Electrification i1s Important!
Then We Must Add Hydrogen!

Ohio Fuel Cell & Hydrogen Coalition Summit (October 27, 2025)

Prof. Jack Brouwer, Director
Clean Energy Institute, UC Irvine
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Primary Energy on Earth

All from the Sun!*
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Energy on Earth

Current Practices are Obviously not Sustainable
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Adopt More Solar & Wind and Use It Diregthlectrify!

Must increasingly adopt energy conversion that is sustainable & naturally replenished qui
Good News! 0.40

AWidely & more equitably 0.35
available around world 010

ANow typically cheapest form
of primary energy

AWe must increase pace of
Installation & match
production to demand 0.10

AShould electrify as many engses  oos \H’*'\-\.\..‘.\.\.\,_.
as possible
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From:; IRENA, Completion year for committed projects per technology
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http://www.irena.org/newsroom/pressreleases/2023/Jun
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Electrification Loading Order

ADecarbonize and depollute electricity generation
AUse clean electricity to serve existing emsks (e.g., buildings) by matching supply/deman
AConvert additional endises to electricity (matching supply/demand)

A Heat pumps — Heat pump / Refrigeration / Air Conditioning
A Battery electric vehicles e r4 |

AUse efficient storage 2
A Batteries (short duration only) Condenser | et 2/
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A Pumped hydro (long duration) 3
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California some of the best Energy/Environment policies in the Wor

ACA is leading the U.S. in solar & batterie: ...

Wind __Coal
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arge Hydro | ‘ Oil
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Note: Imports contributing to total system generation are comprised of
58% zero-carbon energy and 42% non-renewable and unspecified
energy. Percentages do not add to exactly 100 due to rounding.
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| Battery Storage
Demand Response

From: CARB 2022 Scoping Plan

U c I https://ww2.arb.ca.gov/sites/default/files/2022.2/2022-sp.pdf
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Not installing renewable generation fast enough
AWe must dramatically increase the pace of adoption

UCI

Capacity required to meet CA 2045 Zero Emission Goals
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From: CARB 2022 Scoping Plan, ww2.arb.ca.gov/sites/default/files/P22P22-sp.pdf
Energy + Environment + Economics (E3), 2023 8/36




High Renewable Use is Challenging (Negative Prices)

ATrends of negative prices
in U.S. (CA & TX),
Germany and South
Australia (201%; 2024)
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agency_negativelectricity-pricesare-becomingactivity-7232328008030638080Pku/ 936




High Renewable Use is Challenging (Solar & Win~
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Transmission Constrairggseneration & Storage Interconnection Que
AU.S. transmission grid has been growing at just 2% per year since 1978

UCI
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From: JP Morgan, 2022 Annual Energy Repdxis://privatebank.jpmorgan.com/content/dam/.../2022
energypaper/elephantsin-the-room.pdf(original sources include DOE, UT Austin, Princeton Net Zero study)
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https://privatebank.jpmorgan.com/content/dam/.../2022-energy-paper/elephants-in-the-room.pdf

EV Charging & Al Data Center (Demand) Interconnection Queue
AVery significant growth experienced & projected EV Electricity Demand
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Fig. 7. Evolution of the EV fleets in four scenarios of transition.
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We must install more renewables & batteries Atdidle new vectors
ABatt_ery energy storage system, Menifee, CA (2,000 MW, 680,000 homes for 4 hours)




Electrolysig Helps Renewable Dynamics & Difficult to Electrify Use

Electrolysis
A2 HO + Energh 2H+1Q
A1 liter of Water yields ~ 1 Nhiv,

ATypical System Power Demand:
4 ¢ 7 kWh/Nn?or
45 ¢ 78 KWh/kg (6@ 75% efficiency)

Types Wo
AAlkaline (commercial, lowe< “6 e\e

AProton Exchange Me~ a\e 0(

dynamic operatir”_ -\o(\ \ ‘

ASolid Oxide 66\‘ Ot
(88% effici. P Qe _at integratior, From: U.S. DOE

ucCl

14/36

Q



H2 FeatureSeparate Power & Energy Scaling (low~r cost, long dur:

AWind dominant case (37 GW solar capacity, 80 GW wind ca”
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San Diego Blackout, 9/28/11 - Hurricane Sandy, 10/29/12 6
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H2 FeatureDemonstrated Resilience of Fuel C," X Gas Systelr



H2 FeatureLightweight Zero Emission Fuels Reai' ad

AProvide zero emissions fuel : g Aircraft
s X o
to difficult enduses f \\“% :
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H2 Featurelndustry Requirements for Heat, Feedstock, Reducing C
AMany examples of applications that cannot be electrified

Steel Manufacturing & Processing Cement Production Plastics
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H2 Exampleintegrated SOEC + Direct Reduced Iron (DRI) for Gree
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m SoCalGas

)
A 6’ Sempra Energy utility

Temperature
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H2 Examplelntegrated SOFC + Absorption
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H2 Examplel00% Renewable Data Centers & Economic Developnr

A SubSaharan Africa Data Center Locations
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H2 FeaturePhysical Modeling of Ships

ACollaboration w/ U. NapleBarthenope

Energy Streams
Electrical
Thermal —— —

Mechanical s

NH; (Liquid) NH, (Gas)
Anode
Exhaust
r 7 NH, (Gas)
Evaporator Heat Recovery
Unit Cathode
I ) Exhaust
.................................. .L.....».»......»....».....».»...».»....».»»._.....».......».»...».».l»..»_...
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Di Micco, S., Mastropasqua, L., Cigolotti, V., Minutillo, M., & Brouwer,
J. (2022).. Energy Conversion and Management, 267, 115893.

AEs Load Profile
B ME Load Profile

Energy Streams

Electrical ————————*
Mechanical ——————>

Chemical ——————*

H,-based PEMFC

NH3-based PEMFC with
Pd-Membrane

NH3-based PEMFC with PSA as
purification system

NH3-H2 based ENGINE with H2
STORED on-board

NH3-H2 based ENGINE with H2
PRODUCED on-board

NH,-based SOFC

H.-haced PFMFC NH_-hased PEMEC

GH2
Lh2 (350 bar)
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NH;-H, bases =

MH
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2.88%*
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H2 FeaturePort Transformation w/ Renewable 6PA/LB Port
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