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Abstract

Knowing the degradation in performance of a photovoltaic (PV) system over time is important for estimating the lifetime energy
produced and the financial return. A key parameter for normalizing performance and determining degradation is the plane-of-
array (POA) irradiance. Because accurate long-term POA measurements are not always readily available, three methods of
providing irradiance data for determining the degradation rate of PV systems were evaluated—a method using irradiance data
modeled with the Ineichen clear-sky model and monthly Linke turbidity coefficients, a method using the supplemental clear-sky
irradiance data from the National Solar Radiation Data Base (NSRDB), and a method using the NSRDB solar irradiance data for
both cloudy and clear-sky conditions (all-sky).

The irradiance data from the three methods were evaluated using measured irradiance data from 1998 through 2018 for the
seven-station SURFRAD network and for 3-, 5-, and 10-year periods that might be used for evaluating PV system performance.
Only the two clear-sky methods for the 10-year periods had less uncertainty with respect to determining PV system degradation
than the expected median degradation rate for PV systems of -0.5%/year to -0.6%/year. Shorter periods and the all-sky method
had larger uncertainties, making their use questionable for determining the degradation rates of PV systems.
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1. Introduction

The degradation in performance of a photovoltaic (PV) system over time is an important factor for estimating the energy
produced and the financial return. If greater than planned, the amount of electricity generated is less and the expectations of
investors will not be met (Bolinger et al., 2020). For crystalline silicon PV technologies, the generally recognized median
degradation rate is -0.5%/year to -0.6%/year, and the average degradation rate is -0.8%/year to -0.9%/year (Jordan et al., 2016).

For an existing PV system, the degradation rate may be determined by comparing the performance over time after correcting for
performance variances because of the amount of solar radiation received, the operating temperature of the PV modules, and
perhaps lesser factors related to angle-of-incidence, soiling, snow, spectral mismatch, efficiency of the inverter for the power
output, and inverter clipping. Of these factors, the performance of a PV system is primarily determined by the amount of solar
radiation received in the plane of the PV modules, which is referred to as the plane-of-array (POA) irradiance.

The best estimates of POA are measured with quality pyranometers that are regularly cleaned, calibrated, and otherwise
maintained. In practice, this has proved difficult to do for the life of a PV system. Consequently, methods have been implemented
to estimate the POA for PV systems where POA measurements are not available or considered insufficient quality. The subject of
this work is to evaluate these POA substitution methods and to determine their applicability and restrictions.

The first method considered was developed by Jordan et al. (2018) with the premise that under clear skies the POA for a PV
system for a particular day would by sufficiently the same for the same day in subsequent years, and differences in performance
for those days can then be attributed to degradation. Performance over the years is compared for only times of day when skies are
considered clear. The periods of clear skies are determined using measured global horizontal irradiance (GHIy) time-series data
and the method of Reno and Hansen (2016). The clear-sky periods detected meet statistical criteria representative of clear skies.
Clouds may be present, but likely would not be interfering with the direct normal irradiance (DNI).
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For the periods with clear skies, the irradiances GHlcsm, DNIcsm, and DHIcsm are modeled using the Ineichen clear sky irradiance
model (Ineichen and Perez, 2002). The modeled clear sky POA, POAsm, is then determined using an appropriate tilted surface
model, such as the model developed by Perez et al. (1990) and using the input irradiances DNI¢sm and DHIcsm. The Perez model is
an improved and refined version of their original model that was recommended by the International Energy Agency for
calculating solar radiation for tilted surfaces (Hay and McKay, 1988). Measured values of POA, POA, are used to filter data such
that POAsm is within £15% of POAn. Absolute accuracy of GHIm and POAn is thought not essential because degradation rates
are determined using POAcsm.

The Ineichen clear sky irradiance model uses monthly Linke turbidity coefficients. Linke turbidity coefficients encompass the
effects of both aerosols and water vapor. For clear sky models, aerosols are the dominating factor that affects the accuracy of the
model, but reliable aerosol data are extremely limited (Ruiz-Arias and Gueymard, 2018) unless the location is near an Aerosol
Robotic Network (AERONET) station. Some AERONET stations have been collecting data for more than 25 years (NASA, 2021).
Because there is no practical alternative, the clear sky method uses the same monthly Linke turbidity coefficients for all years.
However, this does not address year-to-year variations in aerosols and the resulting year-to-year variations in clear-sky irradiances
that may occur.

