating loads are magnified as a percentage when the signal
(in this case annual heating load) has been reduced; for
example, Case 900 average annual heating load among the
programs is 34% to 38% of that for Case 600. The Case 940
thermostat set back also drives greater thermal mass
dynamic behavior than Case 900, which may increase
calculation differences among the programs.

Improvements to both the test specification and the state of
the art of the programs, as well as the change of included
software programs, likely contribute to the improved
results agreement. Because sensitivity tests of these
improvements were not made individually, and would have
been very difficult to do if even possible, we cannot
separate their effects. The programs in the new results set
are either updated versions of previous programs or entirely
new programs, while some programs in the 1995 results set
are no longer supported and were therefore not applied for
the new results set.

Regarding improvements to the test specification, a major
improvement to the BESTEST update is for surface heat
transfer input equivalence. For interior surface heat

transfer, the buoyancy heat flow regime is now explicitly
specified and alternative constant convective and combined
(convective and radiative) coefficients were developed
based on buoyancy-driven time-varying interior surface
convection; this supersedes the older, less-well
documented alternative coefficients of the 1995 test
specification. Exterior surface heat transfer remains as
driven by weather data (wind, temperature, solar radiation,
etc). For developing alternative constant exterior
convective and combined coefficients, a more recent
dynamic algorithm is applied, which is based on more
current experimental methods. Surface heat transfer is
discussed in detail in Part IV, Appendix A of the project
final report (Neymark et al., 2020), where Table 4A-4
shows up to 24% and 26% effects on Case 600 annual
heating and cooling loads, respectively, depending on
selection of alternative constant coefficients for prior-1995
versus new values; also see Table 3 of the related summary
paper. (Neymark et al., 2019) The effect of these
specification revisions on models that apply more
automated surface heat transfer algorithms (i.e., that do not
apply constant surface coefficients) may be different, and
was not quantified for this work.

There were also a number of other specification
improvements, as listed in the preceding section.

Table 1 Building Thermal Fabric Test Cases Update, Participating Organizations and Models

Simulation Authoring Organization(s) Implemented by Abbreviation
Program
Alec Johannsen Consulting Alec Johannsen Consulting
BSIMAC 9.0.74 Engineers, South Africa Engineers, South Africa BSIMAC
California J.R. Barnaby/C.S. Barnaby/Big .
Simulation Ladder Software LLC/ Wrightsoft Blngl ttgdsd;eioftware LLC, CSE
Engine 0.861.1 Corp., United States
DeST 2.0 Version . . . Southeast University, China
20190401 Tsinghua University, China Tsinghua University, China DeST
U.S. Department of Energy, . .
EnergyPlus 9.0.1 | Building Technologies Office, GAR? Analytics, Inc., United EnergyPlus
- States
United States
ESP-r 133 Uplversny of Strathclyde, United U|_1|ver5|ty of Strathclyde, United ESP-r
Kingdom Kingdom
Japan Building Mechanical and . .
NewHASP/ . : L Kajima Technical Research
ACLD 201213 Electrical Engineers Association, Institute, Japan NewHASP
Japan
Transsolar Energietechnik GmbH, . .
TRNSYS Germany: Thermal Energy System Transsolar Energietechnik TRNSYS
18.01.0001 s . GmbH, Germany
Specialists, United States
TRNSYS Transsolar Energietechnik GmbH, Ecole Polvtechniaue Montréal
17.02.0005 and Germany; Thermal Energy System Cana daa’by g ’ [n/a]
18.00.0017 Specialists, United States

2Ecole Polytechnique and GARD Analytics, Inc. also worked on simulations for developing alternative constant
interior and exterior surface coefficients, applying TRNSYS and EnergyPlus, respectively.
b Also checking input files versus the Transsolar participant’s files and vice versa.
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1995 range 2>
BLAST/US-IT
DOE21D/NREL
ESP-r/DMU
S3PAS/SPAIN
SERIRES/BRE
SRES-SUN/NREL
TASE/FINLAND
TRNSYS/BEL-BRE

Update range 2>
BSIMAC
CSE
DeST
EnergyPlus
ESP-r
TRNSYS

0 1 2 3 4 5
Case 600 Annual Heating [MWh]

