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The US Energy 
Supply is Shifting

Coal

Nat Gas

Nuclear

20% Renewables

Since 2010:
• Coal has declined
• Gas and Renewables 

have increased
• Nuclear and Hydro 

have remained steady

2020 was the first year that Renewables surpassed either 
Nuclear or Coal in energy generation in the US.
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The US Energy 
Supply is Shifting

Renewable Energy

In 2020, 20% of annual 
electricity was from 
renewable sources.  
• 8.5% Wind
• 7.3% Hydro
• 2.3% Solar
• 1.4% Biomass
• 0.4% Geothermal

Largest increase is 
in wind and solar

In 2020, wind 
produces more 
energy than hydro 
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Cost of Renewables 
Continues to Fall

Utility-scale wind and 
solar are the most cost-
competitive forms of new
energy

Wind costs have decrease 
70% and Solar costs have 
decreased 90% since 2009
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These numbers lower than costs for existing 
coal plants and are getting close to installed 
nuclear and gas plants
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States and Utilities with Significant 
Clean Energy Targets

Getting to 100% Clean 
Electricity in US by 2035 =           
20% Nuclear + 7% Hydro +
10% Clean H2 Fuels +            
50-70% Wind & Solar 
on an annual basis!!

What was the % Wind and 
Solar in 2020? 11% 

What was the % Wind and 
Solar in 2021? 13% 
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The U.S. is looking at how to get to 
100% Clean Electricity

~500GW of Wind

Source: Cole et al., Quantifying the challenge of reaching a 100% renewable energy power system for the United States, Joule (2021), https://doi.org/10.1016/j.joule.2021.05.011

For more than 25% of the year, the system needs to operate at over 80% inverter-based resources

~500GW of Batteries

~1500GW of PV



Current Power Systems Operating 
with Variable Renewable Energy 

(what do we know)

Photo: 550MW Desert Sunlight Plant 
Courtesy: NextEra Energy Resources
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Source: Island Power Systems with High Levels of Inverter-Based Resources: Stability and Reliability Challenges, 
A. Hoke, V. Gevorgian, S. Shah, P. Koralewicz, R. Kenyon, B. Kroposki, IEEE Electrification Magazine, March 2021

Need technical solutions to get to 100% 
inverter-based instantaneous power in 
large power systems and unify 
operations with synchronous generators

https://ieeexplore.ieee.org/document/9371251


South Australia – Seeing large 
amounts of PV 

Keeping gas plants on for system stability 
and exporting to neighboring areas

Source: AEMO

Source: AEMO
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Ireland Case Study 
going from 30% to 70% 

Limited to 65% instantaneous in 2018

Wind % in Ireland (2018)
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Wind % in Ireland (2018)
Estimated to reach 70% Annual Energy
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2030 wind was estimated by multiplying 2018 wind availability by 2.1612 to achieve an energy balance of 70% wind.
This data is representative only for Ireland and makes assumptions about new wind placement that may not be true in the future. 

Wind

Other Sources
Currently limited to 65% 
(2018) for a variety of 
reasons including system 
inertia and minimum 
loading of existing on-line 
generation.
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2030 wind was estimated by multiplying 2018 wind availability by 2.1612 to achieve an energy balance of 70% wind. 

1) Need technical solutions to go from 
65% to 100% instantaneous levels

Curtailed Wind

Other Sources

Installed capacity to produce 70% on annual needs = 45% Annual Energy with a 65% penetration limit

Gets us to 45% Wind



SPP Forecast vs. Actual for 2022-02-25 12:50:00 (Central Time)
https://marketplace.spp.org/pages/forecast-vs-actual

Forecast is for 100% of load to be covered by wind

Wind 
29GW

Solar 
42GW

Storage 
13GW

Thermal 6GW

What is in the SPP Queue?