Historically, long-term trends in irradiance are evident. Wang et al. (2012) documented widespread dimming (decreased solar
radiation) between the 1950s and 1980s, which was followed by brightening (increased solar radiation). In Greece, the observed
brightening for the period 1980-2012 was determined to be +1.5% decade !, which was less than for other parts of Europe and
attributed mostly to changes in aerosol amounts (Kazadzis et al., 2018).

Human-made effects are also evident. Because of the 1990 Clean Air Act Amendments, U.S. SO, emissions declined by over
70% between 1995 and 2013, coinciding with observed aerosol reductions of 3% year! (Keppel-Aleks and Washenfelder, 2016).
Increasing air traffic over the United States has also been identified as a possible explanation for an increase in high-level cirrus
clouds (Gan et al., 2014).

A different method for determining degradation rates was used by Bolinger et al. (2020) for a fleet of 411 utility-scale PV systems
in the United States with a total capacity of 21 GWqc. The irradiance data for this work were satellite-derived 30-minute resolution
data from the National Solar Radiation Database (NSRDB) and included all daytime data, for both clear and cloudy skies.
Developed by the National Renewable Energy Laboratory (NREL), the NSRDB contains time-series solar radiation and
meteorological data for the United States and Americas from 21°S to 60°N (Sengupta et al., 2018). The data begin in 1998, have a
spatial resolution of 4 km, and may be downloaded with a temporal resolution of either 30 minutes or 1 hour, depending on the
user’s preference. The current Version 3 of the NSRDB uses an improved solar radiation model and improved meteorological
inputs for aerosol optical depths, precipitable water vapor, temperature, pressure, and relative humidity (Sengupta et al., 2019).

The source of the improved meteorological inputs is NASA’s Modern Era Retrospective Analysis for Research and Applications
Version 2 (MERRA-2). The 5° x 0.625° gridded MERRA data are downscaled for the higher resolution NSRDB 4-km (0.04°)
pixels. The use of hourly aerosol optical depth and precipitable water vapor data should allow the NSRDB irradiance data to
include the effect of the variability and any long-term trends of aerosol optical depth and precipitable water vapor.

However, the complexity of producing satellite-derived irradiance data may introduce other errors. For example, calibration
adjustments are periodically needed to correct for degradation of the satellite’s sensor and to smooth abrupt changes when
transitioning from one satellite generation to the next or when repositioning one GOES satellite to substitute data for a problematic
GOES satellite (Habte et al., 2020).

Besides providing irradiance data for both cloudy and clear skies (all-sky data), the NSRDB provides supplemental irradiance
data for clear-sky conditions and a data flag to indicate whether the skies are actually clear and free of clouds. This clear-sky data
from the NSRDB is used in this work in a similar fashion to the clear-sky irradiance data modeled using the Ineichen model.

For this work, we evaluate three methods for providing irradiance data for determining the degradation rate of PV systems: (1)
Clear-Sky Model: Using irradiance data modeled with the Ineichen clear-sky model and monthly Linke turbidity coefficients; (2)
Clear-Sky NSRDB: Using the supplemental clear-sky irradiance data from the NSRDB; and (3) All-Sky NSRDB: Using the
daytime NSRDB solar irradiance data for both cloudy and clear-sky conditions.

The irradiance data from the three methods are compared with measured irradiance data from the seven station Surface
Radiation budget (SURFRAD) network for determining the POA. For success in determining the degradation rate of PV systems,
year-to-year changes in POA from the methods should be the same as that determined from the SURFRAD station measurements.
If not, a calculated PV degradation rate will be erroneously small or large.
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Nomenclature

BSRN Baseline Surface Radiation Network Kq Diffuse horizontal transmittance
Cl Confidence interval (%) Kn Direct normal transmittance
DHI Diffuse horizontal irradiance (W/m?) Kt Global horizontal transmittance
DHlcsm Clear-sky modeled diffuse horizontal NOAA National Oceanic and Atmospheric
irradiance (W/m?) Administration
DHlcsn Clear-sky NSRDB diffuse horizontal NSRDB National Solar Radiation Data Base
irradiance (W/m?)
DHIn Measured diffuse horizontal irradiance POA Plane-of-array irradiance (W/m?)
(W/m?)
DHI, All-sky NSRDB diffuse horizontal irradiance  POAcsm Plane-of-array irradiance determined from clear-
(W/m?) sky modeled diffuse horizontal and direct normal
irradiance (W/m?)
DNI Direct normal irradiance (W/m?) POA:sn Plane-of-array irradiance determined from clear-

sky NSRDB diffuse horizontal and direct normal
irradiance (W/m?)

