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PREFACE

This report gives an overview of the fiscal year 1990 research actMties and results under the
Solar Radiation Research Task of the Photovoltaics Advanced Research and Development Project
at the Solar Energy Research Institute. The activities under this task include developing and
applying measurement techniques, instrumentation, and data and models to understand and
quantify the response of photovoltaic devices to variations in broadband and spectral solar
radiation.

The information presented in this report was presented at the SERI Photovoltaic Advanced
Research and Development Project 10th Review Meeting, October 1990, and will be published
in a special Solar Cells issue dedicated to the meeting.

Approved for tile

SOLAR ENERGY RESEARCH INSTITUTE
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1.0 INTRODUCTION

The purpose of the Solar Radiation Research Task under the Photovoltaic Advanced Resem'ch
and Development Project at the Solar Energy Research Institute is to support the national
photovoltaics (PV) program by helping to develop a fundamental sci.entific understanding of the
relationships between the natural broadband and spectral solar radiation environment and the
design, performance, and performance measurements of PV devices. The task addresses the
needs expressed by the PV community for instrumentation, data and models, and measurement
and analysis techniques to understand the response of PV devices to variations in broadband and
spectral solar radiation [1-3].

This report overviews the key activities and results in fiscal year 1990 under the Solar Radiation
Research Task. The activities include further developing the Atmospheric Optical Calibration
System (AOCS), spectroradiometry, plane-of-array (POA) solar irradiance measurements, PV
device spectral sensitivity and measurement techniques, and measurement support and technology
transfer.

1
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2.0 ATMOSPHERIC OPTICAL CALIBRATION SYSTEM

The AOCS (shown in Figure 2-1)is an instrument designed to provide real-time information on

atmospheric optical conditions, such as haziness (turbidity) and water vapor, and solar radiation

conditions that affect PV device performance during outdoor tests [4,5]. A patent, No. 4,779,980,

was issued on the system on October 25, 1988. A prototype AOCS working unit (including basic

software) was designed and constructed in 1988, followed by extensive laboratory testing in 1989.
In 1990, the AOCSworking unit was calibrated and tested outdoors, and additional software was

also developed. Outdoor calibrations were performed for the narrow-wavelength (10-rim)
channels at 368 nra, 500 rim, and 862 rim; data from these channels are used to calculate

atmospheric aerosol effects (turbidity). Very repeatable calibration factors were obtained (0.5%
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Figure 2-1. Schematic of the AOCS components (a) and photos ef the AOCS direct-beam
module (b,c)
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(b)

(c)

Figure 2-1. Schematic of the AOCS components (a) and photos of the AOCS direct-beam
module (b,c) (concluded)



S'IQ TP-4063

to 3% standard deviation, depending on the channel), which is important for maximizing tile
sensitivity of these channels to the atmospheric aerosol effects. Software was written so that the
calibration data can be acquired with the AOCS in an unattended mode; this allows the operator
to check tile calibration frequently when the AOCS is operated routinely. Additional software
is being added to temperature correct the AOCS data based on laboratory test data.

A major research activity in the final AOCS software development is modifying an algorithm to
calculate precipitable water vapor from AOCS data at 862 nm (outside the absorption bands for
atmospheric water vapor) and 942 nm (inside a water-vapor absorption band). A measure of
water vapor is important because most atmospheric water vapor absorption occurs in the
near-infrared (NIR)region of the spectrum (see Figure 2-2); therefore, it affects the relative
spectral irradiance distribution between the visible and NIR regions. The effects of water vapor
variations on a PV device depend on the device's spectral response. If the spectral response of
a PV device eXtends into the NIR region, the device's short-circuit current will be affected by
water vapor variations. If the spectral response of a PV device does not extend into the NIR
region, the calculated device efficiency will be affected by water vapor variations because the
total irradiance (the denominator in efficiency calculations) will vary.

