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Executive Summary

Accurate measurements of direct normal (beam) solar irradiance from pyrheliometers! are
important for developing and deploying solar energy conversion systems, for improving our
understanding of Earth’s energy budget for climate change studies, and for other science and
technology applications involving solar flux. Providing these measurements places many
demands on the quality system used by the operator of commercially available radiometers.
Maintaining accurate radiometer calibrations that are traceable to an international standard is
the first step in producing research-quality solar irradiance measurements.

In 1977, the World Meteorological Organization (WMO) established the World Radiometric
Reference (WRR) as the international standard for the measurement of direct normal solar
irradiance (Frohlich 1991). The WRR is an internationally recognized, detector-based
measurement standard determined by the collective performance of six electrically self-
calibrated absolute cavity radiometers comprising the World Standard Group (WSG). Various
countries, including the United States,? have contributed these specialized radiometers to the
Physikalisch-Meteorologisches Observatorium Davos—World Radiation Center (PMOD/WRC)
to establish the WSG.

As with all measurement systems, Absolute Cavity Radiometers (ACR) are subject to
performance changes over time. Therefore, PMOD/WRC in Davos, Switzerland, hosts an
quinquennial International Pyrheliometer Comparison (IPC) event for transferring the WRR to
participating radiometers by invitation.? The National Renewable Energy Laboratory (NREL)
has represented the U.S. Department of Energy (DOE) in each IPC since 1980. And NREL has
developed and maintained a select group of absolute cavity radiometers with direct calibration
traceability to the WRR, and it uses these reference instruments to calibrate pyrheliometers and
pyranometers using the International Organization for Standardization (ISO) 17025-accredited
Broadband Outdoor Radiometer Calibration (BORCAL) process (Reda et al. 2008).

To fill the gap between each IPC, NREL pyrheliometer comparisons (NPCs) are held annually at
the Solar Radiation Research Laboratory (SRRL) in Golden, Colorado. Open to all ACR owners
and operators, each NPC provides an opportunity to determine the unique WRR transfer factor
(WRR-TF) for each participating pyrheliometer. By adjusting all subsequent pyrheliometer
measurements by the appropriate WRR-TF, the solar irradiance data are traceable to the WRR.

NPC-2022 was held September 25 through October 1, 2022. Participants operated 42 ACRs to
simultaneously measure clear-sky direct normal solar irradiance during this period. The Transfer
Standard Group (TSG) of reference radiometers for NPC-2022 consisted of four NREL
radiometers with direct traceability to the WRR, each having participated in the Thirteenth
International Pyrheliometer Comparisons (IPC-XIII) in the fall of 2021 (delayed one year due to
COVID-19). As a result of NPC-2022, each participating absolute cavity radiometer was

! Pyrheliometers are a type of radiometer used to measure solar irradiance (i.e., radiant flux in Watts per square
meter) on a surface normal to the apparent solar disk within a 5.0° or 5.7° field of view, depending on the optical
design of the instrument. A solar tracker is used to maintain proper alignment of the pyrheliometer with the sun
during daylight periods.

2 The WSG includes radiometers on permanent loan from the Eppley Laboratory, Inc., and NREL.

3 Appendix A lists the NPC-2022 participants and the pyrheliometers compared.
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assigned a new WRR-TF, which is computed as the reference irradiance determined by the TSG
divided by the observed irradiance from the participating radiometer. The performance of the
TSG during NPC-2022 was consistent with previous comparisons, including IPC-XIII. The
measurement performance of the TSG allowed the transfer of the WRR to each participating
radiometer with an estimated uncertainty of + 0.33% with respect to the International System of
Units.

The comparison protocol is based on data collection periods called runs. Each measurement run
consists of an electrical self-calibration requiring five minutes for the Automatic Hickey-Frieden
(AHF) cavities, a series of 49 solar irradiance measurements at 30-second intervals, and a post-
calibration. more than 2000 reference irradiance measurements during NPC-2022. The clear-sky
daily maximum direct normal irradiance level was 1,003 Wm™.

Ancillary environmental conditions (e.g., broadband turbidity, ambient temperature, relative
humidity, wind speed, precipitable water vapor, and spectral data) collected at SRRL during the
comparison are presented in Appendix B to document the environmental test conditions.

NPCs are planned annually at the SRRL to ensure worldwide homogeneity of solar radiation
measurements traceable to the WRR.

Vi
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1 Introduction

Accurate measurements of broadband solar irradiance require radiometers with proper
design and performance characteristics, correct installation, and documented operation and
maintenance procedures, including regular calibration. Calibrations of any measuring device
must be traceable to a recognized reference standard. The World Radiometric Reference
(WRR) is the internationally recognized measurement standard for direct normal irradiance
measurements of broadband solar radiation (Fréhlich 1991).

