{ Contents )

Preface Xiii
Biography XV

1. Terms and Definitions
Tom Stoffel

1.1. Introduction 1
1.2. Overview of Solar-Power Conversion Technologies 2
1.2.1. Photovoltaic 2
1.2.2. Concentrating Solar Power 5
1.3. Solar Power Versus Solar Irradiance 8
1.4. Direct, Diffuse, and Global Solar Radiation and
Instrumentation 9
1.5. Atmospheric Properties Affecting Solar Irradiance 12
References 17
2. Semi-Empirical Satellite Models
Richard Perez, Tomas Cebecauer and Marcel Suri
2.1. Satellites and Spectral Bands 21
2.2. Basic Principles 23
2.3. Clear-Sky Background 24
2.4. Cloud Attenuation: Cloud Index 29
2.5. Computing Global Irradiance 32
2.5.1. Correcting the Dynamic Range over Heterogeneous
Terrain 34
2.5.2. Snow Cover 35
2.6. Computing Direct Normal Irradiance 37
2.7. Downscaling Solar Irradiance with High-Resolution
Terrain Information 38
2.8. Sources of Uncertainty ) 38
2.9. Validation and Accuracy 41
2.10. Calibrating Satellite Bias using Ground Measurements 44
2.11. Future Advancements 44
References 46
3. Physically Based Satellite Methods
Steven D. Miller, Andrew K. Heidinger and Manajit Sengupta
3.1. Introduction 50
3.2. Satellite Observing Systems 53



3.3. Cloud and Aerosol Detection and Property
Characterization
3.3.1. Clouds
3.3.2. Aerosols
3.4. Relating Properties to Surface-Irradiance Parameters
3.4.1. Single-Step Methods
3.4.2. Two-Step Methods
3.5. Example Processing and Datasets
3.5.1. International Satellite Cloud Climatology Project
3.5.2. NASA Global Surface Radiation Budget
3.5.3. Heliosat
3.5.4. NOAA Operational Programs
3.6. Future Satellite Capabilities
3.7. Critical Needs for Research
3.7.1. Three-Dimensional Effects in Short-Term
Forecasts
3.7.2. Improved Use of Satellite-Retrieved Cloud Products
in NWP Analysis
3.7.3. Model/Observational Climatology Hybrids
3.8. Conclusions
References

Evaluation of Resource Risk in Solar-Project
Financing
Andrew McMahan, Cathy Grover and Frank Vignola

4.1. Introduction
4.2. Perspectives on Resource Risk in Project Financing
4.3. Data Sources, Quality, and Uncertainty
4.3.1. Ground-Measured, Ground-Modeled,
and Satellite Data Sources
4.3.2. Length of Record and Variability
43.3. Comparison and Intercalibration of Different
Solar Datasets in Time and Space
4.3.4. Data Uncertainty
4.4. Commercial Implications of Resource Variability
4.4.1. Variations in Price
4.4.2. Delivery Requirements and Capacity Payments
4.4.3. Forecasting Requirements
4.5. Techniques for Quantifying and Managing
Resource Risk
4.5.1. Statistical Probabilities of Exceedance
4.5.2. Sources of Variation in Energy Projections
4.5.3. Sensitivities and Stress/Downside Cases
4.5.4. Debt Sizing and Debt-Service Coverage Ratios
4.6. Conclusions
References

