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Where ARE we Heading?
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Prediction is very difficult, especially if
it’s about the future
- Nils Bohr
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While Nobody Can Really Predict...

“It is far better to foresee without certainty

than to not foresee at all”
- Henri Poincaré (Foundations of Science)




Global Primary Energy Use (%)

We Are Always in a Transition
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But Now Is a Particularly Vibrant Time
(With important implications for the future...)

Percent of Total Electric Energy by Resource Type
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There Are Some Big Trends Underway

 Renewables
* Energy storage

* Smarter Grid
— Electric Vehicle-to-Grid
— Microgrids
— Smart Buildings

—_

Key theme:
Resiliency

One guarantee as we look to 2050:

Technology will continue to surprise!



Renewables Prices Have Plummeted
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(Note: some analysts find Lazard to be overly-optimistic)



With Potentially Much Room Still to Go
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Sprayed-on Solar?

“There will soon be a time when perovskite solar cells will be
sprayed on walls, windows, vehicles, roads, and any solid
unshaded surface to produce energy in a simple but highly
efficient manner” (Greenomics World)




2016 $/MMBtu

But Relative Prices Also Matter!

* Natural gas may continue to be cheap for awhile
e But carbon policy would influence this...

Figures based on Yale-NEMS (AEO 2017 Reference)

A. Natural Gas B. Coal C. Renewables

w
o

Trillion Btu
N
o

’A/\__/\__/

-
o
1

2020 2030 2040 2050 2020 2030 2040 2050 2020 2030 2040 2050

Year
: : : : Reference — Abundant Gas
2020 2030 2040 2050
Year — Carbon Pricing Abundant Gas & Carbon Pricing
Reference — Abundant Gas

Source: Gillingham and Huang (Energy Journal 2019)

—— Carbon Pricing Abundant Gas & Carbon Pricing



Renewables integration is not always simple

Wind and solar are intermittent resources

Duck Curve of Net Load for March 31
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Integration costs rise with increased penetration
‘ Resiliency concern




(In case you wondered why it’s called the “duck curve”)

Net load - March 31
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Battery Pack Cost 8/kWh

Energy storage could be a panacea

Trend Data for Battery Pack $/kWh - Tesla vs. Market Average (BNEF research)

{Cost Axis is Log Scale, dashed lines are estimated data}
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Cheap batteries also mean affordable Electric Vehicles!



50%+ Electric Vehicle Penetration?
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Figure 1. Projections of U.S. market share of EVs from three sources: the Energy Policy Simulator (EPS) 1.3.1 BAU case,
the Energy Information Administration (EIA) Annual Energy Outlook 2017 “No Clean Power Plan” side case, and the
Bloomberg New Energy Finance (BNEF) Electric Vehicle Outlook 2017.



Notable Effects on Electricity Demand

What if BNEF is right?

Results from the National Energy Modeling System (Yale-NEMS)
Source: Gillingham and Weber (2019)
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Notable Effects on Generation

What if BNEF is right?

Results from the National Energy Modeling System (Yale-NEMS)
Source: Gillingham and Weber (2019)
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Vehicle-to-Grid is Possible as Well
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Potential major benefits for resiliency



A Smarter Grid and Demand Management

Utilities as “distribution system providers” or “energy service providers

Demand management
_ ") Use can be shifted to off-
2 J peak times to save money,
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A vision for the future — a network Can shut off in response to
of integrated microgrids that can frequency fluctuations.

monitor and heal itself.
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Smart Cities

Infrastructure investment for resiliency

Across-the-board infrastructure networking
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Resiliency as a Key Theme

How do we keep the lights on, buildings heated, and cars
running with:

* Intermittency of new generation
* Cybersecurity threats
e Climate change threats

Source: Seimens

Source: Entergy



Some Research Underway at Yale

What is the “value-of-solar?”

- If we add lots more distributed solar (or wind) to any
particular distribution or transmission system, what are
the effects?

- Only costs? Are benefits possible?
- How large is the “cost-shift”?




Thank you!

Prof. Kenneth Gillingham
Yale University
kenneth.gillingham@yale.edu




