Module Characterization

Energy Prediction Adjustment for Local Spectrum

Purpose

This document describes the means, methods, and data requirements necessary to compute spectral
shift factors for First Solar modules for the purpose of deriving inputs for energy predictions.

Results

First Solar modules are rated under Standard Test Conditions (STC) assuming a spectral distribution as
defined by ASTM G173 for an Air Mass of 1.5. Much like temperature and total irradiance, site-specific
spectral irradiance will deviate from STC, resulting in varying performance with regard to module
nameplate. The following procedure presents a method to account for this difference by defining a new
variable called the spectral shift factor (M) which can be used as an input for energy predictions. The
spectral shift factor for First Solar modules is primarily driven by two factors, atmospheric precipitable
water (Pwot) and absolute air mass (AM,).

Precipitable water, also known as the integrated water vapor, is the depth of water in a column of the
atmosphere if all of the water in that column were condensed into a container on the earth’s surface.
Absolute air mass, also known as elevation adjusted air mass, is a measurement of how much
atmosphere irradiance must pass through before it reaches the earth’s surface. An AM, of 1
corresponds to the sun being directly overhead (90° from the horizon) when at sea-level, AM, 1.5
corresponds to a solar position 60° from the horizon, and AM, 10 corresponds to the sun being roughly
5° above the horizon.

Consequently, to use this spectral correction method, both precipitable water and absolute air mass
data are needed in order to run an energy prediction. If precipitable water is not available, either
relative humidity and ambient temperature or dew point and ambient temperatures can be used to
approximate it. Absolute air mass is a function of solar geometry and surface level atmospheric
pressure. If atmospheric pressure is not available, it can be estimated using surface altitude. The
following measurement variables are used in the calculation of the spectral shift factor:

=
First Solar.
www.firstsolar.com PD-5-423 Rev 3.0 9/30/2016 | Page 1 of 9



Variable Name Description Units

M Spectral Shift Factor %
Puwat Precipitable Water cm
Tamb Ambient Temperature °C
RH Relative Humidity %
Tap Dew Point Temperature °C

AM, Absolute Air Mass Unitless

AM;, Relative Air Mass Unitless
SLP Surface Level Pressure mbar
z Apparent Zenith Angle

GHI Global Horizontal Irradiance W/m?

Table 1. Key variables used in calculating the spectral shift factor.

Methods of Estimating Precipitable Water

If precipitable water is not available in the meteorological data source, either ambient temperature and
relative humidity or ambient temperature and dew point temperature can be used to approximate Pyq:.

Using Ambient Temperature and Relative Humidity to Estimate Precipitable Water

If the available weather file does not include precipitable water but does include ambient temperature
and relative humidity, the following calculations should be performed. Ambient temperature should
first be converted from degrees Celsius to degrees Kelvin:

Tambi = Tamp + 273.15

Next, precipitable water is estimated from ambient temperature and relative humidity on an hourly

basis*:
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For example, if RH =70% and Tamb = 30°C, Pu: is estimated at by the above equation to be 4.7 cm. The
expected range of precipitable water is 0.1 cm to 8.0 cm.
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Using Ambient Temperature and Dew Point Temperature to Estimate Precipitable Water

If the available weather file does not include precipitable water or relative humidity but does include
ambient and dew point temperatures, the following calculations should be performed. Relative
humidity should first be estimated from ambient and dew point temperatures?:

17.1T gy

234.2+T
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For example, if dew point temperature is 15°C and ambient temperature is 20°C, RH is estimated to be
72.6%. Once RH is estimated, the equation in the previous section for estimating Pwe: from RH and Tomp
should be used.

If precipitable water is available in the meteorological data source, the above calculations need not be
performed.

Methods of Estimating Absolute Air Mass

Absolute air mass is not commonly available in meteorological data sets and cannot be measured directly.
Fortunately, AM. is primarily a function of sun-earth geometry, and it can therefore be easily estimated for any
location on earth at any moment in time. All of the functions used to estimate absolute air mass are contained
within PV_LIB, a set of well documented functions for simulating the performance of photovoltaic energy systems
that was developed by Sandia National Laboratories. PV_LIB is freely available, and all of the functions have been
transcribed into both MATLAB and Python computing languages®.

