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Three ThemesThree Themes


• What defines an ideal material and where are we?
• Aspects of our efforts in materials?
• A closer look at ferrites.
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Thermodynamics –
O ti  T tOperating Temperatures
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AO(x-1) + CO2 → AOx + CO
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Assumptions: H, S ≠ f(T), P=1 atm


Temperature ( C)


3







Ideal Thermal Reduction
800 1500 ºC 800-1500 ºC 
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Effi i  C id ti
Temperature (ºC)


Efficiency Consideration
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Temperature (K)
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Reduction @ 1500 ºC 
O id ti  @ 298 ºC Oxidation @ 298 ºC 
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Ideal Oxidation
Reduction @ 1500, Oxidation @ 500 ºC
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for recuperation suggests 
temperature limited to  


> ca. 500 C 
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Current Materials?
Temperature (ºC)


Current Materials?
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Materials outside the window are usable, but put greater 
demands on recuperation due to low utilization 8







VolatilityVolatility
Evaporative Loss From a Plane
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Langmuir equations for sublimation rates.
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 = 6 g/cm3


MW 175ra
tiv


e 
Lo


s


10-4


10-3


ra
tiv


e 
Lo


s


10-4


10-3


MW = 175
8 hours/day at Temperature


365 Days/yearE
va


po


10-5


10


E
va


po


10-5


10


Vapor Pressure (Torr)
10-11 10-10 10-9 10-8 10-7 10-6 10-5


10-6


Vapor Pressure (Torr)
10-11 10-10 10-9 10-8 10-7 10-6 10-5


10-6


19 JULY 2011 S2P  BP EXEC VISIT


( )( )


Loss < 0.1 mm/year if material V.P. is < 3x10‐7 Torr
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Ceria Loss Potentially 
Si ifi tSignificant


Calculated using Marushkin et al. for  CeOx
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Ceria SampleCeria Sample


Ferrites are also significantly challenged at T > 1400 °C 10







Cycling Limits Thermal 
Penetration & Hence UtilizationPenetration & Hence Utilization


Utilization similar to rxn extent
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> 1200  C and < 800  C


Conduction of heat → Critical physical dimension 11







Direct Illumination is a 
key reactor attributekey reactor attribute
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Utilization:
T t i  th  O id  B lkTransport in the Oxide Bulk


Diffusion from a fixed concentration in one dimension
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Defining D and t leads to a 
characteristic dimension
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Where Do We Stand?Where Do We Stand?
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Ferrites: 1 100 m
YSZ: 0.1 mm
Ceria: 0.1-1mm 14







Stability and DurabilityStability and Durability


• Bulk Melting Temperature (Tmp)


• Tamman Temperature (T ) = 0 5 T• Tamman Temperature (TT) = 0.5 Tmp
Bulk to Surface Migration


• Hüttig Temperature (T ) = 0 33T• Hüttig Temperature (TH) = 0.33Tmp
2‐d mobility, agglomeration on surfaces


• Sintering Rule of thumb – 0 4T• Sintering Rule of thumb  0.4Tmp


• Creep – 0.3 Tmp for metals, 0.4‐0.5 Tmp
for ceramics


If Thigh = 1500 °C , Tmp is ideally > 3275 ‐5500 °C
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Kinetics Should be 
M t h d t  S l  FlMatched to Solar Flux
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To the extent that the rates and flux do not match, heat is rejected.
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, j


Suitability of Current materials subject to surface area.
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Attributes of Ideal Material 
 Li k d t  D iare Linked to Device


Thermodynamic Operating Window 500‐1500 °C
Vapor Pressure of Working Oxide < 3x10‐7 Torr
Transport  the characteristic dimension (thickness) of fabricated parts
Hi h l i P i L h l i Ch i i di iHigh melting Points, Low thermal expansion, Characteristic dimensions 
small to relieve stress. 
Reaction Kinetics/Material Loading matched to Flux/ g
• Current Materials are appropriate for accomplishing our short term project 


goals, but fall short in one or more category.


• Improvements will be needed to meet long term targets as defined by• Improvements will be needed to meet long term targets as defined by 
systems, economics, and competing approaches.


Three Aspects to the Path Forwardp
• Improved compositions – modification & discovery
• Structuring materials
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• Matching the reactor to the material
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Materials ThrustsMaterials Thrusts


h d i
Kinetics of Real 
&M d l S tThermodynamics


Computational 
Materials Science


& Model Systems


8600, 1800, 6100


Energy & Fuels, 22 (2008), 4155
8300, U. Colorado, 1800


8600, NWU,


2-D diffusion
2nd-order chemical reaction
Nucleation and growth


Data(1100 oC, 30% H2O)8600 in collaboration with 
Northwestern U.
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Physical Review B 80, 245119 (2009).
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Materials ThrustsMaterials Thrusts
Surface Science in situ, ex situ Characterization Fabrication and Testingg
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Ferrites as an ExampleFerrites as an Example
Idealized Chemistry


Fe O 3FeO + ½ O
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Modified Idealized Chemistry
AxFe2‐xO4 3Ax/3Fe(2‐x)/3O + ½ O2
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operating temperatures 
below the melting point.