1995 range 2>
BLAST/US-IT
DOE21D/NREL
ESP-r/DMU
S3PAS/SPAIN
SERIRES/BRE
SRES-SUN/NREL
TASE/FINLAND
TRNSYS/BEL-BRE

Update range >
BSIMAC
CSE
DeST
EnergyPlus
ESP-r
TRNSYS

0 1 2 3 4 5 6 7 8
Case 600 Annual Cooling [MWh]

Figure 1: BESTEST Case 600 (Low Mass) Annual Heating and Cooling Loads, Improvement to Ranges of Differences:
New 2020 Results (Darker Bars) Versus 1995 Results (Lighter Bars)

1995 range 2>
BLAST/US-IT
DOE21D/NREL
ESP-r/DMU
S3PAS/SPAIN
SERIRES/BRE
SRES-SUN/NREL
TASE/FINLAND
TRNSYS/BEL-BRE

Update range 2>
BSIMAC
CSE
DeST
EnergyPlus
ESP-r
TRNSYS

0.0 0.5 1.0 1.5 2.0
Case 900 Annual Heating [MWh]

1995 range 2>
BLAST/US-IT

DOE21D/NREL
ESP-r/DMU
S3PAS/SPAIN
SERIRES/BRE
SRES-SUN/NREL
TASE/FINLAND
TRNSYS/BEL-BRE

Update range 2>
BSIMAC
CSE
DeST
EnergyPlus
ESP-r
TRNSYS

00 05 10 15 20 25 3.0 35
Case 900 Annual Cooling [MWh]

Figure 2: BESTEST Case 900 (High Mass) Annual Heating and Cooling Loads, Improvement to Ranges of Differences:
New 2020 Results (Darker Bars) Versus 1995 Results (Lighter Bars)
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Table 2 Comparison of Ranges of Differences? for New Results versus 1995 Results Models

% Difference® |Annual Heating|Annual Cooling| Peak Heating | Peak Cooling
Case Description 1995 New | 1995 New [ 1995 New | 1995 New
Low Mass
600 South Windows 28% 12%| 26% 13%| 24% 11% 13% 18%
610 South Windows + Overhang 28% 12%| 38% 6%| 24% 11% 12% 19%
620 East & West Windows 25% 14%| 38% 14%| 20% 11%| 33% 19%
630 E&W Windows + Overhang & Fins 25% 16%| 54% 18% 17% 11%| 29% 18%
640 Case 600 with Htg Temp Setback 32% 11%| 27% 12%| 28% 14% 14% 18%
650 Case 600 with Night Ventilation 30% 17% 14% 22%
High Mass
900 South Windows 54%  27%| 46% 18%| 28% 13%| 29%  28%
910 South Windows + Overhang 37% 27% 78% 22% 28% 13% 53% 27%
920 East & West Windows 26%  20%| 51% @ 20%| 20% 14%| 38%  25%
930 E&W Windows + Overhang & Fins 25% 22% 73% 27% 19% 16%| 49% 27%
940 Case 900 with Htg Temp Setback 56% 47% 44% 17% 47% 24% 29% 28%
950 Case 900 with Night Ventilation 82% 19% 44% 15%

@ Smaller %-range of difference indicates better agreement.

The final example program results do not represent truth;
they do represent the current state of the art in building
energy simulation as established through a well-defined,
repeatable process. The process is applied to gauge
improvement in the state of the art since the thermal fabric
test cases and accompanying simulation results were
originally developed in 1995. This process can also be used
periodically in the future to identify further progress.

Technology Advancements and Findings

A number of important technology advances occurred as
a result of running the test cases:

The test suite improvements allowed diagnosis of
errors and identification of potential areas for
improvement that may have been missed with the
previous version of the test suite.

Of 30 identified program errors or potential
improvements, 25 of those were diagnosed and fixed.
Several of the identified errors affected some
individual results by > 20%.

Additionally, 61 sets of input errors and 16 sets of
output reporting errors were found and corrected.
These errors provided the basis for revealing a number
of test specification ambiguities that were clarified as
the simulation trials progressed, and underscore the
importance of iterative simulation trials in vetting the
test specifications before they are included in a
standard method of test.

The above findings show how the test procedure is used
to diagnose and correct or improve algorithms in complex

simulation

programs. Diagnosis is enhanced by

improvements to the test specification since 1995. Based
on results after several simulation trial iterations and
resulting model improvements, all but one of the tested
programs (NewHASP) appear reliable for modeling the

tested building thermal

fabric physics under the

conditions examined and for inclusion with the Standard
140 updated example results. This topic is further
discussed in the project final report (Neymark et al., 2020;
see Part Il, Section 2.2.1 and Part 111, Section 3.6.1.2).