In 1990, we obtained balloon sonde data from the National Oceanic and Atmospheric
Administration (NOAA). We are using the data to examine how sensitive atmospheric water
vapor transmittance is to the vertical profile of water vapor, temperature, and pressure, as well
as to surface temperature and pressure. The algorithm in the AOCS software for calculating the
transmittance of atmospheric water vapor requires fixed pressure and temperature values, so the
results of this study are important for understanding the sensitivity and accuracy of the AOCS
water vapor calculation.
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Figure 2-2. Water vaper absorption for different amounts of water vapor, simulated
using a spectral irradiance model
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3.0 SPECTRORADIOMETRY

PV cell efficiency measurements are usually referenced to a particular spectrum so that results
can be compared among various laboratories. Spectral irradiance is measured during the cell
performance tests and is used to translatethe test results to the reference spectrum.
Spectroradiometers with a wavelength range of 290-4000 nm are desirable to cover the
wavelength response of all PV devices and to integrate the entire solar spectrum to obtain total
irradiance. Otherwise, models must be used to extend the measured spectrumto cover the entire
spectral region. "

A technical challenge in spectroradiometry for PV applications is to develop an extended
wavelength spectroradiometer with a fast time response (a millisecond for measuring flash
simulators to less than l minute to measure outdoor spectra) with repeatability and accuracy
within at least 5% (ideally 1%) over the entire spectral range. In addition, different front-end
optics are needed for outdoor solar Spectral irradiance measurements of the sun's disk (direct-
beam irradiance in a 5° field of view) or the sky hemisphere (global irradiance from the sky
hemisphere, with the direct beam at various incidence angles), without compromising the spectral
measurement accuracy.

Spectroradiometers with user-friendly operating software are commercially available to measure
the range 400:1100 nm with a wavelength-dependent accuracy of approximately 3%-10%. At
SERI, we are currently using these spectroradiometers with a view-limiting tube (which restricts
the field of view to match that of the absolute cavity radiometer) to measure direct-beam solar
spectral irradiance during outdoor PV tests, and we also use a model to extend the measurements
beyond 1100 nm [6].

Solar spectral irradiance measurements outside the wavelength range 400-1100 nm are more
difficult and require more complex spectroradiometers. We are pursuing two options at SERI.
One is to modifiy a spectroradiometer originally designed for geophysical applications. We are
currently using this instrument to measure simulator spec'aal in'adiance between 300 and 3000
nm in a single scan that takes about 3.5 minutes.

The measurement accuracy of this instrument is acceptable (better thar, 5%), except in the
ultraviolet region. An integrating sphere was designed for the unit,'but signal levels using the
sphere have not been acceptable and therefore more work is needed. Work on this instrument
has been temporarily delayed to pursue a second option, which is to develop an EG&G optical
multichannel analyzer (OMA III) for solar spectral measurements.

The OMA uses a 1024-element Si (285-1100 nm spectral range) detector array, which allows ali
wavelengths to be measured simultaneously in less than 1 millisecond. A separate 256-eiement
GalnAs detector array allows the 800-1750 nm spectral range of the pulsed simulators to be
measured. This has the advantage over the conventional spectroradiometer of allowing accurate
measurements of pulse sources as well as spectrally unstable outdoor conditions. A measurement
of SEP,J's SPIRE 240A pulse simulator is shown together with the American Society for Testing
and Materials (ASTM) air mass 1.5 global standard spectrum (E892-87) in Figure 3-1.
Integrating the simulator spectrum over the ASTM E927 solar simulation standard band widths

5
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shows that the SPIRE simulator meets Class A spectral-content requirements, except in the region
800-900 nra, where the differences are probably within the measurement uncertainty.

Calculating the spectral measurement uncertainty for spectrora'diometers is a complex,
non-standard procedure [7,8]. To assess the state of the art in spectral measurement uncertainty,
we participated in (and helped sponsor) a spectroradiometer intercbmparison at DgET
Laboratories in Phoenix, Arizona, in April 1990. The participants included experts from four
environmental testing laboratories in the United States, as well as from SERI and the National
Institute of Standards and Technology. In brief, the objectives of the intercomparison were to
compare measurement results from SERI spectroradiometers with results from -'"_'-uv,,_r laboratories;

gather experts together from a few laboratories to improve spectroradiometry information transfer;
provide an opportunity to acquire some of the measurements required to begin developing
national and international spectroradiometry standards; and improve and document procedures
for conducting spectroradiometer intercomparisons.

