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= Qur Vision:

CALI FORN IA o CHBC is committed to advancing the commercialization of hydrogen and fuel
cell technology in the energy and transportation sectors to achieve California’s

HYD ROG EN climate, air quality, and decarbonization goals.
= QOur Mission:
BUSINESS

o Provide clear value to our members and serve as an indispensable and leading

COU NCI L (CH BC) voice in promoting the use of hydrogen and fuel cell technology in the energy

and transportation sectors in California and beyond.

= Qur Principals:

VISION, MISSION,
PRINCIPALS AND
OBJECTIVES

o0 Leadership, Integrity, Teamwork and Inclusion

California Hydrogen Business Council -= CHBC - Hydrogen Means Business in California



https://www.californiahydrogen.org/

CHBC ENGAGEMENT ON CALIFORNIA POLICY

TRANSPORTATION

* Vehicle and Infrastructure
Incentives

e Cap and Trade

* Greenhouse Gas Reduction
Fund (GGRF)

» Zero Emission Vehicle
Regulations

* Low Carbon H2 Pathways for
Transportation Fuel

* Optimizing the Low Carbon Fuel
Standard (LCFS) for H2

GAS & ELECTRIC
MARKET DESIGN

* Electric and Gas Grid Modelling

* Integration of Renewable H2
(RH2) into State Resource
Planning

* RH2 Generation

* RH2 for Long-term Energy
Storage

* Wholesale market access for
RH2 production

* RH2 Pipeline Blending

DECARBONIZATION

PLANNING

* Legislative Support for State
Decarbonization Program
Funding

* CEC Integrated Energy Policy
Report

* Joint Agencies Low Carbon
Power Plan (SB 100)

* CARB Scoping Plan for Point
Sources, Vehicles and
Infrastructure




Harnessing Renewable Hydrogen
for Long Term Energy Storage

Nathan S. Lewis
Jacqueline A. Dowling
Katherine Z. Rinaldi

Division of Chemistry and Chemical Engineering
California Institute of Technology



Renewables for Power Generation
Geophysical reliability of solar/wind on continental scale?

« Consideration / adoption of
80-100% renewable
electricity mandates

* Claims workable using 100%
wind, water (pumped hydro)
and solar

* "Always windy somewhere or
sun will be shining
somewhere" ?

Source: M. Shaner, S. Davis, N. Lewis, K. Caldeira (2018). Energy & Environmental Science.



Geophysical Resource Data-Driven Assessment of
Gaps Between Supply and Demand

e Wind and Solar Generation over
contiguous U.S.

« >99.99% resource adequacy is a
blackout for <1 hour per decade

« Infrastructure lifetime of grid is ~40
years

* Assessment requires wind/solar co-
variability over 30-40 year periods

* Ideal, lossless transmission over S PGP
. < < 0.8 B Battery
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Source: M. Shaner, S. Davis, N. Lewis, K. Caldeira (2018). Energy & Environmental Science.



Macro Energy Model (MEM)

MERRA-2 Grid Size
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* Function is to minimize overall system costs
* Solves for installed capacities and hourly use of a 7100% renewable, 100% reliable end state

* The system is built overnight using current costs, electricity demand from EIA, and wind and
solar availability from MERRA-2



Role of Long-Duration Energy Storage in
Variable Renewable Electricity Systems

Power-to-Gas-to-Power (PGP) with Hydrogen

Hydrogen split from
water provides fuel for
long-duration energy
storage.

We find that long-

duration energy storage
(e.g., power-to-gas-to-
power with hydrogen)
can make reliable wind-
solar-battery electricity
systems more affordable.

Dowling, J. A;; Rinaldi, K. Z.; Ruggles, T. H.; Davis, S.J.; Yuan, M.; Tong, F; Lewis, N. S.; Caldeira, K. Joule 2020. 41907.



Key Questions

» What storage technologies will
cost-effectively fill the gaps
between wind and solar supply and
electricity demand?

 What is the role of long-duration
energy storage in wind- and solar-
based electricity systems?



Role of long-duration energy storage like
Power-to-Gas-to-Power (PGP) with hydrogen

Long-duration Lon g-dura tion
storage
storage:

» can reduce costs of
wind- -battery
systems at current
technology costs

» fills seasonal and
multi-year storage
functional roles

» could further
reduce system
costs with future
cost improvements



Examples of long-duration energy storage

* Long-term, large-capacity energy storage may ease reliability
and affordability challenges of systems based on naturally variable
generation resources.

* PGP is the base case long-duration storage technology used herein.

Underground Gas Energy Storage

*Current
diabatic CAES
designs emit

Pumped Hydro Storage (PHS) Power-to-Gas-to-Power *Compressed Air €10
(PGP, with hydrogen fuel) Energy Storage (CAES)



Storage technologies fill the gaps between supply
and demand




Power and energy costs impact model results
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PGP is a long-duration storage technology

» Long-duration storage technologies (10 hours or greater) have very
different cost structures compared with Li-ion battery storage.

Long-
duration
storage
options

Short-
duration

storage
\_ 8 options
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Macro Electricity Model (MEM)

e Input data:
» U.S. wind and solar availability
* U.S. electricity demand

* Fixed and variable costs of wind,
solar, PGP, batteries

* Technology performance metrics

e Constraint:
* 100% reliable (no unmet demand)

* Objective function:
* Minimize overall system cost

» Solve for capacity and hourly use of
each technology

e No use-models are assumed

12



Electricity sources and sinks

Sources
to grid

Sinks
from grid

Generation Dlschargmg
PGP Battery

Sources
to grid
Sinks
from grid

Charging




Currently available PGP technology can cost-
effectively fill gaps between supply and demand

PGP

Generatlon Dlscharglng

W|nd PGP Battery

Sources
to grid
Sinks
from grid

Charging




PGP meets summertime demand and complements
daily battery storage

5 days in March 5 days in August

PGP

Max battery Max PGP
discharge discharge



Seasonal and daily storage functional roles

PGP 16 days
Inter-seasonal storage

1.7 hours

Intra-daily storage

» Batteries are not cost-effective
for seasonal energy storage.