( )
3Ax/3Fe(2‐x)/3O + H2O AxFe2‐xO4 + H2
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Monolithic Composites with 
YSZ  C l bl Wh ?YSZ are Cyclable – Why?
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Mol % Fe
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Structured Ferrites?Structured Ferrites?
2 nm CoFe2O4 film 
after ALD synthesis Zr Fe


Development of a chemical
a b


after ALD synthesis


Pre
Development of a chemical 


reduction has allowed 
demonstration of rapid 


intrinsic kinetics for ferrites
20 nm 5 nm


c d


Post


intrinsic kinetics for ferrites.


H2 peak rates > 100x faster at 
600 °C than Fe/YSZ at 1100 °C.


10 nm 5 nm


600  C than Fe/YSZ at 1100  C.
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Bulk Fe:YSZThermally reduced 
ALD particles


Chemically reduced ALD 
coated Fe:ZrO2 nanoparticles 22







Ferrites SummaryFerrites Summary
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Thank You 
For Your Attention


19 JULY 2011 S2P  BP EXEC VISIT


242424
OV - 24








Sunshine to Petrol:
Reimagining Transportation FuelsReimagining Transportation Fuels


BP Executive VisitBP Executive Visit
Albuquerque, NM
19 July 201119 July 2011


Ellen B Stechel, presenting


Sandia is a multi-program laboratory operated by Sandia Corporation a Lockheed MartinSandia is a multi-program laboratory operated by Sandia Corporation, a Lockheed Martin
Company, for the United States Department of Energy’s National Nuclear Security
Administration under contract DE-AC04-94AL85000.
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Official Use Only


WELCOMEWELCOME
Overview of the “Sunshine to Petrol” Project
Systems PerspectiveSystems Perspective
Reactor and Reactive Structures Design and Test
“Working” or Redox‐Active Materials Science and EngineeringWorking  or Redox Active Materials Science and Engineering
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MultiMulti--Disciplinary Team: Disciplinary Team: 
Three ThrustsThree ThrustsThree ThrustsThree Thrusts


Principal Investigator – James E. Miller
Project Manager ‐ Ellen B StechelProject Manager  Ellen B. Stechel
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Systems
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Wisconsin), Carlos Henao (student,) Jiyong Kim (Postdoc) 


R tReactor
 Solar Reactor ‐ Rich Diver (retired), Tim Moss, Scott Korey, Nathan Siegel, Robocasting, LLC
 Reactive Structures ‐ Nathan Siegel, Terry Garino, Nelson Bell, Rich Diver (ret, Diver Solar, 


LLC), Brian Ehrhart, Robocasting, LLC
 Detailed Reactor Models ‐ Roy Hogan, Ken Chen (transferred), Spencer Grange, Siri Khalsa,  
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Materials
 Reactive Materials Characterization & Development Andrea Ambrosini Eric Coker Mark Reactive Materials Characterization & Development ‐ Andrea Ambrosini, Eric Coker, Mark 
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 Thermodynamics & Reaction Kinetics ‐Mark Allendorf, Tony McDaniel, Chris Wolverton
(Northwestern Univ), Bryce Meredig (student), Heine Hansen (Postdoc) , Al Weimer (Univ 
Colorado), Jon Scheffe (student, thesis)
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Our External Advisory Board has 
Provided Great Advice and ValidationProvided Great Advice and Validation


• Board
George Crabtree (Chair ANL)– George Crabtree (Chair, ANL)


– Martha Krebs (UC Davis, formerly CEC)
– Mike Aimone (Batelle, retired Air Force)
– Charlie Campbell (UW)


k ( d )– Gary Dirks (ASU, retired BP)
– Tom Kreutz (Princeton)
– Terry Manzanec (consultant, formerly Velocys, Inc)
– Bill Schneider (Notre Dame)( )
– Aldo Steinfeld (Solar Tech Lab, Paul Scherrer Institut, ETH‐Z)


• Four reviews to date
– Last one was February 23‐24, 2011, Next one is August 23‐24, 2011Last one was February 23 24, 2011,  Next one is August 23 24, 2011


• Their assessment of our current state and the prospects
– The nation and world needs this solution; but if the Sandia team disbands, 
“game over”game over  


– Virtually nowhere else could so much rigor and technical diversity be 
assembled


– The team is up to the challenge and will meet aggressive goals and milestones
Th t d t t t b t ti d t


19 JULY 2011 S2P  BP EXEC VISIT


4


– The team demonstrates great progress between meetings and momentum 
continues to accelerate







This is a Strong and 
C h i  TCohesive Team


• Have demonstrated that they can set challenging technical goals• Have demonstrated that they can set challenging technical goals 
and meet them


• Have put together a rigorous, comprehensive, and multi‐
ti i t f th h ll d d t i dperspective inventory of the challenge and determined:


– There are no show‐stoppers


– This is a difficult challenge and it demands depth and breadth ofThis is a difficult challenge, and it demands depth and breadth of 
expertise that is hard to assemble – except at Sandia


• Have made smart use of thorough analytical modeling to 
complement experiment and have demonstrated:complement experiment and have demonstrated:
– A solid, plausible case that this technology can significantly impact 


the dual challenge of energy (petroleum) and climate (CO2) security


Thi b h l h l bl f hi i i hi– This may be the only technology capable of this promise within a 
relevant timeframe.


