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Abstract—A model is described to estimate hourly or higher frequency diffuse sky radiation impinging
on plane surfaces of any orientation, once knowing this value on the horizontal. This model features
a simple geometrical sky hemisphere description, allowing for the observed effects of forward-scattered
and back-scattered radiation and a parameterization of insolation conditions based on available ra-
diative quantities.

Model performance is studied through (1) long term independent tests performed against hourly
ground-shielded tilted irradiance data from Trappes, France; Carpentras, France and San Antonio,
Texas; (2) long term dependent tests performed against hourly data from the same stations plus Albany,
New York; and (3) real time tests based on one-minute data from Albany, New York. Performance
is assessed through comparison with three reference models: the isotropic, the Hay, and Klucher
anisotropic models. Substantial performance improvement over the three reference models is found
for all stations and all surface orientations. Additional performance improvements from independent
to dependent testing can be explained logically on the basis of climate, altitude and latitude differences
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between stations.

1. INTRODUCTION

As solar energy system modeling became more re-
fined over the last ten years, the requirements for
input radiation parameters became more demand-
ing. Both accurate radiation data bases and ade-
quate models are in increasing need by the engi-
neering community worldwide. The current
undertaking of the International Energy Agency in
this field[1] is an illustration of this specific interest.

Notably, the hourly modeling of the energy re-
ceived by tilted planes, based on the knowledge of
horizontal global radiation and normal incidence di-
rect radiation, is of prime importance. The aniso-
tropic nature of diffuse radiation has been the larg-
est source of error associated with this
computation. Many authors have pointed out the
shortcomings of the classical isotropic assumption,
e.g., [2, 3], and recent photovoltaic projects in the
United States have demonstrated the need for bet-
ter models in this area[4].

However, there exist today, several models
which attempt to account for diffuse radiation an-
isotropy. The most successful have been observed
to better the isotropic model in many instances,
ez 56 7]

The model described and tested in this paper was
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developed as an attempt to improve systematically
on the isotropic assumption for all weather condi-
tions and all captor orientations, by using (1) a sim-
ple, realistic geometric representation of radiance
distribution within the sky hemisphere; (2) a sky-
condition description scheme making full use of the
information already available to compute hourly ir-
radiance on slopes, i.e., global horizontal, direct
and/or diffuse, position of the sun; and (3) an ex-
perimentally-derived law governing the relationship
between sky condition and radiance distribution.
This model will be subsequently referred to as Perez
model.

2. METHODS

2.1 Description of the Perez model

The model is composed of three distinct ele-
ments: (1) A geometrical representation of the sky
dome, (2) A parametric representation of the in-
solation conditions, and (3) A statistical component
linking the two.

2.1.1 The geomerrical framework. This is rep-
resented in Fig. 1, where the sky hemisphere is di-
vided into three zones. Radiance originating from
each of these regions can be different, while re-
maining constant within a given zone. Such a con-
figuration was decided upon in order to account for
the two main zones of anisotropy observed in the
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1. Model geometrical representation of the sky
hemisphere.

Fig.

atmosphere: circumsolar brightening, due to for-
ward scattering by aerosols, and horizon bright-
ening due primarily to multiple Rayleigh scattering
and retroscattering in clear atmospheres[10].

If the radiances originating from the main por-
tion of the dome, the circumsolar, and the horizon
zone are respectively equal to L, F; x L, and F,
x L, the resulting horizontal diffuse irradiance Dh
can be expressed as

Dh = wL{1 + 2(1 — cos «)Xh(z)(F, — 1) cos z'

+ 0.5(1 — cos 28)(F, — 1)}, (1)

where w« is the half angle of the circular region cen-
tered on the sun’s position and set at 15° for the
model studied here. The parameter X4 is the frac-
tion of this circular region which is seen by the hor-
izontal, while the angle z' is equal to the solar zenith
angle, z, if the circular region is totally visible, and
equal to its average incidence angle if it is only par-
tially visible. The angle & is the horizon band an-
gular thickness, set at 6.5° for the presented model.

Equation (1) assumes that the circumsolar region
is small enough so that all points within this region
are seen under the same angle, z’.

Similarly the diffuse irradiance, De, received by
a sloping plane is expressed as

Dc = wL{0.5(1 + cos s)

+ 2(1 = cos a)Xc(0)(F; — 1) cos 8’
+ 2t sin £'(F> — /7, (2)

where s is the plane’s tilt angle, while the angles 8
and 8" and the parameter Xc are the equivalent of
z, z', and Xh respectively, for the considered sur-
face.