DNlcsm Clear-sky modeled direct normal irradiance POAm Measured plane-of-array irradiance (W/m?)
(W/m?)
DNlcsn Clear-sky NSRDB direct normal irradiance POAmdd Plane-of-array irradiance determined from
(W/m?) measured diffuse horizontal and direct normal
irradiance (W/m?)
DNIinm Measured direct normal irradiance (W/m?) POA, Plane-of-array irradiance determined from all-

sky NSRDB diffuse horizontal and direct normal
irradiance (W/m?)

DNI, All-sky NSRDB direct normal irradiance PV Photovoltaic
(W/m?)
GHI Global horizontal irradiance (W/m?) SURFRAD  Surface radiation budget network
GHlesm Clear-sky modeled global horizontal u Uncertainty related to the method’s diffuse
irradiance (W/m?) horizontal and direct normal irradiance
GHln Measured global horizontal irradiance (W/m?)  us Uncertainty related to using measured diffuse
horizontal and direct normal irradiance (%)
GHlmag Global horizontal irradiance determined from 6, Sun zenith angle

measured diffuse horizontal and direct normal
irradiance (W/m?)
lo Extraterrestrial irradiance (W/m?)

2. Measured Data
2.1 SURFRAD Network

Measured irradiance data from the SURFRAD network were compared with the irradiance data provided by the three methods.
The SURFRAD network consists of seven stations and is operated by the National Oceanic and Atmospheric Administration
(NOAA) to provide continuous and high-quality surface radiation budget measurements to support climate research, weather
forecasting, satellite, and educational communities (Augustine et al., 2000). The stations are located near Bondville, IL; Boulder,
CO; Desert Rock, NV; Fort Peck, MT, Goodwin Creek, MS; Penn State University, PA; and Sioux Falls, SD.

Data used for this work include the GHI, DNI, DHI, and the ground-reflected irradiance (GRI) for determining albedo. The first
SURFRAD stations were deployed in 1995, but we use data beginning in 1998 and ending in 2018 to match the availability of the
NSRDB data. Additionally, beginning data for three stations are after 1998 because of their initial deployment—1999 for Desert
Rock, NV; 1999 for Penn State University, PA; and 2004 for Sioux Falls, SD.

The SURFRAD network irradiances are measured using Spectrolab SR-75 pyranometers for GHI and GRI, Eppley 8-48
pyranometers for DHI, and Eppley normal incidence pyrheliometers for DNI. All radiometers are replaced annually with newly
calibrated instruments. Stations are automated and maintenance is performed at least weekly to clean radiometer domes and lenses.
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The GRI measurement is performed with a ground-facing pyranometer installed on a 10-m tower on the end of a 2.4-m horizontal
cross arm 9 m above the ground.

Prior to 2009, the temporal resolution of the data is 3 minutes. For 2009 and after, the temporal resolution is 1 minute. For
consistency, we reformatted 2009 and later as 3-minute resolution data files for use with the method to detect clear skies. Additional
files were reformatted with a 30-minute temporal resolution to match the temporal resolution and the time-stamp method of the
NSRDB data. The time stamp for the NSRDB represents the midpoint of the time interval. For 30-minute resolution data, a
timestamp of 10:00 represents data from 9:45 to 10:15.

2.2 Data Screening

The SURFRAD irradiance data were screened to eliminated data with values indicating missing data or data outside expected
ranges. Expected ranges were from 0 to 1500 W/m? for GHI, -10 to 1200 W/m? for DNI, 0 to 900 W/m? for DHI, and 0.05 to 0.99
for albedos calculated from the GHI and GRI. Small negative values which might exist because of variations in temperature
gradients within the instrument’s body from changing environmental conditions were allowed for the DNI measurement. These
values were reset to zero prior to use. Erroneous albedo values of one or greater typically occur when snow is present on the GHI
instrument but the GRI measurement is not affected.

Further screening was performed to use only data when the sun zenith angle, 6,, was less than 80° and when GHI, DNI, and DHI
met the requirements of the three-component test developed by Maxwell et al. (1993). The three-component test checks for
consistency between GHI, DNI, and DHI using the known relationship that the GHI should equal the DHI plus the DNI multiplied
by cos 6,. The test is performed in K-space, using dimensionless values by normalizing by the extraterrestrial irradiance, o, to
determine the direct normal transmittance, K,, the global horizontal transmittance, K, and the diffuse horizontal transmittance, Kg.
A tolerance of £0.03 allows for normal measurement errors.

The three transmittances are defined by Egs. (1) through (3), and the GHI, DNI, and DHI meet the requirements of the three-
component test when Eq. (4) is satisfied.

