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PREFACE

A conference of pyranometry measurement experts from seven nations
was held 16-20 March 1981 in Boulder, Colorado, USA, under the
auspices of the International Energy Agency, the United States
Department of Energy, and the Solar Energy Research Institute.
This report documents the technical presentations, background, and
the results and recommendations of the conference.

The facilities of the National Center for Atmospherilc Research in
Boulder, Colorado, were kindly made available for the con-
ference. The surroundings and arrangements were greatly
appreciated and contributed to the success of the conference.
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T ' SUMMARY

A conference of pyranometry experts from seven nations was held in Boulder,
Colorado, from 16-20 March 1981 for the purpose of formulating a statement of
work for joint pyranometer experiments and calibrations. Recent round robin
testing of solar collectors conducted by the IEA Solar Heating and Cooling
Program Task IIT had demonstrated a need for better understanding of
pyranometry measurements.

The conference was successful in the exchange of technical results, discus-
slons, recommendations, setting of goals, and a statement of work for further
actlvities. The goals established as a result of the conference were:

] Goal 1 - Establish the state of the art in pyranometry measurements,
egpecially as it pertains to collector performance testing.

® Goal II - Determine ways to Improve the measurement accuracies of
pyranometers currently available by developing a more complete
understanding of the Instruments' performance characteristics.

A Statement of Work was prepared on the basis of the technical information and
discussions. The Statement of Work defines the nature and level of effort
required to satisfy the needs of the nonmeteorological uses of pyranometers,
especially the use of pyranometers in solar collector testing. A summary of
the steps involved in the implementation of the Statement of Work is found in
the accompanying milestone log.

Among the key recommendations of the attendees was the recognition that the
proposed work would have a significantly broader and longer term importance if
the World Meteorological Organization (WMO) could become involved. This
involvement would concentrate specifically on improvement of the state of the
art in pyranometry.

A wealth of technical results and information on pyranometry was presented
during the course of the conference. This information 1s intended Ffor both
the expert and the novice in pyranometer measurements because of the intended
wide distribution. The material was kindly supplied by various authors and it
has generally been presented verbatim and in the form received by SERI in the
appendices of this report.

A complete list of names and affiliations of those in attendance is included
in Appendix A.
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SECTION 1.0

BACKGROUND AND OPENING REMARKS

This section comprises two parts: background information on the reasons Ffor
calling the meeting and the opening remarks by Michael R. Riches, who chaired
the conference.

1.1 BACKGROUND

Based on a demonstrated need for a coordinated approach to solving energy
problems, certaln members of the Organization for Economic Cooperation and
Development (OECD) agreed to develop an energy program. The International
Energy Agency (IEA) was established within the OECD to administer, monitor,
and execute the program.

In July 1975, solar heating and ‘cooling was selected as one of several tech-
nology fields for multilateral cooperation. The program to develop and test
solar heating and cooling systems was divided into project aveas (or tasks).
Two of the tasks were designated meteorological support tasks for solar heat-
ing and cooling research and application. The project areas are

Task 1I: Investigation of the performance of solar heating and cooling
systems—=Denmark

Task IL: Coordination of R&D on solar heating and cooling components——
o Japan :

Task IIT: _Performance testing of solar collectors—-—-Germany

Task IV: -Development of an insolation handbook and instrument package-—
United States :

Task V: Use of existing meteorological information for solar energy
application—--Sweden

Task VI: Performance of solar heating, cooling, and hot water systems
using evacuated collectors——United States

Task VIT: Central solar heating plants with seasonal storage——Sweden.

As part of IFA Solar Heating and Cooling Program's Task [II: Performance
Testing of Solar Collectors, participants undertook a round robin test program
involving several selected collectors in orvder to compare and evaluate their
various collector test procedures. The widely varying results have been
reported in IEA Task ITI reports [1]. Analysis has shown that some of the
data scatter resulted from sample variability and variations In test condi-
tions that are allowed under current test procedures. As a result, specifi-
cations in the procedures will bhe tightened. The consensus of the Task TIII
participaats was, however, that a significant portion of the remaining scatter
was due, mnot to procedure, but to the instrumentation——most notahly the
pyrandmeters used. From the evidence Lt appeared the pyranometers were intro-—
ducing inaccuracies two or three times the *1%Z levels anticipated from the
manufacturers' specifications.