• Have capitalized on unique and diverse capabilities at Sandia
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Oil and Liquids Supply: Oil and Liquids Supply: 
ProjectionProjectionProjectionProjection


b/
y Ref: IEA Chief Economist Presentation to Imperial College


7.08 TW


5 67 TW
36.5


bb


5.67 TW


4.25 TW


29.2


21.9


2.83 TW


1.42 TW


14.6


7.3


0.25 TW  90 B gal EtoH/yr  4 mb/d
7.3


To meet the demand growth and offset decline  ‐
64 mb/d (4.53 TW) gross capacity needed 2007 − 2030
 This is 6 the current capacity of Saudi Arabia
We understand there is no consensus in the industry:
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We understand there is no consensus in the industry:
Can the world can sustain >100 mb/d of petroleum
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Oil and LiquidsOil and LiquidsOil and LiquidsOil and Liquids


Ref: BP Statistical Review Presentation 2011
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An Opportunity Worthy of An Opportunity Worthy of 
N ti l L b t  Att tiN ti l L b t  Att tiNational Laboratory AttentionNational Laboratory Attention


• Global Context
- Energy consumption is growing with development gains and population growth
- Fossil fuels dominate energy sources and GHG emissions for all industrial sectors
- Transportation & industrial sectors deeply dependent on vulnerable petroleum supplies
- Price volatility of petroleum threatens economic recovery 
- Significant resources will be  expended whether we transition away from fossil or not


• Simultaneous Needs
- Assure energy security
- Mitigate climate change risks
- Enhance prosperity and competivenessp p y p
- Create viable alternatives to petroleum‐based fuels
- Achieve scale with no dislocations


• Transportation FuelsTransportation Fuels
- Liquid hydrocarbons are the “Gold Standard”
- Energy Density, Infrastructure, Fueling Rate, Air and Heavy Ground Transport


O S l ti
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Our Solution: Fungible fuels from concentrated sunlight, CO2, and water
No other solution proposed can simultaneously meet all five needs
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Direct Chemical Routes Via 
Thermochemical SyngasThermochemical Syngas


nCO + (2n+1)H2 → CnH2n+2 + nH2O  decades of experience( ) 2 n 2n+2 2 p


CO2 (3.14 kg) + H2O (2.57 kg) + sunlight →  Activation


O (3 42 kg)↑ + CO (2 kg 21 8 MJ) + H (0 29 kg 40 8 MJ)→O2 (3.42 kg) ↑ + CO (2 kg, 21.8 MJ) + H2 (0.29 kg, 40.8 MJ) →
Fuel Synthesis


H O (1 28 kg) + CH (1 kg 46 7 MJ) + heat (15 85 MJ)
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H2O (1.28 kg) + CH2 (1 kg, 46.7 MJ) + heat (15.85 MJ)
Final Product 9







Official Use Only


There are several good options to diversify and address g p y
energy security , economic competitiveness, and climate 
change risks for the electric grid, but precious few for 
transportation


THIS REALLY IS A GAME 
CHANGER


transportation


CHANGER


19 JULY 2011 S2P BP EXEC VISIT Official Use Only
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No Silver Bullet


S thi i l


No Silver Bullet
Closing the Cycle with a Solar


• Some things are universal
– Sunlight is not free: collectors and 


absorbers 


Thermal Energy Source
Nature’s Example but with an 


Efficiency Boost


– Hence efficiency matters
– This derives from considerations of scale


• Diffuse (low areal density) nature of the


Energy Input
(Reduction)


Diffuse (low areal density) nature of the 
energy source


• Key challenge:  CO2
H O Fuely g


– Achieve high efficiencies with good 
durability using low cost materials


H2O
Fuel
O2


• Timeframe: intermediate term <20 
years


Hi h i k f li id f l i i d i thi


Energy Recovery
(Oxidation)


Hydrocarbon Economy
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– High risk of a liquid fuels crisis during this 
timeframe


11


Hydrocarbon Economy







ThermodynamicsThermodynamics
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Enabling High Efficiency with 
Novel Reactor DesignNovel Reactor Design


“Reactorizing a Countercurrent Recuperator”


Solar Heat Mirrored Dish Tracks 
the Sun and FocusesSolar Heat the Sun and Focuses 


Heat into the 
Reduction ChamberSolar concentrator heats 


rotating ceramic discs


O2
At TH the ceramic thermally 
reduces releasing oxygen 


from the lattice


Alternate discs rotate 
in opposite directions


At TL oxygen deficient ceramic 
extracts an oxygen from 
incoming CO or H O


CO and the H2 can be 
collected for downstream 


processing into fuel


incoming CO2 or H2O


19 JULY 2011 S2P  BP EXEC VISIT


Figure Credit: Popular Science


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


processing into fuel
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The Enabling Innovation? 
A “ThermoChemical Heat Engine”g


To get High Efficiency‐ Enabling Attributes:
1. Direct Radiative Heating, 
2. Continuous flow,
3. Spatial product separation, and 
4 h l i


Concentrated 
Solar Flux


4. Thermal recuperation
5. Durability


• Thermodynamics requires reactions be 
i d t t t t tcarried out at two temperatures.


