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Simple Solar-thermal
Thermodynamics



World Class Direct Resource in U.S.

I Premier (World Class) 100% US cnergy needs
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Concentrated sunlight will directly
drive chemical reactions at fast rates
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“Say ... now I'm starting to feel kinda warm!
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Carnot Efficiency

Carnot's Principle (T =300 K, Earth) ,
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Energy Absorption Efficiency of a Black Body Cavity
with 1ts T at Various Solar Concentration Ratios
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ldeal System Efficiency of a Process

Ns = Ncarnot * Nideal Energy Absorption (Collection)

Monotonically 1 as Ty 1 \

Monotonically | as Ty T

Fletcher and Moen, Science (1977)



ldeal System Efficiency of a Process with Cavity

Temperature at Various Solar Concentration Ratios
1

T]System = NMcarnot x 1]Absorption
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Heliostat/Dish-driven Solar Furnace-CNRS,

France

Odelllo,




Large Secondary Concentrator Technology
for C=5,000 +

inside

Weizmann Institute, Rehovot, Israel
(beamdown secondary)




Solar-thermal/Biomass
Conversion Interface



Significant Innovation is often Realized
at the Interface of Technologies

Concentrated Solar
Power

Hf Biomass

Near Zero Carbon Footprint — 100% of the
conversion energy comes from the sun
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Solar-thermal Rationale (renewable
thermochemical “sledgehammer™)
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Off-sun Preliminary Experiments
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Mass Spectrometer Trace (1177°C; t~1 s)

Concentration (ppm)

98% conversion to products

Grass steam gasification in electric tube
furnace
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Mass Spectrometer Trace (1177°C; t~2 s)

Lignin pyrolysis in electric tube furnace
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Reduction to Practice
(10 kW Solar Furnace at NREL)

L
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Reactor on-sun Pilot Solar Reactor to Syngas



Technology Innovation:
SurroundSun Recelver — 10 kW

Removable
end caps

Enables high efficiency operation with standard
materials and scalable systems



Mass Spectrometer Trace (1200°C; t. ~ 0.5s)

Concentration (ppm)

Cellulose gasification using High
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Representative Gas Trace
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Conversion

Initial results — conversion (t < 1 s)
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Excellent CO/CO, tunability (t< 1 s)
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Better selectivity at high T (no tars)
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Biomass/Water Availability In
High Sun Regions



Locations of operation near

Concentrating Solar Power Prospects of the Southwest United States ey
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remaining areas less than 1 sq.km were excluded to
identify those areas with the greatest potential for
development.
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The direct normal solar resource estimates shown are
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Good solar
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distribution
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Likely
candidates:
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-Las Vegas, NV
-Phoenix, AZ
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Composition of Dry Micro Algae

Micro Algae Coal
Spirulina Chlorella Littorale lllininois NO. 6
C 46.1 47.3 355 79.7
H: 7.4 7.2 54 54
O: 41.4 37.6 53.1 10.3
N: 4.8 8.2 6.0 1.4
S 0.4 0.7 ~0 3.3

\ |~ _ lkenaga, N. et al., Energy & Fuels, 15, 350-355 (2001)

7/ ~

Iy

Solar-thermal need is for fast growing carbon, lipids not needed,
can process before, or post- lipids extraction remains; need not be
totally dried
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Gateway to Renewable
Gasoline iIs through Methanol



Synthesis gas — an ideal
- intermediate

-~
Standard catalysts

/ ~
Feedstocks I Svnthesis Gas > Products

Gasoline
Industrial Waste
Methanol

Agri Wastes

Energy Crops Hydrogen

Municipal Waste

FT - Diesel Jet Fuel

Forestry Wastes

Methane

Flexible syngas can respond quickly to market opportunities
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Biomass to Gasoline = Net Water
Producer (100 kg Methanol Basis)

133 kg Corn Stover (C.S) [61.2% cellulose, 28.8% lignin, 10% ash]
21 kg Water ( MW C.S ~ 322 g/mol, incl. ash)

:@’ \

~ CO,, ash

a Syngas
(H,/CO=2/1)
Assumptions \

95% biomass conversion . h |
4 kg C.S. / gal CH,OH 100 kg Methano

0.189 gal H,O/gal CH;0H (via C.S)
1 mol C.S =» 7.9 mol syngas (H,/CO=2/1) 56 kg H,O
1399 kJ/mol (rxn) + 546 kJd/mol enthalpy 44 kg Hydrocarbons

(i.e. gasoline)
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Gasoline from Solar-thermal
Conversion of Micro Algae

Greenfuel Technologies/APS: 35.8 kg algae/m2-yr
(dry, ash free)