The last term of eqn (2) is a sinusoidal approx-
imation of the horizon band contribution to the en-
ergy budget of the plane, where the angle &' is de-
fined as

£ =5+ £G - sim). (3)

This approximation causes a minor deviation
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from the actual integrated value[11] and generates
a slight discontinuity for s = 0; however, its effect
is negligible when placed in the operating model
context.

The combination of eqns (1) and (2) leads to the
model’s governing equation

Dec = Dh{0.5(1 + cos 5) + a(®)(F; — 1)
£ b2 = DH1- A+ clz)tF, = 1)
+dF; - DY @)

where
a(f) = 2(1 — cos a)Xc(0) cos 8', (5)
b(s) = 2€ sin E'/m, (6)
c(z) = 2(1 — cos a)Xh(z) cos z’, 7
d = (1 — cos 28)2. (8)

Equation (4) is identical to the isotropic equation
for F 1=F =1.

2.1.2 The sky condition parameterization.
Considering that the calculation of irradiance on a
slope at a given instant requires the knowledge of
the normal incidence direct irradiance, the hori-
zontal diffuse irradiance, and the solar position, it
is logical to use that information to describe the type
of sky condition existing at that instant. The three
following variables are used for this purpose:
® 7, solar zenith angle
e Dh, horizontal diffuse radiation
e ¢ = (Dh + I)/Dh, where [ is the normal incidence

direct.

It is assumed, at this stage of model develop-
ment, that z, Dh and e are independent quantities
defining a 3-dimensional space. This space is di-
vided into over 200 ‘‘sky condition categories,’’ by
defining intervals for each of the variables. These
are presented in Table 1.

2.1.3 The sky condition/model configuration re-
lationship. The only undefined terms in egns (1) and
(2) are the coefficients F, and F,. These non-di-
mensional multiplicative factors set the radiance
magnitude in the two anisotropic regions relatively
to that in the main portion of the dome. The degree
of anisotropy of the model is a function of these
two terms only. The model can go from an isotropic
configuration (F;, F> = 1) to a configuration in-
corporating circumsolar and/or horizon brighten-
ing.

The magnitude of these coefficients is treated as
a function of the three variables describing the sky
conditions. At this stage of model development,
these are not continuous functions, but matrices
corresponding to the discrete partition of the sky
condition space presented above.

These coefficients constitute the statistical/ex-
perimental part of the model. They are obtained
through the analysis of hourly—or higher fre-
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Table 1. Description of the e, Dh and 0/ intervals depicting the sky conditions

Dh {( KJ/min )

€ z ( degrees )

Name Name
of Lower Upper of Lower Upper Lower Upper
Interval Bound Bound Interval Bound Bound Bound Bound

A 0 =} A 1 i 0 35
B 3 6 B 1.003 1.03 35 45
c 6 10 Cc 1.03 e 45 55
D 10 15 D Tl 155 55 65
E 15 20 E 135 2025 65 90
F 20 —= F 25 5

G 5 9

H 9 =

quency—data recorded with ground-shielded pyr-
anometers of different slopes and orientations. In
order not to bias the model in favor of a specific
orientation, measurements are needed in the four
cardinal directions. Also, as this type of model is
used primarily for sun-facing captors, one or more
sloping, south-facing or sun-tracking measurements
are needed.

The analysis consists of optimizing F; and F for
each [6, &, Dh] interval by least square fitting of
measured data.

2.2 Data sets

Data from Trappes and Carpentras, France[12];
San Antonio, Texas[13]; and Albany, New York
[14] are used in this analysis. These sites represent
four distinct solar environments with latitudes rang-

ing from 30° to 48°N and climates ranging from
semi-arid subtropical to temperate marine. Table 2
summarizes the geographical and climatological
particularities of each station.

The selected sites had to meet the three criteria
presented below:

(1) Availability of high quality hourly measure-
ments of horizontal global and direct and/or diffuse
irradiance, as well as tilted global irradiance for
four azimuths. The type of instrumentation used
and the level of quality control achieved at the two
leading Meteorologie Nationale stations, and two
of the U.S. Solar Energy Meteorological Research
and Training Sites, ensures the data quality needed
for a study of this nature. Table 3 summarizes the
measurements performed and instrumentation used
at each site.