• A thermochemical cycle is essentially a heat 
engine that converts heat into work in the form 
f d h i l


O2 O2


of stored chemical energy.


• Here, the “working fluid” is a metal oxide (e.g., 
Ce‐ or Fe‐based.)


Target
30%


• High end temperatures of ~1300‐1500°C couple 
well with CSP.  (A bit lower would be better)


• Efficiency gains are possible as conversion toCO2/CO Mix or


CO2 or 
H2O


CO2 or 
H2O
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Efficiency gains are possible as conversion to 
mechanical work and electricity are avoided.


CO2/CO Mix or 
H2O/H2 Mix
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Thermal Reduction Theoretical Efficiency 
is High But Must Have Recuperation is High But Must Have Recuperation 


DNI = 760 W/m2


Max Efficiency is a





Max Efficiency is a 
combination of Carnot 
limitations and thermal 


re‐radiation
(1 1/ ) (1 4/C)(1‐1/x)  (1‐ x4/C)


Without recuperation


Radiation losses < 1500 C (x~5 9)


x increasing
775C 1525C


Without recuperation
drops substantially
36% maximum


Radiation losses < 1500 C  (x~5.9)
60% at C=3000; 1300C


Target is 25‐30% market ready – 1st chemical heat engine (~40‐50% theoretical)
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Realistic Engineering Limit on heat engines  – 75% theoretical  (45%)
15







Goals & Milestones 


• Goal: Demonstrate the technical feasibility of the solar conversion of CO


Goals & Milestones 


• Goal:  Demonstrate the technical feasibility of the solar conversion of CO2
into CO in a thermochemical reactor with five key attributes: direct 
heating, continuous flow, spatial separation, recuperation, and durability


• Metrics: 2% sunlight into the reactor to CO chemical energy out pathway• Metrics:  2% sunlight into the reactor to CO chemical energy out, pathway 
to 20% sunlight (hitting the collector) to CO in an advanced system, and 
pathway to >10% Lifecycle efficiency
Ti li D t t 2% t d t t ti i th t t• Timeline: Demonstrate 2% steady state operation in the prototype 
(Generation 1) – 2011


– 5 Year ECIS goal is to demonstrate 12.5% with materials and reactor 
d ( 2016) G ti 2advances (summer 2016) – Generation 2
• ARPA‐E Target is 10% in 3 years


– 10 Year goal is to demonstrate 25‐30% with additional materials and 
t d d b k t R d (2021) G ti 3reactor advances and be market Ready (2021) – Generation 3


– 15 Year goal is to demonstrate durable, economical system, 
manufacturable, developed supply chain, .. (2026) – Generation 4
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Solar Resources Analysis Shows the 
Promise of Scale with High Efficiency Targetg y g


Filters applied (Resource analysis by NREL):  Over‐filtered
• Sites > 6.75 kwh/m2/day/ / y
• Exclude environmentally sensitive lands, major urban areas, etc.
• Remove land with slope > 1%.
• Assume 25% packing density
• Only contiguous areas  > 10 km2 (675 MWprimary ) 10 km2 = 107 m2 = 3.86 mi2


Land 
Are a


Solar 
C apacity


9 2


Fue l C apacity


• U.S.  Petroleum Demand is 
20.7 mb/d (2007)


S ta te (109 m2) (T W) (G W) (mb/d)
AZ 49.9 3.37 421 5.9
C A 17.7 1.20 150 2.1
C O 5.5 0.37 46 0.7


• 12.5% lifecycle efficiency 
could produce 16.6 mb/d 
(80% of total U.S. demand)


N V 14.5 0.98 122 1.7
N M 39.3 2.65 331 4.7
T X 3.0 0.20 25 0.4
U T 9 2 0 62 78 1 1• NM alone could produce 23% 


of U.S. demand


• 12.5% of available land (17.4 
× 109 m2) could provide 10%


U T 9.2 0.62 78 1.1
T otal 139.2 9.39 1,174 16.6


139 billion m2 is 1.5% of total U.S. land
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× 109 m2) could provide 10%
of U.S. demand
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Efficiency Efficiency →→ Scalability: Scalability: 
Collector AreaCollector AreaCollector AreaCollector Area


• Average Solar 
• ~200 W/m2


• 1752 kWhr/m2/yr


100% D l


10% - NJ + MA


100% - Delaware


3% - Georgia


0.1% - western U.S.


