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Abstract
ASHRAE Standard 140, “Method of Test for Evaluating
Building Performance Simulation Software” provides
test suites that allow software developers and users to
evaluate the capabilities of a Building Performance
Software (BPS) program versus analytical standards
and/or other software programs. The standard has proven
through the years to be a good tool for identifying
weaknesses in BPS both in individual programs and in
the software programs in general. Up to this point, it was
assumed in the test cases that the programs could
properly read standard weather files and process this
information for the simulations. A new test suite is being
developed to test this assumption. In this test suite, BPS
programs are run with different weather files and the
outputs are compared to the values in the files and
against the output from the other programs. Statistical
analyses are performed on the results to determine the
level of agreement between the programs and the data
file and between each other.

Introduction
Weather conditions are an important boundary condition
for BPS calculations. For existing test cases in ASHRAE
Standard 140 (ANSI/ASHRAE, 2020), it was assumed
that the software being tested could adequately read and
interpret the weather data in the provided standard
weather files. As differences between the programs have
been reduced and as more programs have shifted to subhourly time steps, this assumption has become more
stretched. Thus, errors in the interpretation of the
weather drivers become more significant. To address
these concerns, a new test suite testing programs’ ability
to read and interpret the data from a standard weather file
has been developed.
The purpose of the new suite is to test the use of the
typical data from standard weather files. It does not test
the data in the weather file, but rather the ability of the
BPS program to properly read and interpret the data. It is
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not intended to test the usage of the data in the standard
weather file, nor is it intended to test user-supplied
weather data not in the form of a standard weather file.
Standard weather files include data on the air conditions,
the solar radiation, wind, rain, and indications of data
quality. Most BPS makes use of the air conditions and
solar radiation and sometimes the wind conditions. Less
frequently, the rain data are used by the programs. Based
on this, the test suite evaluates the programs’ ability to
read and interpret the air conditions, solar radiation, and
wind conditions.
The weather files used for the analysis start with the
weather file used in many of the current tests based on
the Boulder, CO, USA climate which is a high elevation
cold and dry (case WD100). Other weather files were
selected to provide differences from this baseline: hot
and humid at lower elevation (case WD200), southern
hemisphere (case WD300), above the arctic circle (case
WD400), non-integer time zone (case WD500), and case
WD100 with ground reflectance added (case WD600).
Weather files contain many data elements and not all of
them are used in building performance simulation. Data
elements used for comparison were both values directly
from the weather file, such as dry bulb temperature and
relative humidity, and derived from values in the weather
file, such as sky temperature and wet bulb temperature.
For building analysis, the solar radiation incident on
tilted surfaces needs to be calculated from the horizontal
radiation data included in the weather files (Duffie
2013). Eight different surface slopes and azimuths were
selected for testing the software algorithms.
The development of the Weather Drivers test suite is
discussed in a previous paper (McDowell 2021). This
paper will specifically discuss the results from the field
trials of the test suite.

Test Suite Field Trial
Eight BPS software participated in the field trial of the
test suite (Table 1). The test suite was distributed to the
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software developers and output files were collected for
comparison.
Table 1: Participating Programs
Program and Version

