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Assure Energy Security.

Petrol Mitigate Climate Change Risk. SZP
Enhance Prosperity and Competiveness. & ity

Energy consumption will continue to grow with development gains
and population growth.

Fossil fuels dominate energy picture and drive GHG emissions from
energy sector.

U.S. deeply dependent on foreign supplies of petroleum in the
transportation sector.

o Energy and climate security are now a clear global priority.

64 mb/d of gross capacity needs to be installed between 2007 & 2030 - six times the current
capacity of Saudi Arabia - to meet demand growth & offset decline
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B0 { i Significant resources will be
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Closing the Cycle For now and for transportation fuels, liquid
Energy Input hydrocarbons are the “Gold Standard”
(Reduction)

Vision: Directly apply a solar thermal
energy source to effectively reverse
combustion and “energize” CO, and H,0
into hydrocarbon form in a process
analogous to, but more efficient than, the
one that produces bio- and fossil fuels,
therefore achieving many of the benefits of
hydrogen while preserving the advantages
of the Hydrocarbon Economy.

HZO Fuel

Energy Recovery
(combustion)

Sunlight + CO, + H,O - Fuel + O,

February 3, 2011 é
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e Direct Chemical Routes? SZﬁm-

Capitalize on decades of Synfuel technology, e.g.

nCO + (2n+1)H, - C_H,,,, + nH,0

Focus on the following critical conversions:

4H,0 + energy - 4H, + 20, (water splitting)
2CO, + energy - 2CO + O, (carbon dioxide splitting)
200, +4H.0 + eneregy - 200 + 4f] + 30,

Note that WS and CDS are linked by the Water Gas Shift reaction

CO + H,0 < CO, + H,
We are only required to carry out one reaction - WS or CDS

February 3, 2011 é
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Petrol Direct Utilization of
Thermal Energy

Unfavorable reaction
(e.g. H,O0 > H, +% 0,)
divided into two or more
favorable reactions.

Oxide

Reduction Reduction

Recuperated Heat

S

Without Recuperation

max efficiency = 36%

With Recuperation
max efficiency = 76%

February 3, 2011

A thermochemical cycle is
essentially a heat engine that
converts heat into work in the

form of stored chemical energy.

In our case, the “working fluid” is
a metal oxide (Ce- or Fe-based.)

High end temperatures of ~1500°C
couple best with CSP.

Efficiency gains are possible as
conversion to mechanical work
and electricity are avoided.

Thermodynamics requires
reactions be carried out at two
temperatures.

- S2fm.
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Petrol The CR5 is an Enabling S2B.
Approach to Thermochemistry

Counter-Rotating-Ring Receiver/Reactor/Recuperator (CR5)

Heat from the sun provides energy to break down 0, releasing €O which can then be used to produce synthetic fuels

A MIRRORED DISH TRACKS THE S5UN
AND FOCUSES HEAT ON REACTION
CHAMBER

Solar concenliator heals
rotating ceramic discs

OXYGEN \

Enabling Attributes:
e Continuous flow
e Spatial product separation
eThermal Recuperation

AL1500°C ceramic releases
oxyaen from molecular lattice

Qxygen-delicient ceramic at
1100°C grabs oxygen from
0, molecules, leaving (O

ALTERNATE DISCS ROTATE IN
OPPOSITE DIRECTIONS

(0 COLLECTED FOR

PROCESSING INTO FUEL €0z

Figure Credit: Popular Science

“Reactorizing a Countercurrent Recuperator”
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Success Built on an szp
End to End Approach &%

Pl: James E. Miller
PM: Ellen B. Stechel

Materials and Chemistry Focus: James E. Miller, Andrea Ambrosini,
Eric N. Coker, Mark A. Rodriguez, Gary L Kellogg, Ivan Ermanoski,
Mark D. Allendorf, Anthony H. McDaniel, Terry J. Garino, Tony
Ohlhausen

Reactor and Engineering Focus: Richard B. Diver, Nathan P. Siegel, Roy
E. Hogan, Ken S. Chen

Systems Engineering and Separations Focus: Daniel E. Dedrick, Terry
A. Johnson, Gregory H. Evans, Chad L. Staiger

Collaborations with: Northwestern University, University of
Wisconsin, Texas Tech University, and University of Colorado

The Materials Focus supports the Engineering activities
through the creation, production, and characterization of
active materials and builds the science basis for the next

generation of thermochemical materials. é
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Materials Thrusts

- S2fm.
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DFT Energy Relative to DFT Minimum

Computational
Materials Science

line of perfect agreement

MC-predicted ground state, confirmed with DFT
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Classical Energy Relative to Classical
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8600 in collaboration with
Northwestern U.
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Surface Science in situ, ex situ Characterization

Fabrication and Testing
deposited iron oxide ul H

& : "“ %@

1800, 6100

SEM of 10 wt.-% Fe,05 /8YSZ before and after
3 thermochemical cycles (Ar/CO,)

Composite LEEM image showing Original LEEM image
9 different Fe, O, structures

1800, 6100, 1500
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Idealized Chemistry
Fe;0, —> 3FeO +72 0,
3FeO +H,0 — Fe;0, + H,

~20 wt% AB,O, in c-ZrO,.
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Favorable temperature
range (thermodynamics)
can be manipulated via
metal substitutions in
Fe;0,. Useful, e.g., to shift
operating temperatures

Ferrites as an Example

- S2fm.

The effect of composition
on gas yields can be
predicted.
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“Bulk” materials do not
live up to their
potential.

AFe, 04— 3A,5Fe,,30 +7%2 0,

3A3F€ (530 + H,0 — AFe, O, + H,

below the melting point.
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YSZ are cyclable — Why? v -&¢Ry

5.145,
514 X

X 7 wt.-% Fe,04
5135 1 (10.8 mol.-% Fe)

PR = Feissoluble in 8YSZ

g 5.125 1 N Tre . .
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In situ observation of phases and 8YSZ lattice
parameters reflect complex migration of Fe

in/out of solid solution. é
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Beyond the solubility limit

100.10 T coz 7 :Z: a .
10005 | | . 7 additional Fe contributes
10000 ] o0 little to the overall gas yield.
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Phase Segregation

Zr Fe
= vl — am — 3am

2 nm CoFe,0, film
after ALD synthesis

Zr La1 Fe Ka1

Thermal Reduction
1200 °C — 1400 °C

Post-Processing |

10um ZrLat

3%Fe,04:8YSZ 25% H,0
sintered films 20%
sintered films 30%
sintered films 40%

) ° ' N . ] . .
g 1 = " : Aside from a higher surface area, after
s - thermal reduction,
R 3 ALD films are chemically and physically
g8 I ' ] similar to sintered structures.
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H, peak rates > 100x faster at
600 °C than Fe/YSZ at 1100 °C. Cycle &
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' Some Major Accomplishments:
 Demonstrated key operating features of the CR5 on-sun
e continuous production of O, and CO from CO,
e recovery of O, and CO in separate streams
e control over two distinct operating regions & temperatures
e Developed, for the first time, an in depth understanding of the
dynamic Ferrite/YSZ composite system.

e Established credibility of high efficiency direct paths for solar fuels

e Continuous steady state productlon of fuel intermediates at an
average of at least 2% efficiency (chemical out/solar in).

e Apply lessons of materials science to design and development of next
generation of materials.

e Design /development of next generation reactor/system (n=5 —25%)
e Sustained resources on the decade time scale @

e >10% full-system life-cycle sunlight-to-fuel efficiency
February 3, 2011