Kn=DNI/ I, 1)
Ki=GHI/ (I, - cos 6;) )
Ka=DHI/ (lo - cos 6,) 3)
-0.03 < Ki - Ky - Kg <+0.03 (4)

For comparison with other methods, Eq. (4) is similar but more rigorous than the Baseline Surface Radiation Network (BSRN)
quality control procedure which requires the DHI plus the DNI component on a horizontal surface to be within 8% of the GHI for 6,
less than 75° and for GHI greater than 50 W/m? (Long and Dutton, 2010; Roesch et al., 2011). Application of Eq. (4) reduced the
available data by 15% to 25% depending on the SURFRAD station. Within this range, the available data for a station did not appear
to influence the results provided in Section 3.

For the methods using only clear-sky irradiances, additional screening steps are described in the respective sections.

3. Methods and Results

The DNI and DHI irradiance data from each of the three methods were used with the Perez tilted surface model to calculate the
POAs for an equator-facing latitude-tilt surface, representative of a potential PV array, for each SURFRAD station location. For
comparison with POAs derived from measurements, SURFRAD-measured values of DNI and DHI were used with the Perez tilted
surface model to calculate POAs for the same tilted surfaces and locations.

For each year, the POAs based on the methods and the SURFRAD data were summed, using only data for times meeting the
screening requirements of Section 2.2 and any additional screening requirements of the method. To show year-to-year relative
changes in the method POA versus the SURFRAD-based POA, ratios were determined by dividing the yearly sum of the method
POA by the yearly sum of SURFRAD based POA. If the SURFRAD based POA represents the true value, a change in ratio from
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year-to-year reflects an error of the same magnitude if determining a PV system degradation rate using the method’s irradiance
data.

We performed linear least-squares fits of the ratios versus year to determine the slope (% / year) for periods that might be used
for evaluating PV system performance: 3, 5, and 10 years. (For 3-year periods, this includes separate fits for 1998-2000, 1999
2001, 2000-2002, and so on). The 95% confidence intervals for the fitted slopes were determined as twice the root-mean-square
difference between the fitted slopes and zero and provide information on the departure of the methods relative to the measured-
based POAs.

3.1 Clear-Sky Model

For this method, the periods of clear skies were determined using the SURFRAD 3-minute resolution GHI, data and a PVLIB-
Python v0.6.4 implementation of the Detect Clearsky model. Standard defaults were used, except for the sliding window time,
which was increased from 10 minutes to 15 minutes to better accommodate the use of 3-minute resolution data instead of 1-minute
resolution data. The Detect Clearsky model compares the measured GHI values with those from a clear-sky irradiance model over
the time of the sliding window and identifies data as clear-sky if it meets criteria related to the GHI mean, maximum, and rate-of-
change.

An example of the clear-sky periods that were detected is shown in Fig. 1 for Boulder, CO, for June 1, 2006. Times of the clear
skies detected are represented by the red line, and times detected as not having clear skies are represented by black x’s. Except for a
few disturbances in the morning, the Detect Clearsky model indicated that skies were clear until about 2:00 p.m., not clear from
then until about 6:00 p.m., and then followed by a brief period of clear skies before sunset. This would be a typical day for Boulder
for that time of year, clear mornings followed by partly cloudy skies in the afternoon.

1200
| Boulder, CO
June 1, 2006
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800 —

600 —

GHI (W/ m?)

400 —
X = not clear-sky

200 -

4 8 12 16 20
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Fig. 1. Clear-sky periods detected by the Detect Clearsky model for Boulder, CO, for June 1, 2006. Black x’s represent times
determined to have skies that were not clear.

The clear-sky irradiances GHlcsm, DNIcsm, and DHIcsm were modeled using the PVLIB-Python v0.6.4 implementation of the
Ineichen model by Holmgren et al. (2018). The clear-sky modeled POA, POAcsm, was determined using the Perez tilted surface
model, the input irradiances DNIm and DHIcsm, and a fixed albedo of 0.2. For comparison, POAmqs Was determined using the Perez
tilted surface model, the measured SURFRAD irradiances DNI, and DHI, and the measured SURFRAD albedo.

