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E Typical Thermochemical Biorefinery
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E Typical Flow Diagram of Thermochemical
- Blorefinery Producing Alcohols
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E Efficient Biomass Gasifiers Exploit
- the Unique Characteristics of Biomass

Characteristic

Fibrous Material

High Reactivity
@ High Volatiles Content
@ High Char Reactivity

Raw Syngas Composition
@ Tars

@  Sulfur

@ Alkali, Ammonia, Others

Scale of Operation
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Implications

Feeding Systems

@ Particle Size Limitations,
Pressurized Operation More
Difficult

Gasifier Design
@ Allows Gasification Without
Pure Oxygen

Gas Cleanup

@ More Tar, Water Soluble
@ Low Sulfur (Except BL)
@ Must Be Considered

Limits Economies of Scale
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E@ Direct Gasifier Types

1. Updraft
2. Downdratft
3. Fluidized Bed
°  Bubbling
° Circulating Flow
4. Entrained Flow

5. Staged Steam Reformation

Confidential information. ©Copyright Black & Veatch Corporation, 2005. All rights reserved. 8/28/2006




WE BRING IT ALL TOGETHER

E@ Updraft Gasifier

Biomass

@ Simple, Reliable

}
dh
o N

@ Commercial History P Gas, Tar, Water

. C+C0O2=2CO _ — —
@ High Tars C + H20 = CO + H2 Pyrolysis
Reduction
@ Close Coupled C 022 CO Combustion |__ -
Combustion 4H +02 = 2 H20
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E@ Downdraft Gasifier

@ Requires Low Moisture (<20%)
@ Low Tars

@ Can Use Gas in Engines
(After Conditioning)

Biomass
AI.

C+02=C02 Pyrolysis
4H + 02 = 2H20 _ Gas, Tar, Water

Combustion | — _

Reduction [
C+C02=2CO
C+H20=CO + H2 \/J //,ﬁ$~
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E@ Fluidized Bed Gasifier

@ Highest Throughput
@ Fuel Flexible

@ Tolerates Moisture

@ Complex Operation
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E Entrained Gasifier

@ Requires Low Moisture (<20%)

Q
Low Tars S
@ Can Use Gas In
Engln_QS (After Synthesis Gas
Conditioning) 850° C
Filter
Biomass Ash
BURNER
Gas Slip S5tream
Steam
& wNREL Alr
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E Staged Steam Reformation With a
- Screw Auger Gasifier

@ Low Tars

@ Scalability issues

@ Can Use Gas in 850° C
Engines (After
it I . Vapor +
Conditioning) Biomass+  gpiar -
Moisture Char
700° C Synthesis Gas
STEAM
PYROLYSIS REFORMATION

Use of Gas to Provide Process Heat
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E Thermochemical Conversion of Biomass
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E@ Syngas to High Value Products

Waxes Olefins
Diesel Gasoline
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E@ Fischer-Tropsch Reactions

Three Major Steps:
1. Initiation on Catalyst Surface
2. Hydrocarbon Chain Growth

3. Chain Termination
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E@ Fischer-Tropsch Product Distribution

0.0 —

LPG
0.2

NAPHTHA
0.4

e MIDDLE

DISTILLAT

0.8 il

F-T Products Weight Fraction

1 .0 | L 1 | | |
0.75 0.78 0.80 0.83 0.86 0.88 0.91 0.94 0.96

Chain Growth Probability, Alpha

Source: Williams Companies
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E@ Fischer-Tropsch Product Composition

Product Composition Strongly Influenced by:
@ Catalyst Composition
@ Syngas H2 to CO Ratio (~2.0to 1)

@ Operating Conditions
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E@ Reactor Types

Fixed Bed Reactor Slurry Bubble Column Reactor
l SYN GAS IN GAS PRODUCT OUT
STEAM OUT
Fluidized Bed STEAM OUT LIQUID
CATALYST Reactor — > PRODUCT OUT
PACKED
WATER IN
TUBES GAS PRODUCT OUT ——— CATALYST
< SLURRY IN F-T
WATER IN LIQUID
l PRODUCT OUT STEAM OUT SYN GAS IN

WATER IN

T CATALYST
FLUIDIZED BY
THE GAS

SYN GAS IN
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E@ Catalytic Conversion of Syngas to Alcohols

Methanol Production
CO + 3 H, 2 H-CH,-OH + H,0O (Exothermic)

Ethanol Production
2 CO +4H, 2 H-CH,-CH,-OH + H,0O (Exothermic)
H-CH,-OH + CO + 2H, > H-CH,-CH,-OH + H,0O (Exothermic)

Side Reactions
(2n+1)H,+n CO > C H,, +2n H,0 + Oxygenated Hydrocarbons
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E@ Alcohol Reactor Schematic

Methanol, ethanol,
propanol, higher
alcohols, methane

CO, H,

v

Alcohol Reactor

v

@ Selectivity Ranges: 30% - 90% @ Conversion Ranges: 5% - 60%

@ Alcohol Ranges: Mostly C1 -C4 @ Pressures Up to 2600 psig
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E@ Cost of Ethanol via Gasification

$2.50

$2.00

$1.50

$1.00

$0.50

Minimum Ethanol Selling Price ($ per gallon)

State of Technology
Estimates

Forest

1 Conversion

N Feedstock

Previous DOE Cost Targets
- == President's Initiative

Costs in 2002 Dollars

Resources
56 gal/ton
—
—
—
—
H
~
~
—
Biorefinery Residues T
67 gal/ton
Integrated with
Biochemical Processing
104 gal/ton total yield
2000 2005 2010 2015 2020
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Status of Thermochemical
- Blomass to Ethanol

@ DOE Funding Opportunity-Commercial Demonstration
of an Integrated Biorefinery System for Production of
Liquid Transportation Biofuels, Biobased Chemicals,
Substitutes for Petroleum-Based Feedstocks and
Products, and Biomass-Based Heat / Power

° Validated Pilot Plant Data

° Material and Energy Balances (Simulation)
° Equipment Requirements

® Project Work Plan (Schedule and Budget)
® Project Pro Formas

® Deployment Plan
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E Catalytic Options for Different High Value
- Products

»| Cat: Ni, Fe ~
> il » HYDROGEN
Cu-7n o6
—»| Cat: Cu-Zn, » ETHANOL,
BIOMASS Cu-Co MIXED ALCOHOLS
me » METHANOL, DME
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R ! e.g.,, KETONES
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-+ Cat: Ni/Mg > SNG
Cat = Catalytic > Combined > CHP
Conversion Process Cycle
PR - »Cofiring/Reburrp » CHP
»NREL
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Multiple
Products
Thermochemical
. . I —|
Biorefinery
Technologies....
Ethanol
Diesel
. Ammonia
Bio-Waste
Hydrogen
Wood Flexible Fertilizer
Feedstock

Ag Residues

Municipal Waste
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