, ,

During the intercomparison, outdoor solar spectral measurements were taken in global and direct-
normal modes, and indoor measurements were taken of two ultravielet enhanced fluorescent

sources and three phosphor colors. Ali results of this intercomparison are confidential at this
time; certain results will be released at a later date.
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4.0 PLANE-OF-ARRAY SOLAR IRRADIANCE MEASUREMENTS

A key variable in systems analysis of various PV collector options (concc_atrators, two-axis and
one-axis tracking flat plates, and fixed-tilt flat plates) is the POA irradiance. Systems analysis,
with irradiance as one of the input variables, is used to c,Jmpare the cost ef more expensive and
cor_:plex collector options (like two-axis tracking co'npared to fixed tilt) with the value of
increased PV power output resulting from the irradiance enhancement.

In 19.90, we examined data, from various published studies and outdoor measurement programs,
on POA irradiance or PV energy output (which is dominated by POA irradiance) to show the
relationship between potential irradiance enhancements for various collector options and site
cloudiness. Ratios of POA irradiance for pairs of collector options indicate potential
enhancements [for example, 7.5 kilowatt-hours per squ_;e meter per day (kWh/m'/d) divided by
7.0 kWh/m2/d is 1.07, or an enhancement of 7%]. As a measure of site cloudiness, we used a
variabl_; c_led the cloudiness index (KO, which is global-horizontal irradiance divided by
extraterrestrial irradiance on a horizontal surface. This variable is a measure of bulk atmospheric
transmittance, which varies with different atmospheric conditions. Kt varies with sun angle (or
air mass), but its average annual value is dominated by the site's c_.udiness. A map of the

' average annual ga for the Un;.ted States [10] is shown in Figure ,4-1.

Annual average daily global POA irradiance values calculated by Sandia National Laboratories
[9] for different types of collector options are divided by direct-normal values from the Sandia
report, and the ratios are shown in Figure 4-2(a) as a function of average annual Kt. A simple
regression of the irradiance ratios and Kt shows the strong inverse relationship. As expected, the
ratio of global POA irradiance todirect-normal POA irradiance is a s_ong function of cloudiness
because there is no direct-beam irradiance when the sky is overcast. The ratios of pairs of global
POA "k-re._ance values (Figure 4-2 b,c) show less Kt dependence than the _-atios for global
compared to direct nomaal. The quadratic fits to the global ratios as a function of _q do not have
high ce_elation coefficients because there is much scatter in the ratios; however, they do show
relative trends in the data and the magnitude of potential irradiance enhancements.

For broad-scale assessments of potential POA irradiance enhancements i_'_various climate regions
of the United States, on,: can use the Kt map (Figure 4.-1) with average enhancement factors
versus Kt (Figure ,4-2). This method is by no means appropriate for site-specific analysis. In ali
cases of site-specific economic systems analysis, one should obtain local (regional) irradiance
data and calculate (or use measured) POA irradiance for each collector option, including fiat
plates with optimized tilt angles (instead of tilt = latitude) and concentrators with specific
apertures and concentration ratios. The POA irradiance data should be combined with other data,
such as reflection losses at non-zero incidence angles [121, to obtain the most reliable comparison
of collector options. Seasonal variations in the enhancements should be analyzed, especially for
evaluating the electric load matching potential of PV.