Table 2. Description of selected sites

Station Latitude Longitude Elevation Climate Type
Albany, New York 42° 42'N 73° 50'W 94m Humid
Continental
Temperate
San Antonio, Texas 29° 46'N 98° 49'W 253m Semi-arid
Sub tropical
Carpentras, France 44° 05'N 5203 R 99m Mediterranean
Trappes, France 48° 46'N i (DR 167m Marine
Temperate
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Table 3. Type of measurements used from each site and instrumentation
Station(s)** Measurements(s) Instrument

T.E &S Direct irradiance Eppley NIPS

T,C,A,S Global irradiance Thermal pyranometers®

I South, west, east and north Thermal pyranometers*
vertical global irradiance

5 South, west, east and north Thermal pyranometers®
ground-shielded
vertical global irradiance

A South, west, east and north Li-Cor filtered
ground-shielded radiometers
vertical global irradiance

e 45° tilt, south facing Thermal pyranometers®
global irradiance

A,S Latitude, latitude +10° Thermal pyranometers¥
and latitude -10° tilt
south facing, ground
shielded global irradiance

1.6 North and south vertical Thermal pyranometers®
reflected radiation. Sky
shielded instruments.

NOTES: * Both Kipp and Zonen CM5 and Eppley PSPs are used at the French

stations.

*% A: Albany; Ci

(2) Elimination of most assumptions regarding
ground-reflected radiation. In order to focus on sky
radiance distribution, assumptions regarding direc-
tionality of ground-reflected radiation and albedo
must be minimized.

Tilting pyranometers from the two American
sites are equipped with artificial horizons (cylin-
drical black-painted shields for Albany, and planar
black-painted shields for San Antonio). The two
French stations provide independent records of
ground reflected radiation measured with sky-
shielded vertically mounted pyranometers facing
north and south. Ground-reflected iradiance is re-
moved from east and west vertical sensors by as-
suming that it is equal to the half sum of the north
and south vertical reflected irradiances. Further,
the ground component is removed from the 45°
south facing sensor by assuming isotropy of the
south-reflected component.

(3) Availability of at least three seasonally rep-
resentative months of hourly dara. This criteria al-
lows notably for analysis of a given site under three
typical solar geometry configuration.

Albany data includes the months of February,
April, and June 1980, (out of the four vears avail-
able), while San Antonio data includes December
1980, March, July, and December of 1981. Data
from Trappes cover a 21-month period starting in

Carpentras; S:

The American sites used only Eppley PSPs

San Antonio; T: Trappes
April 1979, while Carpentras data cover a two-year
period (Jan. 1979 to Dec. 1980).

In addition to the four hourly data bases de-
scribed above, one-minute data from Albany, NY
covering the months of February, April and June
1980 are used to study the model on a short time
interval basis.

2.3 Model testing, reference models

The model’s performance is observed from three
different viewpoints: (1) dependent tests, (2) in-
dependent tests, and (3) real time performance.

2.3.1 Dependent tests. The enhancement ma-
trices Fy and F> are established for each station as
explained earlier. The completed models are then
tested against the data sets used for their establish-
ment.

For each available sensor orientation, the mean
bias error (MBE) and the root mean square error
(RMSE), accumulated over the complete testing pe-
riod at each station, are used to rate model per-
formance.

The goal of these dependent tests is to evaluate
the limits of the Perez model configuration ability
to recreate existing conditions.

2.3.2 Independent tests. The Albany-estab-
lished model is now tested against data from the
three other sites. As above, MBE and RMSE cor-
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responding to the complete testing period for each
site are used to rate performance.

The question of site/climate dependency of the
sky condition description method used is answered
to a large extent by these tests.

2.3.3 Real time tests. Based on the Albany one-
minute data set, the model’s behavior is observed
in real time for typical weather conditions, such as
winter/summer clear days, winter/summer thin
overcast days and winter/summer partly cloudy
days.

2.3.4 Reference models. Three models are used
as reference to provide an objective comparative
basis to all the above tests. These are the following:
(1) The isotropic (Liu and Jordan[15]) model, (2)
The Hay model[6] and, (3) The Klucher model[7].
The latter models were selected as they had been
found to operate generally better than the isotropic
and several other models, e.g. [16].

The Klucher model is based on the Temps and
Coulson[17] clear sky equation. This was designed
to incorporate both the observed horizon and cir-
cumsolar brightening in the computation of energy
impinging on slopes. The governing equation is

Dec = Dh(1 + cos 5)2{1 + F sin®(s/2)}

X {1 + Fcos?0sin®z}, (11)
where F is used to parameterize the sky condition
and is given by,

F =1 — (DhiGh)?, (12)
where Gh is the horizontal global irradiance.