U.S. Petroleum consumption - 20 million bbls/day
Assume solar resource equivalent to Albuquerque – 2600 kWh/m2/yr
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Numerous Large CO2
S  E i t


• Hundreds of large 
industrial CO2


Sources Exist
industrial CO2
emissions sources 
exist in the United 
States in areas of high 
solar insolationsolar insolation.
• 4‐Corners Power 


Plant: 15.6 Mt/y and 
San Juan 13 4 Mt/ySan Juan 13.4 Mt/y


• At 81% utilization 
these two plants can 
supply fuel plants up S l I l ti pp y p p
to 9.8 GW (139 kb/d)


• ~25 plants of 
comparable size to 4‐


Industrial CO2 
Emissions Sources


Solar Insolation 
Zones


Corners could supply 
US CO2 for 10% of 
U.S. demand.Substantial resources can be tapped.  


Infrastructure exists for CO transport
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Infrastructure exists for CO2 transport.
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Example of Resource: 
NRG Solar in Blythe  SDNRG Solar in Blythe, SD


Energy Generation
/


S2P• PV: 45000 Mega Watt Hour/Year  5137 KW
• Biofuels: 6.25 Ton/Acre; 95 Gallons EtOH/Ton; 
84600 BTU/Gallon  336 KW (4.75 b/d)


• Sunshine to Petrol; 25% packing and 12 5% LCE;
Biofuel


PV (Blythe)


S2P


• Sunshine to Petrol; 25% packing and 12.5% LCE; 
6829 KW (96 b/d)


Energy Out (Watt/m2)


0 2 4 6 8 10


CO2 Utilization1000 2
• PV: Displace >12000 
ton/yr CO2


• Biofuels: 802 ton/yr


Water Utilization
• Biofuels: minimum 2.7‐623 
Gallons/GGE EtOH
S2P S hi P l 1 1 2 5


W
at


er
/G


G
E


100


1000


• S2P: 16293 ton/yr


S2P


• S2P: Sunshine to Petrol; 1.1‐2.5 
Gallons/GGE G


al
lo


n 


1


10


S2P
Biofuels


200 acre  0 81 (km)2 21 MW 0 10 20 30 40 50


Biofuel


PV (Blythe)
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200 acre  0.81 (km) , 21 MWe CO2 Offset (lb/year/m2)


0 10 20 30 40 50







Efficiency Efficiency →→ CostsCosts
C ll t  AC ll t  ACollector AreaCollector Area


$10,000/acre 6 inch concrete slab
Parabolic Dish


al
)


$ , 6 inch concrete slab
Large Scale Photovoltaic


co
st


 ($
/g


a


10


on
 to


 fu
el


 


0.1%


$3/GGE


C
on


tri
bu


tio 0.5%
1%
5%
10%
20%


Capital expenditures ($/m2)
1 10 100 1000 10000


C 1
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Assumptions:  GGE = 36 kWh, Solar Resource = 2600 kWh/m2/yr, 
Favorable Financing (5% interest, 30 years)


p p ($ )
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Comparison to Electrochemical Pathway Comparison to Electrochemical Pathway 
Indicates Both Efficiency and Cost Benefits


Solar Dish/Stirling Electrolyzer H2Electrochemical 15%1880 kJ/mol
g


 = 20%
Electrolyzer
 = 75%


H2O


2
282 kJ/mol


Electrochemical
Pathway (EC)


 = 15%


Dish/CR5
 = 20%


Solar
1410 kJ/mol


H2
282 kJ/mol


Thermochemical
Pathway (TC)


 = 20%
(target)


Hydrogen Production Cost
– Assume 20 year plant lifetime


H2 production cost as 
a function of solar y p


– Includes BOP* (separations, etc)


• Electrochemical Pathway
$ /


electricity cost


– $0.10 – 0.30/kWh electrical
– 6 ‐ 15 $/kg‐H2


• Baseline Thermochemical Pathway
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y
– 5.97 $/kg‐H2 University of Wisconsin


22*BOP: Balance of Plant







Baseline SystemBaseline System
Baseline energy efficiency (7%) H2O (171)


MEA (1)


H2O (673)


Flows in Kmol/hr
319 kmol/hr MeOH, 


64 MW
• Dish/CSUs


– 84% of the capital cost
– 22.7% of operational cost


WGS


CO2(431)


MeOH  (17)
CO2 (54)
CO (38)


CO2(3,246)
CO (1,055)


CR5


CR5


CR5 1st ABS 2nd ABS MS


CO2(122)
CO (1,055)
H2O(15)


CO2(4,927)
H2O(82,235)
MEA (8,131)


CO2(796)
CO (380)
H2(675)


CO2(48)
CO (380)
H2(674)


MeOH (319)SEP


64 MW


22.7% of operational cost


• Separations
– MEA based CO2 CO2(3,870)


H2O (46)


H2O (328)
MEA (0.61)


CO2(2)
H2O (104)


CR5


Total No. :17,622


REGE


22.711.9


6.2


System operating cost:
BOP 


Electricity
15%


Energy Balance:– 48.7% of operational cost
– 1.2% of the capital cost


• Water Gas Shift (WGS)