The WRR was established by the World Meteorological Organization (WMO) in 1977 and
has been maintained by the Physikalisch-Meteorologisches Observatorium Davos—World
Radiation Center (PMOD/WRC)* in Switzerland. The WRR is maintained for broadband
solar irradiance with an absolute uncertainty of better than & 0.3% with respect to the
International System of Units (SI) (Romero et al. 1996). The WRR standard is widely used
to calibrate pyrheliometers and pyranometers with a wavelength response range that is
compatible with the solar spectrum wavelengths of 280-3,000 nm.

Every five years, the WRR is transferred to WMO regional centers and other participants at
the International Pyrheliometer Comparisons (IPC) event, which is held at the PMOD/WRC.
The Thirteenth IPC (IPC-XIII) was completed in 2021 (Finsterle 2022). At each IPC,
instantaneous measurements from the World Standard Group (WSG) are compared at 90-
second intervals with the data from participating radiometers recorded under clear-sky
conditions. A new WRR transfer factor (WRR-TF) is calculated for each participating
radiometer based on the mean WRR of the WSG radiometers for each IPC. Multiplying the
irradiance reading of each radiometer by its assigned WRR-TF will result in measurements
that are traceable to SI units through the WRR and are therefore consistent with the
international reference of solar radiation measurement.

In compliance with International Organization for Standardization (ISO) 17025 accreditation
requirements for demonstrating interlaboratory proficiency, the National Renewable Energy
Laboratory (NREL) hosts annual pyrheliometer comparisons at the Solar Radiation Research
Laboratory (SRRL) in Golden, Colorado, for non-IPC years. The NREL Pyrheliometer
Comparisons in 2022 (NPC-2022) was September 25 through October 1, 2022, at the SRRL.
Participants operated absolute cavity radiometers during the comparisons. See Appendix A
for a list of participants and affiliations.

The results presented in this report are based on clear-sky, direct normal solar irradiance data
collected during NPC-2022. See Appendix B for the environmental conditions during NPC-
2022.

4 https://www.pmodwrc.ch
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2 Reference Instruments

NREL developed the transfer standard group (TSG) of four Absolute Cavity Radiometers
(ACR) to serve as the transfer reference for each NPC. The radiometers comprising the TSG
were included in the most recent IPC and maintain the WRR for NREL (see Table 1). Using
the method described by Reda (1996), the mean of the TSG measurements was maintained
for establishing the reference irradiance data for NPC-2022 data reduction. Table 1 lists the
TSG absolute cavity radiometers with their WRR-TFs and pooled standard deviation (SDy)
as determined from the latest IPC in 2021 (Finsterle 2022).

Table 1. Summary of IPC-XIIl Results for the NPC-2022 TSG

Serial Number WRR Factor Standard Deviation Numl?er of

(IPC-XIlI) (%) Readings
AHF28968 0.99802 0.0714 1066
AHF29220 0.99779 0.0696 1060
AHF30713 0.99760 0.0668 1058
TMI68018 0.99685 0.0738 1108
Mean WRR for the TSG 0.99756 SDp for the TSG: 0.0705%

The pooled standard deviation, SDy , for the TSG was computed from the following

equation:
SD, = 1
where:
o i=i"cavity
e m = number of reference cavities
e Si=standard deviation of the i cavity, from IPC-XIII
e ni=number of readings of the i cavity, from IPC-XIII.

2
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3 Measurement Protocol

The decision to deploy instruments for a comparison was made daily during NPC-2022.
Data were collected only during clear-sky conditions, which were determined visually and
from the stability of pyrheliometer readings. Simultaneous direct normal solar irradiance
measurements were taken by most cavity radiometers in groups of 49 observations at 30-
second intervals (PMO6 and PMOS8 used 120-, 90-, 60-, or 30-second open/closed-shutter
cycles).

Each group of observations is called a run. An electrical self-calibration of each Automatic
Hickey-Frieden (AHF) ACR was performed before each run. Previous WRR-TFs
determined from results of [IPCs or NPCs were not applied to the observations. The original
manufacturer’s calibration factor was used according to the standard operating procedure
provided by the manufacturer for each radiometer. A timekeeper announced the beginning of
each calibration period and gave a six-minute countdown before the start of each run to
facilitate the AHF cavity self-calibrations and the simultaneous start for each participant.

By consensus, at least 300 observations from each radiometer were required to determine the
WRR-TF for an NPC. A statistically significant data set was required to derive the WRR-TF
for each pyrheliometer. Data from each pyrheliometer/operator system were emailed at the
end of the day.

3
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4 Transferring of the World Radiometric Reference

The primary purpose of an NPC is to transfer the current WRR from the NPC-TSG to each
participating ACR. This requires that the participating pyrheliometers and the TSG collect
simultaneous measurements of clear-sky direct normal (beam) solar irradiance.

4.1 Calibration Requirements

Following WMO guidelines (Romero 1995), the following conditions were required before
data collection was accomplished during NPC-2022:

e The radiation source was the sun, and irradiance levels were > 700 Wm™.

e A Digital Multimeter with an uncertainty < 0.05% or better was used to measure the
thermopile signals from each radiometer.

e Solar trackers were aligned with a slope angle within + 0.25°.

e Wind speed was low (< 5 m/s) from the direction of the solar azimuth + 30°.