The Hay model incorporates only circumsolar
brightening in its structure. As for Klucher’s, the
sky condition is depicted by one term expressing
the amount of direct irradiance received at the earth
surface. This clearness index term is given by,

K Il (13)
where [, is the extraterrestrial radiation. The mod-
el’s governing equation is,

Dc = Dh{(K cos 8/cos z)

+ (1 — K)( + cos 9)2}. (14)
Both Klucher and Hay models return to an is-

otropic configuration in the absence of direct sun-
light.

3. RESULTS

3.1 Model's parameters establishment

As an example of the complete analysis of each
data set as described in Section 2.1.2, the variations
of Fy and F, with the two radiative quantities de-
scribing the sky conditions are plotted on Fig. 2(a)
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through 2(d) for the stations of Trappes, Carpen-

tras, Albany and San Antonio, respectively, for

solar zenith angles lying between 55° and 65°.

The scale on the Dh axis is linear, while that on
the e axis is logarithmic. No point was plotted if
less than five hourly events were observed within
a given [Dh, &, z] category.

The most evident feature of these plots is their
similarity: For four sets of independent data, the
same type of pattern may be observed for F; and
F>. This includes the following:
® Increase in circumsolar brightening (F,) with DA

for low e values, (low direct radiation, bright at-
mosphere).

e Existence of both circumsolar and horizon bright-
ening (F, and F,) as e increases, with increased
relative horizon contribution when approaching
very clear conditions (Low D#h, high ). This is
particularly visible on Fig. 3.

e Evidence of continuity between overcast and
clear sky conditions indicating the persistence of
a specific pattern for all intermediate cases (e.g.,
broken clouds).

® Tendency toward isotropic configuration for dark
overcast atmospheres.

Disparities may also be noted between the four
plots. The most interesting pertains to the relative
importance of horizon brightening for clear atmos-
pheres: this is maximum for the San Antonio, Texas
station, and the Carpentras station, while horizon
contribution is comparatively lower for Trappes
and Albany. The effect of both climate/geography
and instrumentation are discussed in the next sec-
tion. However, it is interesting to note that (1) the
station at the highest elevation exhibits the most
brightening at the horizon; (2) the two driest sta-
tions, exhibiting the largest number of clear at-
mosphere events, also show the most pronounced

- horizon brightening—compare for example Figs.

4(a) (Trappes) and 4(b) (Carpentras) where the num-
ber of hourly events in each [D#h, €] is reported for
the studied solar zenith angle range; (3) the regions
of San Antonio and Carpentras, due to their dry
climate, have the least amount of green vegetation,
and consequently the highest albedo.

3.2 Model performance

3.2.1 Long-term tests. Tables 4(a) through 4(d)
summarize the overall results obtained by testing
models against each complete data set. These show
for Trappes, Carpentras, Albany and San Antonio
respectively, (1) the average hourly energy, Ge, re-
ceived by each sloping sensor; (2) the root mean
square error obtained for each model in terms of
percentage of the previous value; and (3) the mean
bias error for each model, also in percent.

Each table contains tests results for the three
reference models, the new model using Albany-de-
rived parameters (i.e., independent test), and the
new model using each station’s derived parameters
(i.e., dependent tests).
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(Fy, - D/(F - 1)

T

Fig. 3. Variation of the relative magnitudes of horizon and circumsolar brightening with Dk and & for
S5 =65

# of events

# of events

# of events

(©)

Fig. 4. Number of hourly events analyzed in each [Dh, ¢] interval for 55° < z < 65°; (a) Trappes—
21 months of data; (b) Carpentras—24 months of data; (c) Albany—3 months of data.
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Table 4(a). Models performance summary for Trappes, France—21 months of hourly data

\\\\ Sensor Slope and Orientation

45° 90° 90° 90° 90°
Average* hourly South North East South West
global irradiance

kI/M%n L 1060 234 520 656 467

RMSE | MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE
Model

S Percent of Measured Global - -
Perez dependent 541 -0.4 18.2 7.6 12°.9 =-1.3 10.2 253 14.1 5.4
Perez independent i =-1.2 23.9 14.0 14.4 -1.0 10.4 15 15.6 5.9
Isotropic 14.3 -9.1 5374 3359 34.0 =5.9 22.4 |-10.2 31552 0.4
Hay 9.3 -5.6 38.0 15.4 23.4 -5.4 14.9 =5.9 21.4 {):
Klucher 7.6 -3.6 76.5 50.8 30.0 4.6 14.2 -1.2 3201 211250

Note: * Average taken over the number of daytime hours studied.