For each year and location, POAcsm and POAmgq values were summed using data for times meeting the SURFRAD data screening
requirements of Section 2.2 and the following additional requirements of the Clear-Sky Model method:

e all 3-minute resolution data within the 30-minute resolution data period detected as clear sky
e both POAm and POAmgq greater than 200 W/m?, and
e POA:sm and POAmq within £15% of each other.
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To show year-to-year relative changes in POAcsm versus POAmdq, ratios were determined by dividing the yearly sum of the
POAsm by the yearly sum of POAmqq. Ratios greater than one indicate that POA sums derived from the modeled clear-sky data are
greater than the POA sums derived from the SURFRAD measurements, and vice versa. Fig. 2 show the ratios by year and station.
In general, the annual POAsm is within 5% of POAmgq and there is a decrease in POAcsm relative to POAmg over time. Because
the clear-sky model uses the same monthly Linke turbidity coefficients year to year, this implies the actual clear sky POA increased
slightly because POAsm represents the case where clear-sky irradiance levels do not change from year to year.
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Fig. 2. Ratios of annual sums of POAcsm to POAmqq for the seven SURFRAD stations for data meeting the clear-sky model
screening criteria.

Linear least-squares fits of the ratios versus year were performed to determine the slope (%/year) for 3-, 5-, and 10-year periods.
The fitted slopes for Boulder, CO, are shown in Fig. 3. Slopes are closer to zero for the longer periods.
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Fig. 3. Fitted slopes of the POAcsm to POAmq ratios for 3-, 5-, and 10-year periods for Boulder, CO.

The 95% confidence intervals for the fitted slopes were determined as twice the root-mean-square difference between the fitted
slopes and zero. These values are shown in Table 1 for the three period lengths and for each location. A longer period improves the
confidence interval and introduces less error when determining the degradation rate of a PV system.
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Table 1
95% Confidence intervals for POAsm representing year-to-year trends in POAmqq for 3-, 5-, and 10-year periods.

Station 95% Confidence Interval (%)
3-Year 5-Year 10-Year
Bondville, IL 153 0.81 0.33
Boulder, CO 1.17 0.62 0.24
Desert Rock, NV 1.26 0.71 0.22
Fort Peck, MT 1.33 0.71 0.18
Goodwin Creek, MS  1.13 0.54 0.46
Penn State Univ, PA  0.87 0.49 0.14
Sioux Falls, SD 1.31 0.47 0.21
All Stations 1.24 0.64 0.28

3.2 Clear-Sky NSRDB

The Clear-Sky NSRDB method is similar to the clear-sky method in Section 3.1, but the 30-minute periods of clear sky are
determined from the NSRDB data by comparing the data field values for clear-sky DNI (DNIcsn) and DHI (DHlcsn) and all-sky DNI
(DNI,) and DHI (DHI,) to ensure that they are the same, respectively. For this situation, the NSRDB considers the all-sky condition
to be clear skies. Additionally, the source flag for the clear-sky data is checked to ensure that the clear-sky data were not filled
because of missing information.

The clear-sky modeled POA, POAsn, was determined using the Perez tilted surface model, the input irradiances DN, and
DHlcsn, and the NSRDB albedos. For comparison, POAmqq Was determined as in Section 3.1 using the Perez tilted surface model,
the measured SURFRAD irradiances DNIy, and DHI,, and the measured SURFRAD albedo.

For each year and location, POAcs, and POAmgq values were summed using data for times meeting the SURFRAD data screening
requirements of Section 2.2 and the following additional requirements for the Clear-Sky NSRDB method:

¢  DNl¢n = DNIyand DHIgs, = DHI,

o clear-sky data source flag indicates not filled

e both POA, and POAmq greater than 200 W/m?, and
e POA:n and POAmqq within £15% of each other.

Like Section 3.1, year-to-year relative changes in POA» versus POAmqq are expressed as ratios determined by dividing the yearly
sum of the POA:s, by the yearly sum of POAmq. Fig. 4 shows the ratios by year and station. Similar to the results for the clear-sky
model method, the annual POAn is generally within £5% of POAmd and there is a decrease in POAs, relative to POAmqq over
time.
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Fig. 4. Ratios of annual sums of POAs, to POAma for the seven SURFRAD stations for data meeting the clear-sky NSRDB
screening criteria.
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Table 2 provides the 95% confidence intervals for the slopes from the linear least-squares fits of the ratios versus year for the 3-,
5-, and 10-year periods. Compared to Table 1, the confidence intervals are slightly less for the 3-year period, but slightly more for
the 5- and 10-year periods.