¢ Cloud cover was < 1/8 of the sky dome, with an angular distance > 15° from the sun.

4.2 Determining the Reference Irradiance

Four ACRs that are maintained by NREL and were part of IPC-XIII were used as the TSG to
transfer the WRR in the comparison. The WRR-TF for each TSG is presented in Table 1

(above). The reference irradiance at each reading was calculated using the following steps,
as described by Reda (1996):

1. Each irradiance reading of the TSG is divided by the irradiance measured by AHF
28968, for its participation in many IPCs.

2. By maintaining the mean of WRR for the TSG, a new WRR-TF for NPC-2022 is
recalculated for each of the TSG cavities (see Figure 1).

3. The reference irradiance for each 30-second observation in a run is computed as the
mean of the simultaneous reference irradiances measured by the TSG. The reference
irradiance reading for each cavity in the TSG is the irradiance reading of the cavity
multiplied by its new WRR-TF calculated in Step 2.

4.3 Data Analysis Criteria

AHF 28968 was used to check irradiance stability at the time of each comparison reading
during a run. Stable irradiance readings are defined to within 1.0 Wm™ during an interval of
two seconds centered on each reading time (i.e., one second before and one second after the
recorded reading). Unstable irradiance readings were marked in the data record and
automatically rejected from the data analysis; historically, this has affected fewer than 10%
of the data collected during an NPC. Also rejected were all calculated ratios of the test
instrument irradiance divided by AHF 28968 irradiance that deviated from their mean by
0.3% (Reda 1996). Typically, data rejected from the analysis in this manner were the result
of failed tracker alignment, problems with the pre-calibration, or a similar cause for bias
greater than expected from a properly functioning absolute cavity radiometer.

4
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4.4 Measurements

NPC-2022 was completed for all participants on October 1, after more than 2000 data points
were collected by the reference cavities during the requisite clear-sky conditions. The actual

number of readings for each participating radiometer compared with the reference irradiance
varied according to the data analysis selection criteria described above.

4.5 Results

The historical results for the TSG are presented in Figure 1. To evaluate the performance of
these instruments, the standard deviations of each radiometer were monitored during the
comparisons. The results suggest successful performance of the TSG during this NPC.

For the TSG, the NPC-2022 WRR-TF did not change by more than a fraction of the standard

deviation derived during IPC-XIII in 2021 (see Figure 1. History of WRR reduction factors
for NREL reference cavities).

WRR-RF for NREL Reference Cavities
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Figure 1. History of WRR reduction factors for NREL reference cavities. Note that in 2008, a
spider web was discovered in TMI68018.

For NPC-2022 Proficiency Test, the results of the participating cavities in IPC-XIII and
NPC-2022 were evaluated using the following equation:

WRRNpc—WRR
En — NPC IPC 2
/U9512VPC+ U95%pc

where En must lie in the interval -1 to +1.
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From Table 2, Ex for all cavities was well within the interval -1 to +1 (i.e., the WRR from
NPC-2022 is consistent with the WRR from [PC-XIII).

Results for each radiometer participating in NPC-2022 are presented in Table 3.

Table 2. Summary of Results for Proficiency Test During NPC-2022

Participating NPC-2022 | %U95 | IPC WRR | %U95 | IPC En
Cavity WRR Year
AHF14915 0.99982 0.42 0.99983 0.36 2021 -0.00
AHF23734 0.99851 0.38 0.99867 0.34 2021 -0.03
AHF27798 0.99999 0.38 1.00100 0.50 2021 -0.16
AHF28553 0.99791 0.38 0.99774 0.35 2015 0.03
AHF28560 1.00057 0.38 1.00030 0.37 2021 0.05
AHF30110 1.07747 0.40 1.07222 1.38 2021 0.34
AHF31041 0.99805 0.39 0.99639 0.36 2015 0.31
AHF31105 0.99843 0.39 0.99866 0.36 2015 -0.04
AHF32455 1.00147 0.40 1.00147 0.34 2021 0.00
AHF34926 1.00159 0.39 1.00136 0.34 2021 0.04
AHF37816 0.99956 0.38 0.99952 0.34 2021 0.01
PMO6 0401 1.02165 0.40 1.02165 0.33 2021 -0.00
PMO6 0803 1.00045 0.40 1.00029 0.32 2021 0.03
PMO6 0816 0.99935 0.42 0.99919 0.39 2021 0.03
PMO6 5 0.99963 0.39 0.99956 0.35 2021 0.01
PMOS8 F201007A 1.00606 0.40 1.00633 0.33 2021 -0.05
6
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Table 3. Summary of Results for Radiometers Participating in NPC-2022