Table 5 summarizes, for each station and sensor able,”” X, is defined as,

orientation, and for independent testing, the im- X = 100(1 — RMSE Perez/RMSE Reference)  (15)

provement achieved with the proposed model over

each of the three references, in terms of percent An equivalent variable is studied in Table 6, but

€%

decrease of RMS errors. The

Table 4(b). Performance summary carpentras, France—24 months of hourly data

improvement vari- this time it represents the additional improvement

\\\\\ Sensor Slope and Orientation
45° 90° 90° 90° 90°

Average* hourly South North East South West
global irradiance

KJ/MPh 1574 230 687 972 715

RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE
Model
Percent of Measured Global

Perez dependent 2.7 -0.7 18.2 B 7.6 0.6 T B2 F L) 055
Perez independent 3.9 -1.8 30.0 0.3 10.9 |-2.3 7.1 --1.3 10.2 =2.4
Isotropic 10.9 -7.8 47 .8 | 24.0 20.8 |-6.9 16.0(-10.0 21.4 =7.7
Hay 6.0 .2 36.9 | -6.5 14.7 }-7.0 10.0| -5.9 14.0 ~7.1
Klucher 50 =2.9 74.3 | 49.1 18.2 4.5 92 =1l.6 18.0 3.2

Note: * Average taken over the number of daytime hours studied
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Table 4(c). Performance summary Albany, New York, USA—3 months of hourly data

489

\

Sensor Slope and Orientation

achievable when a dependent test is performed.

43° 90° 90° 90° 90°
Average* hourly South North East South West
global irradiance
KJ/Mzh_l 1401 260 661 781 617

RMSE MBE RMSE | MBE EMSE MBE RMSE MBE RMSE MEE

Model
Percent of Measured Global

Perez dependent 2.9 =02 1207 4.2 B2 -1.1 6.5 1.6 9.4 a.2
Isotropic 8.9 -5.6 37.7 | 18.8 26.0 =6.2 [ 15.9 | =6.6 27,0 |:=5.7
Hay 5.6 -3.3 30.4| -3.8 16.5 -7-0] 10.5 § =4.9 18.3 | -7.4
Klucher 4.1 =1.5 60.0 |-38.8 2205 3.9} 10.7 | -1.8 24.3 5.0
Note: * Average taken over the number of daytime hours studied

This variable, ¥, is given by,

¥

= 100(1 — RMSE Perez Dependent/

RMSE Perez Independent) (16)

It is interesting to note, as in Section 3.1, that

the largest improvement is found for the two sta-

tions which have the most different climatic and
geographical environments compared to Albany,
NY.

3.2.2 Real time performance. The difference be-
tween measured and modeled radiation values is

plotted for selected orientations against time of day

Table 4(d). Performance summary San Antonio, Texas, USA—4 months of hourly data

for five typical insolation conditions encountered

=

Sensor Slope and Orientation

30° 90° 90°® 90° 90°

e apc® hourdy South North East South West
global irradiance

k3/MPn L 1946 216 771 1523 884

RMSE| MBE RMSE MBE RMSE MEE| RMSE MBE EMSE MBE
Model
Percent of Measured Global

Perez dependent 2.2 0.5 19.4 8.8 6.7 -1.6 4.6 -2.2 4.9 0.3
Perez independent 2.1 |-0.3 26.4 |-15.7 |10.9 -7 .4 7.0 =5.0 8.0 =D
Isotropic 5.9 |=4.6 33:3 :1-10.6|21.7 -13.7| 16.3 =13°3° [119:2 1-12.8
Hay 3.0 |-1.6 56.0 |-40.3 |18.9 -14.84 10.8 -8.9 |15.2 |-11.8
Klucher 2.6 |F1.0 39.8 QS ={15.7 -6.6| 11.0 -8.4 |13.0 -5.9
Note: * Average taken over the number of daytime hours studied
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in Albany, New York. The solid lines correspond
to the isotropic model, while Klucher, Hay, and
Perez models are represented by x-lines, +-lines
and o-lines respectively.

Figures 5(a), (b), and (c) illustrate the case of a
winter clear day (February 4, 1980) for the 43°
south, the east vertical and north vertical surfaces.
Winter, thin overcast conditions, prevailed on Feb-

1004 a:

2/4/80
43° South

-2004

Klu
Per
Iso
Hay

2
-3004 =
2

time of day

o
o
P
K /M2 JHr

R. PEREZ et al.

ruary 3, 1980. Results are plotted on Figs. 6(a) and
(b) for the 53° south and the north sensors respec-
tively. Figures 7(a) and (b) illustrate variable con-
ditions with several clear occurrences in the morn-
ing (February 13, 1980); results are shown for the
vertical south and north surfaces, respectively.
The cases of a clear summer day and a high tur-
bidity hazy summer day are illustrated by Figs. 8(a)