In solar collector testing, pyranometers are employed in circumstances quite
different from those in meteorological service. Instantaneous measurements of
global Irradiance are made at angles of incidence from 0° to about 70° off
normal at varying azimuthal angles, with the pyranometer tilted from the hori-
zontal plane by angles up to nearly 90°. Ambient temperature may range from
-10°C to +45°C. In currently:?roposed test procedures, the levels of irradi-
ance must exceed about 650 Wm “, with the level of diffuse radiation typically
between 5% and 20Z of the total. The solar collector tester needs to be sure
that the pyranometer employed will indicate the global dirradiance to an
acceptable level of accuracy (approaching +1%7) despite the variations In cir-
cumstances. In almost every case, collector test laboratories now employ the
pyranometer calibration constants determined for the instruments by their man—
ufacturers (using procedures developed for meteorological instruments), and
accept the manufacturers' specifications and statements of accuracy. - Thus,
the pyranometers commonly used would introduce an inaccuracy of several per-
cent when used by collector test englneers in modes differing from standard
meteorological practices.

In the IEA Report, “Results and Analysis of IEA Round Robin Testing;" December
1979 [1], these measurement inaccuracies were dssumed for the analysis:

e Solar irradiance, +37.
e Mass flow rate, +17%
e Absolute temperature, +0.5°C

e Temperature differences, %0.1°C.
In that same document, these conclusions and recommendations were stated:

"The analysis has given an indlcation that systematic test uncer-
tainties of the testing facllities are a key reason for the
scatter of measured collector efficliencies.”

"Apart from the analysis conducted, participants have expressed
their concern about the uncertainty associlated with the accuracy
of the pyranometers. The participants had difficulties to ascer-
tain the nominal accuracy of +3% for their pyranometers."

“International pyranometer standards and calibration methods are
needed to provide the individual test facilities with an instru-
ment of known accuracy and precision for collector test purposes.™

"The calibration procedure for pyranometers should include perfor-
mance under tilted position.”

The IEA Report [l] contains summaries of the data from testing two types of -
collectors at 16 laboratories in 12 countries. Figure 1-1 displays the data
from testing one of the collector types, showing collector performance data
enclosed by the theoretlical efficiency curves vtesulting from meteorological
extremes allowed by ASHRAE Standard 93-77 [2]. Figure 1-2 shows the same data
with the measurement uncertainty of systematic errors added {approximately
+37).
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If the total uncertainty (limit of error—-—sum of the errors rather than the
RMS of the errors) 1s to be kept within +3%, then the uncertainty in the solar
global irradiance measurements must be brought down to about *1%. Setting a
goal of £1%Z for the solar global irradiance is proper and reasonable for use
in solar collector testing when the sources of error in the other measurements
(mass flow rate, temperature and temperature difference, heat capacity of the
fluid, reference or aperture area) and the problems of achieving steady-state
conditions and working with environmental parameters like wind velocity on the
collector are considered.

As a result, the experts involved in collector testing felt very much in need
of assistance from the meteorological community. The World Radiation Center
(WRC), Davos, Switzerland, readily agreed to host a meeting for the purposes
of

e Making the collector test experts more knowledgeable about pyranometry

e Conducting a comparlson among the pyranometers they use iIn collector
testing

e Holding face-to—-face iInterdisciplinary discusslons concerning fhe new
requirements and implications introduced by seclar energy applications.

The results of the Davos meeting are documented In a report distributed
shortly afterwards, reproduced as Appendix D iIn this report. The report
stated (p. 12):

"All calibration factors given by the manufacturers yield readings
which are 6% to 7% lower than those referred to the World Radio-
metric Reference (WRR).* Only about 2% can be explained by the
difference between IPS and WRR. The remaining 5% seem to be due
either to the method of calibration or to the reference instrument
used."”

This result was considered to be unacceptable and the following actions were
recommended (p. 13):

(1) "Continue such comparisons over extended periods of time and supplement
the outdoor comparisons with laboratory measurements of cosine response,
temperature coefficlents, linearity tests, ete.”

(2) "Urge the manufacturers to review their method of calibration in order to
find the reason for the 5% difference.”

Though such findings required actions slightly outside of the scope of
Task III, the experts from the field of collector testing unanimously agreed
to find a solution to the problem. The Executive Committee approved the
general approach 1in October 1980 during the meeting in Ottawa but required

#*This statement was later modified by the experimenter to read: "A11
calibration factore given by the manufacturers yield readings which are 6% to
7% lower than those referred to the Daveos Standard Reference Pyranometer.” (see
also Appendix E)




closer cooperation on the subject between Task [IT and Task V. Mcanwhile the
support was confirmed by the Swiss authorities and the manufacturers for an
investigation in Davos of the most widely used pyranometers.