Cavity WRR (NPC-2022) SD NRDG %U95
AHF14915 0.99982 0.0010 1257 0.42
AHF14917 0.99847 0.0005 1328 0.38
AHF17142 0.99867 0.0006 1662 0.38
AHF23734 0.99851 0.0004 2384 0.38
AHF27798 0.99999 0.0005 1537 0.38
AHF28553 0.99791 0.0005 1328 0.38
AHF28556 0.99226 0.0011 1645 0.43
AHF28560 1.00057 0.0006 1507 0.38
AHF29219 1.06310 0.0008 2328 0.39
AHF29222 1.05913 0.0007 1658 0.39
AHF30110 1.07747 0.0009 327 0.40
AHF30495 1.05561 0.0009 1659 0.41
AHF31041 0.99805 0.0007 1208 0.39
AHF31102 1.00129 0.0006 1402 0.39
AHF31104 1.03884 0.0012 2414 0.44
AHF31105 0.99843 0.0007 1218 0.39
AHF31108 0.99808 0.0006 1687 0.39
AHF31109 0.99806 0.0007 1468 0.39
AHF32452 1.03144 0.0009 2290 0.40
AHF32455 1.00147 0.0008 414 0.40
AHF34926 1.00159 0.0006 1241 0.39
AHF36767 0.99797 0.0009 1091 0.40
AHF37816 0.99956 0.0005 1400 0.38
AHF37817 1.00023 0.0013 1273 0.45
AWX31114 1.00172 0.0008 1350 0.40
AWX31116 1.06999 0.0011 1294 0.42
AWX32448 1.00070 0.0005 1350 0.38

CHP1 120994 0.99044 0.0020 2390 0.53
NIP 9013 1.00641 0.0051 2206 1.05
PMO6 0401 1.02165 0.0009 405 0.40
PMOG6 0803 1.00045 0.0008 <300 0.40
PMO6 0816 0.99935 0.0011 425 0.42
PMOG6 1601 1.00355 0.0006 391 0.38
PMO6 5 0.99963 0.0007 1101 0.39
PMO6 850404 1.00090 0.0007 1424 0.39
PMOS F201007A 1.00606 0.0009 366 0.40
PMOS F211004 0.99965 0.0008 520 0.40
PMOS F211007 0.99955 0.0008 514 0.40
TMI67603 1.00004 0.0006 1690 0.39
TMI67811 0.99986 0.0010 1599 0.41
TMI67916 0.99946 0.0008 1708 0.40
TMI68022 1.00021 0.0012 1688 0.43
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The uncertainty of the WRR-TF associated with each participating radiometer with respect
to SI was calculated using the following equation:

Ugs = +1.96 * Jui + u? 3

where:

e U95 = uncertainty of the WRR-TF (in percent) determined at NPC-2022 with
95% confidence level
e 1.96 = coverage factor

e uA =Type A standard uncertainty = standard deviation of each participating
radiometer (in %) determined at NPC-2022
e uB = Type B standard uncertainty

. uB=i\/(%)2+ 0.07052

where:

o 0.3 = Estimated expanded uncertainty of the WRR scale with respect to SI, in %

o /3 = Coverage factor for rectangular distribution

o 0.0705 = Pooled standard deviation of the four reference radiometers (TSG) that
participated in [PC-XIII (September/October 2021), in %.

The statistical analyses of WRR-TF for the participating pyrheliometers are presented in
Figure 2 through Figure 7. These graphical summaries indicate the mean, standard deviation,
and histograms of the WRR-TF determined during NPC-2022. If the participating
pyrheliometer has a known WRR from a previous year, the percentage change in the WRR is
listed in Table 4.
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NPC-2022 WRR-Transfer Factor vs MST for AHF14915
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Figure 2. WRR-Transfer Factor vs. Mountain Standard Time for AHF14915
NPC-2022 WRR-Transfer Factor vs MST for AHF14917
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Figure 3. WRR-Transfer Factor vs. Mountain Standard Time for AHF14917

NPC-2022 WRR-Transfer Factor vs MST for AHF17142
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Figure 4. WRR-Transfer Factor vs. Mountain Standard Time for AHF17142
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NPC-2022 WRR-Transfer Factor vs MST for AHF23734
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Figure 5. WRR-Transfer Factor vs. Mountain Standard Time for AHF23734
NPC-2022 WRR-Transfer Factor vs MST for AHF27798
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Figure 6. WRR-Transfer Factor vs. Mountain Standard Time for AHF27798
NPC-2022 WRR-Transfer Factor vs MST for AHF28553
1.0000-

ks
ES
Y B R

o
lIIIII—

"
®

re

B

H o
W R,

—
|

0300 0300 1000 1100 1200 1300 1400 1500 1600 100 200 300 413
WRR-TF = 0.557914 Mountain Standard Time (MST) SO = 0.0005 Data Points N =1328

