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Earth Energy Balance
• First Law of Thermodynamics

C.V.

Es

Solar Radiation

Earth Radiation, Eer (to space)

Reflected
Solar Radiation

Eearth = Es – Esr ‐ 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 – 100s of millions of years) – Fossil Fuels

coal, oil, natural gas

Corn/Trees/Grass (months – years)

ethanol, biogas, biomass

Hydro (weeks – months)

evaporation, clouds, rain, lakes

Wind (days – weeks)

wind turbine

“Energy sustainability 
requires conversion of 
resources at the same 
rate at which they are 
naturally replenished 
on earth without 
externalities”

* except for nuclear
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Energy on Earth
Current Practices are Obviously not Sustainable
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Energy Conversion has improved quality of life, but, unfortunately also is the most significant 
cause of environmental and geopolitical problems (externalities)

• Criteria Pollutant Emissions
• Acid Rain
• Particulate Matter
• Volatile Organic Compounds
• Nitrogen and Sulfur Oxides
• Carbon Monoxide
• …

• Greenhouse Gas Emissions
• Carbon dioxide, methane, nitrous oxide, …

• Resource recovery damage (e.g., mines)

• Regional resource depletion – geopolitical dependencies
• Energy & Environmental Justice not well served by current paradigm

• Overall primary energy resource depletion – not sustainable

Not Just Renewable – Zero Externalities

Serious Health
and Air Quality
Consequences

Los Angeles

Beijing
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Renewable Energy Conversion (Solar & Wind)
Good News! Solar & wind power, (and battery) costs have dramatically fallen

From: IRENA, 
www.irena.org/newsroom/p
ressreleases/2020/Jun , 
2020
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Popular Thinking & Arguments
Main Strategy:

• 100% renewable (solar, wind, geothermal, …) power generation

• Electrify all end‐uses

• Use batteries to handle intermittency on grid & for end‐uses

Arguments against hydrogen & fuel cells:

• Most hydrogen today is made from fossil fuels (natural gas)

• Making hydrogen from water & electricity is less efficient than charging a battery

• Making electricity from hydrogen in a fuel cell is less efficient than a battery 
(i.e., round‐trip efficiency is lower than a battery)

• Hydrogen is difficult to store and move around in society

somesome

except for long duration storage!)

compared to fossil fuels!
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Amount of Storage Required for 100% Renewable – CA 

Deficit

Surplus

Current
H2 Storage

Pumped
Hydro

21 million
EVs*

* Nissan Leaf Equiv. – 62 kWh

Saeedmanesh, A. Mac Kinnon, M. Brouwer, J., 
Current Opinion in Electrochemistry, Vol. 12, 
pp. 166‐181, 2018

Wind Dominant Case
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Energy Storage Need - World
Simulate meeting of total world energy demand w/ Solar & Wind

[Nuria Tirado, M.S. Thesis, 2018]

• To build one Li-ion battery requires: Li: 3,144 Mt  Co: 25,815 Mt

• World Li resources: 53 Mt

• World Co resources: 25 Mt (terrestrial), 120 Mt (ocean floor)

• > 60% of Co comes from the Democratic Republic of Congo

19,981 TWh
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Lithium-Ion Battery Measured Performance
Round-Trip Efficiency (>90% in Laboratory Testing)
• Measured battery system performance in Utility Applications

• Self-Discharge (the main culprit), plus cooling, transforming, inverting/converting, ...

From: 2017 SGIP Advanced Energy Storage Impacts, Itron, E3

Average RTE ~60%
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Solid Oxide Electrolyzers & Fuel Cells
• Can achieve much higher round-trip efficiency
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PEMEC

• Future round trip efficiency of hydrogen energy storage will be higher

PEMEC

SOEC
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SOEC System Model & Control Strategies

Controlled Parameter Manipulated Variable Controller Type

Stack Average Temperature Air Electric Heater Power PI Feedback Loop Controller

Stack Temperature Gradient Blower Power PI Feedback Loop Controller

H2 at Cathode Inlet Valve Position PI Feedback Loop Controller

Steam Utilization Water Pump power Feedforward Controller

Power Demand Current Feedforward Controller

Saeedmanesh, A., Colombo, P., McLarty, D. and Brouwer, J., Journal of Electrochemical Energy Conversion and Storage, 2019.
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Dynamic Operation of SOEC System

Sunny

Cloudy

Saeedmanesh, A., Colombo, P., McLarty, D. and Brouwer, J., Journal of Electrochemical Energy Conversion and Storage, 2019.
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UCI Microgrid Simulation

Colombo, P., Saeedmanesh, A., Santarelli, M. and Brouwer, J., Energy Conversion and Management, 2019.

