
Electrification is Important!

Then We Must Add Hydrogen!
Ohio Fuel Cell & Hydrogen Coalition Summit (October 27, 2025)

October 25, 2022

Prof. Jack Brouwer, Director

Clean Energy Institute, UC Irvine
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Earth Energy Balance
ÅFirst Law of Thermodynamics

C.V.

Es

Solar Radiation

Earth Radiation, Eer(to space)

Reflected
Solar Radiation

DEearth = EsςEsr- Eer
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Primary Energy on Earth
All from the Sun!*

Solar (instant)
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Dead plant/animal life, heat, pressure (millions ς100s of millions of years) ςFossil Fuels

coal, oil, natural gas

Corn/Trees/Grass (months ςyears)

ethanol, biogas, biomass

Hydro (weeks ςmonths)

evaporation, clouds, rain, lakes

Wind (days ςweeks)

wind turbine

ά9ƴŜǊƎȅ ǎǳǎǘŀƛƴŀōƛƭƛǘȅ 
requires conversion of 
resources at the same 
rate at which they are 
naturally replenished 
on earth without 
ŜȄǘŜǊƴŀƭƛǘƛŜǎέ

* except for nuclear
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Energy on Earth
Current Practices are Obviously not Sustainable
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Adopt More Solar & Wind and Use It Directly ςElectrify!
Must increasingly adopt energy conversion that is sustainable & naturally replenished quickly

Good News!

ÅWidely & more equitably 
available around world

ÅNow typically cheapest form
of primary energy

ÅWe must increase pace of 
installation & match
production to demand

ÅShould electrify as many end-uses
as possible

From: IRENA, 
www.irena.org/newsroom/pr
essreleases/2023/Jun, 2023

http://www.irena.org/newsroom/pressreleases/2023/Jun
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Electrification Loading Order
ÅDecarbonize and depollute electricity generation

ÅUse clean electricity to serve existing end-uses (e.g., buildings) by matching supply/demand

ÅConvert additional end-uses to electricity (matching supply/demand)
ÅHeat pumps

ÅBattery electric vehicles

ÅUse efficient storage 
ÅBatteries (short duration only)

ÅPumped hydro (long duration)

Schematic and T-s diagram for the ideal 
vapor-compression refrigeration cycle

Heat pump / Refrigeration / Air Conditioning
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California: some of the best Energy/Environment policies in the World
ÅCA is leading the U.S. in solar & batteries 

From: CARB 2022 Scoping Plan
https://ww2.arb.ca.gov/sites/default/files/2022-12/2022-sp.pdf
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Not installing renewable generation fast enough
ÅWe must dramatically increase the pace of adoption

From: CARB 2022 Scoping Plan, ww2.arb.ca.gov/sites/default/files/2022-12/2022-sp.pdf
Energy + Environment + Economics (E3), 2023 

Capacity range 
we need

Current policy 
trajectory
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High Renewable Use is Challenging (Negative Prices)
ÅTrends of negative prices 

in U.S. (CA & TX), 
Germany and South 
Australia (2019 ς2024)

Source: International Energy Agency, https://www.linkedin.com/posts/international-energy-
agency_negative-electricity-prices-are-becoming-activity-7232328008030638080-cPku/

F
ra

c
tio

n
 o

f 
H

o
u

rl
y 

W
h

o
le

sa
le

 E
le

ct
ri
ci

ty
P

ri
ce

s 
th

a
t 
w

e
re

 N
e

g
a
tiv

e
 (

%
)



10/36

High Renewable Use is Challenging (Solar & Wind Curtailment in CA)

16,488

45,763
41,140

85,760 94,778

223,195

318,444
341,959

> 13,391 MW (~52 GWh) of Battery Energy
Storage Installed today (12/31/2024)

596,175
Worth more than:

$285 million (wholesale)
$900 million (retail)

Could produce:
> 65 million kg H2

Fueling > 285,000 cars

702,883

3,423,376MWh 
curtailed
in 2024

839,582

919,020
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Transmission Constraints ςGeneration & Storage Interconnection Queue
ÅU.S. transmission grid has been growing at just 2% per year since 1978

From: JP Morgan, 2022 Annual Energy Report, https://privatebank.jpmorgan.com/content/dam/.../2022-
energy-paper/elephants-in-the-room.pdf(original sources include DOE, UT Austin, Princeton Net Zero study) 
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²Ŝ ƴŜŜŘ άƴŜǿέ 
ŀƴŘ άŀŘŘƛǘƛƻƴŀƭέ 
energy vectors

https://privatebank.jpmorgan.com/content/dam/.../2022-energy-paper/elephants-in-the-room.pdf
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EV Charging & AI Data Center (Demand) Interconnection Queue
ÅVery significant growth experienced & projected