Adding the Solar – Good match with times of low wind
and Adding the Wind…

--- Solar shown is not actual, but example if 42GW of solar was deployed Southwest 
Power Pool 

(SPP)

https://marketplace.spp.org/pages/forecast-vs-actual


Getting to very high instantaneous
levels of inverter-based resources

(Balance at very fast time scales (<10s)
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grid AC 
waveform 50 

or 60 Hz

synchronous 
generator

Induction 
machine or 

inverter

Induction 
machine or 

inverter

synchronous 
generator

Solar PV and most 
Wind use inverters to 

connect to the grid 

grid AC 
waveform 50 

or 60 Hz

motor/
generator

motor
/generator

synchronous 
generator

synchronous 
generator

Integrating 
Synchronous 
Generators with 
Inverters

Need to unify the 
operation of synchronous 
machines and inverter-
based resources at any 
scale

Hydro, Nuclear, Coal, Natural Gas plants all use 
synchronous generators to connect to the grid 

B. Kroposki et al., “Achieving a 100% Renewable Grid –
Operating Electric Power Systems with Extremely High 
Levels of Variable Renewable Energy,” 
http://ieeexplore.ieee.org/document/7866938/

Understanding Inertia Video
https://www.youtube.com/watch?v=b9JN7kj1tso

http://ieeexplore.ieee.org/document/7866938/
https://www.youtube.com/watch?v=b9JN7kj1tso
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System Stability

Line Opens

Frequency Dips

Voltage Dips

Source: N.W. Miller et al., WWSIS: Phase 3A, http://www.nrel.gov/docs/fy16osti/64822.pdf

Western Wind and Solar Integration Study
• Wind power plants: voltage regulation and ride-through
• Utility-scale PV: voltage regulation and ride-through
• Rooftop PV: embedded in composite load model, no controls.

Western Interconnection can survive a major contingency 
outage with 30% annual energy of variable renewable energy 
(inverter-based).

http://www.nrel.gov/docs/fy16osti/64822.pdf
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Inverter Based Resources 
can Provide Grid Services

NREL/FirstSolar/CAISO experiment: 300-MW plant 
following Automatic Generator Control (AGC) signal

300-MW PV Plant in California (Photo from First Solar)

Demonstrated that PV plants (and wind power 
plants on next slide) can deliver essential grid 
services.

Source: C. Loutan, P. Klauer, S. Chowdhury, S. Hall, M. Morjaria, V. Chadliev, N. Milam, C. 
Milan, V. Gevorgian, Demonstration of Essential Reliability Services by a 300-MW Solar 
Photovoltaic Power Plant, http://www.nrel.gov/docs/fy17osti/67799.pdf

http://www.nrel.gov/docs/fy17osti/67799.pdf
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Wind Providing Grid 
Services

CAISO, in partnership with Avangrid Renewables, 
NREL, and General Electric, conducted tests on the 
energy company’s Tule Wind Farm, located in 
eastern San Diego County, to demonstrate that a 
large, utility- scale wind plants can provide 
essential reliability services

Avangrid Renewables Tule Wind Farm
Demonstration of Capability to Provide Essential Grid Services
http://www.caiso.com/Documents/WindPowerPlantTestResults.pdf

Active Power Control

http://www.caiso.com/Documents/WindPowerPlantTestResults.pdf
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Technical 
challenges with 
higher Inverter-
based resources

Challenges:
• Lower System Inertia 

(frequency stability)
• Voltage Stability and 

Regulation
• Grid Forming capability
• Black Start capability
• System Protection
• Control system interactions 

and resonances
• Cybersecurity

Source: B. Kroposki et al., “Achieving a 100% Renewable Grid – Operating Electric Power Systems with Extremely 
High Levels of Variable Renewable Energy,” http://ieeexplore.ieee.org/document/7866938/

http://ieeexplore.ieee.org/document/7866938/
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Running a 100% Inverter-based Grid
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Operations of a 
100% Wind-Solar-
Battery Power Grid

including Blackstart
• 1.5MW Wind turbine, 450kW 

PV system, and 1MW/1MWh 
Battery

• NREL operated a 100% Wind-
PV-Battery Grid for 72 Hours 
during a site outage

• Demonstrating new control 
techniques for these types of 
systems

24-hour operation of Wind-PV-Battery System at NREL’s Flatiron CampusSource: Island Power Systems with High Levels of Inverter-Based Resources: Stability and Reliability Challenges, 
A. Hoke, V. Gevorgian, S. Shah, P. Koralewicz, R. Kenyon, B. Kroposki, IEEE Electrification Magazine, March 2021

https://ieeexplore.ieee.org/document/9371251
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Working to unify the 
integration of inverters and 
synchronous machines

Co-led by NREL, Univ. of 
Washington, and EPRI

Forum to address fundamental 
challenges in seamless 
integration of GFM technologies 
into power systems of the 
future

Conduct research and 
development, demo concepts at 
scale, author best practices and 
standards, train next-generation 
workforce



