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ABSTRACT
Grid-connected PV in the U.S. has grown substantially
over the past several years and grid operators are
increasingly concerned about its impacts in planning and
operations. In response, the California Solar Initiative
(CSI) and the California Energy Commission (CEC) have
funded research to support the development of costeffective strategies and solutions for integrating large
amounts of PV into the power system.
This paper describes preliminary results from the CSI and
CEC projects. The paper describes how PV fleet power
production is being simulated for all PV systems in the
state of California. It then illustrates how these results
could be used in balancing area planning and operation.
Results suggest that simulating PV fleet power production
using satellite irradiance data holds promise as an
approach to address some of the challenges associated
with integrating PV generation into the utility grid.
1.

INTRODUCTION

The amount of PV connected to the U.S. utility grid has
grown substantially over the past few years. Many expect
that this growth will continue and perhaps even
accelerate. As a result, utilities and agencies in charge of
the grid have grown increasingly concerned with the
potential effects. In response to this concern, the
California Solar Initiative (CSI) has funded research to
support the development of cost-effective strategies and
solutions for integrating large amounts of PV into
distribution systems.
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Clean Power Research (CPR) and its partners have
undertaken the following grid-integration tasks under this
program: (1) Create a high resolution solar resource
database with one-kilometer geographical resolution and
one-minute temporal resolution (designated as
“SolarAnywhere High Resolution” [1]); (2) Validate PV
fleet simulation methodologies using measured ground
data from fleets of PV systems; and (3) Integrate PV fleet
simulation methodologies into utility software tools to
support activities ranging from distribution planning to
balancing area operation.
In addition, the California Energy Commission (CEC) has
funded a complementary project to validate satellitederived solar fleet forecasts for use by the California
Independent System Operator (CAISO).
2.

OBJECTIVE

This paper presents preliminary results from these
projects. In particular, the paper describes how to predict
aggregated PV fleet power and then illustrates its use in
balancing area planning and operation. The paper uses
data from CAISO and the Sacramento Municipal Utility
District (SMUD) to illustrate the results within the state of
California.
3.

APPROACH

Three critical components are required to predict PV fleet
power production: (1) Historical or forecasted solar
irradiance; (2) PV system specifications; and (3) a PV
power simulation model.
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production data for a set of 18 large PV systems from
CAISO. The data were filtered to eliminate data
collection errors (but still reflect PV plant performance
issues). Normalized, simulated half-hour PV fleet power
is plotted versus measured PV fleet power in Fig. 6.
Results suggest that the relative mean absolute error was
6 percent ([13] discusses the calculation methodology).
Another comparison was made with roughly 1,000
residential and commercial distributed generation systems
within SMUD’s territory as presented in Fig. 7. Fleet
system production was compared over a six-month period
(4/16/12 – 10/10/12), using hourly measurements from
PV production meters and resulted in a 5 percent relative
mean absolute error. Expanding the time period to one
year may change the results.
6.

The dashed red line is the demand that the balancing area
authority would need to be prepared to satisfy in 2020. As
can be seen with this particular day, the result is that the
behind-the-meter PV is expected to reduce Total Demand
and flatten the load earlier in the day. A full planning
study is required to repeat this exercise for all times of the
year.
4.2. OPERATION
In addition to planning, PV fleet simulation capabilities
may be used for grid operation. Fig. 5 presents the PV
power forecast at 13:00 on February 14, 2013. The figure
is constructed by simulating half-hour power output for
each of the approximately 150,000 PV systems
individually and then aggregating the results based on the
geographic location of each system. This forecast
information can be incorporated into operations by the
balancing area authority to more effectively schedule nonsolar units.
5.