6.2


4.3MeOH 
Synthesis 


50%


Water Gas Shift (WGS)
– Minimal direct cost
– Increases need for CO2


separation
48.7


BOP Steam 
35%


separation


• Fuels synthesis
– Minimal direct cost Current market price of methanol:


0 56 $/kg (0 09 $/kW‐hr or 3 25 $/GGE)


19 JULY 2011 S2P  BP EXEC VISIT


– Transition to higher value FT
fuels from methanol


0.56 $/kg (0.09 $/kW‐hr or 3.25 $/GGE)
Cost of methanol from baseline system: 


1.70 $/kg (0.27 $/kW‐hr or 9.88 $/GGE) 23







Improving the 
B l  f S t


• The team has shown a pathway that:


Balance of System


– Doubles the solar to chemical efficiency over the baseline system (from 
7.1 to 16.2%) 


– Reduces the solar collection area by 51% (solar only system)
– Produces end‐use fuels at the S2P plant (FT)
– Sets the stage for technology development, integration, and 


demonstration once the reactor is mature enoughg


BOP ‐
Steam, 6, 


1%
BOP ‐


Electrical, 
0, 0%BOP ‐


Electrical, 
66 11%


BOP ‐
Electrical, 


Energy to produce 65 MW Chemical:


Fuel


BOP ‐
Steam, 72, 


13%


66, 11%


Fuel 
Synthesis, 
440, 48%


BOP ‐
Steam, 


141, 16%


Fuel 
Synthesis, 
440, 99%


Fuel 
Synthesis, 
440, 76%


330, 36%


Baseline System 
911MW l


Mixed Pathway 
577MW l


Advanced Sep/CR5
446MW l
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911MW solar 577MW solar 446MW solar


Next efficiency and cost opportunity: CO2 and H2O splitting efficiency







Cost Breakdown For 
$5/GGE  S2P 12 5% LCE$5/GGE; S2P 12.5% LCE


• Biofuels generally quote and 
d t t $2 4/GGEdemonstrate $2‐4/GGE


• But, with similar 
assumptions as for S2P 
comes to ~$5.00/GGE, 
despite a very differentdespite a very different 
breakdown


• Costs for S2P are in the ballpark of viability
• Learning curve will reduce the most expensive 
contributions
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contributions
• Very sensitive to the cost of capital recovery







Graphical View of Where the 
Energy Goes: 12 5% LCEEnergy Goes: 12.5% LCE


• Re radiation losses• Re‐radiation losses 
assumed 1450C 
reduction and 3000‐


isun concentration
• Reactor assumed at 
57% of theoretical 
and 30% first law 
efficient


• Lower temperature p
reduction will reduce 
losses


• Lower temperatureLower temperature 
reduction will reduce 
durability issues
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One Path to the Market: 
Capitalizing on Adjacent Technology Capitalizing on Adjacent Technology 


and Partnerships
• CSP Dish Stirling – adjacency, analogous


25 kW Utility 


• Modular utility‐scale system
• 25 kWe system each
• Autonomous operation
• Amenable to high volume manufacturing
• No exotic materials: steel, concrete, glass
• Record (net solar‐to‐grid electric) Peak ( g )
efficiency 31.25% set at NSTTF


• Model laboratory/industry partnership


SES intends to 
provide a dish forprovide a dish for 
the project and is 
interested in 
potential 


commercialization
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Official Use Only


The reactor is the heart of the systemy
First of a kind – new innovative heat engine concept based 
on recuperation
Differentiating DistinctiveDifferentiating, Distinctive
Steep learning curve and a lot to learn
Builds on Sandia strength in solar engineering


THE REACTOR
Builds on Sandia strength in solar engineering
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Official Use Only


Th d i i l h h f h h lThe redox active materials are the heart of the technology
Builds on Sandia’s core competency in Materials Science 
and Engineering but takes us into new regimes: g g g


high temperature materials, materials in extreme 
environments, complex metal oxides in new functional 
operating conditions


MATERIALS
operating conditions
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ThermochemicalThermochemical Reactor R&D


Nathan Siegel, presenting
Sandia National LaboratoriesSandia National Laboratories
BP Executive Visit: 19 July 2011


Albuquerque, NM
Sandia is a multi-program laboratory operated by Sandia Corporation, a Lockheed Martin
Compan for the United States Department of Energ ’s National N clear Sec rit
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Solar Thermochemical 
Fuel Systems


• Offer the potential to be considerably more


Fuel Systems
Offer the potential to be considerably more 
efficient than current alternatives


• The majority of ongoing solar thermochemical• The majority of ongoing solar thermochemical 
research is based on two‐step metal oxides
A f t t i l d t t• A perfect material does not guarantee a 
successful system


• Thermochemical reactor development is 
challenging


• There are no reactors currently in existence 
that can beat the efficiency of solar (CSP or PV) 
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electrolysis (many can’t even do it on paper)
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The CompetitionThe Competition


• Molten salt power tower with alkaline electrolysis 
(~80% electric to H2)
– 14% annual average solar to hydrogen
– 30% heat to hydrogen