Dealing with Variability and 
Uncertainty of Solar and Wind

(Balancing at longer time scales >10sec)
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Need to balance generation and load at every time period

Western Interconnect Eastern Interconnect
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Options for Dealing 
with Variability and 
Uncertainty
-Creating System Flexibility

Solutions:
• Utilize geographic diversity
• Improve renewable resource and load 

forecasting
• Increase sharing among balancing 

authority areas
• Enhance VRE services
• Coordinate flexible loads (active 

demand response)
• Utilize flexible conventional generation
• Expand the transmission system
• Curtail excess VRE production
• Add electrical storage
• Interact with other energy carriers Source: Impact of Flexibility Options on Grid Economic Carrying Capacity of Solar and Wind: Three Case Studies

P. Denholm, J. Novacheck, J. Jorgenson, and M. O’Connell,  National Renewable Energy Laboratory, NREL/TP-6A20-
66854, December 2016, https://www.nrel.gov/docs/fy17osti/66854.pdf

https://www.nrel.gov/docs/fy17osti/66854.pdf
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Using Generation to 
Address Integration Issues
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Demand Response Residential

Commercial

Industrial

TransportationHow do you control millions of 
generators, storage, loads?
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What about massive distributed 
energy resource (DER) deployment?

If every customer in the San Francisco Bay Area had 
PV, storage batteries, Electric Vehicles, Smart 

Thermostats and Smart Appliances you may have 
10-20 Million controllable devices in this area.

--- Autonomous Energy Grids---

https://www.nrel.gov/grid/autonomous-energy.html
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Autonomous Energy Grids

Solar PV
Building Load
EV Charger
EV with passenger
EV idle

Developed complex multi-
domain energy system 
simulation of SF Bay Area

Evaluation of distributed, 
hierarchal controls operating 
at 1 sec with  millions of 
controllable assets 

https://www.nrel.gov/grid/autonomous-energy.html

https://www.nrel.gov/grid/autonomous-energy.html
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Using System Operations and 
Assets to Address Integration Issues

Interconnection Seam Study

https://www.nrel.gov/analysis/seams.html

Evaluated the benefits and costs of options for continental 
transmission across the U.S. electric grid.

No increase in transmission 
capacity between the 

interconnections

Increasing capacity at 
existing back-to-back ties

Increasing existing back-to-back 
capacity and add three long-

distance HVDC ties 

Nationwide HVDC

https://www.nrel.gov/analysis/seams.html
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Energy Storage

Pumped Hydro Storage Facility
Bath County, Virginia, USA 
3GW for 11 Hrs (24-30GWh)

Gateway Energy Storage Project
San Diego, California, USA
250MW for 1hr (250MWh) Li-ion Battery 

Since wind and solar have 
relatively low capacity factors 
(20-50%) there will be increasing 
needs for energy storage

Upper Reservoir

Lower 
Reservoir

Photo: Google Maps

Informative video on this Pumped Hydro System
https://www.youtube.com/watch?v=ppPlUdBdvhU

Photo: LS Power

https://www.youtube.com/watch?v=ppPlUdBdvhU
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Upper Reservoir

Lower 
Reservoir

Photo: Google Maps

Photo: LS Power

Source: P. Denholm, W. Cole, W. Frazier, K. Podkaminer, and N. Blair. 2021. The Four Phases of Storage 
Deployment: A Framework for the Expanding Role of Storage in the U.S. Power System. Golden, CO: 
National Renewable Energy Laboratory. NREL/TP-6A20-77480, 
https://www.nrel.gov/docs/fy21osti/77480.pdf

Energy Storage

Li-ion BatteryPumped Hydro

Flow Battery Hydrogen Storage

https://www.nrel.gov/docs/fy21osti/77480.pdf
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The Need for Long-Term Energy 
Storage at Very High Levels of RE

