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Legislated Biofuel Goals

= U.S. Energy Independence and Security Act of 2007 (EISA)
22% of transportation fuel mix in 2022

= 36 hillio ns ethanol
= 15 billion gallons »f grain-based ethanol

= 21 billion gallons of advanced ethanol (>16 cellulosic...)

= European Union
= 20% renewable energy by 2020
= 10% of transport fuels by 2020

Current U.S. Ethanol Production Status

Existing  Capacity New Production Capacity
Plants bgal yr Plants bgal yr bgal yr
2007 110 5.5 76 4.8 11.1
2008 139 7.9 61 6.4 13.4
2009 170 10.6 24 9.0%
2015+ 15*

Source: USDA 2009; DOE 2009; RFA 2010

!World total 17.3 (Brazil 6.4) * US FISA2007
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nortation fuel mix in 2022

= 36 billion gallons ethanol
= 15 billion gallons of grain-based ethanol
= 21 billion gallons bf advanced biofuels (>16 cellulosic)
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Cellulosic Ethanol Production Steps
Production o

Biomass Production
and Delivery

Bioenergy Crop Biomass is harvested,
delivered to the biorefinery,
and ground into particles.

Plant Cells

@ Pretreatment

Pulverized biomass is pretreat d
chemicals to make cellulosg

(3]

Cellulose
Hydrolysis

added to break
down cellulose
chains into sugars.

O Sugar Fermentation

Microbes ferment sugars into
ethanol and other biofuels.

Cellulose
Microfibril

OEE=IE B = =31=n
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same as grain

© Biofuel Processing
Biofuels are extracted from
the fermentation tank and
prepared for distribution.

Sugar
Molecules
Glucose e
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High Diversity

Restored prairie

Early successional

Native grasses

Switchgrass
Miscanthus

Corn-Soybean-Canola
Corn
Low Diversity
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How much ethanol do we need?

U.S. Petroleum Flow 200s
million barrels d-!

Residential
0.68

Refined Products®
Exports

Commercial
73 0.30

Other Liquids'
Refinery and
Blender Net Inputs?

NGPL* Processing
Refinery and Gain NGPL'L
Blender Net Inputs ~ 0.97  Direct Use
0.49 1.29

Finished Petroleum

Products Refined
Adjustments  Products?
0.41 Imports Electric Power
1.53 0.21

142 billion gal gasoline y1

. L
. DOFE Bi GREAT LAKES
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How much ethanol do we need?

EPA & Natural Resources Defense Council (NRDC) 2050 Projection

Reduced Gasoline Demand through Biofuels, Efficiency, and Smart Growth

In Millions of Barrels of Qil per Day

20
18—
Efficiency &
16 Now 142 bgal y! Smart Growth
I Biofuels
14—
Remaining

12 Gasoline Demand

10—+

gy

' 107 bgal y!

2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 Compare to 36 bgal y!

legislative target for 2022
Source: NRDC 2007 (http://www.nrdc.org/air/transportation/biofuels.asp) 9 9
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How much biomass is needed?

Feedstock Conversion Factor To make 1 gal ethanol
Corn grain 0.39 L/ kg grain 9.6 kg corn
Cellulosic biomass (expected) 0.4 L/ kg biomass 9.8 kg straw
Grain:

Time period EtOH Grain required
Today’s needs (2009) 9.0 bgal 3.5 b bushels
Tomorrow’s needs (2015)* 15 bgal* 5.8 b bushels
Future needs (2050) 107 bgal 42 b bushels

* EISA 2007 mandate

Compare to 13 x10° bu total US corn crop in 2007 e
N o o
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How much cellulosic biomass is needed?

Time period EtOH Biomass required

Today’s needs (2007) 0 bgal -

Tomorrow’s needs (2022)* 21 bgal* m
-
Future needs (2050) 92 bgal w

* EISA mandate

Existing Amount  Source!