Contents

57
57
61
61
62
64
64
65
65
66
b6
69
71

71

74
75
75
76

82
83
84

85
86

87
87
88
88
89
90

90
90
92
93
94
94
95



Contents

5. Bankable Solar-Radiation Datasets
Frank Vignola, Andrew McMahan and Cathy Grover

5.1. Introduction
5.2. Solar-Radiation Datasets: Characteristics, Strengths,

and Weaknesses

5.2.1. The SOLMET/ERSATZ Database

5.2.2. The National Solar Radiation Data Base

5.2.3. TheCanadian Weather Energy and Engineering Datasets
5.3. Typical Meteorological Year (TMY) Data Files

5.3.1. Limitations of the TMY2 and TMY3 Files
5.4. Satellite-Derived Solar-Radiation Values

5.4.1. Deriving lrradiance from Satellite Images

5.4.2. Geostationary Satellites

5.4.3. Satellite-Irradiance Model Accuracy

5.4.4. The NASA/SSE Database

5.4.5. Comments on Satellite-Data Accuracy and Status
5.5. Irradiance Measurements and Uncertainties

5.5.1. High-Quality Measurements of DNI, GHI, and DHI

5.5.2. The Rotating Shadowband Radiometer

5.5.3. The Importance of Maintenance and Calibration

5.5.4. The Value of Combining Satellite-Derived

and Ground-Based Data

5.5.5. Other Important Meteorological Measurements
5.6. Building a Bankable Dataset

5.6.1. The Objective of a Bankable Dataset

5.6.2. Procedures to Create a Bankable Dataset

5.6.3. NASA/SSE Data and Ground-Based Measurements
5.7. Statistical Analysis of a Solar-Radiation Dataset

for P50, P90, and P99 Evaluations

5.7.1. The Purpose of P50, P90, and P95

5.7.2. Distributions of Annual Irradiance

5.7.3. Requirements for Long-Term Data
5.8. Status and Future
References

6. Solar Resource Variability
Richard Perez and Thomas E. Hoff

6.1.
6.2.
6.3.
6.4.

6.5.

6.6.

Introduction

Quantifying Solar-Resource Variability

The Dispersion-Smoothing Effect

The General Case of an Arbitrarily Dispersed Fleet

of Solar Generators

Variability Impact on the Distribution and Transmission
System

A Final Note on the Smoothing Effect

References

98

99

99
102
106
108
110
111
112
113
114
115
117
118
118
120
122

122
122
123
123
124
125

126
126
127
127
128
129

133
135
136

142
143

146
146



Contents
7. Quantifying and Simulating Solar-Plant Variability
Using Irradiance Data
M. Lave, ]. Kleissl and J. Stein
7.1.  Causes and Impacts of PV Variability 150
7.2. Variability Metrics 151
7.2.1. Ramp Rates 151
7.2.2. Clear-Sky Index 152
7.2.3. Wavelet Decomposition 153
7.2.4. Variability Reduction 155
7.3. Wavelet Variability Model 157
7.3.1. WVM Procedure 158
7.3.2. Correlations between Sites 159
7.3.3. WVM Applications 160
7.4. WVM Validation and Application in Puerto Rico 160
7.4.1. Validation: Copper Mountain 48 MW 160
7.4.2. The Puerto Rico Electric Power Authority (PREPA)
10% Ramp Rate Technical Requirement 163
7.4.3. Comparison of Variability in San Diego, Oahu,
and Puerto Rico 167
7.5. Conclusions 168
References 169

8. Overview of Solar-Forecasting Methods and a Metric
for Accuracy Evaluation
Carlos F.M. Coimbra and Jan Kleissl, Richardo Marquez

8.1. Classification of Solar-Forecasting Methods
8.2. Deterministic and Stochastic Forecasting Approaches
8.2.1. A Critical Appraisal of Physically-Based Forecasting
Approaches
8.2.2. Satellite Forecasts
8.2.3. Sky-Imager Forecasts
8.2.4. Data Inputs to Stochastic-Learning Approaches
8.2.5. Section Summary
8.3. Metrics for Evaluation of Solar-Forecasting Models
8.3.1. Solar Resource Variability
8.3.2. Conventional Metrics for Model Evaluation
8.3.3. A Time Horizon-Invariant (THI) Metric
8.4. Applying the THI Metric to Evaluate Persistence,
and Nonlinear Autoregressive Forecast Models
8.4.1. NAR and NARX Forecasting Models
8.4.2. Comparison of Forecasting Models and Persistence
8.4.3. Comparison with a Satellite Cloud-Motion Forecast
Model
8.5. Conclusions
References

172
177

177
178
179
179
181
182
182
183
185

187
187
188

191
191
192



Contents

10.

