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Solar Deployment in the U.S. 

Source: GTM Research 

51 GW Cumulative 
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Wind Deployment in the U.S. 

Source: American Wind Energy Association 
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Wholesale Electricity Markets in the U.S. 
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Wholesale Electricity Markets in the U.S. 

ISO-NE NYISO PJM MISO SPP ERCOT CAISO 

Peak Load (MW) 28,000 34,000 165,000 127,000  46,000 69,000 47,000 

Total Generation 
Capacity (MW) 

31,000 39,000 184,000 180,000 83,000 77,000 60,000 

Generating Units 350 400 1,400 1,400 750 550 760 

Annual Energy 
(TWH) 

120-135 160-165 780-840 600-680 225-240 340-350 230-260 

Transmission 
(Miles) 

8,000 11,000 72,000 66,000 61,000 46,000 26,000 

Total Capacity ~ 655,000 MW – almost 60% of total U.S. capacity 

Source: EPRI 
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Energy Imbalance Markets 
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Market Products 

• Energy Market 
o Day-Ahead Energy Market 
o Real-Time Energy Market 

• Ancillary Services Market 
o Reserve Market (market-based) 
o Regulation market (market-based) 
o Voltage support (cost-based) 
o Blackstart service (cost-based) 

• Financial Transmission Rights Markets 
o Including Auction Revenue Rights 

• Capacity Markets 
o Flexible Capacity 

Source: EPRI 
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Storage in the U.S. 

Pumped Storage Hydro is the dominant 
energy storage technology in the U.S. 

DOE Global Storage Energy Database 
http://www.energystorageexchange.org/projects/data_visualization 

~24 GW Total 
Capacity 

http://www.energystorageexchange.org/projects/data_visualization
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Storage in the U.S. 

Source: U.S. DOE 
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States with Utilities Including Storage in 
Resource Planning or Rate Cases 

MA: 200 MWh 
by 2020 

CA: 1.3 GW 
by 2020 

OR: 5 MWh 
by 2020 

NY: 1.5 GW 
by 2025 

Source: https://www.greentechmedia.com/articles/read/us-energy-storage-deployments-up-46-percent-annually-in-q3-2017#gs.72ix3i4 

Storage in IRP/LTPP Procurement Mandate Distribution Planning/State Energy Plan 
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The Dynamic Li-Ion Market 
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The Dynamic Li-Ion Market 

81% Reduction (!) 
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Li-Ion Market – Late Breaking News 
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Li-Ion Market – Late Breaking News 
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Grid Application Depends on Storage 
Characteristics 

Different technologies can address different grid needs, but no 
single storage technology, in the near term, 

is likely to meet all grid applications. 
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Potential for Storage to Provide Peaking 
Capacity – Analysis for California 

No PV Case 
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Grid Services without Batteries 
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Grid Services without Batteries 

• Thin-film Cd-Te PV modules 
• 4 MVA PV inverters 
• 9 x 40 MVA blocks 
• 34.5 kV collector system 
• Two 170 MVA transformers 
• Tie with 230 kV transmission line 
• PMUs collecting data on 230 kV side  
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Summary of Tests 
• CAISO-NREL-First Solar custom-developed test scenarios: 

– Regulation-up and regulation-down, or AGC tests during sunrise, middle of 
the day, and sunset 

– Frequency response tests with 3% and 5% droop settings for over- frequency 
and under- frequency conditions 

– Curtailment and APC tests to verify plant performance to decrease or 
increase its output while maintaining specific ramp rates  

– Voltage and reactive power control tests 
– Voltage control at near zero active power levels (nighttime control). 

• More standardized First Solar’s power plant controller (PPC) system 
commissioning tests:  
– Automatic manual control of inverters (individual, blocks of inverters, whole 

plant) 
– Active power curtailment control, generation failure and restoration control, 

frequency control validation 
– Automatic voltage regulation at high and low power generation 
– Power factor control 
– Voltage limit control 
– Volt-ampere reactive (VAR) control. 
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Grid Services without Batteries 

• 4-sec AGC signal provided 
to PPC 

• 30 MW headroom 
• Tests were conducted at 

three resource intensity 
conditions (20 minutes at 
each condition): 

– Sunrise 
– Middle of the day 
– Sunset 

• 1-sec data collected by 
plant PPC  

Morning 

Midday 
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Test Summary and Comparison 

Typical Regulation-Up Accuracy of CAISO Conventional Generation 

Time Frame Solar PV Plant Test Results  

Sunrise 93.7% 

Middle of the day 87.1% 

Sunset  87.4% 

 

 Combined 
Cycle 

Gas 
Turbine 

Hydro Limited 
Energy 
Battery 
Resource 

Pump 
Storage 
Turbine 

Steam 
Turbine 

Regulation- 
Up 

Accuracy 

46.88% 63.08% 46.67% 61.35% 45.31% 40% 

 

Measured Regulation Accuracy by 300 MW PV Plant 



NREL is a national laboratory of the U.S. Department of Energy, Office of Energy Efficiency  
and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC. 

  www.nrel.gov 

NREL is a national laboratory of the U.S. Department of Energy, Office of Energy Efficiency  
and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC. 

NREL is a national laboratory of the U.S. Department of Energy, Office of Energy Efficiency 
and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.  

david.mooney@nrel.gov 

Thank You 
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