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Abstract—In this paper, the question of satellite-derived irradiance is addressed on two levels. First, the
question of physical accuracy is addressed by comparing satellite-predicted hourly /daily global and direct
irradiance with controlled ground measurements in climatically distinct environments. This accuracy is
compared to the error made as a function of distance when extrapolating the needed data from the closest
ground measurement site. Second, the question of end-use accuracy is addressed by comparing satellite-
derived, photovoltaic-utility load-match benchmarks with actual benchmarks for three US electric utilities

where ground measurements were available.

1. INTRODUCTION

When evaluating the usefulness of satellite remote-
sensing to estimate solar irradiance at the earth’s sur-
face, it is important to define the type of data one needs.
This study distinguishes between (a) climatological
data and (b) real data. Climatological data are site-
specific, but need not be time-specific: Typical mete-
orological year data sets are examples of such data.
Real data are both site- and time-specific: the time,
day and year of each data point must be known. Real-
time data are an extreme example of real data.

Climatological data are often sufficient to design
systems for a given site, but not to investigate the in-
teraction between these systems and their intended
utilization if an undetermined relationship between the
two exists. This is the case for solar systems (e.g., pho-
tovoltaics, PVs) versus the needs of some electric util-
ities (e.g., see Hoff, (1987) or Perez ef al., (1989). If
a positive relationship exists, PVs may be used in high-
value, peak-load reduction applications (e.g., Wenger
et al, 1992). However, real insolation data are nec-
essary to characterize and quantify this potential. Here,
it is shown that satellites are a sensible option to obtain
usable real data in the absence of very dense ground
measurement networks.

A distinction is made between the physical accuracy
of insolation estimates and their end-use accuracy for
a specific task. (a) The physical accuracy is the actual
difference between estimated and measured insolation
and is benchmarked in terms of mean bias (long term)
error (MBE ), and root mean square (short term) error
(RMSE). The latter is primarily relevant to real data.
(b) End-use accuracy is task-dependent and is assessed
in terms of the error performed on the end-product of
the data analysis. In this article, the end product is the

load matching capability of PV generation for a given
utility.

2. PHYSICAL ACCURACY

2.1 Satellite versus extrapolation from ground
Measurements

When no insolation data exist for a given site, a
common palliative has been to use data from another
point, or set of points, where data are available. This
approach may be warranted when climatological data
are needed, as long as (micro) climatic/environmental
differences are small. This is much less true for real
data because the time element becomes crucial.

A study recently undertaken by Zelenka er al.
(1992 ), under the auspices of the International Energy
Agency (IEA), dealt specifically with the issue of global
irradiance network interpolation /extrapolation. One
of its most interesting findings is reported in Fig. I,
where a clearly defined relationship has been estab-
lished between the extrapolation distance and the re-
sulting RMSE. This increases with the square root of
the distance and reaches 20% at 50 km, confirming
limited earlier observations by Hay ( 1984 ). This trend
appears to be universal since it is derived from over
70 measuring station-years in 6 climatically diverse
networks in Switzerland, Germany, Sweden, and the
northeastern, northwestern, and southwestern United
States. A similar, although not as readily quantifiable
trend, was found in the case of interpolation between
stations, with a perceptible but small RMSE reduction
when using sophisticated interpolation methods such
as kriging (see Zelenka et al., 1992).

By contrast, the study found that the RMSE of sat-
ellite-derived daily global irradiance was of the order
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Fig. 1. Extrapolation root mean square error as a function of distance from measuring station ( from Zelenka
et al., 1992), based on data from six networks in Europe and the US.

of 17-22% for a large number of test sites in Europe,
with a perceptible but overall small dependence on the
location, the satellite and on the sophistication of the
algorithm (see Zelenka et al, 1992). Note that the
IEA study involved both the GOES and METEOSAT
satellites and several distinct physically-based and em-
pirical satellite-to-irradiance conversion algorithms.
Hence, for real data, satellite-derived insolation be-
comes preferable to ground extrapolation if distance
exceeds 40-50 km.

These results are limited to daily global irradiance.
However, extrapolation errors are likely to be higher
for hourly values since the cause of error, cloud cover
inhomogeneities, would no longer be averaged. On the
other hand, for satellite data, a limited study for the
northeastern US by Perez et al. (1991), showed only
a small RMSE increase from a daily to an hourly basis.
In this case, the cause of error ( determination of tur-
bidity and cloud thickness) is fundamentally different
from that of extrapolation and is less affected by the
time scale. Note also that these results are conservative
with respect to the ultimate accuracy of satellites, be-
cause of the large, ground footprint satellite data res-
olution and non-exact collocation of satellite and
ground truth points used here.

2.2 Physical validation of satellite-estimated hourly
global direct and tilted irradiance for North
American sites

Satellite-estimated, hourly global irradiance is
compared against ground-measurements at nine cli-
matically distinct sites in the US. The accuracy of sat-
ellite-derived hourly direct irradiance and simulated
PV output is also evaluated. The test sites are Cape
Canaveral, Florida ( subtropical, humid), Albany, New
York (continental, humid), Mesa, Arizona, Carissa
Plains, California (arid), Keystone, California (semi-
arid, mountains), San Jose, California (semi-arid/

oceanic), and Lamberton and Waseca, Minnesota
(continental, dry).