+2*5D —— WRR-TF N found) = 2760 N (match) = 1343

Figure 7. WRR-Transfer Factor vs. Mountain Standard Time for AHF28553
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NPC-2022 WRR-Transfer Factor vs MST for AHF28556
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Figure 8. WRR-Transfer Factor vs. Mountain Standard Time for AHF28556
NPC-2022 WRR-Transfer Factor vs MST for AHF28560
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Figure 9. WRR-Transfer Factor vs. Mountain Standard Time for AHF28560
NPC-2022 WRR-Transfer Factor vs MST for AHF29219
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Figure 10. WRR-Transfer Factor vs. Mountain Standard Time for AHF29219
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NPC-2022 WRR-Transfer Factor vs MST for AHF29222
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Figure 11. WRR-Transfer Factor vs. Mountain Standard Time for AHF29222
NPC-2022 WRR-Transfer Factor vs MST for AHF30110
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Figure 12. WRR-Transfer Factor vs. Mountain Standard Time for AHF30110
NPC-2022 WRR-Transfer Factor vs MST for AHF30495
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Figure 13. WRR-Transfer Factor vs. Mountain Standard Time for AHF30495
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NPC-2022 WRR-Transfer Factor vs MST for AHF31041
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Figure 14. WRR-Transfer Factor vs. Mountain Standard Time for AHF31041
NPC-2022 WRR-Transfer Factor vs MST for AHF31102
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Figure 15. WRR-Transfer Factor vs. Mountain Standard Time for AHF31102
NPC-2022 WRR-Transfer Factor vs MST for AHF31104
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Figure 16. WRR-Transfer Factor vs. Mountain Standard Time for AHF31104
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NPC-2022 WRR-Transfer Factor vs MST for AHF31105
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Figure 17. WRR-Transfer Factor vs. Mountain Standard Time for AHF31105
NPC-2022 WRR-Transfer Factor vs MST for AHF31108
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Figure 18. WRR-Transfer Factor vs. Mountain Standard Time for AHF31108
NPC-2022 WRR-Transfer Factor vs MST for AHF31109
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Figure 19. WRR-Transfer Factor vs. Mountain Standard Time for AHF31109
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NPC-2022 WRR-Transfer Factor vs MST for AHF32452
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Figure 20. WRR-Transfer Factor vs. Mountain Standard Time for AHF32452
NPC-2022 WRR-Transfer Factor vs MST for AHF 32455
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Figure 21. WRR-Transfer Factor vs. Mountain Standard Time for AHF32455
NPC-2022 WRR-Transfer Factor vs MST for AHF34926
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Figure 22. WRR-Transfer Factor vs. Mountain Standard Time for AHF34926
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NPC-2022 WRR-Transfer Factor vs MST for AHF36767
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Figure 23. WRR-Transfer Factor vs. Mountain Standard Time for AHF36767
NPC-2022 WRR-Transfer Factor vs MST for AHF37816
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Figure 24. WRR-Transfer Factor vs. Mountain Standard Time for AHF37816
NPC-2022 WRR-Transfer Factor vs MST for AHF37817
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Figure 25. WRR-Transfer Factor vs. Mountain Standard Time for AHF37817
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NPC-2022 WRR-Transfer Factor vs MST for AWX31114
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Figure 26. WRR-Transfer Factor vs. Mountain Standard Time for AWX31114
NPC-2022 WRR-Transfer Factor vs MST for AWX31116
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Figure 27. WRR-Transfer Factor vs. Mountain Standard Time for AWX31116
NPC-2022 WRR-Transfer Factor vs MST for AWX32448
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Figure 28. WRR-Transfer Factor vs. Mountain Standard Time for AWX32448

17

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



NPC-2022 WRR-Transfer Factor vs MST for CHP1_120994
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Figure 29. WRR-Transfer Factor vs. Mountain Standard Time for CHP1_120994
NPC-2022 WRR-Transfer Factor vs MST for NIP_9013
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Figure 30. WRR-Transfer Factor vs. Mountain Standard Time for NIP_9013
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Figure 31. WRR-Transfer Factor vs. Mountain Standard Time for PMO6_0401
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NPC-2022 WRR-Transfer Factor vs MST for PMO60803
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Figure 32. WRR-Transfer Factor vs. Mountain Standard Time for PMO6_0803
NPC-2022 WRR-Transfer Factor vs MST for PMO60816
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Figure 33. WRR-Transfer Factor vs. Mountain Standard Time for PMO6_0816
NPC-2022 WRR-Transfer Factor vs MST for PMOG61601
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Figure 34. WRR-Transfer Factor vs. Mountain Standard Time for PMO6_1601
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NPC-2022 WRR-Transfer Factor vs MST for PMOG5
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Figure 35. WRR-Transfer Factor vs. Mountain Standard Time for PMO6_5
NPC-2022 WRR-Transfer Factor vs MST for PMOG6850404
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Figure 36. WRR-Transfer Factor vs. Mountain Standard Time for PMO6_850404
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Figure 37. WRR-Transfer Factor vs. Mountain Standard Time for PMO8_F201007A
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NPC-2022 WRR-Transfer Factor vs MST for PMO8F211004
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Figure 38. WRR-Transfer Factor vs. Mountain Standard Time for PMO8_F211004
NPC-2022 WRR-Transfer Factor vs MST for PMO8F211007
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Figure 39. WRR-Transfer Factor vs. Mountain Standard Time for PMO8_F211007
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Figure 40. WRR-Transfer Factor vs. Mountain Standard Time for TMI67603
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NPC-2022 WRR-Transfer Factor vs MST for TMI67811
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Figure 41. WRR-Transfer Factor vs. Mountain Standard Time for TMI167811
NPC-2022 WRR-Transfer Factor vs MST for TMI67916
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Figure 42. WRR-Transfer Factor vs. Mountain Standard Time for TMI67916
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Figure 43. WRR-Transfer Factor vs. Mountain Standard Time for TM168022
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Table 4. Summary of Percent Change for Radiometers with a known WRR from a previous