Abbreviation

Source TMY3 Weather File

Actual

BSIMAC 9 Version 9.0.75

BSIMAC

California
Simulation
Version 0.875.0

Engine

CSE

DeST 2.0 Version 190709

DeST

EnergyPlus Version 9.5.0

EnergyPlus

ESP-r Version 13.3.9

ESP-r

IBPSA Project 1 Version v4.0.0dev

IBPSA

IDA ICE Version 4.8 SP2

IDA ICE

TRNSYS Version 18.03.0002

TRNSYS

The sheer volume of results collected was greater than
all the other test suites included in Standard 140
combined and the result analysis methods previously
used in 140 were not appropriate. Python code was
written to process the data from the weather files and the
results from the BPS programs using Pandas DataFrames
for easier data access and manipulation. The results are
analyzed in different time aggregations: annual averages,
daily time series, and hourly integrated.
For the annual averages, the comparison is presented
simply in bar charts with the values from the weather
files (when available) and from all the programs. To give
a better indication of the agreement of the values, for the
variables that are include in the weather file, the absolute
error between the aggregate value from each program
and the value from the weather file is also provided. For
the variables that were not included in the weather files,
the values from the programs were compared using
whisker plots with an Interquartile Range (IQR)
multiplier of 1.5 (Tukey, 1977). A whisker plot is a
method for graphically depicting groups of numerical
data through their quartiles. Whisker plots may have
lines extending from the boxes indicating variability
outside the upper and lower quartiles.
To provide a higher resolution comparison, specific days
for each test were extracted and plotted. The charts are
timeseries plots of the time step outputs for each program
and the weather file. The values in the weather files and
the results from the participating programs can be either
instantaneous values or average (or sums) over a period.
To plot these consistently, a time convention for the data
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had to be set. It was decided to use the timestamp for the
instantaneous values and the midpoint of the period for
the average values. This allows values plotted on the
timeseries to appear where they occur relative to time.
The programs used a variety of timesteps to generate
their results, based on the best practices for the use of the
different programs as shown in
Table 2. Because of the different output conventions and
timesteps, these comparisons are qualitative as there is
not a good statistical analysis of variables occurring at
different time intervals available without resampling the
data.
Table 2: Timesteps used by the Programs
Program
Timestep
BSIMAC
1 hour
CSE
1 hour
DeST
1 hour
ESP-r
10 minute
IBPSA Project 1
15 minute
TRNSYS
5 minute
EnergyPlus
10 minute
IDA ICE
variable
The solar radiation data provided in weather files are
given as the sum over the previous hour. Programs that
use sub-hourly timesteps should interpolate the solar
radiation in a way that, when integrated hourly, returns
the same sum as the weather file. This can be checked by
integrating the outputs from the programs hourly and
comparing these versus the values in the weather file.
This comparison is provided in both annual sums of the
integrated values and daily plots for the same days as the
timeseries outputs. Because the integrated values are
compared to values from the weather file, statistical
measurements of the agreement between a program and
the actual data are provided. Two different errors are
calculated: mean bias error and root mean square error.
The mean bias error is the average difference between
the integrated simulation values and the values from the
weather file and measures an average shift or bias in the
data. The root mean square error is the square root of the
average of squared differences between the integrated
simulation values and the values from the weather file
and is a cumulative measure of the difference at each
point.

Results Comparison
Looking at the results by test case allows for checking
whether the programs correctly deal with the specific test
condition that the weather file was selected to produce.
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In general, the differences between the programs were
similar for all the test cases. The base case had the
smallest differences and there were some larger
differences in the high latitude case. These comparisons
did not indicate any obvious algorithmic issues specific
to the condition that the weather file was selected to
produce for any of the programs.
Looking at the results by specific variables allows for
checking whether the programs have algorithmic issues
for the calculation of the specific variable. Additionally,
the variables can be divided into a few categories:
weather conditions that are present in the weather files,
weather conditions that are derived from other variables,
solar radiation values present in the weather files, and
solar radiation values derived from other variables.
For the psychrometric conditions read directly from the
weather files, the programs recreated the values from the
files with reasonable accuracy as shown in Figure 1.

Figure 1: Dry Bulb Temperature case WD100 5/4
The exceptions for this are the station pressure (Figure
2) and the wind direction (Figure 3). Some of the
programs assume that the station pressure is constant for
a month or compute a pressure from the elevation of the
location and do not actually read pressure data from the
weather file.
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Figure 2: Station Pressure case WD400 1/24
The wind direction is unique in that it varies from 0 to
360 and there is no information about how the wind
moves between the hourly measurements. For example,
if the wind direction is 90 one hour and 270 the next, it
could either move through 0 degrees or 180 degrees
during that hour and interpolation of wind data to subhourly timesteps could be done differently by different
programs.