AMy. is a function of relative air mass (AM) and surface level atmospheric pressure:

SLP

AM, =AM, ————
@ " 1013.25 mbar

If pressure is not available, it can be estimated from surface altitude (ATL), where ALT is in meters®:

44331514 — ATL\(/01902632)
= < 11880.516 )

AM: is a function of apparent zenith angle. It can be estimated using the methodology proposed by Kasten and
Young®:

1

AM, =
"7 cos(Z) + 0.50572 x (6.07995 + (90 — Z)~16364)

Apparent zenith angle can be calculated using a wide array of solar position model models. Grover Hughes of
Sandia National Laboratories proposed a solar position model that has been validated using other sun-pointing
algorithms and by other astronomical and satellite tracking tests’. This full solar position algorithm has been
transcribed into MATLAB and Python by Sandia National Labs and the PV Performance Modeling Collaborative
(PVPMC)*. In addition, First Solar has transcribed the Grover solar position algorithm into an Excel tool, PD-5-
423 EX, which may be used to assist in spectral calculations®.
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Calculating Spectral Shift Factor from Precipitable Water and Absolute Air Mass

The spectral shift factor is estimated for each prediction time interval (commonly 1 hour) from
precipitable water (cm) and absolute air mass (unitless) using the algorithm below®. The spectral
correction is of a simple functional form so that it can be computed with relative ease. The following
equation should be used to compute spectral shift for all First Solar modules:

AM,

\ Pwat

The values of coefficients by through bs are dependent on the module series being modeled. As shown
in Table 2 below, there is one set of coefficients for First Solar Series 4-2 modules and later (FS-4XXX-2,
FS-4XXXA-2, FS-4XXX-3, FS-4XXXA-3) and another set of coefficients for Series 4-1 modules and earlier
(FS-2XX, FS-3XX, FS-3XX-LV, FS-3MDXX, FS-3XXR, FS-3XXR-LV, FS-3XXA-Plus, FS-3XX-Plus, FS-4XXX and
FS-4XXXA). The spectral correction model can also be applied to crystalline silicon type PV modules.
Representative coefficients for mono-crystalline silicon (Mono-Si) and poly-crystalline silicon (Poly-Si)
PV modules are also contained in Table 2. The coefficients for Mono-Si and Poly-Si modules are intended
as representative examples. While research suggests that the provided coefficients are reasonable
approximations, First Solar has not confirmed that the provided coefficients are applicable to all
modules of each respective technology type.

M=b0+b1'AMa+b2'pwat+b3'1/AMa+b4'1/pwat+b5'

Module bo b1 b, b3 bs bs
FS4-2 and Later 0.86273 -0.038948 -0.0125060 0.098871 0.084658 -0.0042948
FS4-1 and Earlier 0.79418 -0.049883 -0.0134020 0.167660 0.083377 -0.0044007
Mono-Si 0.85914 -0.020880 -0.0058853 0.120290 0.026814 -0.0017810
Poly-Si 0.84090 -0.027539 -0.0079224 0.135700 0.038024 -0.0021218

The spectral correction is applicable to precipitable water values between 0.1 cm and 8 cm. Py, values
outside of this range are uncommon, and should be double checked to ensure data quality. If deemed
accurate, Puqt values below 0.1 cm must be replaced with 0.1 cm or filtered from the dataset in order
to ensure model stability. Pwq: values above 8.0 cm will not cause the model to destabilize, but should
be treated as suspect.

Similarly, the spectral correlation is applicable to absolute air mass conditions between 0.58 and 10.
AM, conditions below 0.58 only occur at elevations higher than permanent human settlements and
should be treated as highly suspect. AM, values greater than 10 occur near sunset and sunrise when
overall irradiance conditions are low. To ensure model stability, AM, values greater than 10 must be set
equal to 10 or excluded.

First Solar introduced PlantPredict, a cloud-based web application that allows users to develop solar
energy estimates for utility scale PV applications®. PlantPredict has the spectral correction method
proposed by Lee and Panchula® natively included. In PlantPredict, spectral corrections can be applied
on an hourly basis.