Figure 4-2a. Ratios for global POA irradiance for 5 flat-plate collector options, divided by
direct.normal POA irradiance. The numerators in the ratios are as follows:

1 = 2-axis tracking
2 = 1.axis tracking, axis oriented north.south, and collectors tilted at the
latitude
3 = 1.axis tracking, vertical axis, and collectors tilted at the latitude
4 = 1-axis tracking, axis oriented north.south, and collectors horizontal
5 = fixed tilt at latitude

10
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3 = l.axis tracking, axis oriented north-south, and collectors tilted at the
latitude
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5.0 DEVICE SPECTRAL SENSITIVITY AND MEASUREMENT TECItNIQIIES

Methods are needed to quantify the sensitivity of PV device perfo;_rnance to natural spectral solar
in_tdiance variations because PV devices are spectrally selective [13]. Although PV device
measurements are often corrected to a reference spectrum to compare.results among laboratories,
the reverse calcu]ations are usually not performed to predict performance for a range of spectral
irradiance conditions or to put "error bars" on performance measurements. Measurements or
modeling should be per_orme5 in the design phase to determine whether or not the PV device
performance will be ad,,ersely affected by spectral irradiance vari_.tions, espetially for series-
connected multijunction dcvices that require current matching for optimum performance.

One way _ examine spectral sensitivity is to calculate PV device perfozmance using a device
model together with a spectral irradiance model or data base for different atmospheric conditions
and air masses; a second way is to perform outdoor tests under different specta'al irradiance
conditions. For the first approach, SERI's spectral irradiance model and data base [14,15] are
made available to any user who wants to perform these analyses. The second approach is time
consuming if outdoor measurements are made for a full range of atmospheric conditions and air
masses.

Although spectroradiometers are available for measuring spectral irradiance duri0g outdoor tests,
they are not used routinely to report spectral effects in outdoor PV device performance tests.
Simple and economical methods and instruments are needed to measure first-order (coarse) solar

spectral irradiance variations (at least until instruments like the AOCS are commercially
available).

A simple method for monitoring first-order spectral irradiance variations is to measure irradiance
using filtered and unfiltered radiometers, which separate the spectrum into roughly visible
(< 780 nm) and NIR (> 780 nra) regions [16]. Such measurements have been taken at SERI
since the summer of 1988.

Figures 5-1 and 5-2 give examples of the information on spectral irradiance variations that can
be derived from filtered and unfiltered pyrheliometer and pyranometer data. Figure 5-1, for a
clear day, shows the total irradiance and the ratio of NIR to total irradiance for direct-normal
(left) and global-horizontal (right) cases. In the early morning and late afternoon, the NIR
fraction of total irradiance increases for _he direct-normal case (from high air mass or low sun
elevation effects) while the midday ratio remains relatively constant. The midday ratio may vary
from day to day depending on atmospheric water vapor and aerosol effects. For the
global-horizontal case, the midday ratio is relatively constant with a slight increase at the ends
of the day.

Figure 5-2, for a partly cloudy day, shows patterns similar to those of the clear day. The
difference is that the direct-normal ratio is too unstable to be reliable when clouds obscure the
sun's disk (because the irradiance values in the ratios are very small), and the global-horizontal
ratios decrease slightly when clouds reduce the in'adiance (probably because of increased water
vapor and liquid water absorption in the clouds 11711).

13
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Figure 5.1. Total irradiance and the ratio of NIR to total irradiance on a clear day in
Golden, Colorado, for direct-normal (left) and global-horizontal (right) cases
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Figure 5.2. Total. irradiance and the ratio of NIR to total irradiance on a partly cloudy
day in Golden, Colorado, for direct-normal (left) and global.horizontal (right)
cases

The extent to which a PV device is affected by changes in the distribution of irradiance between
the NIR and visible regions (visible fraction = one minus the NIR fraction) depends on the
spectral response (or quantum efficiency) of the PV device, or where it overlaps the visible and
NIR regions of the spectrum. It"PV device performance and the fraction of visible versus NIR
irradiance are monitored simultaneously during outdoor tests, a sensitivity study can be performed
to quantify the relationships. ,!t

]4,
'i
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6.0 MEAS_,rREMENT SUPPORT AND TECHNOLOGY TRANSFER

Other activities under the Solar Radiation Research Task include operating the Solar Radiation
Research Laboratory, an outdoor laboratory used for radiometer and PV cell calibrations and for
performing special experiments; presenting papers at conferences [8,18,191; and providing
expertise, data, and models on spectral solar irradiance as related to PV applications.