L]
100 b: 2/4/80
N:gj 90° East
i
= /\
0 =
-1004
-200]
sepe Klu
-300. ees Per
—_— Iso
++ Hay
-400]
time of day
c: 2/4/80
90° North

time

e Klu
e Per
—_— Iso
+4+ Hay
T T T 1
of day

Fig. 5. Daily variations of the difference betwezn modeled and measured irradiance values on a clear,
winter day, based on one-minute data in Albany, NY, February 4, 1980.
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Table 5. Percent reduction of RMS error, using the proposed model for independent tests: (1 —
(RMSE Perez independent)(RMSE Reference Model) ') x 100
Sensor Slope and Orientation
Sloping# 90 degs. 90 degs. 90 degs. 90 degs.
South North East South West
Reference Iso | Hay | Klu Iso | Hay | Klu Iso | Hay | Klu Iso Hay | Klu Iso | Hay | Klu
Albany 67% | 48% | 29% 66% | 58% | 79% 68% | 50% | 66% 592 38% | 39% 657% | 49% | 61%
Trappes 61% | 392 | 25% 567% | 37% | 64% 58% | 39% | 527 547 3172 | 272 S1E L 272 1.51%
Carpentras 65% | 36% | 23% 457% | 28% | 64X 48% | 26% | 40% 56% 29% | 22% 53% | 27% | 43%
San Antonio| 65% | 33% | 24% 27% | 46% | 37% 44% | 35% | 30% 58% 29% | 39% 51% | 41% | 30%
Note: All tests are independent but for Albany, NY
* 45° for Trappes and Carpentras, 43° for Albany, 30° for San Antonio
100 4 a: 2/3/80
53° South
H

300 Ei Klu
] Per
EE Iso
: | Hay

Fig. 6. Daily variations of modeled minus measured irradiance on a thin overcast, winter day based

Time of day

-100

./

b: 2/3/80
90° North

(]

o

on February 3, 1980 one-minute data, in Albany, NY.

T T T

- =

‘Timé ofldaf

b 11

"
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Table 6. Additional percent reduction of RMS error using station-derived model: (1 — (RMSE
Perez dependent)(RMSE Perez Independent) ~!) x 100

Sensor Slope and Orientation
Sloping* 90° 90° 90° 90°
Station South North East South West
Trappes 11% 23% SH e 1% 10%
Carpentras 30% 31% 30% 20% 30%
San Antonio 0% 27% 37% 287% 39%
* 45°, Trappes and Carpentras, 43°. Albany, 30°, San Antonio
100 a: 2/13/80 b: 2/13/80
/\\ 90° South 90° North
ol M : Klu
Per
hXFP Iso
=100 4 Hay
k.
=200
-300 4
ML Klu
_le 4 ’::\:_1' Q00 Per
= —— Iso
_OEI -+ Hay
S0 5
97
-100
-Gm — T T T T T i T T T

o

= 3 = =

Time of day

‘st +

‘.

Time of day

Fig. 7. Daily variations of modeled minus measured irradiance on a mixed cloudy winter day based
on February 13, 1980 one-minute data in Albany, NY.
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. 9. Daily Variations of modeled minus measured irradiance on a high turbidity summer day, June

8, 1980, based on one-minute data from Albany, NY.

through (c) (June 8, 1980, 43° south, vertical north
and west sensors, respectively) and Figs. 9a and b
(June 12, 1980, vertical north and south sensors).
It will be noted that all curves presented have
been smoothed using a five point averaging method.

4. DISCUSSION

4.1 Model configurations—parametrization of
sky conditions

The experimental relationship established be-
tween F,, F, and the parameters describing sky
conditions is found to be similar for all stations.
Circumsolar brightening is found to be the dominant
anisotropic effect for all conditions (Fig. 2—F,),
but horizon brightening becomes important for
clear sky events (Fig. 2—F,). This is consistent
with previous observations[19], where Mie scatter-
ing (i.e., forward scattering) dominates in aerosol
charged atmospheres, whereas Rayleigh scattering
(i.e., multiple scattering, retroscattering, near the
horizon) prevails for clear conditions.

Two points of interest will be noted:

(1) A sky description scheme based only on the
relative importance of direct radiation (e.g., Hay,
Klucher) will overlook several interesting config-
urations, such as the circumsolar radiance enhance-
ment observed for bright atmospheres where there
is no or little direct beam (high Dh, low €).