The request for stronger asslstance of the Task V group by the Execcutive Com—
mittee was answered by the 1nitiation of an Ad Hoc Round Rohin (AHRR) test of
the Navos Instruments. These calibrations were conducted by the Atmoapheric
Environment Service's Natlonal Atmospheric Radiation Centre (AES/NARC) at
Toronto, Canada, and by the Natlonal Qceanic and Atmospheric Administration's
Solar Radiation Facility (NOAA/SRF) at Boulder, Colo., U.S.A., during Winter
1980-81 (Round Robin IT).

In addition, a cooperative effort by three lahboratories {n the United States
to compare the calibration constants of these instruments wasg started Imme-
diately after the Davos Meeting (Round Rohin I).

The results from these Investigations were to be discussed during the Boulder
Conference to atd in writing a work statement for comparison tasks and to help
Task ITT in planning for the 1981 test campalgn of pyranometers 1in Davos.

The reader 1s referred to Appendix B, "Characteristlics of Pyranometers,” which
highlights characteristics which must he considered when working to improve
the state of the art of pyranometry. (For other sources of information, sec

Refs. 3 and 4.)

1.2 OPENING REMARKS (Michael R. Riches, U.S. Department of Energy)

Our meeting has as its primary objective the definition of a statement of work
for pyranometer calibration. This simple objective will not be as easy to
achleve as to say. That 1ls why we have asked you, the international experts,
to participate in the experimental design and the experiment. Turing the next
several days we will hear about two recent pyranometer comparisons and thelr
results, and about the pyranometer comparison experiences of those of you from
Industry, national, and international calibration labaratories.

From this data base, those of us who must write the statement of wnrk hope to
gain insight to design an experiment that accomplishes the follawing
objectives:

(1) Characterizes the 1instruments with particular emphasis on solar energy
applications

(2) Compares characteristics such that the solar energy user knows the limits
of hls sensor and can thus accomplish his overall task mnre precisely

(3) Compares and characterizes the calibration methndologies such that solar
energy applications are accounted for, and educates the snlar energy
specialist on these techniques

(4) Adids communication between the solar energy specialist and the meteor-

ological community.

A key factor for the entire project is time. As the agenda indicates, we must
write the Statement of Work here and supply it In Tate April to the Fxecutive

|




Committee of the International Energy Agency (IEA). Further, we need to pub-
lish our report of this workshop and the results of the experiment in a timely
manner. The experiment cannot take years to complete and years to publish.
The full schedule cannot exceed two years and, ideally should be completed
(including the final report) in 18 months. Such a schedule is possible only
if we design a good experiment.

I anticipate that our statement of work will consist of a matrix of instrument
characteristics against calibration technique (i.e., measurement procedure,
comparison, etc.) and a description (definition) of each parameter
specified. (Of course, each participating laboratory would not necessarily
take each measurement, e.g., only Canada-—of the four proposed labs--has an
integrating sphere for calibration.)

As T am one of those responsible for the writing and, therefore, must listen
and learn, I suggest we begin our program.




SECTION 2.0

CONFERENCE INSIGHTS, SUGGESTIONS, AND RECOMMENDATIONS

The characterization and calibratlon of pyranometers 1g performed in
laboratories around the world using a variety of methods and apparatus [5]
(also see Appendix R, especially section R.1). The March 1980 Davos com—
parison of pyranometers (reported in Appendix D) and the subsequent Ad Hoe
Round Robing (Appendix C) showed that these different methods do not give
exactly the same calibration results. This confirmed the feeling expressed by
many solar collector test engineers (and others) privately and in official
reports that pyranometry was not performing up to the #3% nominal accuracy
assumed from the manufacturers' literature. This level of acecuracy was not
adequate for the collector testing programs [1].

This conference gathered some of the leading experts from around the world to
focus on the single problem of bringing the pyranometry measurement community
into measurement agreement and up to the needed measurement accuracy. There
were many insights and suggestions shared, and many recommendations were
made. Some of these are gathered and listed here to aid in the reduction of
the uncertainties in the absolute value of the measurement and to improve the
measurement agreement between laboratories.

2.1 INSIGHTS

The meteorologist and the solar collector test engineer come to pyranometry
from different settings, with significantly different needs. The meteor-
ologist, who has for decades been the principal user of pyranometers, desires
to measure global radiation on a horizontal plane, for long-term averages and
totals (over days, weeks, or years).

The speclifications for the instrument have been established for the meteor-
ologist, who generally does not require extreme accuracy {generally 5% dis-
satisfactory}. The solar collector test engineer, however, is most interested
in lastantaneous measurements of global solar radiation on a plane surface
that is generally not horizontal.

Since the pyranometer has been utilized principally for the meteorologist's
work, the calibration methodology employed was developed to meet thils need,
and the measurement accuracy was generally satisfactory for meteorological
purposes. When the solar collector test engineer utilizes a pyranometer on a
tilt, the calibration factor is somewhat .in error and inappropriate for the
application. In addition, tungsten lamps used for testing often yield dif-
ferent results than testing in sunlight for characterization.

