" «“Advanced Biotechnology”
21st Century Opportunities
for Greenhouse Gas Abatement

F. Blaine Metting
Pacific Northwest National Laboratory
Richland, Washington USA

14th Aspen Global Change Institute Meeting
Energy Options & Paths to Climate Stabilization

8 July 2003

Based on preliminary results from St. Michaels ll, a workshop on
“Biotechnology and Greenhouse Gas Mitigation”
Sponsored by the Battelle Global Energy Technology Strategy Project

Pacific Northwest National laboratory
Battelle U.S. Depariment of Energy



Blotech -- Major Points

“ r . Biotechnology is cross-cutting and so will have a
' pervasive impact on 218t century energy
technologies

« Greatest impact is expected to be via enhanced
biological productivity and management

efficiency of crop, forest and dedicated biomass
production

« Microbial biodiversity is a vast, untapped
opportunity that will yield currently unforeseen
breakthroughs from the application of genome
and post-genome science to basic
understanding
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A Revolution in Biology

1953 — DNA structure
' 1970s — rDNA technology
* 1980s — Metabolic
engineering
 1990s — Genomics

o 218t Century — “Systems”
biology (post-genome biology)

Biology and Computing

are being integrated to achieve a
Predictive Understanding of
living systems

[BEG 1mosam
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otential Impact of Technology Systems (MMt C/yr)
*Systems likely to be impacted by biotechnology

Global  United States
Low-Carbon Fuels Production, Capture, & Sequestration* 186 27
BioEnergy* 90 15
Soil Sequestration* 51 6
Stationary Fossil Power Capture & Sequestration* 51 5
Energy Efficiency* 42 14
Solar 34 0
Conservation (“Doing with Less”) 17 12
Nuclear 13 0
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Biotech — Potential Impacts
(~ order of magnitude, Gt/century)

* Dedicated Biomass
100 Biofuels (including H2), Biopower

» Soil Carbon Sequestration
?
10 - Direct Microbial H2 Production Dark horses *

* Microbial CO2 Capture

* Nitrogen Fixation

-—

* Energy Efficiency Applications

Waste treatment, Fossil energy biotechnology,

v Industrial biotechnology  Fa<fic Norimest Bationa’ tanoratory
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A Biomass Future
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WIJBiotechnoIogy Insights from
Integrated Assessment Models

Increasing general agricultural productivity
increases the size of the biomass market

Primary energy (exajoules/yr), 550 ppm CO, stabilization
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Biomass -Energy Crops

Biotechnology — Accelerating the rate of
domestication and acquisition of desired traits

“:Constraints — Yields, Available Land, Geographic Distribution

Hybrid Poplar

Switch Grass
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Enhanced photosynthetic efficiency

Controlled C allocation

No response to competition

Reduced height growth

Less (or more) extensive root system

Improved wood chemistry

Pest resistance

Optimized photoperiod response

Domesticated Populus Attributes

20

15

5-year old tree
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Biorefinery of the Future
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Biorefinery of the Future

Enzymes
Microbial Cells
Monitoring and control “cracking” .
Biomasi Harvest i ¢ ¢ g Biomass
Pump Pipeline —*Fermentation—} - —p | Final Fermentation *
f } | ! }
LiqureGas \ o
9 . Chemicals (ﬁf;ﬁg’b""" Chemicals
additives )
Process additives Animal feeds
Condensate
— Distillation/

Evaporation

Syrup

Chemicals —-—— Drying

Centrifugation

Animal feeds
Lignocellulosic feedstock ¢
*Closed loop process
«Zero GHG emissions
‘Use of engineered microbes

Electricity

Complete “cracking” of “crop residues”

to products

'
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~ Biotechnology Impacts on
: Soil Carbon Sequestration
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Microbial Diversity & Versatility
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Microbial Biotechnology -
Understanding Molecular Machines
Then putting them to work

=CellulaSe molecular machine
Converting Cellulose tg nse

Potential - Make lignocellulosics a viable energy
feedstock for creating the biomass energy
industry.
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Microbial Hydrogen (H2) Production

[NOTE: These are generalized schematics. Ferredoxin also represents other electron carriers]

1. Direct Biophotolysis (simultaneous, single-cell, single stage, H, -andO, production)

0, H,
H,O0 = PSII > PSI > Ferredoxin = Hydrogenase

Green Microalgae

2. Direct Biophotolysis (with spatial separation of H, -andO, production)
0O, CO, € (recycle) C%z H,
H,O0 = PSII = PSI 2 (CH,0), = (CH,0),. = Ferredoxin => Nitrogenase
PSI = ATP i
Vegetative Cells Heterocysts

Heterocystous N2-fixing Cyanobacteria_ . .
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'Microbial Hydrogen (Hz2) Production

3. Indirect Biophotolysis (Single cell H, and O, production, separated temporally or spatially)

0, CO, € (recycle) CO, H,

i 1l i

H,O0 = PSII = PSI = (CH,0), 2= (CH,0),. = PSI > Hydrogenase
First Stage Second Stage

Green Microalgae

4. Photofermentation (Single Cell, no O, Production).

Cco, H, Photosynthetic
i U Bacteria

(CH,0),. = Ferredoxin => Nitrogenase

Bacterial PS = ATP =1
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Microbial Hydrogen (H2) Production

. Dark Fermentation (No O, Production) Anaerobic Bacteria

5.1. Maximum H, Production coupled to growth

2CO0, 4H,
T T

(CH,0)s- = Ferredoxin = Hydrogenase +2 CH;COOH

5.2. Maximum Stoichiometric H, Production

6CO, 12H,

T T

(CH,0),- = Ferredoxin = Hydrogenase

6. Microbial Shift Reaction (Dark process) Anaerobic Bacteria

CO+H,0 & H,+CO,
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Opportunities Include:

» CO2 Capture: Flue Gases

; B Coupled H2 and CH4 Production

| - Fertilizer Production

Batielle

K Waste and Wastewater Treatment

Microbial Fixation of CO2 and N2

& Direct Atmospheric

icroalgae:
e of energy

® Wastewater bioreactors

® [nformation from cell culture aroma

® Exploring relationships between biological objects
B I f

Creave your own viraal journal online with BloModbiet Reviow
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Impact of Biotechnology: One Example

hallenge: Photosynthetic Efficiency

| Is 10% solar energy efficiency a realistic target?
Potential Approaches:

Enhanced enzyme efficiency

* Directed evolution

- Rational redesign

Structural Engineering — Reaction Center Complex
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Biotechnology Approach to Enhance
Photosynthetic Efficiency

PARAMETRIC CHARACTERIZATION : N
OF THE RATE OF PHOTOSYNTHESIS Antenna Size and Photosynthetic Efficiency
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Solution: Reaction Center

Problem: Light Saturation Structural Re-engineering
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