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Abstract 

ASHRAE Standard 140, “Method of Test for Evaluating 

Building Performance Simulation Software” provides test 

suites that allow for software developers and users to 

evaluate the capabilities of a Building Performance 

Software (BPS) software 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 software 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. 

Key Innovations 

• Previous test suites in ASHRAE Standard 140 have 

assumed that the programs can correctly read in and 

interpret the weather information included in the 

standard weather files.  

• Introducing statistical analysis to the Standard 140 

results will start to provide better feedback to the BPS 

software developers as to areas of their software that 

may not be as accurate as desired. 

Practical Implications 

These weather conditions are important driving forces in 

the simulation of building performance, and it is assumed 

BPS can read weather files accurately. This new test suite 

evaluates this assumption and identifies whether there are 

weak points in specific software tools as well as the BPS 

software in general. Identifying these weak points will 

assist in determining potential research areas for 

improvements in BPS software.  

Introduction 

Weather conditions are an important boundary condition 

for BPS calculations. For existing test cases in ASHRAE 

Standard 140 (ANSI/ASHRAE, 2017), 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 sub-

hourly time steps, this assumption has become more 

stretched. In addition, as building design pushes more and 

more toward zero energy design, the effects of the weather 

on the simulated performance of the building becomes 

more significant in scale versus the overall building load. 

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 was 

proposed. 

The purpose of the test suite is to test the use of the 

typically data used from standard weather files. It does not 

test the data in the weather file, but rather the ability of 

the BPS program to read and interpret the data. It is not 

intended to test use of all the data from the standard 

weather file, nor is it intended to test user-supplied 

weather data not in the form of a standard weather file. 

The first step was to determine what would be tested in 

both the weather file data and in the differences between 

weather files. 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 is used by the 

programs. Based on this, it was decided to test the 

programs ability to read and interpret the air conditions, 

solar radiation, and wind conditions. If other information 

in the weather file becomes more important in building 

performance simulation in the future, those outputs could 

be added to the tests. 

Weather File Selection 

Selecting the weather files that will be used for the 

analysis started by evaluating the different parameters of 

the weather files that could impact the building 

performance. The weather file used in many of the current 

test suites served as the baseline for the comparison 

parameters. That weather file is based on the Boulder, CO, 

USA climate which is cold and dry at high elevation. The 

differences from this baseline that made sense to be tested 

were determined based on consultation with the ASHRAE 

Standard 140 Committee: 

• Low elevation 

• Hot/humid climate 

• Southern hemisphere (opposite of the Boulder 

location) 

• High latitude (above the arctic circle) 

• Non-integer time zone 
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The first two of these differences could be included in a 

single location, so 4 additional locations with weather 

data available needed to be selected. Atlanta, GA, USA 

provided the low elevation and a hot/humid climate. 

Santiago, Chile provided a southern hemisphere location. 

Barrow, AL, USA provided a location above the arctic 

circle. New Delhi, India has a time zone that is on the half 

an hour rather than the hour.  

Comparison Variables 

Weather files contain many data elements and not all of 

them are used in building performance simulation. Only 

the most useful information should be included in the 

comparison of output from the programs. An initial list of 

potential data elements included in the weather files for 

comparison was created and shared with the ASHRAE 

Standard 140 Committee for review. Based on their 

comments a final list of data elements for comparison was 

developed: 

• Dry Bulb Temperature 

• Relative Humidity 

• Dewpoint Temperature 

• Windspeed 

• Wind Direction 

• Atmospheric Pressure 

• Total Cloud Cover 

• Opaque Cloud Cover 

• Total Incident Horizontal Solar Radiation 

• Total Incident Horizontal Diffuse Solar Radiation 

In addition, some data used in building performance 

simulation is derived directly from the data included in 

the weather files: 