(2) The proposed (Dh, ) grid appears to account
globally for most ‘‘intermediate” sky configura-
tions. This is best seen through the following ex-
ample:

The climatic difference between the stations of
Trappes and Carpentras is obvious when comparing

Figs. 4(a) and (b). Distribution of hourly events in
Carpentras shows a large majority of clear to very
clear occurrences (high e, medium to low Dh),
whereas events distribution in Trappes reveals nu-
merous overcast and ‘‘intermediate conditions,”’
e.g., broken clouds of all types, thin overcast. How-
ever the circumsolar/horizon brightening patterns
observed in Figs. 2(a) and 2(b), and described in the
previous section, are very similar. This is particu-
larly interesting for the middle (high DA, low to me-
dium €) portion of these graphs. A wide range of
possible ‘‘intermediate’’ sky configurations from
several locations exhibit a comparable long term
radiance distribution. Hooper and Brunger[20]
made a similar observation based on long-term ra-
diance measurements.

Hence, based on the above and observed model
performance, it is reasonable to state that the pro-
posed weather parameterization constitutes an ad-
equate basis to describe prevailing radiance distri-
bution in the atmosphere, in most instances.

4.2 Overall performance

Both the model physical framework and the sky
condition parameterization are assessed through
analysis of the independent tests presented above.
Performance against ground-shielded data from
three widely different solar environments show that
they both constitute an adequate approach to the
modelization of irradiance on a slope.

Indeed, after fair testing, substantial perform-
ance improvement over existing anisotropic models
is found for all orientations and all stations when
using the RMS error as a standard (Table 5). Per-
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formance improvement based on MB error is also
remarkable for almost all stations and sensor ori-
entations.

4.3 Site/climate dependency

Site dependency is not found in the first ap-
proach to be a major stumbling block for the model.
However, the F,/F, pattern differences between
stations, and the margin for performance improve-
ment from independent to dependent testing are
certainly worth additional investigation.

Two possible causes had been originally ad-
vanced[8] to explain performance and model con-
figuration differences between sites. These are the
following: (1) Climatical/geographical reasons and
(2) instrumentation differences. It appears at this
point that the influence of the latter is secondary
because of the following reasons:

(a) As the most sensitive instrumentation differ-
ence between sites is the method for excluding
ground-reflection, variations in the quantity of ho-
rizon brightening observable for each site should be
explained on this basis. However, Trappes and Al-
bany, where two opposite methods for removing
ground-reflected irradiance are used—sky shields
vs ground shields—exhibit very similar patterns for
horizon brightening. Nevertheless, a more com-
plete investigation (e.g., side by side comparison)
is needed to eliminate any doubts regarding this
matter.

(b) Most observed differences can be logically
associated with climatic/geographical differences.
These are as follows:

(1) Clear sky horizon brightening is found to be
the most pronounced for the highest station, San
Antonio, Texas. Indeed, the multiple and retros-
cattering occurring near the horizon should play an
increasing role as altitude increases and radiance
from the top of the atmosphere decreases.

(2) Horizon brightening is found to be more in-
tense for the two driest stations (Carpentras and
San Antonio). The higher ground albedo associated
with dry climate vegetation, and the resulting in-
tensified retroscattering, could explain this obser-
vation.

(3) Performance improvement from an Albany-
derived model to a station-derived model is larger
when climatic differences are more pronounced
(e.g., Trappes vs. Carpentras—compare climatic
differences: Fig. 4(c) with Figs. 4(a) and 4(b).

The logical follow-up of this work is to analyze
the model configuration obtained for a set of spe-
cific climate/altitude/environment stations, and to
assess the validity of interpolation between sites.

4.4 Performance vs. reference models—Perez
model’s limitations

Real time analysis reveals specific points of in-
terest, contrasting the Perez model’s performance
with that of the selected reference standards.
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The first important point to be noted is that the
isotropic model is inadequate for applications re-
quiring dynamic simulations. This is best seen on
February 3 for the south-facing 53° slope, where the
error generated exceeds 600 JK/m?/hr (35%) around
noon time. It will be noted that an error of that
magnitude will persist from sunrise to sunset for
tracking flat plate collectors and would likely be
increased for low concentrators.

The strength of the proposed design compared
to the two anisotropic references is twofold:

(1) The weather condition parametrization in-
cludes both direct and diffuse radiation, treated as
independent variables, rather than direct radiation
only. This may be seen clearly on Fig. 6 to a lesser
extent on Figs. 7 and 8. There was almost no direct
radiation present on February 3 before 11 AM and
after 2 PM, although diffuse radiation was intense.
Only the proposed model differed noticeably from
the isotropic configuration and could account for
part of the existing anisotropy.