Table 2

95% Confidence intervals for POAn representing year-to-year trends in POAmqq for 3-, 5-, and 10-year periods.
Station 95% Confidence Interval (%)

3-Year 5-Year 10-Year

Bondville, IL 0.90 0.67 0.44
Boulder, CO 1.10 0.62 0.39
Desert Rock, NV 1.21 0.78 0.23
Fort Peck, MT 1.73 1.00 0.21
Goodwin Creek, MS  1.10 0.71 0.55
Penn State Univ, PA  0.76 0.39 0.16
Sioux Falls, SD 1.20 0.57 0.19
All Stations 1.18 0.71 0.35

Compared to the Clear-Sky Model method, the Clear-Sky NSRDB method identified significantly more of the 30-minute time
periods to have clear skies. For the Clear-Sky Model method, the percentage of data identified clear-sky ranged from 12% for Penn
State Univ, PA, to 52% for Desert Rock, NV, compared to 37% and 74%, respectively, for the Clear-Sky NSRDB method. About
98% of the data identified as clear sky by the Clear-Sky Model method was also identified clear sky by the Clear-Sky NSRDB
method.

Further measures to screen for clear-sky data did not improve the 95% confidence intervals. These measures included further
restricting data such that it was also identified clear sky by the Clear-Sky Model method. Also evaluated was requiring the 30-
minute periods before and after the period of interest to also be identified clear sky by the Clear Sky NSRDB method.

3.3 All-Sky NSRDB

This method uses essentially all the irradiance data from the NSRDB—for clear skies, overcast skies, and partly cloudy skies. No
additional data screening is applied beyond the SURFRAD data screening requirements of Section 2.2. The all-sky modeled POA,
POA., was determined using the Perez tilted surface model, the input NSRDB all-sky irradiances DNI, and DHI,, and the NSRDB
albedos. For comparison, POAmq was determined as in Section 3.1 and 3.2 using the Perez tilted surface model, the measured
SURFRAD irradiances DNIy and DHIm, and the measured SURFRAD albedo.

For each year and location, POA, and POAm4q Values were summed using data for times meeting the SURFRAD data screening
requirements of Section 2.2. Like Section 3.1 and 3.2, year-to-year relative changes in POA, versus POAmqq are expressed as ratios
determined by dividing the yearly sum of the POA, by the yearly sum of POAmq. Fig. 5 show the ratios by year and station. The
results are less favorable than for either of the clear-sky methods. The annual POA,, values depart as much as 15% from POAmqq
values. (Note: the y-axis scale is twice as large in Fig. 5 compared to Fig. 2 and Fig. 4 to accommodate the larger spread of data.)
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Fig. 5. Ratios of annual sums of POA, to POAmdq for the seven SURFRAD stations when using the all-sky NSRDB data.

Table 3 provides the 95% confidence intervals for the slopes from the linear least-squares fits of the ratios versus year for the 3-,
5-, and 10-year periods. These confidence intervals are much larger than those for either of the clear-sky methods. The one
exception is Desert Rock, NV, whose all-sky conditions are predominately clear skies.

Table 3

95% Confidence intervals for POA, representing year-to-year trends in POAmqq for 3-, 5-, and 10-year periods.
Station 95% Confidence Interval (%)

3-Year 5-Year 10-Year

Bondville, IL 3.16 2.10 1.47
Boulder, CO 3.50 1.96 0.98
Desert Rock, NV 1.33 0.69 0.28
Fort Peck, MT 5.49 4.10 1.45
Goodwin Creek, MS  3.28 2.17 1.63
Penn State Univ, PA  3.43 241 1.39
Sioux Falls, SD 291 1.84 1.01
All Stations 3.52 2.41 1.27

4. Uncertainty

Year-to-year changes in the ratios of a method POA to the SURFRAD-based POA are primarily a consequence of errors in the
method’s irradiances and errors in the SURFRAD DNI and DHI measurements. Because random errors cancel when summing
hourly or shorter interval POAs to determine the annual POA, the error of interest is the systematic or bias error.

Also, errors associated with the Perez model and albedo did not contribute significantly to the year-to-year changes in the ratios or
their rate of change. Prior work determined the systematic error in the Perez model to be 0.6% or less for 5-, 15-, and 60-minute
data for three climatically diverse locations with high quality solar radiation measurements (Marion, 2015). Because this small
systematic error is present in both the numerator and denominator, and should be nearly the same, its effect is not significant on the
resultant ratio.

SURFRAD based POAs used the albedo measured at the SURFRAD station for input to the Perez model, while the clear-sky
method used a value of 0.2 which is consistent with the typical use of this method. The clear-sky and all-sky NSRDB methods used
the albedo values from the NSRDB. The effect of the choice of albedo source was evaluated by performing simulations using the
SURFRAD-measured albedo for all methods. This did not significantly alter the rate of change of the ratios and the 95% confidence
intervals in Tables 1 through 3; consequently, errors associated with albedo were not significant.