Excess Renewables

Need for Power

Source: “The challenges of achieving a 100% renewable electricity system in the United States”, P. Denholm, D. Arent, S. Baldwin, D. Bilello, G. Brinkman, J. 
Cochran, W. Cole, B. Frew, V. Gevorgian, J. Heeter, B. Hodge, B. Kroposki, T. Mai, M. O’Malley, B.Palmintier, D. Steinberg, and Y. Zhang, Joule, May 2020, 
https://www.sciencedirect.com/science/article/pii/S2542435121001513

https://www.sciencedirect.com/science/article/pii/S2542435121001513
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Summary
• The power industry is seeing a shift towards 100% 

clean energy goals and each region has a variety of 
resources to tap into to meet these goals
• One way to address these goals is increasing use of 

variable renewable energy like solar and wind
• The favorable economics of solar and wind are driving 

new installations and deployments
• There are two main challenges with integrating very 

high levels of solar and wind in power systems:
• The inverter challenge of adding more power 

electronics-based technologies and removing 
synchronous generators 
• The balancing challenge of maintaining the 

supply/demand balance at all time scales by 
increasing system flexibility

• These are solvable challenges that will take working 
together to meet!
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For More Information
• Lazards’s Levelized Cost of Energy Analysis-Version 14.0 – 2020 https://www.lazard.com/perspective/lcoe2020

• “Achieving a 100% Renewable Grid – Operating Electric Power Systems with Extremely High Levels of Variable 
Renewable Energy,” B. Kroposki et al., IEEE Power & Energy Magazine, Nov/Dec 2017 
http://ieeexplore.ieee.org/document/7866938/

• “Addressing technical challenges in 100% variable inverter-based renewable energy power systems”, B. Hodge et 
al., WIREs Energy and Environment, April 2020, https://onlinelibrary.wiley.com/doi/full/10.1002/wene.376

• “WWSIS: Phase 3A”, N.W. Miller et al., http://www.nrel.gov/docs/fy16osti/64822.pdf

• “Autonomous Energy Grids: Controlling the Future Grid with Large Amounts of Distributed Energy Resources”,  B. 
Kroposki, A. Bernstein, J. King, D. Vaidhynathan, X. Zhou, C. Chang, and E. Dall’Anese IEEE Power and Energy 
Magazine, November/December 2020, https://ieeexplore.ieee.org/document/9229208

• “Impact of Flexibility Options on Grid Economic Carrying Capacity of Solar and Wind: Three Case Studies”, P. 
Denholm, J. Novacheck, J. Jorgenson, and M. O’Connell,  National Renewable Energy Laboratory, NREL/TP-6A20-
66854, December 2016, https://www.nrel.gov/docs/fy17osti/66854.pdf

• “The challenges of achieving a 100% renewable electricity system in the United States”, P. Denholm, D. Arent, S. 
Baldwin, D. Bilello, G. Brinkman, J. Cochran, W. Cole, B. Frew, V. Gevorgian, J. Heeter, B. Hodge, B. Kroposki, T. 
Mai, M. O’Malley, B.Palmintier, D. Steinberg, and Y. Zhang, Joule, May 2020, 
https://www.sciencedirect.com/science/article/pii/S2542435121001513

• “Electrification Futures Study: Scenarios of Electric Technology Adoption and Power Consumption for the United 
States”,  Mai, Trieu, Paige Jadun, Jeffrey Logan, Colin McMillan, Matteo Muratori, Daniel Steinberg, Laura 
Vimmerstedt, Ryan Jones, Benjamin Haley, and Brent Nelson, 2018, NREL/TP-6A20-71500. 
https://www.nrel.gov/docs/fy18osti/71500.pdf

• “Island Power Systems with High Levels of Inverter-Based Resources: Stability and Reliability Challenges”, A. Hoke, 
V. Gevorgian, S. Shah, P. Koralewicz, R. Kenyon, B. Kroposki, IEEE Electrification Magazine, March 2021 
https://ieeexplore.ieee.org/document/9371251

• “North American Renewable Integration Study” Brinkman, Gregory, Dominique Bain, Grant Buster, Caroline Draxl, 
Paritosh Das, Jonathan Ho, Eduardo Ibanez, et al. 2021. https://www.nrel.gov/docs/fy21osti/79224.pdf

https://www.lazard.com/perspective/lcoe2020
https://www.lazard.com/perspective/lcoe2020
http://ieeexplore.ieee.org/document/7866938/
https://onlinelibrary.wiley.com/doi/full/10.1002/wene.376
http://www.nrel.gov/docs/fy16osti/64822.pdf
https://ieeexplore.ieee.org/document/9229208
https://www.nrel.gov/docs/fy17osti/66854.pdf
https://www.sciencedirect.com/science/article/pii/S2542435121001513
https://www.nrel.gov/docs/fy18osti/71500.pdf
https://ieeexplore.ieee.org/document/9371251
https://www.nrel.gov/docs/fy21osti/79224.pdf
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