• Sky Temperature 

• Total Incident Horizontal Beam Solar Radiation 

• Humidity Ratio 

• Wet Bulb Temperature 

• Ground Reflected Solar Radiation 

For building analysis, the solar radiation incident on tilted 

surfaces needs to be calculated from the horizontal 

radiation data included in the weather files. The different 

surface slopes and azimuths for testing were determined 

with consultation with the ASHRAE Standard 140 

Committee: 

• Azimuth: S, Slope: 90 

• Azimuth: E, Slope: 90 

• Azimuth: N, Slope: 90 

• Azimuth: W, Slope: 90 

• Azimuth: 45 E of S, Slope: 90 

• Azimuth: 45 W of S, Slope: 90 

• Azimuth: E, Slope: 18.4 from horizontal 

• Azimuth: W, Slope: 18.4 from horizontal 

Comparison Methods 

The data in the weather files is in hourly intervals with 

some of the values instantaneous measurements at the 

timestamp and others the sum of the measurement over 

the previous hour. BPS run at different time steps; some 

hourly and some sub-hourly. Their outputs can be 

instantaneous or averages over the time step. These 

differences make comparison of the program outputs to 

the weather data and to the other programs difficult. One 

possibility would be to set a time step for all the programs 

to use, but since some of the programs only run at an 

hourly time step this would limit the capabilities of the 

programs that run at sub-hourly time steps. Instead, it was 

decided to compare a variety of different aggregated and 

time step outputs. Annual and monthly averages and totals 

are used to evaluate the programs on a gross scale. This 

comparison identifies if a software is completely wrong 

for a specific variable; but does little to indicate why the 

error is occurring. Specific days of the year for each test 

are used to compare the hourly and sub-hourly outputs. 

This gives a much finer look at the differences between 

the programs and the data. Finally, integrated outputs are 

used to compare the sub-hourly outputs to the weather 

data files. This is important to test the internal 

interpolation schemes of the programs for the variables 

that are provided in the weather files as sums over the 

hour. 

Development of the Test Specification 

Not all programs used the same format of the weather files 

and to make the comparisons valid, it was necessary to 

provide weather files with consistent data in multiple 

formats. Most of the programs can use either TMY3 

(Wilcox 2008) or EPW format weather files and both 

formats were supplied. In addition, a JSON (JSON 2019) 

format weather file was provided for any software 

needing to read the data in a custom format. (For the 

programs participating in the field trials, none used the 

JSON file format.)  In the future the JSON format can be 

converted to an industry standard format when one is 

developed. It was found that EPW files created from 

TMY3 base files were not completely consistent, 

especially with the solar radiation data. In the end, for the 

US locations with original TMY3 files available, EPW 

format files were created from the data in the TMY3 files. 

For the non-US locations, the data from the EPW files was 

used to create the TMY3 format files. All the weather files 

were run through one program that can read both file 

formats and the output was checked to be identical with 

both formats. 

With the decisions complete on what to include in the test 

suite and how to compare the outputs from the software, 

a first draft of the test specification was prepared in the 

Spring of 2020. 

The tests included in the suite are quite simple. The base 

simulation is set-up for the Boulder, CO, USA location 

and then run with the various weather files. The only 

changes other than the weather file used are flipping the 

building from North to South for the southern hemisphere 

location and adding ground reflectance to the base case. 

This gives a total of 6 tests in the suite. 

For some of the programs the different tilted surfaces can 

be entered directly in the software, while others require a 

building model to provide the correct surface orientations. 

The base specification for the tests is just the azimuth and 

slope for each surface, but a simple building geometry 
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that provides the same surface orientations is provided as 

alternative inputs for the programs (See Figure 1). 

 

Figure 1: Building geometry with all surfaces. 

For the initial field trial, the required outputs from the test 

included annual averages and/or sums, hourly and sub-

hourly values for specific days for each test, and 

integrated values for the specific days and annual values. 

This required extensive post-processing of the results by 

the trial participants before submitting results. 