109 MMT Forest Products

41 MMT Logging residues (50-65%)
60 MMT Forest thinnings (15-20%)
8 MMT mill residues (5%)

90 MMT Municipal Solid Waste (64%)

55 MMT Corn Stover
110 MMT (55%; no till; erosion protection; Graham et al. 2007)

76 MMT (39%; no till; some C protection; NRC 2009)
25 MMT (13Wrotection; Wilhelm et al. 2007)

Total - Leaviré ~650 MMTb) be grown

! Perlack et al. 2005; NRC 2009

-
DOE Bioenergy ~  GREAT LAKES
@Rusmrch Centers BIOENERGY »



How much land?

= Land Requirements for 650 x 106 MT biomass
= Switchgrass today! at 7.5 (6-9) MT/ha £ 86 x 10° ha

= Compare to
= 178 x 10 ha cropland

= 240 x 108 ha range, grasslands

= 15x 108 ha CRP

1Schmer et al. 2008 PNAS 105:464-468

CRP Enrollment, FY 2006 (Cumulative)
CRP and CREP Acres, All Signup Types and Practices
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Major Elements of Biofuel Sustainability

e Economic
v Profitable

* Environmental
v'Carbon negative (climate stabilizing)
v'Nutrient, water conservative

e Social
v'Food, energy security
v'Rural community health

-
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A Coupled Human-Natural Systems Framework

Social Template

v

HUMAN
BEHAVIOR

Regulation
Markets
Migration

Institutional

External Drivers
Climate Globalization

L 4

HUMAN
OUTCOMES

Exposure risk
Quality of life
Human health

Perception & value

¥

PULSES
Fire, drought, storms;
dust events, pulse
nuftrient inputs;

Geophysical Template

COMMUNITY STRUCTURE

Vegetation turnover time
Trophic structure
Microbial communities

fertilization Q 1
PRESSES
Climate change; nutrient
—»

loading; sea level rise;
increased human
respurce use

ECOSYSTEM SERVICES

Requlating: Nutrient filtration
and retention, carbon
sequestration; disease &
pest suppression

Provisioning: food, fiber, fuel

Cultural: aesthetic, spiritual,

recreational

Q2

ECOSYSTEM FUNCTION

Primary productivity
Nutrient transport, storage,
& transformation

F 3

Q3

S.L. Collins et al., forthcoming
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A Socio-Ecological Framework for Biofuel Systems

Human Behavior K \
Farmer decisions & actions Disturbance System Structure

Refiner decisions & actions
Consumer preference
Regulations & incentives
Fuel, carbon markets
Technology

Crop species / varieties

Carbon, nutrient stores

Insect pests & predators
Pathogens & vectors
Landscape elements

Managed
Crop selection
Rotation frequency
Cover crops and tillage
Harvest timing & intensity
Pretreatment location

Unmanaged
Disease & pest outbreaks _
Extreme weather (drought, System Function
Human Outcomes flooding, hail) Primary productivity

Carbon flow
Nutrient storage and
transformations
Greenhouse gas fluxes
Ethanol conversion
Feedstock pretreatment

Quality of life
Economic vitality
Values
Perceptions & knowledge
Community health

Ecosystem Services

Provisioning (e.g. feedstock)
Regulating (e.g. climate stabilization) |«
Supporting (e.g. soil maintenance)
Cultural (e.g. wildlife amenities)

Robertson et al., in prep; After S Callins et al 2007

N
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A Sustainability Research Roadmap

Cropping System Integrated Aoplicati 0
Systems Responses Assessment pplication utcome
>
Biogeo-
; chemical Farm and
Novel Production Services (4.3) o Landscape
Systems (4.1) = 2 Design
4 ( N < c T Optimal
- . o <
:> SB|od_|verSIty —>| £ o :> |:> Configurations,
| X ervices (4.4) ) _§ g‘ Services
Improved . = :q?_, et v T
. i p= egional an
| I\:Iucrol;e Plant e /7 3 National
nterac :ons (4.2) Services (4.5) Impacts
\ \

h -
N ”
s -
s -
s -
= -
h -

External Drivers = |-.-----~"
Climate change, Global Economy
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What we know now about biofuels sustainability