• Dish Stirling with alkaline electrolysis
– 19% annual average solar to hydrogeng y g
– 26% heat to hydrogen


• PV with alkaline electrolysisPV with alkaline electrolysis
– 12% annual average solar to hydrogen
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System Level AnalysisSystem Level Analysis
TTR= 1500oC,TOX = 1000oC


Resource eff.=(Resource>300 DNI)/Resource= 95% for 
Daggett


Sunlight
TR OX


PTR = 100 Pa


Daggett


Operational ~ 94%
Equip. Availability = 97%, B&S = 98%, Wind Outage = 99%


Optical ~ 79%
Reflectivity = 93%(two reflections), Dirt = 95%, Window = 95%, Tracking  


= 99%, Intercept = 95%
Receiver ~  82%
Radiation = 82%


Conduction/Convection = 0 %   


Reactor/Thermochemical ~ 37%
Pumping ~ 96% (100 Pa)


Solar to Available Heat = 58% Annual Average Solar
to Hydrogen
Design Point:  21%
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Pumping   96% (100 Pa)


H2


Design Point:  21%
Range:  20%-24%
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System Level 
C l iConclusions


• Lots of opportunities to lose energy
– Some improvement in collection is possible, but not 
much


• The reactor is the least efficient single component
– Why?  Can it be improved?


• Better reactor:  See “key attributes”
• Better materials
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Key Reactor 
Att ib tAttributes


• Continuous operation on‐sun
• Sensible energy recovery (recuperation)
• Minimal work input and pressure separation
• Direct solar absorption• Direct solar absorption
• Chemical and mechanical durability
• Inherent reaction product separation 
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Reactor Development 
S


• We’ve developed two reactor concepts that


Summary
We ve developed two reactor concepts that 
embody most of the key design attributes, and 
are “reactant flexible”.are  reactant flexible .


• CR5
10 kW prototype under test– 10 kWth prototype under test


• Particle reactor
– In the design stage
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Counter Rotating Ring Receiver 
Reactor Recuperator (CR5)Reactor Recuperator (CR5)


Uses a two step solar-thermochemical 
process based on a metal oxide to split Cross-Section Illustrationprocess based on a metal-oxide to split 
water or carbon dioxide:


1)  Fe3O4 + Heat→ 3FeO + 1/2O2


Cross Section Illustration


Concentrated solar flux


2)  3FeO + CO2 → Fe3O4 + CO


Net:  CO2 → CO + 1/2O2


Set of Counter-Rotating Rings
Window


Set of Counter-Rotating Rings


Reactive material


I l ti


Oxygen (O2) Oxygen (O2)


Insulation “High Temp”


x


y CO2 CO2y


“Low Temp”
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Carbon Monoxide  (CO), 
Carbon Dioxide (CO2)


x
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Particle Reactor 
C t


P ibl ti


Concept
Solar Input


• Possible reaction sequence
C5001..O


2
CeOCeO o


222  



 ca


O2


T P
C1200600HCeOOHCeO


2
o


2222  


• Can be deployed on 
parabolic or central receiver


O2


parabolic or central receiver
– Requires beam down optics


Thi i th l t• This is the only current 
reactor concept that 
i l d f f th “k


H2/H2O


H O
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includes > four of the “key 
attributes”


H2O
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Solar Collection 
S tSystems


Central ReceiverBeam Down Receiver Central Receiver
From Solar Energy, Segal and Epstein, 1999


From Solar Energy, Segal and Epstein, 1999
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Thermochemical 
R t  SReactor Summary


Reactor Continuous
Operation


Pressure
Separation


Recuperati
on1


Direct
Irradiance


Spatial
Product


Institute Ref
p p


Separation2


CR5
X X X X


SNL [9],
[12]


Moving SNL ‐Moving
particle bed X X X X X


SNL


Rotary
reactor X X X TIT [8]


Lined cavity ETH CalTech [6]Lined cavity X X ETH, CalTech [6]


Tubular
packed bed X


CU Boulder [9]


Tubular flow X3 X X CU Boulder [7]X X X
Hydrosol X X DLR [13]


Fluidized Bed X X X Univ. Niigata [14]


1 C dit f ti i i l t th t th t l t fl h t t f1 Credit for recuperation is given only to those reactors that employ counterflow heat transfer, a necessary
criteria for maximizing sensible energy recovery.
2 This is only possible in reactors with a moving reactive material. All other reactor are batch‐type and have
temporal product separation. Some downstream processing may still be needed in all cases if excess water or
carbon dioxide is used in the oxidation reaction.
3 This is a batch type concept given that hydrogen and oxygen are not made simultaneously. However, the
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yp p g y g yg y ,
thermal reduction reaction is run continuously while solar energy is available with the reduced oxide stored for
later use.
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Reactor Performance


• A good reactor can beat


Reactor Performance


A good reactor can beat 
electrolysis with current 
materials…on paper.
R d d l k• Reduced pressure looks 
good, but volumetric 
flows are huge


• Improving material 
thermodynamics can pay 
off ‐ low pressure notoff  low pressure not 
required, lower 
temperature TR


