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Church, et al. Geophysical Research Letters, September 16, 2011 



The Culprit





Sea Level vs COSea Level vs. CO2
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Foster and Rohling, Proceedings of the National Academy of Sciences, 
January 22, 2013









Extreme WeatherExtreme Weather



U.S. June Temperature 
Records Broken



Waldo Canyon FireWaldo Canyon Fire



East Africa DroughtFrench Drought East Africa DroughtFrench Drought
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Thailand FloodsTexas Drought
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“We can’t afford to fix it ”We can’t afford to fix it.”

???



Projected Cost to US 
of Climate Change Damage 

b Y 2025by Year 2025:

$271 Billion/yr$271 Billion/yr

− Ackerman and Stanton, 2008



The Good News:The Good News:
Solutions!

(and Challenges)
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Potential U S Carbon ReductionsPotential U.S. Carbon Reductions
What does

-$108B/yr

it cost?

+$26B/yr+$26B/yr

Total:
Savingsg
of $82B/yr

57% Energy Efficiency, 43% Renewables



The Challenge:
Grid Integration



Operations during mid-April
No Wind/Solar
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From Western Wind and Solar Integration Study, courtesy of Debra Lew, NREL



Operations during mid-April
High renewables case

Combined cycleGas turbine
PV hydroPV

CSP

wind

coalcoal
nuclear
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From Western Wind and Solar Integration Study, courtesy of Debra Lew, NREL



Spatial Diversity Smooths Wind Farm Output p y p
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Solar and Wind Complementary:
Diurnal



Grid Integration Costs (Arizona Public Service)G d teg at o Costs ( o a ub c Se ce)





80% RE Scenario

Increased variability requires: 
increased supply and demand side flexibility- increased supply- and demand-side flexibility

- new transmission



New Transmission Needs



New NREL 
Energy Systems Integration FacilityEnergy Systems Integration Facility



Hardware-in-the-Loop: Connecting Experiments to Simulations

Utility Substation

Simulation validated 
with real field data

Simulation and Visualization at ESIF

Actual hardware at ESIF
y

Subdevelopment 
with PV at end of 
circuit

Solar Simulator

Visualization 
Interface

HIL I/O
Interface

Device Under Test
(e.g. inverter, energy 
storage, EV, load, etc.)

Replicated into

Load Banks

G id

Grid Simulator

Simulation loop 
l d ith t l

Replicated into 
Larger Simulation

Grid 
Simulator
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closed with actual 
hardware
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ESIF - Energy System Simulated Operations

A Flight Simulator for Energy System Operators
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The Really Good News:The Really Good News:

Rapid Change is Happening!Rapid Change is Happening!



New EPA Fuel Efficiency StandardNew EPA Fuel Efficiency Standard



Shift From Coal to Gas
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PV Module PricesPV Module Prices
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PV Resource: Germany vs. U.S.



Abengoa power towers
Gemasolar power tower

Abengoa power towers
p

US trough plant Spanish trough plant



World Wind Power (MW)



U.S. Wind Power Capacity
>50,000 MW



January 2013
N U S G ti C it Add dNew U.S. Generating Capacity Added:

1,231 MW

Percent from Renewables: 100%





Australian Carbon Tax



China



“We will respond to the
threat of climate change knowingthreat of climate change, knowing
that the failure to do so would 
betray our children and future

ti ”generations.”

- President Barack Obama, 
January 21, 2013
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