Sky-Imaging Systems for Short-Term Forecasting
Bryan Urquhart, Mohamed Ghonima, Dung Nguyen,
Ben Kurtz, Chi Wai Chow and Jan Kleissl/

9.1. Challenges in Short-Term Solar Forecasting
9.2. Applications
9.2.1.  Utility-scale Solar-Power Facilities
9.2.2. Distributed PV on Urban Feeders
9.2.3. PV-Tied Energy Storage
9.3. Sky-lmaging Hardware
9.3.1.  Components of Ground Image-Based Forecasting
9.3.2. Historical Review of Digital Sky Photography for
Atmospheric Research
9.3.3. Optical- and Imaging-System Design
of the UCSD Sky Imager
9.3.4. High-Dynamic-Range Imaging
9.4. Sky-Imagery Analysis Techniques
9.4.1. Image-Processing Techniques for Cloud Detection
and Opacity Classification
9.4.2. Determination of Cloud-Base Height through
Stereography
9.4.3. Cloud Velocity Estimation
9.5. Case Study: Copper Mountain
9.5.1. Experimental Setup
9.5.2. Forecast Methodology
9.5.3. Power-Output Forecasts with Sky Imagery
9.5.4. Error Metrics
9.5.5. Forecast Performance
9.6. Conclusions
9.6.1. Future Applications
9.6.2. Final Remarks
References

SolarAnywhere Forecasting
Richard Perez and Tom E. Hoff

10.1.

10.2.

10.3.

The SolarAnywhere Solar Resource and Forecast Data
Service

10.1.1. Historical Data

10.1.2. Forecast Data

Solaranywhere Forecast Models

10.2.1. Short-Term Cloud-Motion Vector Forecasts
10.2.2. Numerical Weather Prediction Forecasts
Model Evaluation: Standard Resolution

10.3.1. Single-Point Ground-Truth Validation

10.3.2. Extended-Area Validations

10.3.3. Intercomparison of NWP Solar Forecast Models

196
197
197
197
197
198
198

200

203
206
208

209

213
215
218
218
219
220
223
223
226
226
228
229

233
233
234
235
235
236
238
238
257
259



11.

12.

Contents
10.4. Performance Evaluation: 1 km, 1 min Forecasts 262
Concluding Remarks 263
References 263
Satellite-Based Irradiance and Power Forecasting
for the German Energy Market
Jan Kuhnert, Elke Lorenz and Detlev Heinemann
11.1. Solar Energy Penetration in Germany 267
11.2. Overview of the Satellite Forecast Process 270
11.3. Irradiance from Satellite Data 271
11.3.1. Meteosat Satellite 271
11.3.2. Heliosat Method 271
11.4. Cloud-Mation Vectors 273
11.4.1. Detection of Cloud Motion 273
11.4.2. Determination of Model Parameters 275
11.4.3. Forecasting by Extrapolation of Motion 276
11.4.4. Postprocessing: Smoothing 276
11.5. FEvaluation 277
11.5.1. Evaluation Measures and Period 278
11.5.2. Reference Forecasts: ECMWF and Persistence 279
11.6. [Evaluation of CMV Forecasts 280
11.6.1. Single-Site Forecasts 280
11.6.2. Regional Forecasts 284
11.6.3. Error Characterization 285
11.7. PV-Power Forecasting 291
11.8. Summary and Outlook 294
References 295
Forecasting Solar Irradiance with Numerical
Weather Prediction Models
Vincent E. Larson
12.1. Introduction 299
12.2. Steps Required to Produce a NWP Forecast 300
12.2.1. Determining Atmosphere Initial State
and Grid Resolution 300
12.2.2. Statistical Postprocessing 301
12.3. Comparison of Model Configurations for Four
Operational Models (ECMWF, NAM, GFS, RAP):
Spatial and Temporal Coverage, Deep and Shallow
Cumulus, Turbulent Transport, Cloud Fraction, Cloud
Overlap, Stratiform Microphysics, Aerosol, Shortwave
Radiative Transfer 302
12.4. Possible Sources of Error in Forecasted [rradiance 310
12.4.1. Noncloudy Scenes 310
12.4.2. Cloudy Scenes 311

12.4.3. A Need for Caution 311



Contents

13.