For understanding the importance of the systematic errors in the SURFRAD DNI and DHI measurements, we determined the
ratios of the annual sum of GHI calculated from the measured DNIy, and DHIy (GHImgq) to the annual sum of the measured GHIp.
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Data were screened using the same criteria as for the Clear-Sky Model method. These ratios are shown in Fig. 6 for all years and
stations. Compared to the irradiance methods, the ratios are much closer to a value of one, but an error in the measurements is
obvious because the two methods for determining the GHI do not give the same result.
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Fig. 6. Ratios of annual sums of the measured GHI, to the GHIngq calculated from measured DNI and DHI for the seven
SURFRAD stations when using clear-sky data.

Table 4 provides the 95% confidence intervals for the slopes from the linear least-squares fits of the ratios versus year for the 3-,
5-, and 10-year periods. The nonzero confidence intervals are attributed to errors in the measurements. The annual replacement of
SURFRAD instruments with newly calibrated instruments explains some of the error. Both the measurements used to calculate the
GHI and the actual measurement of GHI are subject to error, but for the types of instruments deployed at the SURFRAD locations,
Gueymard and Myers (2009) report that for clear skies the calculation of GHI from DNI and DHI has an achievable uncertainty of
less than 3%, which is about half the uncertainty of the actual measurement of GHI with the Spectrolab SR-75 pyranometer.

Under clear or partly cloudy skies, this type of pyranometer suffers from an error associated with the angle-of-incidence of the
beam radiation (cosine error) and an error from a thermal offset between the thermopile of the pyranometer and a colder sky. The
calculation of GHI from DNI and DHI is not subject to these errors because the DNI is measured with an Eppley normal incidence
pyrheliometer and the DHI is measured with an Eppley 8-48 pyranometer with a shading ball. The Eppley 8-48 pyranometer does
not have significant thermal offset error because it measures a differential signal between the black and white surfaces of its
detector. The Eppley 8-48 pyranometer is also shielded from the beam radiation and its resulting cosine error by a shading ball
which tracks the location of the sun.

Table 4

95% Confidence intervals for GHI, representing year-to-year trends in GHlmgqg for 3-, 5-, and 10-year periods.
Station 95% Confidence Interval (%)

3-Year 5-Year 10-Year

Bondville, IL 0.82 0.38 0.12
Boulder, CO 0.90 0.31 0.09
Desert Rock, NV 1.08 0.51 0.17
Fort Peck, MT 1.52 0.71 0.14
Goodwin Creek, MS  0.75 0.36 0.12
Penn State Univ, PA  0.97 0.43 0.08
Sioux Falls, SD 1.07 0.30 0.09
All Stations 1.04 0.45 0.12

To evaluate the contribution of the measurement error of the DNI and DHI for the confidence intervals in Table 4 for “all
stations”, we considered the uncertainty in the GHI measurement to be twice the uncertainty of when calculating it from DNI and
DHI, and used the relationship that the square of the total uncertainty is equal to the sum of the squares of the individual
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uncertainties. For example, for the 3-year confidence interval in Table 4 for “all stations,” 1.04% = us? + (2us)?, where Us is the
uncertainty related to using the measured DNI and DHI for determining the year-to-year trends and 2us is the uncertainty related to
using the measured GHI. The solution for us is £0.46% for this example. For the 5- and 10-year periods, us is £0.20% and £0.054%,
respectively when determined in the same manner. For comparison, the 2us uncertainties for the GHI measured with the
pyranometer for the 3-, 5- and 10-year periods are £0.92%, +0.40%, and +0.11%.

Using the same reasoning, the us associated with the DNI and DHI measurements may be removed from the confidence intervals
(Cls) in Tables 1 through 3 with Eq. 5 to provide the uncertainty of a method, u, for the “all stations” analysis that represents the
uncertainty of a method’s irradiance values for determining the year-to-year trends or degradation rates. The values of us are small;
consequently, the values of u are only slightly reduced from the values of Cl and a different assumption concerning the relative
measurement error associated with measuring the GHI or calculating the GHI from measured values of DNI and DHI would not
significantly change the values of u.

u=(CP - u2)¥2 ()

These results are shown in Table 5. Only the clear-sky methods for the 10-year periods have less uncertainty than an expected
median degradation rate of -0.5%/year to -0.6%/year. As an example of how the uncertainties are applied, if the Clear-Sky Model
method determined a 10-year degradation rate of —0.6%/year, with error limits the degradation rate would be expressed as (—0.6%
+0.27%)/year.