year
Cavity WRR (NPC-2022) WRR (previous) Previous | %Change
Year
AHF14915 0.99982 0.99983 2021 -0.00
AHF17142 0.99867 0.99828 2018 0.04
AHF23734 0.99851 0.99855 2021 -0.00
AHF27798 0.99999 1.00100 2021 -0.10
AHF28553 0.99791 0.99767 2019 0.02
AHF28556 0.99226 0.99056 2018 0.17
AHF28560 1.00057 1.00030 2021 0.03
AHF29219 1.06310 1.06142 2021 0.16
AHF29222 1.05913 1.05878 2021 0.03
AHF30110 1.07747 1.07222 2021 0.49
AHF30495 1.05561 1.05571 2021 -0.01
AHF31041 0.99805 0.99660 2019 0.15
AHF31102 1.00129 1.00052 2019 0.08
AHF31104 1.03884 1.03864 2021 0.02
AHF31105 0.99843 0.99805 2019 0.04
AHF31108 0.99808 0.99742 2019 0.07
AHF31109 0.99806 0.99780 ? 0.03
AHF32452 1.03144 1.03125 2021 0.02
AHF32455 1.00147 1.00147 2021 0.00
AHF34926 1.00159 1.00136 2021 0.02
AHF37816 0.99956 0.99952 2021 0.00
AHF37817 1.00023 0.99902 ? 0.12
AWX31114 1.00172 1.00141 2019 0.03
AWX31116 1.06999 1.06590 2019 0.38
AWX32448 1.00070 1.00030 2019 0.04
PMO6 0401 1.02165 1.02165 2021 -0.00
PMO6 0803 1.00045 1.00029 2021 0.02
PMOG6 0816 0.99935 0.99919 2021 0.02
PMO6 1601 1.00355 1.00317 2019 0.04
PMO6 5 0.99963 0.99956 2021 0.01
PMOG6 850404 1.00090 0.99803 ? 0.29
PMOS8 F201007A 1.00606 1.00633 2021 -0.03
TMI67603 1.00004 0.99987 2019 0.02
TMI67811 0.99986 0.99866 2018 0.12
TMI168022 1.00021 0.99996 2018 0.03
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4.6 Recommendations

As a result of the comparisons made during NPC-2022, we suggest participants observe the
following measurement practices:

e For the purpose of pyrheliometer comparisons, such as NPC-2022, we recommend the user
apply only the manufacturer’s calibration factor, not the WRR-TF or the new calibration
factor, to report his or her absolute cavity radiometer’s irradiance readings. Doing so
eliminates the possibility of compounding WRR factors from previous comparisons.

e For data collection in the field, the manufacturer’s calibration factor should be used to
calculate the cavity responsivity. Each irradiance reading should then be multiplied by
the appropriate WRR-TF to provide homogeneity of solar radiation measurements that are
traceable to the WRR. We recommend this approach to realize the benefits of participating
in the NPC.
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5 Ancillary Data

The environmental conditions (i.e., temperature, relative humidity, barometric pressure, wind speed,
precipitable water vapor, and spectral data) were measured during the NPC-2022 comparisons using
the meteorological station at the SRRL. Additional information, including Baseline Measurement
System data and graphical summaries, can be found on the Measurements and Instrumentation Data
Center website.’

Time-series plots and other graphical presentations of these data collected during the
pyrheliometer comparisons are presented in Appendix B.

3 http:www.nrel.gov/midc/srr]l bms/
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Appendix A. List of Participants and Pyrheliometers

Table A-1. List of Participants and Pyrheliometers

Operators

Affiliation

Radiometer Serial Number

Major McGee

Atlas Material Testing Technology

AHF17142, AHF28556

Matthew Perry

Campbell Scientific Inc.