15
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7.0SUMMARYANDFUTUREPLANS

Resources allocated to the Solar Radiation Research Task of the Photovoltaic Advanced Research

aJ_dDevelopment Project support about two research staff persons at file Solar Energy Research
Institute. The research pe,--f,ormed under this task is directed toward understanding and
quantifying the relationship between PV device performance and spectral and broadband solar
irradiance variations. To develop this scientific understanding, the research staff develops
instruments (such as the AOCS and spectroradiometers) and solar irradiance measurement and
analysis methods (such as simple methods for monitoring first-order spectral irradiance variations
and investigating the climate dependence of POA irradiance enhancements for various collector
options). The staff also provides analytical andmeasurement support regarding solar irradiance
for PV device design and performance tests.

The major accomplishments in FY 1990 were as follows:

• We incorporated additional software into the AOCS so that calibration of the narrow-band
channels can be performed automatically. We obtained outdoor calibration data with very
repeatable results, and we acquired and processed NOAA data to refine the algorithm in
the AOCS software for calculating precipitable water vapor.

• We maintained several different spectroradiometer systems and used them to measure
outdoor and solar simulator spectra. More work is needed to improve the measurement
uncrtainty, especia!!y in the ultraviolet region. This work was temporarily delayed tc, help
develop a system for measuring the spectral content of SERI's pulse simulator. With the
PV Measurements and Performance Branch, we established the capability to measure
irradiance from the pulse simulator using an optical multichannel analyzer. This
capability is also important for instantaneous measurements of outdoor solar spectra under
unstable atmospheric conditions.

To help maintain our expertise in spectroradiometry and assess the state of the art in
spectral measurement uncertainty, we participated in (and helped sponsor) a
spectroradiometer intercomparison.

• We examined data, from various published studies and outdoor measurement programs,
on PV POA irradiance to show the relationship between potential irradiance enhancements
for various collector options and a site's cloudiness.

• We examined a simple method for monitoring first-order spectral irradiance using filtered
and unfiltered radiometers to separate the spectrum into roughly visible and NIR regions.
We analyzed measured data from the Solar Radiation Research Laboratory to show how
the NIR (or visible) fraction of total solar radiation can be monitoried during outdoor PV
tests.

16
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• Other activities included operating the Solar Radiation Research Laboratory to perform
outdoor radiometer calibrations and provide solar radiation measurement support for PV
cell calibrations and outdoor experiments. We also gave conference presentations and
disseminated spectral models and data.

In FY 1991, under the Solar Radiation Research Task, we will continue our multiyear
commitment to providing solar radiation models, data bases, instrumentation, and measurement
support to analyze and quantify theresponse of PV devices to solar radiation variations.
Activities planned in FY 1991 include the following:

• We will complete a scientific report on the application of sunphotometry to measurements
of atmospheric water vapor; we will accomplish this as part of the final software
development for the AOCS.

r

• We will complete the field tests of the AOCS and document this through a fin__
engineering report.

• We will improve spectroradiometric capabilities in the ultraviolet and near-infrared
regions of the solar spectrum by modifying and developing the Optronic Laboratories
ultraviolet spectroradiometer, the Geophysical Environmental Research extended-
wavelength (300-3000 nm) spectroradiometer, and the PV Measurements and Performance
Branch's EG&G OMA Hl spectrometer. The goal is to lower the spectral measurement
uncertainities from the ultraviolet through NIR wavelength regions.

• We will operate the Solar Radiation Research Laboratory and the Optics Laboratory to
support outdoor PV device calibrations and measurements.

• We will provide spectral solar radiation models and data bases to PV researchers to
investigate the spectral sensitivity of selected PV devices, especially multijunction
devices.

• Finally, we will provide a variety of support measurements, including high-quality
measurements of the irradiance characteristics of simulators and calibrations of spectro-
radiometers, and we will develop solar radiation measurement techniques to characterize
irradiance variations during PV device testing.

17
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