For the satellite, five to six global irradiance esti-
mates per day on a 1 X 1 degree latitude-longitude
grid are relied upon, based on the Justus-Tarpley al-
gorithm (Justus ef al., 1986). Each point is an inte-
grated value of 25 pixels and represents a ground foot-
print of about 2,500 km?. (Note that data/resolution
was used for practical reasons: chiefly availability and
affordability for the considered task. It must be pointed
out, however that the ultimate resolution of geosta-
tionary satellites today is of the order of a few km?.)
Hourly data are time-extrapolated from these five to
six daily instantaneous readings as explained by Perez
et al. (1991). Estimates at a specific location are in-
terpolated from the grid (extrapolated for coastal sites,
since the Justus-Tarpley method is not used over wa-
ter). Satellite-direct irradiance is further modeled from
global from Perez et al. (1992). Finally, PV output for
a tilted collector is modeled using PVFORM (Meni-
cucci ef al., 1988). ( Note that ground-reference PV
output is also modeled.)

It is important to remark that this assessment of
satellite accuracy is very conservative and could be im-
proved in the future because: (a) the simplest, vet ef-
fective, satellite algorithm is used (the only routinely
exploited for North America), (b) time /space inter/
extrapolation is relied upon, and (¢) direct is modeled
from global, amplifying any error in its global input.

The results are presented in Fig. 2, where satellite
estimates of global irradiance are plotted against ground
values. They are consistent with the IEA findings for
global irradiance: negligible MBE (+5% range); and
RMSE ranging from 16% in California to 26% in New
York. For direct, the scatter is much stronger, whereas
MBESs remain reasonable (+£10%), and RMSEs are in
the 30-50% range. However, the simulated, tilted PV
output is little affected by the noise in the direct com-
ponent. The MBE and RMSE of simulated PV are
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Fig. 2. Satellite-predicted (Y-axis) versus ground-measured hourly global irradiance { X-axis) for 9 North
American sites.

comparable to that of global irradiance ( this is because  from the analysis of time-coincident utility load data
for south-facing collectors, any error on the direct tends  and power plant output data. Here, attention is fo-
to be compensated by an opposite error in the aniso- cussed on two critical benchmarks. The first bench-
tropic diffuse component). mark is statistical, whereas the second represents an
absolute worst-case measure of the resource’s ability
to meet demand.
e The resource’s effective load carrying capability
There are several benchmarks that can be used to (ELCC) is defined as the effective increase in the
quantify the peak load matching capability of non- utility’s available capacity due to the added resource.
dispatchable generating sources (e.g., Hoft, 1987 or If the resource is able to meet all the utility’s high
Perez et al., 1989). These benchmarks may be derived loads, its ELCC will approach 100%.

3. EFFECTIVE “END-USE” ACCURACY
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Fig. 3. Comparison between ground (-Gnd ) and satellite-derived (-Sat) ELCC of PV power generation for
three US electric utilities as a function of PV grid penetration.
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Fig. 4. Comparison between ground- and satellite-derived PV buffer energy storage (MBES) in relation to
total storage (TES) to guarantee a utility peak load reduction of 15%. Considered PV systems are 2-axis
trackers.

e The minimum buffer energy storage (MBES) is
needed to guaranty that the resource will meet all
loads above a given threshold. The MBES is esti-
mated in relation to the total energy storage (TES)
needed to meet the same goal in the absence of the
resource. For an ideally peaking resource, MBES =
0. For a resource with no load matching potential,
MBES = TES.

A preliminary study in New York by Perez er al.
(1991) concluded that the error between satellite- and
ground-derived benchmarks was not considerable and
that satellite data could be used effectively for this type
of investigation. Here, we extend this investigation to
other climates and utilities, including Florida ( Florida
Power and Light—FPL ), Anizona (Salt River Project—
SRP) and California, (Pacific Gas and Electric—
PG&E). In each case, results are based on 2 vyears
(1987—1988) of ground insolation and satellite and
utility hourly load data.

In Fig. 3, we have plotted the variations of PV’s
ELCC for each utility in relation to the resource’s pen-
etration on their grid, as derived from both ground
insolation data and satellite data. Penetration on the
grid is defined here in terms of the ratio of installed
PV capacity to the peak load of the considered utility.
Note that, in each case, notably PG&E, PV’s ELCC is
much higher than PV’s capacity factor (of the order
of 20-25%), indicating that PV can effectively con-
tribute to meeting utility peak loads, particularly at
low penetration levels. However, the point stressed here
is the reasonably good agreement between satellite- and
ground-derived ELCCs, which confirms, and even
strengthens the preliminary study’s findings. In Fig. 4,
MBES and TES requirements for each utility are com-
pared, as estimated from ground and satellite data.
Note that PV buffer storage requirements are consid-
erably smaller than storage requirements without PV,
confirming the above benchmark even in the worst
case situation. As above, the remarkable agreement
between satellite and ground derived MBES is stressed.

4. CONCLUSIONS

This study confirms, on a multi-climatic, North
American scale. the key results of a localized prelim-
inary study by Perez er al., (199 1), making constructive
use of the results of a comprehensive IEA task ( Zelenka
et al., 1992). These results are: (a) the physical accuracy
of satellite-derived, hourly, global irradiance or fixed-
tilt, south-facing irradiance is of the order of 20-25%
RMSE and negligible MBE, making the satellite more
suitable to real data acquisition than extrapolation be-
vond 50 km of a ground station; (b) Satellite-derived
insolation is an effective means of assessing the poten-
tial of PV generation in relation to the needs of electric
utilities for places with little access to ground data.

Finally, it is stressed again that this study is con-
servative with respect to the ultimate capabilities of
the satellite. Three avenues for future improvement
are: (a) higher resolution on-board sensors, (b) a com-
bination of satellites for spatial coverage and ground
networks for real-time local satellite calibration, and
(c) stochastic and/or physical improvement of algo-
rithms.
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