HHHVOutput 2


OH
wh


atm


action
H


treacp


H


Qp
pRT


Hn
TCEff


Input


p


2Re
2


tan,


2


ln**)1(

































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Particle Reactor 
Performance Map


• Thermal efficiency 


Performance Map
65 0.07y


of > 55% possible 
with CeO2 reactant 45


50
55
60
65


cy
 


RN
 [%


]


0.05


0.06


0.07


xt
en


t


Target zone
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Prototype


better efficiency
• Electrochemical 
route: heat to 


1 10 100 1000 10000 100000


Partial O2 Pressure in Reduction Zone [Pa]


hydrogen of 
40%*80%=30% 


For success, we need great materials 
and great reactors 
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Reduction to PracticeReduction to Practice


• Some things that “look good on paper” are really 
difficult to demonstrate


• Technical challenges being addressed are:
– Reactant performance
– Material durability
– Material compatibilityp y
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Reactant PerformanceReactant Performance
to MSDiode


PPP


to pumpinlet


Diode 
Laser


ns
la


te


zirconia
flatSiCfurnace


Tmax= 1600 °C


Z-
tra


• Thermodynamics
– High fuel/reactant 


ratioratio
• Kinetics


– Reaction complete 
1 i
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Durability


Ph i l d h i l d bilit k• Physical and chemical durability are key 
issues:  Survival is the first step toward 
reaching performance targetsreaching performance targets


• Monoliths
– Thermal shock, stress risers, and CTE 


mismatch
– Parallel investigations:


• On‐sun testingOn sun testing
• Thermal cycling in the lab
• Strength evaluation
Need to evaluate fatigue over multiple– Need to evaluate fatigue over multiple 
cycles


• Powders
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– Sintering, abrasion, reaction
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Material Compatibility


• We don’t want the reactor and


Material Compatibility


• We don t want the reactor and 
reactants to react…with each 
other.


h d h• We have investigated the 
reactivity of ceria with many 
materialsmaterials
– Alumina to 1450oC 
– Haynes 214 to 1400oC


SiC t 1400oC


1200oC                 1400oC
Haynes 214, 10 ppm O2


– SiC to 1400oC
• Material strength is also a 


concern
– Creep in metals
– Shock resistance in ceramics
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Current StatusCurrent Status
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CR5 On-Sun Testing
• On‐sun testing is ongoing


CR5 On Sun Testing
g g g


– Durability issues are being resolved
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Particle Reactor


5 10kW


Particle Reactor


• 5‐10kWth prototype 
design underway, but 
limitedlimited


• Subcontract with 
particle flow expertsparticle flow experts 
Jenike and Johanson
(SLO CA)(SLO, CA)
– First contract 
successfully completed:  
baseline design and 
physical property 
measurement
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MaterialsMaterials


Fe O CoFe O MO :CeO La Sr Cr Mn O 5% [H O] 40%Fe2O3 CoFe2O4 MOx:CeO2- La1-xSrxCr1-yMnyO3-


m-ZrO2 m-ZrO2


10 mol%


X
0.9
0 8


Y
0.5


CeO2


• 5% < [H2O] < 40%
• Variable heating rates
• 10 torr < P < 100 torrMn, Ni, Co,


Mo, & Fe 


0.8
0.7
0.6
0.5


CeO2


Al2O3 Al2O3


• 10 torr < P < 100 torr
• 800 °C < Toxd < 1200 °C


• Investigating a number of material chemistries
– Chemical systemsChemical systems


• M+n/M+(n+1) redox couples
• MOn‐ non‐stoichiometric oxides
“CU h it ”• “CU hercynite”


• Thin film form, bulk modified by doping or substitution
– Supports
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Future Work PlansFuture Work Plans
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The GoalThe Goal


• To demonstrate a thermochemical fuel 
production system with the potential to be 
commercially viable
– Focus efforts on two‐step metal oxide cycles
– Develop better materials and better reactors 
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ReactorReactor


• Concept design, evaluation, and selection
– System design approach at the commercial scale


• Detailed design/build/test of a prototype system
– Demonstrate all key operating characteristics and y p g
subsystems at a meaningful scale


– Meet critical performance targets:
• Solar to fuel conversion efficiency – same order as solar 
electrolysis


• Durability maintain performance over several days with• Durability – maintain performance over several days with 
multiple thermal cycles
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MaterialsMaterials
• Develop performance metrics for comparing material 
chemistries 
– Normalize for inherent material complexities


Thi fil d i d f• Thin films, powders, engineered forms


– Account for effects of disparate phenomena
• Active/accessible loading (morphology, porosity, etc.)/ g ( p gy, p y, )
• reduction and oxidation rates
• cycle variability/reaction extent (reactor design & intended use)
• cycle durability• cycle durability


•Materials discovery 
– High throughput screening of non‐stoichiometric oxidesHigh throughput screening of non stoichiometric oxides


• Computational and experimental


– Novel active material morphologies
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Thanks for your attention.


Questions?Questions?
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