Additionally, when the results analysis showed a potential 

problem in a program output, there was limited additional 

data available for further investigation of the issue. With 

the second field trial, it was decided to move the burden 

of post-processing of the program outputs from the 

participants to the analysis of the results. Thus, the output 

requirements were modified to be the time step outputs 

for each the variables. While this greatly increased the 

quantity of the data submitted, it allowed for leveraging 

of automated scripts to process all the data uniformly.  

The only other changes in the test specification between 

the first and second field trials were clarifications of the 

specification to make the tests clearer that did not change 

any of the test definitions. 

Results Analysis 

Eight BPS software agree to participate in the field trials 

of the test suite. The test suite was distributed to the 

software developers and output files were collected for 

comparison. The first field trial was completed in the late 

Spring of 2020 and the second in the early Fall of 2020. 

The sheer volume of results collected was greater than all 

the other test suites included in Standard 140 combined 

and the traditional analysis methods were not appropriate. 

These traditional methods involve creating spreadsheet 

files with all calculations, tables, and charts created 

individually. Instead, a method of creating the analysis 

values, tables, and charts automatically was required. 

Python code was written to process the data from the 

weather files and the results from the BPS programs.  

The participants could submit their results in either 

spreadsheet or JSON file formats. The first step in 

processing the results was to convert all the submitted 

results into consistent file formats for easier access. All 

the results were converted to Pandas DataFrames and 

stored in pickle files. The use of DataFrames allows for 

easier data access and manipulation. In addition to 

converting the format of the data, a consistent timestamp 

was added to the DataFrames. With the timestamp, the 

data can be extracted based on time periods, such as 

annually or daily, with a single command. With the results 

in consistent, easily accessed formats, the various 

aggregated results can be readily extracted and analysed. 

Annual and Monthly Results 

For the annual and monthly averages and sums, the 

comparison is first presented simply in 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. Providing the relative 

error was also considered, but relative error does not 

adequately capture the significance of the error. For 

example, a value that is 0.5 off from 1.5 has a 33.33% 

relative error while a value that is 0.5 off from 100.5 has 

a 0.5% error. But if these are temperature readings, then 

the significance of the error is the same for both the 

values. See Figure 2 for an example of an annual plot with 

absolute error.  

 

Figure 2: Example of annual plot with absolute error. 

 

 

Figure 3: Example of annual plot with whisper plot. 

For the variables that were not included in the weather 

files, the values from the programs were compared using 
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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. See Figure 3 for an example 

of an annual plot with whisker plot. 

Daily Results 

To provide a higher resolution comparison, specific days 

for each test were extracted and plotted. The charts were 

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 could be either 

instantaneous values or average (or sums) over a time 

period. In order to plot these consistently, a time 

convention for the data had to be set. It was decided to use 

the timestamp for the instantaneous values and the 

midpoint of the time period for the average values. This 

allows values plotted on the timeseries to appear where 

they occur relative to time. These comparisons are 

qualitative comparisons as there is not a good statistical 

analysis of variables occurring at different time intervals 

available without resampling the data. See Figure 4 and 

Figure 5 for example of daily timeseries plots. 

 

Figure 4: Example of daily plot with weather file values. 

 

 

Figure 5: Example of daily plot without weather file values. 

Solar Radiation Results 

Since the solar radiation data provide in weather files is 

the sum over the previous hour, the 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 then compare 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 can be 

provided. Two different errors are provided in the 

analysis: 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. 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. Both these error statistics are provided 

because they give indicates of the amount and size of the 

differences between the integrated output from the 

programs and the values in the weather files. See Figure 6 

for an example of the plots of the errors of the integrated 

values from the programs and the values from the weather 

file. 

 

Figure 6: Example of plots showing errors of integrated 

values. 

To test the programs ability to calculate ground reflected 

solar radiation, for one of the weather locations, test cases 

are included with and without ground reflectance. The 

same plots that were provided for each test case were 

created for the difference between the results from the test 

case without ground reflectance and the test case with 

ground reflectance. 