Shehabi, A., et al. 2024. 2024 United States Data Center Energy Usage 
Report. Lawrence Berkeley National Laboratory. LBNL-2001637

Data Center Electricity Demand

EV Electricity Demand

Ruoso, A.C. et al., "Electric vehicles' impact on energy balance: Three-country 
comparison." Renewable and Sustainable Energy Reviews 203, 2024.
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We must install more renewables & batteries AND whole new vectors
ÅBattery energy storage system, Menifee, CA (2,000 MW, 680,000 homes for 4 hours)
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Electrolysis ςHelps Renewable Dynamics & Difficult to Electrify Uses 
Electrolysis 

Å2 H2O + Energy Ą 2 H2 + 1 O2

Å1 liter of Water yields ~ 1 Nm3 H2

ÅTypical System Power Demand:
4 ς7 kWh/Nm3 or
45 ς78 kWh/kg (60 ς75% efficiency)

Types:

ÅAlkaline (commercial, lowest cost)

ÅProton Exchange Membrane (commercial,
dynamic operation, pressurized)

ÅSolid Oxide (emerging, most efficient 
(88% efficiency w/ steam*), heat integration)

From: U.S. DOE

*



15/36

ÅWind dominant case (37 GW solar capacity, 80 GW wind capacity)

H2 Feature: Separate Power & Energy Scaling (lower cost, long duration) 

Deficit

Surplus

21 million
EVs

Current
Gas Storage
converted

to H2

Pumped
Hydro
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H2 Feature: Demonstrated Resilience of Fuel Cells and Gas System
Winter Storm Alfred, 10/29/11 Hurricane Sandy, 10/29/12

23 Doosan 

Units

CA Earthquake, 8/24/14

Bloom 

Installation

Data Center Utility Outage, 4/16/15 Napa Fire, 10/9/17

Ridgecrest Earthquakes, 7/4-5/19 Manhattan Blackout, 7/13/19

San Diego Blackout, 9/28/11

Hurricane Joaquin, 10/15/15

Hurricane Michael, 10/15/18

Japanese Super-Typhoon, 
10/23/17

Gas

Reliability Outage Rate

Electric

Electric

Gas

Liss, W., & Rowley, P. (2018). Assessment of natural gas and electric distribution service reliability. Gas Technology Institute. 
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Toyota Fuel Cell:
Zero Emissions Big Rig

Fuel Cell Trains & Locomotives

Aircraft

Fuel Cell Buses

H2 Feature: Lightweight Zero Emission Fuels Required
ÅProvide zero emissions fuel 

to difficult end-uses

Shipping
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H2 Feature: Industry Requirements for Heat, Feedstock, Reducing Gas
ÅMany examples of applications that cannot be electrified

Steel Manufacturing & Processing

PharmaceuticalsAmmonia & Fertilizer Production

(Photo: Galveston County Economic Development) 

Cement Production

(Photo: ABB Cement) 

Plastics

(Photo: DowDuPont Inc.) 

(Photo: Geosyntec Consultants) 

Computer Chip Fabrication

(Photo: American Chemical Society) 
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H2 Example: Integrated SOEC + Direct Reduced Iron (DRI) for Green 
SteelÅ

Team Advisors

O2

Electricity

SOEC+DRI layout
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(O2/NG)
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H2 Example: Integrated SOFC + Absorption Chilling for Data Centers
Å

Texas data center

Texas data center

Lavernia, A. C., Asghari, M., 

Mastropasqua, L., & 

Brouwer, J. (2021). ECS

Transactions, 103(1), 807.
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H2 Example: 100% Renewable Data Centers & Economic Development

Huff, A., Melchor, M. A., & Brouwer, J. (2025). Energy Conversion and Management, 340, 119990.

ÅSub-Saharan Africa Data Center Locations

HydrogenBatteries
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H2 Feature: Physical Modeling of Ships
ÅCollaboration w/ U. Naples-Parthenope

Di Micco, S., Mastropasqua, L., Cigolotti, V., Minutillo, M., & Brouwer, 
J. (2022).. Energy Conversion and Management, 267, 115893.
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H2 Feature: Port Transformation w/ Renewable H2 ςLA/LB Port

2050 All-In Costs:

AQ Improvements:

Ports:
Ships
Trains
HD Trucks
Materials Handling
Stationary Fuel Cells