The spectral response of a pyranometer is degraded by exposure to the UV
levels present at high altitudes or in the desert, such as at DSET Lahor-—
atories near Phoenix, Arizona. Pyranometers which are left continuously in
the desert sun show signs of significant degradation in sensitivity after less
than one yesr.




2.2 PYRANOMETER INTERACTTON CHARACTERISTICS AND SEQUENCE OF TESTS

Because the various design parameters or operating characteristlcs of the
pyranometer really interact to yleld an irradiance measurement, the character-
ization tests should be performed in a sequence that minimizes the interaction
and resulting uncertainties {6]. The results from an earlier characterizatton
test will be needed to improve the accuracy by correcting gources of error
later in the characterizatlon process.

Therefore, several individuals felt the following sequence of tests 13 one
possihle order which could be followed. The actual sequence selected will be
dependent upon the procedure and apparatus utilized for the tests at a given
laboratory. Complete documentation of procedures, apparatus, and methods of
applying corrections will be a vital part of the process to timprove

pyranometry. This is the suggested sequence: '

1. Response with time
2. Sensitivity
" 3. Temperature coefficlent of senéitivity
4. Thérﬁal transient response o
5. Nonlinearity
6. Tilt effect :
7. Angular dependence of sens[ti;iéyrand Lleveling
8. Spectral response 7

9. Stability.

It is highly advantageous to complete 4all indoor labhoratory characterizatfon
work before beginning the outdoor wnrk. Again, complete documentation cannot
be overemphasized as belng cruclal to the success of improving the designs and
applications of pyranometry. In additlion, a detailed investigation of pos-
slble interactions of the different characteristiecs has to he a part oF the
planning of the experiments. '

To illustrate the problem and possible solutions, some obvious examples of
interaction are listed below Ffor which some corrections are possible. Many
other iateractions are known and should be carefully documented. Methods need
to be developed to reduce their contribution to errors (see Appendix B).

e Adequate time must be allowed for the instrument to respond fully to each
‘change during the characterlzation tests. Therefore, the time constant
should be determined flrst to avold errors inveolving time In all sub-
sequent Leslts. ' '

e The temperature coefficient of the sensltivity must be determined early i{n .
the procedures so that the Inevitable changes In the temperature of the
instrument and its environment may hbe taken into accounl when such tests
as nonlinearlty, tilt effect, or angular dependence are performed.

e The interdependence of the cosine and azimuth eorrections with level and
tilt is known to exist. UnFortunately, cosine and/or azimuth corrections




have often been determined on a vertical tilt, because of the apparatus
available, so both the tilt effect and its variation with irradiance
level may be encounteved. Measuring cosine and azimuth corrections on
the vertical can be accomplished at low irradiance levels to reduce the
tilt effect.

2.3 RECOMMENDATIONS

2.3.1 PFor a Post—Experiment Round Robin

Following the completion of the data analysis of the March 1980 pyranometer
comparison and the subsequent ad hoc round robin tests and of the June-August
1981 Davos experiment, a new post—experiment round robin is recommended. The
object would be to establish comparability of pyranometry characterization
techniques (by instrument type) used by the national and independent radio-
metric laboratories that support solar energy and meteorology. National solar
energy experts should be encouraged to participate to ensure that solar energy-
as well as meteorological uses of pyranometers are considered. Specific
tests, such as the bench mark tests listed in Table 3-1, can be defined after
the efforts defined in Section 3.0 are completed.

2.3.2 For an Education and Dissemination Program

Many individuals commented during the. conference on the need for an  educa-
tional program to better disseminate information on solar radiation measure-
ment techniques and apparatus. The results reported at this Conference and,
more importantly, the results from the performance of the Statement of Work
and round robins discussed in this report must be brought to the attention of
all who make pyranometry measurements. "

2.3.3 vorking Document by W. B. Gillett

W. B. Gillett of the Solar Fnergy Unit at University College, Cardiff, Wales,
. X., sent a "Working Document” to the conference via James McGregor.
Because the group was in general agreement with Gillett's information and .com-
ments, that document iIs reproduced as Appendix P of this report, together with
one correction supplied by John Hickey. :

2.3.4 Concerning a Work Statement

The following are some of the recommendations voiced by the conferees hefore
the actual ‘work bhegan on the writing the 3tatement of Work:

Klaus DNehne—-Use Ffour of each type of pyranometer; the Davos Refaerence
Pyranometer should be calibrated again; one must prove the characterization
methods by using a