14.

12.5. Present-Day Accuracy of Solar-Irradiance Forecasts
12.6. Conclusions
References

Data Assimilation in Numerical Weather Prediction
and Sample Applications
Andrew S. Jones and Steven J. Fletcher

13.1. Introduction
13.2. DA Methods and Their Use
13.2.1. Overview
13.2.2. Major NWP DA Centers
13.2.3. Data Cycling
13.2.4. Data Quality Control
13.2.5. Data Thinning
13.2.6. Performance Metrics
13.3. How does DA Work?
13.3.1. Bayesian Theory
13.3.2. DA Components: Forward Models, Mathematical
Adjoints, Operators, and Cost Function
13.3.3. Variational DA
13.3.4. Incremental Variational DA
13.3.5. Ensemble DA
13.3.6. Particle Filters
13.4. Solar-Energy DA Challenges
13.4.1.  Nonlinear Physics
13.4.2. Non-Gaussian Physics
13.4.3. Noncontinuous Physics
13.4.4. Examples of Cloudy DA
13.5. Future Trends
13.6. Conclusions
References

Case Studies of Solar Forecasting with
the Weather Research and Forecasting Model
at GL-Garrad Hassan

Patrick Mathiesen, Jan Kleiss! and Craig Collier

14.1.  Motivation: Forecasts of Irradiance, Variability,
and Uncertainty
14.1.1.  Defining Stakeholder Needs
14.1.2.  Independent System Operator Perspective
14.1.3. Energy-Trader Perspective
14.2. Solar Forecasting Using NWP at GL-Garrad Hassan
14.2.1. Publicly Available NWP Models
14.2.2. The WRF Model at GL-Garrad Hassan
14.2.3. Model Output Statistics, Confidence Intervals,
Ramp Probability

312
315
315

320
322
322
323
325
327
327
328
329
330

333
336
337
340
341
341
341
342
345
346
347
349
351

358
360
362
363
366
366
367

370



15.

Index

Contents
14.3. Case Studies on Meeting Stakeholder Needs 374
14.3.1. 1SO Perspective 374
14.3.2. Energy Trader Perspective 377
14.4. Summary and Conclusions 378
References 381
Stochastic-Learning Methods
Carlos F.M. Coimbra and Hugo T.C. Pedro
15.1. Introduction 383
15.2. Baseline Methods for Comparison 385
15.2.1. Persistence Methods 386
15.2.2.  ARIMA Models 387
15.2.3. kNN and ANN 388
15.3. Genetic Algorithms 390
15.3.1.  GA/ANN: Scanning the Solution Space 390
15.3.2. Selection, Crossover, Mutation,
and Stopping Criterion 391
15.4. Qualitative Performance Assessment 392
15.5. Performance of Stochastic-Learning Methods
with No Exogenous Variables 393
15.5.1. Clear-Sky Model 394
15.5.2. Quantitative Performance of ARIMA, kNN, ANN,
CA/ANN 395
15.6. Sky-Imaging Data as Exogenous Variables
for Solar Forecasts 400
15.6.1. Image Processing 401
15.6.2. Deterministic Results 401
15.7. Stochastic Learning Using Exogenous Variables:
The National Digital Forecasting Database 403
15.8. Conclusions 404
References 405

407



	Inhaltsverzeichnis
	[Seite 1]
	[Seite 2]
	[Seite 3]
	[Seite 4]
	[Seite 5]
	[Seite 6]
	[Seite 7]
	[Seite 8]


