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1.	
  Introduc'on	
  
Sixteen years (1994-2009) of global horizontal
radiation measurements were obtained from the
Oklahoma Mesonet (Brock, Crawford et al. 1995).
Data points were available at five-minute increments
for 108 different stations, and were extensively quality
controlled. For this study, more than 90 million solar
radiation observations were ingested into a computer
code consisting of radiation, photovoltaic and inverter
models in order to obtain estimates of photovoltaic
array output in kilowatt-hours.
The purpose of this study is to provide
estimates of energy production from 2kW
rooftop sized photovoltaic arrays in order to
encourage photovoltaic installations in the
state of Oklahoma.

2.	
  Methodology	
  
2.1	
  Mesonet	
  Observa'ons	
  
Oklahoma Mesonet solar radiation observations are
obtained from LI200S Li-Cor pyranometers
(Campbell-Scientific 1996). These pyranometers
feature a high stability silicon sensor that samples
light between 400-1100 nm in wavelength and are
accurate to within +-3%. Mesonet observations are
reported as 5 minute averages of global solar
radiation, restricted to the skyward hemisphere
(Brock, Crawford et al. 1995).

2.2	
  Solar	
  Radia'on	
  Overview	
  
The shortwave solar radiation measured by the
Mesonet pyranometers arrives in two distinct forms.
The first is direct or beam radiation, which arrives at
the sensor without having been scattered by the
atmosphere. The second form is diffuse radiation,
which is received by the sensor after being scattered
by air molecules (Rayleigh Scattering), aerosols and
water vapor. No distinction is made between these
two components in the reported observations.
However, in order to predict the amount of radiation
incident upon a tilted photovoltaic module surface, the
provided global radiation measurement must first be
separated into direct and diffuse components and then
these components must be transposed to the given tilt
angle. Both of these processes are accomplished via
radiation models.
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2.3	
  Maxwell	
  Separa'on	
  Model	
  
Citing its superiority over other separation
models (Gueymard 2009), the Maxwell Separation
Model (Maxwell 1987) was chosen to separate the
global horizontal radiation measurements used in this
study. The first step in the modeling process is
calculation of the clearness index Kt from the
observed global horizontal radiation observation Eg
and the extraterrestrial radiation Eext estimated by
Duffie 2006 (equation a).
Next, the clear sky clearness index Kn is
introduced. This index is given by the ratio between
direct normal irradiance En and the extraterrestrial
radiation, Eext (b). This direct normal irradiance (DNI)
value is required for the needed separation.

To solve for DNI, Maxwell 1987 empirically
establishes a relationship for the calculation of the
limiting value of the clear sky clearness condition Knc
(c) and the current departure from this limiting value,
∆Kn (d) through a least-squares regression analysis of
data collected in Atlanta in 1981. Where calculation of
the relative air mass is given by (e) and z is the zenith
angle of the sun
In this manner, through the relationship of the
clear sky clearness index, the clear sky clearness
index limiting value and the current departure value is
given by (f). Finally, using the clear sky clearness
index, direct normal irradiance En can be calculated
from (g).

Equations in Maxwell 1987
(a) Kt = Eg/Eext
(b) Kn = En/Eext
(c) Knc = 0.866 – 0.122·AM + 0.0121· (AM)2
– 0.000653· (AM)3 + 0.000014· (AM)4
(d) ∆Kn = a + b · exp(c · AM)
(e) AM = {cos(z) + 0.5057· (96.08 – z)-1.634}-1.0 †
(f) Kn = Knc - ∆Kn (g) En = Eext · Kn

2.4	
  	
  Separa'on	
  of	
  Global	
  Measurements	
  
The provided estimate of DNI from the Maxwell
Separation model allows estimation of the horizontal
component of beam radiation (Ebh) and beam
radiation at module tilt (Eb) from equations provided by
(Duffie 2006) (h and i). Where θ is the angle of
incidence of beam radiance on the module (j). The tilt
of the module is given as αm and the azimuth
orientation by γm. The azimuth of the sun is γ.
Calculation of the horizontal diffuse radiation
component is now straightforward and is found in
equations (k) and (m).
An estimate of diffuse radiation received on the
tilted module surface is the final component required,
and requires a radiation transposition model.

Separation Equations
(h) Ebh = En ·cos(z)
(i) Eb = En- · cos(θ)
(j) cos(θ) = cos(αm) ·cos(z) +
sin(αm) ·sin(z) ·cos(γ-γm)
(k) Eg = Ebh + Edh (m) Edh = Ebh – Eg

2.5	
  HDKR	
  Transposi'on	
  Model	
  
Tilted modules receive diffuse radiation from
several sources: isotropic radiation emitted by the
entire sky hemisphere, circumsolar diffuse radiation
surrounding the sun and horizon brightening radiation
emanating from the edges of the sky. Through the
evaluation of 10 transposition models by Gueymard
2009, the Reindl Transposition model (Reindl,
Beckman et al. 1990) was selected for use in this
study. This model is also known as the HDKR model
(Hay, Davies, Klucher, Reindl citing contributions from
(Hay 1979; Klucher 1979)).
The diffuse fraction of radiation at module tilt is
given by the Reindl transposition model as (n). Where
Ai is the anisotropy index (equivalent to Kt defined in
Maxwell model). Rb is the geometric factor, defined in
Duffie 2006 as (o). f is a modulating factor, and serves
to reduce the horizon brightening effect as cloudiness
increases (Klucher 1979) and is given (p):