Figure 3: Wind Direction case WD500 9/14
With the psychrometric conditions calculated from the
values read from the weather file, we see some greater
disagreement between the programs. For most of the
variables the differences are still small but for the wet
bulb temperature (Figure 4) and sky temperature there
are greater differences. ESP-r uses a non-ASHRAE
algorithm for wet bulb temperature that explains the
difference in their results.
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Figure 4: Wet Bulb Temperature case WD500 3/1
The sky temperature shows the widest differences
between the programs. There are two main algorithms
used to calculate the sky temperature: Clark and Allan
(Clark 1978) and Martin and Berdahl (Martin 1984).
Both these algorithms start with an empirical
relationship for the clear sky emissivity based on the dew
point temperature, but Martin and Berdahl further
applies correction factors for the time of day and the
elevation of the site. In the presence of cloud cover,
Clark and Allan provide a simple correction factor based
solely on the opaque cloud cover. Martin and Berdahl
provide a detailed procedure based on the fraction of the
sky covered by clouds, the emissivity of the clouds, and
a factor based on the cloud base temperature. There is a
simplification provided based on the fraction of total
cloud cover and opaque cloud cover and constants for
cloud emissivity and cloud base height. Different
programs interpret the algorithms and correction factors
differently.
For a day without any cloud cover, the program results
break into two distinct groups representing the two main
sky temperature algorithms as seen in Figure 5. On a
cloudy day, the results indicate that cloud cover
corrections are not applied the same for all programs
(Figure 6) even when they use the same main algorithm.
Days with a variable amount of cloud cover show an
even greater variability between the results of the
programs as seen in Figure 7 and Figure 8.

Figure 5: Sky Temperature case WD100 7/14

Figure 6: Sky Temperature case WD100 5/4

Figure 7: Sky Temperature case WD300 8/13
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Figure 9: Annual Average Total Horizontal Solar Radiation
case WD100

Figure 8: Sky Temperature case WD400 7/1

The solar radiation data included in the weather files is
the total and diffuse radiation incident on a horizontal
surface and the direct normal radiation. This is redundant
data as only two of the four values are needed to calculate
the remaining solar values. Most programs calculate the
incident beam radiation on a horizontal surface using
Equation 1:
𝐼𝑏 = 𝐼𝑑𝑛 cos 𝜃𝑧
(1)
where 𝐼𝑏 is the beam radiation, 𝐼𝑑𝑛 is the direct normal
radiation, and 𝜃𝑧 is the zenith angle (Duffie 2013). This
is added to the diffuse on the horizontal to get the total
on the horizontal or subtracted from the total on the
horizontal to get the diffuse on the horizontal. Since the
beam radiation on the horizontal is calculated it cannot
be compared directly to the data in the weather file. Since
a program would either use the total or the diffuse along
with the beam radiation to calculate the remaining value
(i.e., using beam and diffuse to calculate the total), it is
unlikely that a program would have both total and diffuse
identical to the values in the weather file, though we
would expect one of them to be close for each program.
Looking at the annual average total incident horizontal
solar radiation, most of the programs agree with the
values from the weather file for all cases, but the CSE
program agrees well with case WD100 and WD600 and
has higher differences on the other test cases as seen in
Figure 9-14.

Figure 10: Annual Average Total Horizontal Solar Radiation
case WD200

Figure 11: Annual Average Total Horizontal Solar Radiation
case WD300

Figure 12: Annual Average Total Horizontal Solar Radiation
case WD400
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timesteps typically have larger errors versus the weather
file, except for TRNSYS which typically has smaller
errors.

Figure 13: Annual Average Total Horizontal Solar Radiation
case WD500

Figure 16: Total Horizontal Radiation case WD400 7/1
The errors are smaller for full annual integration (Figure
17 and 18) than when integrated for only one day (Figure
19 and 20).
Figure 14: Annual Average Total Horizontal Solar Radiation
case WD600

Figure 17: Integrated Hourly Horizontal Radiation Annual
Errors case WD100

Figure 15: Total Horizontal Radiation case WD100 9/6

Differences in the shapes of the daily horizontal radiation
plot curves of Figures 15 and 16 indicate differences in
the algorithms for estimating the radiation at sub-hourly
timesteps. The sub-hourly values can be integrated over
the hour to provide a check against the totals from the
weather file. In general, the programs using an hourly
timestep have the smallest error compared to the values
in the weather file, though for some test cases, BSIMAC
and CSE show larger errors. This larger difference is
more frequent with CSE. The programs with sub-hourly
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Figure 18: Integrated Hourly Horizontal Radiation Annual
Errors case WD400
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Figure 19: Integrated Hourly Total Horizontal Radiation
Daily Errors case WD100 7/14

Figure 22: Horizontal Beam Radiation case WD400 7/1

Figure 23 and 24 show plots of diffuse radiation on the
horizontal, we see some of the largest differences
between the CSE and the other programs. The hourly
integrated comparisons are like the results for the total
horizontal, except the errors are much larger for CSE.