VALIDATION

Validation of numeric results is underway and the
following are some preliminary results.
Simulated PV fleet production was validated using one
year (9/1/11 to 8/31/12) of measured half-hour PV power

CONCLUSIONS

This paper described preliminary results from CSI and
CEC projects led by CPR to support the development of
strategies for integrating large amounts of PV into the
power grid. The paper described a demonstration of PV
fleet simulation for the state of California and then it
illustrated how the results could be used in balancing area
planning and operation. Results suggested that simulating
PV fleet power production using satellite irradiance data
holds promise as an approach to address some of the
challenges associated with integrating PV generation into
the utility grid.
7.

ACKNOWLEDGEMENTS

Portions of this study were funded under a CSI Grant
Agreement titled “Advanced Modeling and Verification
for High Penetration PV” and a CEC Grant Agreement
titled “Demonstration and Validation of PV Output
Modeling Approach.” The CSI California Public Utilities
Commission is the Funding Approver, Itron is the
Program Manager, and the California IOUs are the
Funding Distributors. Phil Gruenhagen, David Chalmers,
and Andrew Parkins (CPR) provided substantial software
services support to make this project a reality. Opinions
expressed herein are those of the authors only.

88.

Fig. 4. Usin
ng PV fleet datta for planning
g purposes.

Fig. 55. Using PV fleeet data for opeerational purpooses.

Fig. 6. Simu
ulated vs. meassured PV fleet power (18
CAISO meterred systems).

Fig. 7. Sim
mulated vs. meeasured PV fleeet power (1,000 SMUD
disttributed system
ms).

REFEREN
NCES

[1]. SolarAnyw
where. 2013. Web-Based
W
Serv
vice that
P
Provides One-M
Minute, Half-hour, and Hourlly SatelliteD
Derived Solar Irradiance
I
Dataa Forecasted 7 days Ahead
aand Archival Data
D back to Jan
nuary 1, 1998.
w
www.SolarAny
ywhere.com.
[2]. Perez, R., Hoff,
H
T. E. 201
13. SolarAnywh
here Forecast,
S
Solar Energy Forecasting and
d Resource Asssessment, ed.
D
Dr. Jan Kleissl.. Elsevier. Fortthcoming.
[3]. PowerClerk
k. 2013. www..PowerClerk.co
om.

[4]. w
www.caiso.com
m.
[5]. H
Hoff, T. E., Perrez, R. 2010. Q
Quantifying PV
V power
Outpput Variability. Solar Energy 84 (2010) 1782–1793.
[6]. H
Hoff, T. E., Perrez, R. 2012. M
Modeling PV F
Fleet
Outpput Variability. Solar Energy 86 (2012), pp. 217721899.
[7]. M
Mills, A., Wiseer, R. 2010. Im
mplications of W
Wide-Area
Geoggraphic Diversity for Short-T
Term Variabilitty of Solar
Poweer. Lawrence B
Berkeley National Laboratoryy
Techhnical Report L
LBNL-3884E.

[8]. Perez, R., Kivalov, S., Schlemmer, J., Hemker Jr., C.,
Hoff, T. E. 2010. Parameterization of site-specific shortterm irradiance variability. Submitted to Solar Energy.
[9]. Perez, R., Kivalov, S., Schlemmer, J., Hemker Jr., C.,
Hoff, T. E. 2010. Short-term irradiance variability
correlation as a function of distance. Submitted to Solar
Energy.
[10]. Hoff, T. E., Perez, R. 2011. PV Power Output
Variability: Calculations of Correlation Coefficients
Using Satellite Insolation Data. 2011 ASES Annual
Conference.

[11]. SolarAnywhere FleetView. 2013. Web-based
service that provides fleet system output, based on
historical satellite-derived solar irradiance as well as
forecast, both satellite and numerical weather modelderived, data. www.SolarAnywhere.com
[12]. Press Release,
http://gov.ca.gov/s_energyconference.php.
[13]. Hoff, T. E., Perez, R., Kleissl, J., Renne, D. and
Stein, J. (2012), Reporting of irradiance modeling relative
prediction errors. Prog. Photovolt: Res. Appl.
doi: 10.1002/pip.2225.