PMO6-1601

Markus Suter

Davos Instruments AG

PMO6-0401, PMO8-F201-007A,
PMO8-F211-004, PMO8-F211-007

Craig Webb, James Martin

DOE Atmospheric Radiation
Measurement (ARM) Program

AHF30495, AHF29222

Akihito Akiyama, Dilip Ghimire,

Jose Mario Po EKO Instruments PMO6-0816

Tom Kirk, Jim Wendell Eppley Laboratory AHF 14915, AHF27798
Stefan Wacker German Weather Service (DWD) PMO6-5

Michael Donkers, Jorgen Konings | Hukseflux Thermal Sensors B.V. n/a

Erik Naranen, Robert Dolce

ISO-Cal North America

AHF37816, AHF28560

Keelung Weather Station, Central
Weather Bureau, Taiwan; National

Kun-Wei Lin, Bing-Qian Wu Central University, Taiwan AHF31102

Abdullah Al Adwani, Abdullah

Kalantan, Abdulmajeed Albabtin, King Abdullah City for Atomic and

Mohamad Almoamar Renewable Energy — KACARE AHF30110
NATIONAL INSTITUTE OF SOLAR

Nikhil Pattath Gopi ENERGY, GURGAON, INDIA AHF37817
NATIONAL INSTITUTE OF WIND

Sankara Rao Tamada ENERGY, CHENNAI, INDIA AHF36767

Afshin Andreas, Mark
Kutchenreiter

National Renewable Energy
Laboratory (References)

AHF28968, AHF29220,
AHF30713, TMI68018

Afshin Andreas, Mark
Kutchenreiter

National Renewable Energy
Laboratory

AHF23734, AHF29219,
AHF31104, AHF32452

AHF28553, AWX31114,

Emiel Hall, Allen Jordan NOAA AWX31116, AWX32448
Don Nelson NOAA AHF14917
Wolfgang Finsterle PMOD/WRC PMO6-0803, AHF32455

Charles Robinson

Sandia National Laboratories

AHF31108, TMI67603, TMI67811,
TMI68022

Bryan Fabbri, Frederick Denn

Science Systems and Applications
Inc / NASA Langley

AHF31041, AHF31105

Julian Lell

Servicio Meteorolégico Nacional

TMI67916

Brighton Mabasa

South African Weather Services

PMO6-850404, AHF31109

Akram Essnid

The Libyan Center for Solar Energy
Research and Studies

NIP-9013

Agustin Laguarda Cirigliano

Universidad de la Repubilica,
Laboratorio de Energia Solar

CHP1-120994

Josh Peterson

University of Oregon, Solar
Radiation Monitoring Lab

AHF34926
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Appendix B. Ancillary Data Summaries

The measurement performance of an ACR can be affected by several environmental parameters.
Potentially relevant meteorological data collected during the NPC are presented in this appendix.

The Baseline Measurement System has been in continuous operation at the SRRL since 1981.
Baseline Measurement System data are recorded as one-minute averages of three-second samples
for each instrument.® Time-series plots and other graphical presentations of these data acquired
during the NPC-2022 measurements are presented here.

¢ Additional information about the SRRL and the Baseline Measurement System can be found on the
Measurement and Instrumentation Data Center at https://midcdmz.nrel.gov/srrl_bms/.
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30-Minute Spectral Irradiances for September 26, 2022

WRONINNA—ARON QTN O
o e e e

Sococdocooa

(wu/,;w/M) souerpers] [enodads

OO0 OCOO0COCOOO0O0OO
=it LEISIIenennenLuenNNR
TE v V2V2VRVSSEANNAAFFHH OO
OS8O ORKNSBAF A A A A A
=S g
S§E
=&

T ) 2500
4 R P YT

1 [
+ +-l=FA4-1-+--} 2400

1 [
T To-ra-- T 2350

| [ BRI
ST AT r T T Tl 2300

1l 11 1
1 1 17T 2250

I N R [ NI 4y N

[ IR 2200
o e R ===+ - 2150

Wavelenth (nm)
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Figure B-9. 30-minute spectral irradiances for September 27, 2022