Figure 20: Integrated Hourly Total Horizontal Radiation
Daily Errors case WD200 5/24

For the incident beam radiation on the horizontal, the
programs in general agree well with each other though
the CSE results do depart from the others more
frequently as can be seen in Figure 21 and 22. As with
the total horizonal radiation, there are some differences
in the shape of the curves of the beam radiation for the
programs that calculate sub-hourly values.

Figure 23: Horizontal Diffuse Radiation case WD100 9/6

Figure 21: Horizontal Beam Radiation case WD100 7/14

Figure 24: Horizontal Diffuse Radiation case WD200 8/26
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Looking at the incident radiation on the tilted surfaces,
there are much bigger differences between the programs.
Most of the programs use the Perez model (Perez 1987)
for converting the horizontal radiation values into tilted
surface values, but there are several different sets of
coefficients that have been developed for that model over
the years (Perez 1987, 1988, 1990) and the programs do
not all use the same set of coefficients. CSE uses the Hay
algorithm (Hay 1980) and DeST uses the isotropic sky
model (Liu 1963). In addition, CSE moves the
circumsolar diffuse radiation to the beam radiation so
that the shading algorithms (not used in these tests) apply
to the circumsolar as well as the beam radiation. Since
the tilted surface radiation is calculated from the
horizontal radiation, it is hard to distinguish differences
in the tilted surface radiation that were not present in the
horizontal radiation. The total, beam and diffuse solar
radiation incident on North, East, South, and West facing
vertical surfaces for case WD200 on 5/24 are shown in
Figure 25 through Figure 36.

Figure 27: Diffuse Radiation on a Vertical North Facing
Surface case WD200 5/24

Figure 28: Total Radiation on a Vertical East Facing Surface
case WD200 5/24
Figure 25: Total Radiation on a Vertical North Facing
Surface case WD200 5/24

Figure 29: Beam Radiation on a Vertical East Facing Surface
case WD200 5/24
Figure 26: Beam Radiation on a Vertical North Facing
Surface case WD200 5/24
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Figure 30: Diffuse Radiation on a Vertical East Facing
Surface case WD200 5/24

Figure 33: Diffuse Radiation on a Vertical South Facing
Surface case WD200 5/24

Figure 31: Total Radiation on a Vertical South Facing
Surface case WD200 5/24

Figure 34: Total Radiation on a Vertical West Facing Surface
case WD200 5/24

Figure 32: Beam Radiation on a Vertical South Facing
Surface case WD200 5/24

Figure 35: Beam Radiation on a Vertical West Facing
Surface case WD200 5/24
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Performance Simulation Software. Atlanta, Georgia,
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Atmospheric Radiation for Clear and Cloudy Skies.
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675-678.
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Figure 36: Diffuse Radiation on a Vertical West Facing
Surface case WD200 5/24

Conclusion
A new proposed test suite for ASHRAE Standard 140,
“Method of Test for Evaluating Building Performance
Simulation Software”, that tests program’s procedures
for reading and interpreting data from standard weather
files has been created and run through field trials. The
test suite looks at two categories of values:
psychrometric and solar radiation values used directly
from the weather file and others that are derived from
values in the weather files. The programs generally did
well in reproducing the psychrometric values from the
weather files, but larger differences were observed when
values were calculated from the weather file values.
Larger differences were observed in the calculation of
the sky temperature and horizontal and tilted surface
solar radiation. Many of these differences are the result
of the different algorithms used in the programs and
indicate that some future research would help to identify
the effect that these algorithmic differences have on BPS
program outputs and whether they are significant.
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