First Solar recognizes that some PV simulation applications, such as PVsyst, do not have spectral shift
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natively included. Moreover, these applications often do not allow the user to calculate spectral shift
on their own and input hourly performance corrections. When this is the case, the effects of spectrum
can be reasonably approximated using monthly corrections [11]. For use in PVsyst, hourly spectral shift
values should be irradiance weighted and averaged for each calendar month to yield aggregate monthly
spectral shift factors. The resulting spectral shift factor shall be presented as a relative loss or gain with
regard to nominal energy (M = 100%). For each calendar month:

_ Z(My x GHIy)

M = Y GHI,

where, M, is the monthly spectral shift factor, M, is the hourly spectral shift factor for the given month,
and GHIy is the hourly irradiance measurement for the given month. Following standard PVsyst loss
notation, positive values of My, represent a loss in energy due to spectrum while negative values
represent an energy gain. Example annualized calculations for selected geographical regions are
included in the Appendix.

A Convenient Method of Inputting Monthly Spectral Shift Factors into PVsyst

Once the spectral shift factor is computed and aggregated on a monthly basis, the factor is used to
adjust modeled plant performance. As a matter of convenience, this loss factor is combined with the
monthly soiling loss input in PVsyst. For example, if, for a given month, the soiling loss is 4% and the
spectral loss is -1% (with respect to nominal energy), then a soiling loss of 3% is input into PVsyst. An
additional example of combining the soiling and spectral inputs for each month of the year is given in

Table 3.

Month Soiling Loss Spectral Loss PVsyst Soiling Loss Input
Jan 4.00% 2.42% 6.42%
Feb 4.00% 2.17% 6.17%
Mar 4.00% 0.63% 4.63%
Apr 4.00% -0.56% 3.44%
May 4.00% -1.85% 2.15%
Jun 4.00% -2.69% 1.31%
Jul 4.00% -3.52% 0.48%
Aug 4.00% -3.37% 0.63%
Sep 4.00% -2.70% 1.30%
Oct 4.00% -0.07% 3.93%
Nov 4.00% 1.38% 5.38%
Dec 4.00% 2.02% 6.02%

Table 3. Example of combining soiling and spectral losses for input into PVsyst.

Because PVsyst does not allow negative soiling loss inputs, a workaround is required in the case that
the spectral shift gain exceeds the soiling loss in any given month. In such cases, we recommend in-
creasing the soiling loss so that the most negative monthly combined spectral and soiling loss equals
zero and offsetting this increase with a decrease in the module quality loss. For example, if soiling values
in Table 3 were decreased to 1%, there would be several months in which a negative soiling loss input
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would occur, the most negative of which would have a desired input of -2.5%. For this case, we would
recommend reducing the desired module quality loss by 2.5% and increasing the soiling loss by 2.5%
which would result in a net zero change in loss factors and no negative soiling loss inputs. The rightmost
column in Table 4 represents the final recommended soiling inputs with the adjusted module quality
loss. PD-5-423 EX may be used to assist in spectral calculations.

with Desired Module Quality Loss of 0.0% with Adjusted Module Quality Loss of -2.5%
Month Soiling Loss Spectral Loss P\Il_iﬁtli‘;ﬂng S(I;\i(liij:gStLeodss Spectral Loss P\Il.zsstlf\:illlitng

Jan 1.0% 2.4% 3.4% 3.5% 2.4% 5.9%

Feb 1.0% 2.2% 3.2% 3.5% 2.2% 5.7%

Mar 1.0% 0.6% 1.6% 3.5% 0.6% 4.1%

Apr 1.0% -0.6% 0.4% 3.5% -0.6% 2.9%

May 1.0% -1.8% -0.8% 3.5% -1.8% 1.7%

Jun 1.0% -2.7% -1.7% 3.5% -2.7% 0.8%

Jul 1.0% -3.5% -2.5% 3.5% -3.5% 0.0%

Aug 1.0% -3.4% -2.4% 3.5% -3.4% 0.1%

Sep 1.0% -2.7% -1.7% 3.5% -2.7% 0.8%

Oct 1.0% -0.1% 0.9% 3.5% -0.1% 3.4%

Nov 1.0% 1.4% 2.4% 3.5% 1.4% 4.9%

Dec 1.0% 2.0% 3.0% 3.5% 2.0% 5.5%
Table 4. Example of combining soiling and spectral losses for input into PVsyst with Module Quality loss
adjustment.
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Appendix — Example Maps of Annual
Spectral Gain

Graphs included below represent an expected percent annualized spectral gain. The calculation
methods outlined above were used and averaged over the whole year, instead of determining monthly

values.

The average monthly spectral gain may not be the same as the annualized spectral gain due to the
weighting with GHI. However, the annualized spectral gain indicated in the maps is the expected net

gain due to spectral effects over a typical year.
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