(35.8 kg algae/m2-yr)(0.473 kg C/kg algae)
X(1 kg methanol/0.375 kg C)
X (1 gal methanol/3.0136 kg methanol)
X (gal gasoline equiv./1.74 gal methanol)
= 8.61 gge/m?2-yr

= 34,851 gge/acre-yr
(= 25,049 actual gallons gasoline/acre-yr)



Multiple Field, Single Reactor Concept
Mid Concentration

 Larger ellipse and
smaller lookout angle
requires different
orientation of fields
around receiver

Components not show to scale



Solar Field Design @1300°C, Daggett, CA
200 m Tower Central Receiver System

Field> West North East

Field n 494 | 540 | .494

Receiver n .880 .892 .880

Net 440 487 440

» Yearly Direct Daggett: 2787 kWhr/m?
* Yearly Delivered (@ annual avg efficiency): 1255 kWhr/m?
« Annual Energy Delivered (to drive process): 352 GWhr; C=3800



Preliminary Process Design for Solar-
thermal biomass = syngas =»
methanol =» gasoline

 End Product ~ 23 million gallon/yr
renewable gasoline plant

 Requires 360 GWhr/yr Delivered Solar
Energy

e ~ 280,000 m? heliostats (151 acres of
land)

 One 200 m tall power tower



Mohave Desert

32 million acres

(CA, NV, AZ, UT)
2,787 KWhr/m2-yr

Solar-thermochemical plant
~280,000 m? heliostat
~151 acres
C = 3,800 suns
360 GWhr annually
~ 56 M gal methanol/yr
or 32 M ggelyr (1.74/1)
(23 M gal gasoline/yr)




Comparison of Potential Corn, Cellulose, and

. Aquatic Microbial Fuel Production ’
\
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Cument Opinlon In Blotechmology

Dismukes, G.C. et al, Current Opinion in Biotechnology, 19, 235 (2008)




Common Feedstocks

Energy Enerqy

Feedstock

: Cost Density Cost
Fossil Fugls (GJ/mt) ($/GJ)
Crude oll | $100/bbl 44.9 16.3
Shale oil (new capacity) $ 85/bbl 44.9 13.9
Tar sand oil (new capacity) $ 50/bbl 44 9 8.2
Natural Gas $10/1000 scf 53.3 9.5
Coal $55/ton 27.1 2.2
Renewables
Sugar (US) $0.21/Ib 16.5 28.0
Corn $ 6/bushel 19.1 16.0
Switchgrass $80/drymt 18.4 4.3
Pine Sawdust $ 50/ton 19.9 2.8
Sorted municipal solid waste -$50/dry mt 13.0 -3.8

Sierra, R. et al, CEP, S10, August (2008)




Mohave Desert Land Use

-32 million ggel/yr
-25,049 gal gasoline/acre-yr
requires ~ 918 acres of land for algae
+ 151 acres for solar field
1,069 acres total
Hence,

Using 18% of the Mohave Desert land for algae
(32 million acres)(0.25)(25,049 gal gas/acre-yr)
= 2 X 10 gallyr (~1.44 x 10! gal gasoline/yr)



U.S. Gasoline Supply

Daily Consumption: 400,000,000 gallons gasoline/day
= 1.46 x 101! gallons/yr

Hence, using 25% of the Mohave Desert for growing
algae, the entire U.S. fuel supply can be achieved from

Algae — CO/H, — Methanol — Gasoline

H0+C0O: The U.S. could fuel all of its vehicles

with renewable gasoline !



Vision for modular plant layout
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“Template” design reduces Each tower feeds to central
engineering/design fees for processing plant to produce
future plants desired product



Conclusions/Future Work



Conclusions

A solar thermal approach to biomass gasification
accentuates the benefits of both renewable
resources (100% renewable solution to large
volume liquid fuels)

Optimal conditions for gasification are only
efficiently achievable through solar thermal
energy, I.e. 1200°C

Early process work shows excellent conversion,
selectivity, repeatability and feedstock flexibility

Early economic estimates look extremely
promising (massive additional profitability in
markets with favorable carbon policy);



Algae Connection

o Solar-thermal is a great fit with desert sun for
growing algae

o Solar-thermal is a great fit with marginal land

 Methanol to Gasoline produces ~2.7 X amount of
H20 needed to convert biomass (based on corn
stover)

 Need to figure out how to economically concentrate
algae up to about 80 wt% solids

(a 56 M gal/yr methanol plant requires about 224 M kg biomass/yr
or 614 mt biomass/day): 23 M gallons gasoline/yr
57 M gallons water/yr
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