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Hydrogen, Water, Electrons: Means to an End
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Means of Past, Present, and Future
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Needs are rather stable, but means 
undergo vast changes.

Needs are rather stable, but means 
undergo vast changes.
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The 19th & 20th Century Fuel Paradigm…
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…and the Potential Consequences
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Fuels From Sunshine: Thermochemistry

thermal reduction
at TTR, pTR

H2 production at TWS
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MW-scale concentrating solar facilities 
provide heat

H2 cost is directly tied to efficiency

Challenge: Develop efficient and 
scalable solar-thermochemical reactors.

Challenge: Develop efficient and 
scalable solar-thermochemical reactors.

A deceptively simple process
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Overall challenges:
• High temperature (~1500°C)
• Low reduction pressure (~10 Pa)
• Material redox chemistry

Key reactor design and operation principles:
• Direct solar absorption
• Continuous on-sun operation
• Internal heat recovery and reuse
• Temperature and product separation
• High-vacuum thermal reduction
• Optimal reaction temperatures

Technological requirements:
• Scalability - MW
• Reactor and material durability
• Wide operational flexibility

Challenge: Develop efficient and 
scalable solar-thermochemical reactors.

Challenge: Develop efficient and 
scalable solar-thermochemical reactors.

A deceptively simple process
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SNL Solar Reactors: Over a Decade of Innovation
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• Direct solar absorption
• Internal heat recovery

between TTR and TWS

• Continuous on-sun operation
• Temperature and product 

separation

Counter-Rotating-Ring Receiver Reactor Recuperator
(CR5): 2004-2012

R. B. Diver et al., J. Solar Energy Engineering (2008) 130

Sandia LDRD and Sunshine to Petrol Grand challenge STCH

Key improvements:
• Pressure separation (thermal 

reduction step vacuum pumping )
• Non-monolithic oxide
• Reaction kinetics decoupled from 

reactor operation

Limitations:
• Reactive structures durability
• Reactor operation and material 

kinetics strongly coupled
• Thermal reduction pTR ~1-10kPa

Limitations:
• pTR~10-100Pa
• Solid-solid heat 

recovery requirements

H2O

H2OH2

Filed
Aug. 2011

Moving Particle Bed Reactor: 2009-2014
I. Ermanoski et. al, J. Solar Energy Engineering (2013) 135
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Key Material Requirements: Reactive Oxide
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The reversible oxygen capacity can be very low.The reversible oxygen capacity can be very low.
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Low T or high reduction pressure leads to a high steam/H2 ratioLow T or high reduction pressure leads to a high steam/H2 ratio

Key Material Requirements: Steam
How much steam per mole H2?
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Efficiency is the highest when:
• Oxide and steam heating loads are roughly equal
• Thermal reduction pressure is low
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Maximizing Efficiency: Solid/Steam Heating 
Balance and a Low Reduction Pressure
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Maximizing Efficiency: Solid/Steam Heating 
Balance and a Low Reduction Pressure

pTR [Pa]

S=25%

G,L=95%

G,H=25%

I. Ermanoski, Energy Procedia (2015) 135
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At low pressure required flow volumes 
and velocities are astronomical!

At low pressure required flow volumes 
and velocities are astronomical!

O2 Pressure Limits: Flow Volume and Speed
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Key improvements: 

• Thermal reduction pressure (0.1-10Pa)

• Decreased solid-solid heat recovery requirement

• Decreased pump work requirement

• Compatibility with MW-scale plant

Cascading Pressure Reactor: A Moving Particle 
Bed Design for Ultra-Low Reduction Pressure

Ivan Ermanoski iermano@sandia.gov
STCH

Cascading Pressure Reactor: 2013-onward
I. Ermanoski, Int. J. of Hydrogen Energy (2014) 39
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Incremental O2 pumping reduces work, flow volume and velocity.Incremental O2 pumping reduces work, flow volume and velocity.

Staged Reduction for Low Pressure
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From Concept to Machine

First light expected in a couple of weeks!First light expected in a couple of weeks!
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Water: Precious and Regulated in Best CSP Areas

H2OH2
Heliostat cleaning

efficiency
Coolingefficiency
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Water: Precious and Regulated in Best CSP Areas

Heliostat cleaning
efficiency

• Inefficient
• Costly
• No H2O – no H2

• Low water requirement
• Less regulatory obstacles

Ground Water/Wet Cooling
• Most efficient
• Most economical
• High water requirement
• Regulatory obstacles

Ground Water/Hybrid Cooling
• More efficient than dry cooling
• Less costly than dry cooling
• Flexible water requirement
• Regulatory obstacles

Dry Cooling

H2OH2

Coolingefficiency
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Air-Water Capture: Sorbents and Low Grade Heat

• Higher efficiency than dry cooling
• Less costly than dry cooling
• Zero water requirement
• No regulatory obstacles

• Fuels from local sunshine and air

Power Fuels

A sustainable and environmentally benign water supplyA sustainable and environmentally benign water supply



27

Outline

• On the needs and means of humanity
• Fuels and how to get them
• Challenges in solar-thermochemical fuel production
• Water and power
• Beyond the means of today

Ivan Ermanoski iermano@sandia.gov



28Ivan Ermanoski iermano@sandia.gov

Unsustainable Civilizations…

Resolution?Resolution?

FoodFood WaterWater

EnergyEnergy TransportationTransportation
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…Collapse

The “natural” resolution throughout history: conflict, 
destruction, loss of life…

The “natural” resolution throughout history: conflict, 
destruction, loss of life…
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Is There a Better Future?

The future will always be different from the pastThe future will always be different from the past
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Is There a Better Future?
Water capture and treatment Renewable electricity

and fuels

Indoor farming, chemosynthesis

Urban design

Efficient transportation

Conservation,

Conservation,

Conservation…
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Thermochemstry: Cement Manufacture
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• Operating at 1450°C for years
• Lifts ~15 000 000 kg raw material per day 

(or about 10 000 kg/min)
• Conducts a thermochemical reaction: 

CaCO3CaO
• Fuel (natural gas) must be purchased 

and is part of the operating cost
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High-Temperature Tech: Gas Turbines
Heat engines are inexpensive, even gas turbines:

• High temperature operation – up to 1650°C

• High speed – 10 000 to 500 000 RPM

• High pressure – exceeds 30 MPa

Heat engines are inexpensive, even gas turbines:

• High temperature operation – up to 1650°C

• High speed – 10 000 to 500 000 RPM

• High pressure – exceeds 30 MPa

© Siemens AG

Cost: 18-30 ¢/WCost: 18-30 ¢/W