13

14



1/21/2022

8

NATIONAL FUEL CELL RESEARCH CENTER

UCI Microgrid Results in High Renewable Use Cases

Colombo, P., Saeedmanesh, A., Santarelli, M. and Brouwer, J., Energy Conversion and Management, 2019.
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Hydrogen Energy Storage Dynamics
• Hydrogen Storage complements Texas Wind & Power Dynamics

• Load shifting from high wind days to low wind days

• Hydrogen stored in adjacent salt cavern

Oct. 2 Oct. 3 Oct. 4 Oct. 5 Oct. 6 Oct. 7 Oct. 8

Maton, J.P., Zhao, L., Brouwer, J., Int’l Journal of 
Hydrogen Energy, Vol. 38, pp. 7867‐7880, 2013
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Hydrogen Energy Storage Dynamics
• Weekly and seasonal storage w/ H2, fuel cells, electrolyzers

Weekly Seasonal
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Oct. 2 Oct. 3 Oct. 4 Oct. 5 Oct. 6 Oct. 7 Oct. 8

Maton, J.P., Zhao, L., Brouwer, J., Int’l Journal of 
Hydrogen Energy, Vol. 38, pp. 7867‐7880, 2013

But what can we do if we don’t have a salt cavern?
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Resilient Storage & Transmission/Distribution Resource
• Natural Gas Transmission, Distribution & Storage System > 99.999% available

Carmona, Adrian, M.S. Thesis Project, 
UC Irvine, J. Brouwer advisor, 2014.

Annual 
Tuition & Fees

Total  OC 
Population

4 years for 
entire population

U.C. Irvine $ 17,331  2,246,000  $39 billion

Average Annual 
Tuition & Fees

Total  Student 
Population

4 years for 
entire population

All University of 
California Schools $ 17,800  265,000 $4.7 billion

Gas Technology Institute, Assessment of 
Natural Gas … Service Reliability, 2018. 
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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
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Gas System – MASSIVE Resource for Zero Emissions
• First mix up to X% – ADD grid renewables & transportation electrification
• Then piecewise conversion to pure hydrogen

1
3

7

5

Solar Here!

Close valves
Here!
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Gas System – MASSIVE Resource for Zero Emissions
• 40% of all electric demand – 20 sq. miles of solar, only gas system use 

for H2 storage AND all T&D

Heydarzadeh, Zahra, PhD Dissertation, 
UC Irvine, J. Brouwer advisor, 2020.
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Why Hydrogen? Required for completely zero emissions
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Toyota Fuel Cell:
Zero Emissions Big Rig

Fuel Cell Trains & Locomotives

Aircraft

Fuel Cell Buses

Why Hydrogen? Zero Emission Fuels Required
• Provide zero emissions fuel 

to difficult end-uses

Shipping

NATIONAL FUEL CELL RESEARCH CENTER

Why Hydrogen? Industry Requirements for Heat, Feedstock,
• Many 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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Gedanken Exp.: Can LA/LB Port become Zero Emissions?
Batteries compared to Hydrogen & Fuel Cells for Container Ships

NATIONAL FUEL CELL RESEARCH CENTER

Gedanken Exp.: Can LA/LB Port become Zero Emissions?
All ships, trains, & trucks through LA/LB Port: 8.89M tons H2

The California coast an enormous resource for 
renewable energy! 

Wind energy experts anticipate significant cost 
reductions in offshore wind technology:
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Gedanken Exp.: Can Data Centers become Zero Emissions?
Data Center Configurations/Locations Modeled

Excess power to gasBattery ‐ Central Storage Power to gas

Data Center powered directly 
from renewable generators 
when available. Excess of 

electricity stored in batteries.