(2) This model can go from a circumsolar en-
hancement configuration to a circumsolar + hori-
zon enhancement configuration depending on the
type of sky condition, whereas the Hay model is
purely circumsolar; and while the Klucher model
includes both circumsolar and horizon brightening,
the two terms are not allowed to vary indepen-
dently. The lack of horizon brightening in the Hay
model will cause it to underestimate on clear days
for surfaces which do not face the sun (see Fig. 5(b),
afternoon, Fig. 5(c) and Fig. 8(c)); it will also un-
derestimate on clear days for all orientations when
the zenith angle is small (see Figs. 8(a)-8(c)). On
the other hand, the structure of the Klucher model
is responsible for its tendency to overestimate for
slopes that do not face the sun, particularly on high
turbidity days when forward scattering is the only
noticeable effect. This is particularly visible on Fig.
9(b) where the overestimate exceeds 100% between
11 AM and 12 PM.

It will also be noted that the Klucher model is
bound by design to generate energy values larger
than the isotropic values (this may be seen in all
tables and daily plots). Additionally, there is a limit
by which isotropic values can be exceeded by this
model (this limit is equal to 2.7 for F = 1, z = 90°
and 8 = 0°). Consequently, it will not perform as
well as either the Hay or the Perez model when
directional scattering is very intense—see for ex-
ample Fig. 5(b) between 9 AM and 11 AM.

The proposed design also reaches its limits,
which are most apparent when looking at the real
time plots, since there still exists some deviation
between modeled and measured values. This per-
formance limitation may be assessed by looking at
dependent tests results on Tables 4(a)-4(d). The
best achievable RMS errors over a long term period
will typically be of the order of 11 to 18 Watts/m?
for all orientations. Any improvement beyond this
point would likely require a more complex ap-
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proach to diffuse radiation modeling. However, it
will be remarked that simple model design modi-
fications presently under study have been observed
to push that limitation another step further. This
involves notably differential horizon brightening as
a function of azimuth.

4.5 Model status, developmental work in
progress

There are two points of interest which are now
being investigated, or which will require additional
work. These are the following:

(1) Establishment of a comprehensive climate/
geography/environment/model configuration rela-
tionship, based on existing or new data bases at
selected sites (e.g., based on classifications such as
[19]), as well as investigation of potential site in-
terpolations.

(2) Model design improvements, such as frame-
work modifications as mentioned above, or sky
condition parametization based on another com-
bination of the three selected variables—notably,
the use of z as dependent rather than independent
variable will be investigated. Design improvements
will be limited to those requiring no more input pa-
rameters than presently used. Also, model end-use
simplifications will be investigated. These will no-
ticeably include the use of analytical functions
rather than three-dimensional matrices for the coef-
ficients F; and F», as soon as final model config-
urations are obtained from extended data analysis.

CONCLUSION

The model, which has been presented, is based
on three basic ideas: (1) a geometrical representa-
tion of the sky dome incorporating variable circum-
solar and horizon atmosphere brightening, (2) a par-
ametric description of the insolation conditions,
based on available radiative quantities, and (3) an
experimentally-derived law governing the varia-
tions of circumsolar and horizon brightening with
the insolation conditions.

Model performance is found to be adequate
when independently tested against hourly tilted ir-
radiance data sets from Trappes and Carpentras,
France, and San Antonio, Texas. Ground-reflected
irradiance was either removed at the acquisition
site, or independently measured, thereby eliminat-
ing assumptions on that matter. Results reveal a
systematic performance improvement by this
model over the isotropic model and the models of
Hay and Klucher, which were used as references.
The isotropic RMS errors are typically reduced by
40-60% while Hay’s and Klucher's are typically re-
duced by 25-40% and 20-60%, respectively.

Within this study’s context, site-dependency is
not found to be a major stumbling block for either
the insolation parametrization method or the model
itself. This is quite apparent by looking both at the
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Albany derived model performance and at the sim-
ilar experimentally-derived laws obtained from the
two widely different climate environments of
Trappes and Carpentras.

However, there exists a substantial margin for
performance improvement, as demonstrated by the
results of dependent model tests. These suggest that
climate (hence vegetation) and altitude have an in-
fluence on the model’s configuration and perform-
ance which can be interpreted on a deterministic
basis. A systematic analysis of their influence, in-
volving several climate/altitude pilot sites will cer-
tainly be worth the effort, as typical long-term RMS
error could be reduced down to about 15 Wm ~2 for
fixed surfaces of any orientations. This perform-
ance improvement is likely to be even more no-
ticeable when considering tracking flat plate or low
concentration captors.
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