Results Summary 

This complete analysis resulted in a total of over 8000 

charts for the entire test suite. Which, while it provides 

thorough analysis capabilities for the software running the 

test suite, is difficult to process and summarize. Some of 

the overall observations will be summarized here. 
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In general, the programs did well in reproducing the 

psychrometric values from the weather file. The one 

exception being the station pressure, where some of the 

programs made assumption concerning the pressure 

rather than using the values from the weather file. 

However, more differences between the programs are 

observed for the psychrometric properties calculated from 

the value in the weather file. This can be seen in Figure 5 

where Program D uses a non-ASHRAE calculation 

method for wet bulb temperature and the remaining 

programs use similar ASHRAE algorithms. For the sky 

temperature calculations, distinct groupings of the 

programs can be seen (See Figure 7). Generally, these are 

caused by the different algorithms used by the programs. 

Some programs use the algorithms from Clark and Allan 

(Clark 1978) and others use the algorithms from Martin 

and Berdahl (Martin 1984). There does appear to be some 

implementation differences between programs that are 

using the same algorithms (See Figure 8). 

 

Figure 7: Sky temperature plot showing the 2 distinct 

groupings. 

 

Figure 8: Sky temperature plot showing possible 

implementation differences. 

The agreement between the programs is not as good when 

looking at the solar radiation. For the horizontal surface, 

the agreement is decent, but there are distinct differences 

between the programs when it comes to the solar radiation 

on tilted surfaces (See Figure 9 and Figure 10). Again, 

some of the differences are explained by the different 

algorithms used by the programs: isotropic sky (Liu 

1963), Hay & Davies (Hay 1980), and Perez (Perez 1987). 

This is exacerbated by the fact that there are different sets 

of coefficients for use in the Perez algorithms (Perez 

1987, 1988, 1990). 

 
Figure 9: Tilted surface radiation plot showing differences 

between programs. 

 

Figure 10: Tilted surface radiation plot showing differences 

between programs. 

The comparison of the hourly integrated horizontal total 

and diffuse radiation values from the programs and the 

values in the weather files indicates that there are some 

potential issues in the way that the programs interpolate 

the radiation values from the weather file. Figure 11 and 

Figure 13 show the timestep outputs of horizontal 

radiation for two different days (one diffuse and one 

total). Figure 12 and Figure 14 show the errors between 

the integrated values and the values in the weather files 

for the same days. These interpolation routines have 

undergone recent scrutiny by some software developers 

with the push to more sub-hourly time steps (McDowell 

2018, An 2020). 
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Figure 11: Integrated horizontal diffuse radiation for one day. 

 

Figure 12: Error in the integrated horizontal diffuse radiation 

for one day. 

 

Figure 13: Integrated total horizontal radiation for one day. 

 

Figure 14: Error in the integrated total horizontal radiation 

for one day. 

Next Steps 

Participants in the field trial will continue to review their 

results to determine if they indicate any problems in their 

code. Any algorithmic differences between the programs 

that are causing differences in the results will be 

documented to indicate that the differences are not the 

results of coding errors. Once all the comments on the test 

specification have been addressed and the example results 

have coalesced to algorithmic differences, the ASHRAE 

Standard 140 committee will consider officially adding 

the test suite to the standard.  

Conclusion 

A new proposed test suite for ASHRAE Standard 140, 

“Method of Test for Evaluating Building Performance 

Simulation Software”, that tests programs procedures 

from reading and interpreting data from standard weather 

files has been created and run through field trials. The test 

suite looks at psychrometric and solar radiation values 

from the weather file, as well as some values derived from 

those values. An automated system of aggregating and 

plotting the values and statistical errors was developed to 

aid in analysing the large amount of data produced by the 

programs running the test suite. The programs generally 

did well in reproducing the psychrometric values from the 

weather files, but bigger differences were observed when 

values were calculated from the weather file values and in 

the calculation of the 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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