Data Center powered directly 
from renewable generators 
when available. Excess of 
electricity converted to 
hydrogen and used when 

required. 

All renewable electricity  
generation converted to 
hydrogen. Data Center 

powered from hydrogen.

Wyoming
Iowa

Virginia
Texas

Wyoming
Iowa

Virginia
Texas

Wyoming
Iowa

Virginia
Texas
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Gedanken Exp.: Can Data Centers become Zero Emissions?
Excess P2G & Battery Cases – Wyoming (optimal mix of solar/wind)

Hydrogen Case Battery Case

Wind Onshore Solar PV Electrolyzer Fuel Cell
LH2 Storage + 
Liquefaction

Wind 
onshore

Solar PV Battery
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��������� 520.6

��������������� 0.57
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Hydrogen is Essential for Sustainability
Hydrogen: 11 features required for 100% zero carbon & pollutant emissions
• Massive energy storage potential
• Rapid vehicle fueling
• Long vehicle range
• Heavy vehicle/ship/train payload
• Seasonal (long duration) storage potential
• Sufficient raw materials on earth
• Water naturally recycled in short time on earth
• Feedstock for industry heat
• Feedstock for industry chemicals (e.g., ammonia)
• Pre-cursor for high energy density renewable liquid fuels
• Re-use of existing infrastructure (lower cost)

Saeemanesh, A., Mac Kinnon, M., and Brouwer, J., 
Hydrogen is Essential for Sustainability, Current 
Opinion in Electrochemistry, 2019.
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• Example: German National Hydrogen Strategy

• Announced: June, 2020

Description:
• German Government will invest 9 billion euros
• National strategy will invest in 38 specific 
measures in 10 hydrogen topics

Europe, China, Japan, Australia, … ahead of U.S. (for now)

Hydrogen Economy as part of European Union 
Recovery and Stability Plan, “Green Deal”, and 
“Just Transition”
• 34 billion euros committed in “Recovery” plan
• Expected to double with “Green Deal” and “Just 

Transition” finalization
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U.S. DOE’s H2@Scale & Hydrogen Energy Earthshot

From: U.S. DOE (https://www.energy.gov/eere/fuelcells/hydrogen‐and‐fuel‐cell‐technologies‐office)

NATIONAL FUEL CELL RESEARCH CENTER

Infrastructure Bill Language on Hydrogen Hubs – Subtitle B: 

“At least 4 hubs” – rumor is that 3 are probably “already promised” (to WV, TX, CA).

It might be even 6-8 hubs. Funding is $8,000,000,000 (a.k.a. billion) over a 5-year period. 

Geographic diversity is an important criteria: understanding of  what is “regional” varies. 

DOE is likely to choose National Laboratories to lead (NETL, INL, NREL, probably LBL).

Strong role for the industry; public/private partnerships.

Industry/consortia lead is not excluded. University lead is unlikely. 

(4) FUNDING OF REGIONAL CLEAN HYDROGEN HUBS.—The Secretary may make grants to each regional clean 
hydrogen hub selected under paragraph (2) to accelerate commercialization of, and demonstrate the production, 
processing, delivery, storage, and end-use of, clean hydrogen.

(d) AUTHORIZATION OF APPROPRIATIONS.—There is authorized to be appropriated to the Secretary to carry out this 
section $8,000,000,000 for the period of fiscal years 2022 through 2026.
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Summary
• We must and will inevitably increasingly depend upon solar power and its more 

direct derivatives (e.g., wind)
• Air quality
• Greenhouse gas emissions & climate
• Energy, environment, & geopolitical sustainability
• Environmental Justice

• The DYNAMICS of such a future are challenging – require complementary dispatch, 
massive storage, and seasonal storage

• Batteries, hydro, power-to-gas (P2G), hydrogen energy storage (HES)

• P2G & HES will become the indispensable zero emissions fuel and energy storage 
medium to enable this future

• Long duration energy storage
• Massive energy storage amount 
• Hydrogen & its derivative fuels
• Will be lower cost (separate power/energy scaling)
• High round-trip efficiency possible 

Jack Brouwer

December 10, 2021

Do we Really Need Hydrogen?
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