HDKR Model
(n) Ed = Edh · {(1 – Ai) ·0.5· (1+cos(αm) ·
{1 + f·sin3(αm/2)} + Ai·Rb}
(o) Rb = cos(θ)/cos(z) (p) f = √Ebh/Eg

2.6	
  Photovoltaic	
  Simula'on	
  through	
  the	
  	
  	
  	
  	
  
Sandia	
  Performance	
  Model	
  
The Sandia Performance Model (King 2004) was
developed at Sandia National Laboratories over a
twelve year period from 1992-2004. The model
predicts photovoltaic array performance to a high
degree of accuracy (B. Kroposki 2000) from input
meteorological data, using empirically determined
electrical, thermal and optical parameters specific to
individual module types. These are provided by the
Sandia Performance Model (SPM) database, which
includes simulation data for over 500 module types
from the years 1994 through 2010, and was compiled
through outdoor performance testing.
2.6.1	
  Basic	
  Equa'ons	
  
Although the SPM can reproduce five points on
the I-V Power Curve, only the maximum power point,
Pmp, will be calculated in this study. Deviation from
this point on the power curve is uncommon for gridtied photovoltaic modules, as the voltage and current
levels are held steady by incoming power from the
electric grid (Engerer 2010).
In order to calculate Pmp, the voltage at
maximum power Vmp and the current at maximum
power Imp are required, and are given by (q) and (r).
Pmp is then calculated by (s).

Basic Equations
(q) Imp = Impo ⋅{C0⋅Ee + C1⋅Ee2}⋅{1 + αImp⋅(Tc-To)}
(r) Vmp = Vmpo + C2⋅Ns⋅δ(Tc)⋅ln(Ee) +
C3⋅Ns⋅{δ(Tc)⋅ln(Ee)}2 +βVmp(Ee)⋅(Tc-To)
(s) Pmp = Imp⋅Vmp
Tc = Module temp.
To = Reference. cell temp, typically 25°C
Eo = Ref. irradiance, typically 1000 W/m2
δ(Tc) = ‘Thermal voltage’ at Tc
Ns = # cells in series in module cell-string
βVmp(Ee) = βVmpo +mβVmp⋅(1-Ee),
Temp. coefficient for module max-power-voltage
Impo = Current at Pmp at To, Eo
Vmpo = Voltage at Pmp at To, Eo
C0, C1 = Empirical coefficients relating Imp to Ee
C2, C3 = Empirical coefficients relating Vmp to Ee

2.7	
  Informa'on	
  about	
  Simulated	
  Arrays	
  
Through correspondence with Sunrise
Alternative Energy, a renewable energy
company that performs solar installs in
Oklahoma, the following rooftop array designs
were chosen to be simulated:

3.	
  Preliminary	
  Results	
  
After integrating the SPM forward at 5
minute time increments over 16 years of data,
averages of yearly totals were created for each
of the 108 stations. Data were spatially detrended in order to consider the general
increase in terrain and aridity (fewer clouds)
associated with westward movement across
the state. The creation of sample variograms
and subsequent variogram modeling followed.
The averages were then interpolated spatially
via Ordinary Kriging (Isaaks and Srivastava)
using 35 neighbor stations. The resulting maps
for the Sharp array and Sanyo array are
presented in figures 2 and 3, respectively.
3.1	
  Monthly	
  Energy	
  Produc'on	
  
Monthly energy production values from
the Sharp 2kW array for the Mt. Herman and
Kenton stations (minimum and maximum yearly
production respectively) are provided in figures
4 and 5.
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3.2	
  Expressing	
  Poten'al	
  Variability	
  
Additionally, values of the first standard
deviation were analyzed and kriged to produce
the maps in figures 6 and 7 in order to provide
users with the expected variation from the
average yearly power production values.

Figure	
  4	
  
Figure	
  6	
  

2.6.2	
  Calcula'on	
  of	
  Eﬀec've	
  Radia'on	
  Ee	
  
To prepare the radiation measurements for
ingestion into the SPM, effective radiation Ee must be
calculated according to (t). The equation provides the
portion of the total radiation incident on the module
surface that will be used by the module for energy
production. It accounts for variation in the solar
spectrum as a function of absolute air mass (u)
through the empirical function f1(AMa) (v) as well as for
optical losses incurred by θ, the angle of incidence in
f2(θ) (w). These functions were developed through
outdoor testing of relevant modules (King 1997). The
coefficients, a0, a1, a2, a3, a4 and b0, b1, b2, b3, b4 are
module specific and provided in the Sandia Module
Database.

Effective Radiation
(t) Ee = f1(AMa)⋅{(Eb⋅f2(θ)+fd⋅Ed) / Eo}·SF
(u) f1(AMa) = a0 + a1·AMa + a2·(AMa)2 +
a3·(AMa)3 + a4·(AMa)4
(v) f2(θ) = b0 + b1·θ + b2·(θ)2 + b3·(θ)3 + b4·(θ)4 + b5·(θ)5
(w) AMa- = AM·exp(-0.0001184·η)
η = station elevation in meters
SF = soiling factor
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