Conclusions
Innovation

A fundamental aspect of the BESTEST methodology is to
provide test specifications with equivalent inputs that
satisfy a variety of simulation program input schemes,
thereby reducing disagreement among program results
attributable to interpretive issues.

The primary scientific innovation is to improve diagnostic
capability by eliminating previous ambiguities for some
of these equivalent inputs in the test specification,
including those related to simulation inputs for surface
heat transfer, window construction properties, floor
details, site altitude and terrain details, internal mass,
simulation initialization and pre-conditioning, thermostat
control, and others. The weather data was also updated
from TMY data to TMY 3 data for a location within 30 km
of the original location; this eliminates the issue of
applying weather data in solar time (for TMY data) versus
standard time (for TMY?3).

Relevance

The updated BESTEST suite has been included in
ANSI/ASHRAE Standard 140 (ANSI/ASHRAE, 2020).
As described previously, Standard 140 and BESTEST are
widely cited and applied for diagnostic testing by
software developers and for qualifying software for
various applications.

The new test suite is also being translated into Japanese
by the Society of Heating, Air-Conditioning, and Sanitary
Engineers of Japan (SHASE) (Yoshida, 2020).
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Practical Implications

This work drives improved user confidence in building
performance simulation software by providing a better set
of tests for evaluating the software.

Major Accomplishments
The major accomplishments of this project were to:

» Update the BESTEST procedures of Standard 140-
2017 (ANSI/ASHRAE, 2017), Sections 5.2.1, 5.2.2,
and 5.2.3, which were developed before 1995 (Judkoff
and Neymark, 1995) and were the basis of the initial
version of Standard 140 (ANSI/ASHRAE, 2001).

° This update reflects improvements to the modeling
state of the art since the early 1990s and addresses
ambiguities in the test spec identified since 1995.

+ Develop test specifications with improved clarity, and
such that a variety of state-of-the-art building
simulation programs with a variety of input structures
and modeling approaches can run the tests.

* Vet the test specification and final results via iterative
field trials with seven whole-building energy
simulation programs with timesteps of one hour or
less, mostly run by the developers of the programs

* The iterative process led to refinement of the test
cases, and the results of the tests led to improving
and debugging the models.

* Improve, or identify potential improvements for, all of
the programs that participated in the simulation trials
of the test cases.

» Develop a set of national and international field-trial
example simulation results representative of the range
of legitimate modeling differences for the current state
of the art in building performance simulation software.

» Substantially improve ranges of differences (narrower
range implying better agreement) for example results
versus the previous set of example results for the 1995
test specification.

» Develop the test suite update such that it was easily
adaptable  for inclusion in  Standard 140
(ANSI/ASHRAE, 2020).

Recommendations

Based on this work, there are a number of recommended
areas for further investigation with respect to developing
additional validation test cases for building thermal fabric
modeling. These areas include:

» Weather-driven infiltration and natural ventilation

« Weather driver fundamental tests

» Thermal bridging, including 2- and 3-dimensional
conduction.

Prioritization of new test cases should have the goals of
addressing fundamental and commonly applied modeling
physics not addressed in current cases, and of balancing
realism versus the ability to diagnose results differences.

Advantages of the BESTEST Methodology

An advantage of the BESTEST methodology is that a
program is examined over a broad range of parametric
interactions based on a variety of output types,

minimizing the possibility of concealing problems by
compensating errors. Performance of the tests resulted in
quality improvements, or identification of potential
improvements, to all of the building energy simulation
models used in the field trials. Some of the bugs that were
found may well have been present for many years. The
fact that they have just recently been uncovered shows the
power of BESTEST and suggests the importance of
continuing to develop formalized validation and
diagnostic methods.
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Nomenclature
ANSI American National Standards Institute

ASHRAE  American Society of Heating, Refrigerating
and Air-Conditioning Engineers

BESTEST Building Energy Simulation Test and
Diagnostic Method

DOE U.S. Department of Energy

E&W east and west

Htg Temp  heating temperature

IEA International Energy Agency

IBPSA International Building Performance
Simulation Association

NREL National Renewable Energy Laboratory

SSPC 140  Standing Standard Project Committee 140

TMY Typical Meteorological Year
TMY3 Typical Meteorological Year, version 3
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