Table 5
Uncertainty of PV degradation rate for each irradiance method and for “all stations” for 3-, 5-, and 10-year periods.
Method Uncertainty (%) for 95% CI
3-Year 5-Year 10-Year
Clear-Sky Model 1.15 0.61 0.27
Clear-Sky NSRDB 1.08 0.69 0.35
All-Sky NSRDB 3.49 2.40 1.27
5. Discussion

Of the three methods evaluated for providing irradiance data for determining the degradation rate of PV systems, the Clear-Sky
Model and Clear-Sky NSRDB methods provided the most favorable results, but only 10-year periods had uncertainties less than
an expected median degradation rate of -0.5%/year to -0.6%/year.

The Clear-Sky Model method uses the same monthly Linke turbidity coefficients for all years. This is convenient for its
implementation, but it may not capture year-to-year variations and long-term trends in aerosol optical depth and precipitable water
vapor. With ongoing climate change and smoke from record forest fire activity in the United States, this may be a limiting factor.
Additionally, volcanic activity could be particularly disruptive to this method, such as the eruption of El Chichon in 1982 or Mount
Pinatubo in 1991. These effects were felt worldwide, with peak reductions of 20% for DNI and of 10% for GHI for an extended
time. Atmospheric aerosols resulting from Mount Pinatubo diminished the solar irradiance for 3.5 years (Wilcox, 2012).

The Clear-Sky NSRDB method uses hourly aerosol optical depth and precipitable water vapor data derived from MERRA data,
but for the periods evaluated, it did not show an overall improvement over the Clear-Sky Model method. Due to the data
processing steps involved, availability of the NSRDB data may be delayed 6-18 months from the time of the PV system
measurements.

The All-Sky NSRDB method does not appear to be a useful method because the uncertainty for all time periods was
significantly more than typical degradations rates. Annual POAs for this method differed by as much as 15% from the POAs
related to the SURFRAD measurements. This resulted in high uncertainties for the method. Consistent with our findings, a
previous evaluation of the NSRDB by Habte et al. (2015) showed that errors were less under clear-sky conditions.

More accurate measurements of PV degradation rates require good quality pyranometers that are adequately maintained and
operated for measuring the POA. Vignola et al. (2009) recommends: (1) using the same pyranometer for the life of the PV system
S0 measurements are not impacted by the unique response characteristics of different pyranometers; (2) calibrating and cleaning the
pyranometer regularly; and (3) not changing calibration factors until the degradation rate for the pyranometer has been determined
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over several calibration runs, and then implementing accordingly the pyranometer responsivity versus time. This will provide a
POA relative uncertainty of £1% over the period of interest. For the 3-, 5-, and 10-year periods of this study, the corresponding
uncertainties of the POA measurement with respect to determining PV degradation rates would be £0.33%, +0.20%, and +0.10%.
Compared to the uncertainties in Section 4 for the SURFRAD GHI measured with pyranometers that are changed every year, this is
a notable improvement, particularly for the shorter periods.

6. Summary

Three methods for providing irradiance data for determining the degradation rate of PV systems were evaluated: the Clear-Sky
Model method using irradiance data modeled with the Ineichen clear-sky model and monthly Linke turbidity coefficients; the
Clear-Sky NSRDB method using the supplemental clear-sky irradiance data from the NSRDB; and the All-Sky NSRDB method
using the daytime NSRDB solar irradiance data for both cloudy and clear-sky conditions.

The irradiance data from the three methods were evaluated using measured irradiance data from 1998 through 2018 for the
seven-station SURFRAD network and for 3-, 5-, and 10-year periods that might be used for evaluating PV system performance.
Only the clear-sky methods for the 10-year periods had less uncertainty than an expected median degradation rate of -0.5%/year to
-0.6%/year. Shorter periods and the All-Sky NSRDB method had larger uncertainties, resulting in their use being questionable for
determining the degradation rates of PV systems. Compared to the best-practices method of Vignola described in Section 5 that
uses a pyranometer to measure the POA, the uncertainties of the clear-sky methods are a factor of 3 greater.

This work only examined the uncertainty of the POA irradiance with respect to determining PV system degradation rates.
Although it is the primary influence on PV system performance, other factors also influence performance and should be evaluated
with respect to the uncertainties they may introduce when determining PV system degradation. As discussed in the Introduction,
these factors include the operating temperature of the PV modules, angle-of-incidence, soiling, snow, spectral mismatch,
efficiency of the inverter for the power output, and inverter clipping.
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