Long-term weather datasets capture the role and
value of long-duration storage like PGP

Energy in PGP storage

1 year

3 years

6 years



Multi-year PGP energy storage is cost-effective

Energy in PGP storage

* Reliable systems that
plan for more years
increasingly depend
on long-duration
storage.



What is the value of including PGP in the system?




Addition of PGP reduces costs in all cases considered




What about future innovations (cost-reductions) in
storage technology?
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Electricity costs are much more sensitive to

reductions in PGP costs than they are to reductions
in battery costs

Current
storage

e A10% reductionin
PGP costs would
reduce system
costs 2x more than
a 10% reduction in
battery costs.
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What type of innovations (cost-reductions) would
benefit long-duration storage like PGP?

*carbon
emitting

Long-duration storage power cost

Long-duration storge energy cost



PGP would benefit greatly from continued
innovations in fuel cells, H2 combustion turbines,
electrolyzers, and other power conversion devices

PGP:
1 Utility-scale
(= .
= projects are
S expanding
(=4
& CAES:
5 Current diabatic
< designs emit
=
2 carbon
S
i PHS:
§ Mature technology,

major future cost

Long-duration storge energy cost reductions are
unlikely



Conclusions

 To make 100% renewable reliable electricity more
affordable, include currently available long-duration storage
technology.

* Long-duration storage would reduce costs of reliable solar and/or wind systems
with or without battery storage.

- Long-duration storage plays unique roles, such as seasonal
and multi-year storage, that increase the affordability of
electricity from variable renewable energy.

* Long-duration storage meets demand during summertime lulls in wind power

and fills in for interannual variations in wind and solar power. Reliable systems
that plan for more years increasingly depend on long-duration storage.

- Variable renewable electricity costs are more sensitive to
reductions in long-duration storage costs than they are to
reductions in battery costs.

« Technology innovations and future cost improvements in long-duration storage
could further reduce the cost of renewable, reliable electricity.
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California Case Study

Wind and solar resource droughts in California highlight the
benefits of long-term storage and integration with the Western
Interconnect

Rinaldi, K. Z,, Dowling, J. A., Ruggles, T H., Caldeira, K., & Lewis, N. S. (2021). Environmental Science & Technology.



Key Questions

* How do these results change when
restricting resources to smaller
regions, such as the state of
California?

e Are there periods when there is
minimal sunshine and wind over
the whole state?

27



Key points for decision-making

» California experiences multi-day calm and
cloudy periods over the whole state each
year that will strictly limit renewable electricity
generation at those times

* To make 100% renewable, reliable electricity in
California more affordable, include long-
duration storage and/or incorporate wind
and solar generation from the Western
Interconnect

28



A data-driven analysis of weather-related variability

e 39-years of reanalysis weather data
from 1980-2018, evaluate the

variability and availability of wind

and solar resources over the state of
California and the Western

Interconnect

* This data-driven approach allows us

to directly quantify periods of
resource droughts that would limit

renewable energy dispatch

Western Interconnect (WECC)
One of the three major AC power grids in the
US transmission grid
A

|

California
CAMX region which includes
balancing authorities of all the
major cities (SF, LA, SD)
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Tightening geographical constraints increases
resource variability

Power divided by

CA Resources WECC Resources CONUS Resources
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California experienced prolonged periods of

resource drought
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For both the wind and solar resources, aggregating resources over WECC instead of
California reduces the frequency and duration of these resource droughts but does not
eliminate them

These events are rare, but severe. If you only use a few years of data you could miss them

Climate change related effects could worsen this issue .



Data-driven quantification of resources
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Options to compensate for inherent resource
variability

/Aggregation ofWind\ / Addition of \

and Solar Resources Long-duration Storage

Dowling, Jacqueline A., et al. "Role of long-duration
energy storage in variable renewable electricity
systems." Joule 4.9 (2020): 1907-1928.
33




Defining Scenarios

(e

~

as an island

California demand
California wind and solar

\_ /

Each of these scenarios is modeled with and without long term
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Overall Modeling Results
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from WECC reduces costs by 9% compared to demand lowers costs by 21%

constraining resources entirely to CA 3¢



Long-duration storage fills the gaps during periods of
resource drought

* Hourly dispatch over a wind drought lasting from October 24 to October 29
* Ina battery only system, excess solar is used to charge batteries to meet demand

« Whenincluded, PGP fills the gaps instead.
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Specifying Wind Capacity

Long-duration storage further
reduces costs relative to battery only
systems when wind capacity is
restricted
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Conclusions

» Data-driven, multi-year analysis demonstrates the inherent
issues of variability and availability for wind and solar
resources in California

« Qvera period of 39-years, California experiences multi-day cloudy and calm periods over
the whole state. These rare but severe weather-related events lasted up to six days in the
solar resource and up to ten days in the wind resource

* Aggregating resources over larger areas like WECC reduces the
frequency and duration of these events and can reduce costs in
100% reliable, renewable electricity systems

* Long-duration storage can cost-effectively compensate for these
periods of prolonged resource drought.

* Italso makes it more cost-effective for California to meet its own electricity needs without
relying heavily on out-of-state infrastructure

38
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