31
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



2000000 SRSRSRERSRSISKS ccc0co0oSR888333S833838888 cco0o0oco0oSRSRSRSRERERSERS
mmMmmnmmmmmwunuunmuumwmmn 5T CRlSIRISSIoNEREAREES mmm ERREsssSedaddaazInngsy
° =S g E
1 [ 1 Nmoo T T T T 1T 17T 1 [ T T R R N N R R B | Nmoo
Fanibd L 24 2450 REEEES SR doobdbddobdbd Lol b g5
- 4 -, - -4 NA.OO Ed oL JLdaoL - 4 Ldaebdald ada b dal=-1 d |NA‘OO
1 [ 1 L I T I A N N B | 1 [
-+ H-F -3 2350 Fodmlm A4 —l— -+ -+ + =4 == +-3F 2350
1 [ 1 | I Y I I N N B | 1 [ L I O I I R B |
T a-r | 2300 FA-1—+--F+t-1—-t T rT To-ra-- Tt 2300
RERSESEESEREESENS flaso @ i I SRR AR RS A 2250
F 4o b- bR R frzeo o Pt TATr AT TAThT S R FITrATTT T [ 2200
IEREN 250 N b Somin : 2150
- - 4= - —1- 4 == A=+ + -
(=] .q |n ul.“. 2100 N (=) ." “ ﬂ.nn "|._P “ u. N o e 1 2100
N [T a-rT 2050 - [ e e el e R e - N FTomrAaseT T - 2050
- - - [ I
&8 [T " TA=FT==F =T 1o T Qr 2000 8 Ftrramrraer g Shirrart TA=r 1o AT 2000
L O A T A A Sy N S . BP0 £ P T T O S A S Y = 3 SRR S _ 1 ! L 1950
[ 1 [ e e N e e e [ [ U T R B B B | IS LI R | [ 1
Srithi i e 8 B S B it
b -+ A=k 4+ -l=-Fkd=-l—+-d=Fkd4 ==+ d- Hmmo p b 4oL JdJ_Ld1-1L p m F4+=l—d=-F4 + =l ! |Hmmo
[ 1
B e & ELLiiiiion & Eliiil RN o
R - T T - R EEE R AR IRRRRP 4P
Q L v v o n A H.NOO — [} | 111 — Q L1 1 |H.NOO
T [ o e ' 1 T T T T 1
n” -1 JoL i LJdo L LA g 1650 (72 v { (7] nn Ll LJ_L 1 10 LJd_. LI.H@WO
1 | IR R I N N A A A N B B | 1 e - | I R I B B | 1 e | I I I B B | LI I I B | 1
tm Y debdoebdoldadobdo R oL 1600 = %) tm Ll LJ_Ldi_i-L - 0 cw Fdol—ba-14 do-bdo-E -1 1600 ‘=
1 | I R I N R A I 1 m n L I R I B B | 1 m n L I N R | LI R I R | 1 m
“ -+ A=+ -l—FAd-l-+--F4-4+-4-11550 & © AL rd—r 40—+ = © % ===+ +-l=+4-4+--F1550 &
(=] 1 [ 1 A — w L I R I B B | 1 A — 9 LI | LI I I | 1 N/
a7 ATETTT AT T 1500 =« Ft-I—ta-r+t-1-t+ = T e [TomrarT T~ ra-r = 1500
5L IR = © Sl 1 =] © = R | =}
BT i rToriTr Tt T 1450 2 = SriorracrToT = Sri-orrarToT T ToTraT T oy 1450 g
o = 0 S T R R A s B T T Lo =T N e Y ] o = S N A B 21 R
a 1 [ 1 1 [ 1 1 [3) — a LI I R B | [5) — a | I I R B B | L I R I I B B | [)
- — L . — - P — - . -
Bt 50 & B R Rt E S Efin e 10 g
- - = 1 I 1= --+1300 W b e [ [ S N R w - Il S e e L + == --+1300 W
p— 1 [ 1 1 [ 1 c p— L R R B | c — LI R | LI 1
m FT aTrTol r - -1-F 1250 mv- m Ft=-1—+--r W- m FT-Imra-rT To-r -t 1250
L e | [ 111
-JRNEREERERR RS VRN I - | SRR & Bl F 1200
 hid-bicbiabitio Wmgliso @ B fid-bi-bidbinioiiE @ Shi-bdbiatdonid Ui
O fd-bdobdoi b Ly SISTTO N B S 5 A L LTI 1100
S Tpse 2 it € g s
= H=-F+- I --F 1000 - = J) R - Sl ra-r+ -+ -I—+--F 1000
n 1 [ 1 1 1 0 n LI R R B | 0 n L I I I R B | 1 11
=T ATr T T - 950 & = FT--Ta-r & - [T-ra-rT To-r - 950
M LA U N N O By e - L I 1 ||©OO M L L N I B | M_ LA U D Y A O B _I_IPI_I|©OO
Y . T FTrTACRTOCT .
S = RO S < Sl A
on | T 1 [ ~ o 11 [B] ~ [ I T T R [
ERREREY rew o F4- -k o ERRRNE e
RN 70 o o o T S 70
FT ra- -1=F 700 = - = FT--ra- =T~ ra-- T~ 700
||“||“||_ |||||||||||||| “ -k 650 K=z ! 2 L L A <1)
||“||_| |||“|.moo [T [T L 600
- =550 - 550
|.“, |m|.moo - 500
Ft -1- 450 - 450
FTemTas -~ | 400 - 400
||“|“|“||“|_ |||||||||||| i | 350 (O I T T R I R R R R 350
——— =+ 300 44441413300
NV T m —“o ONVYUNIENNAANONOINFNN O
e S A A AT A" CoCcococooo
(wu/;w/ M) souerpe.r] [endads (wu/,;m/p) 2ouerpe.r] [endads (wu/,w/ M) douerpe.] [endads

32
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Figure B-12. 30-Minute Spectral Irradiances for September 27, 2022
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30-Minute Spectral Irradiances for October 1, 2022
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Figure B-13. 30-Minute Spectral Irradiances for October 1, 2022
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