1. Grain-based fuel comes with environmental costs not different from
conventional food crops:

a. Not much effect on climate stabilization

b. Greater intensification of existing farmscapes with associated
a. erosion
b. nitrate, phosphorus loss
c. pesticide loading
d. biodiversity loss

US Corn & Soybean Acreage
40

35 -
30 -

25 1

204
B Corn

A Soybean

15 1

Planted area (10° ha)

10 1

2000 2001 2002 2003 2004 2005 2006 2007
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What we know now about biofuels sustainability (2).....

2.

Best-performance practices can mitigate many effects:

a.

© oo T

More complex rotations provide landscape diversity
Cover crops

Conservation tillage
Better fertilizer technology
Biocontrol practices

7 DOE Bioenergy
w~ Research Centers

BIGENERCY



What we know about biofuels sustainability (3).....

3. Cellulosic crops could provide major contrast:
a. Perennial herbaceous and woody crops
b. Landscape diversity (feedstock diversity)
c. No carbon debt (if grown right places)
d. Ecosystem Services
 Biodiversity
 Biogeochemical

= Pollination &
= Clean water Biocontrol

= Climate stabilization

40 50
3n|||||||| Illzuu
20 250
10 200
o

i St R SO, S
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Biogeochemical Responses

Carbon Impacts - Life Cycle Analysis

Considers the greenhouse gas cost of producing biofuels

Agronomic CO, Costs Biorefinery CO, Costs
« Equipment fuel use  Fuel for transporting grain
« Fertilizer, pesticide production * Energy to heat dryers & boilers

 Soil carbon change

 Other greenhouse gases (N,O)

Land-use Conversion Costs

« Conversion of natural ecosystems
releases carbon in soil, trees to
atmosphere as CO,

 Other greenhouse gases (N,O)

-
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RFS2- Lifecycle GHG Thresholds Specified in EISA

Feedstock Percent Reduction from 2005
Baseline for Gasoline/Diesel

Renewable Fuel 20%

Advanced Biofuel 50%

Biomass-based Diesel 50%

Cellulosic Biofuel 60%

Indirect Land Use Effects

Displaced food production creates carbon debt

e = P =
- > j{\‘:q"nr "

Sades T . www.nature.or 2
A ® 4 __/":' < . 019 @l)()ﬁ Bioenergy =~ GREAT LakEs
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Contemporary Global CO,, Budget

1990- 2000-
Source/Sink (Pg C/y) 1999 2006
PgCy!
Sources
Emissions from fossil fuels 6.3 7.6
Emissions from deforestation 1.6 1.5
Total Sources 7.9 9.1

Sinks ‘
Atmospheric increase 3.3 @

Oceanic uptake 2.3 2.2

Terrestrial Uptake 2.3 2.8

Total Sinks 7.9 9.1

PgC=10%gC=GT C=1000 MMT C
Source IPCC (2002); Canadell et al. 2007 PNAS @_ﬁﬂiﬁ:ﬁ-ﬂ'}?ﬁ.m crcar Lok, J
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Rapidly Deployable

A Portfolio of Potential CO, Stabilization Options

Not Rapidly Deployable

Minor * Biomass co-fire electric generation | ¢ Integrated photovoltaics
Contributors | * (I_Zlogeneratlon (small scale) « Forest management (fire suppression)
» Hydropower L
<0.2 PgCly | « Natural Gas Combined cycle » Ocean fertilization
* Niche options (geothermal, small
scale solar)
_ . « Biomass to hydrogen
Major .
Contributors | « Improved appliance - Cessation of deforestation
>0.2 PgCly efficiency » Energy-efficient urban and

» Improved buildings

« Improved vehicle efficiency

* Non-CO, gas abatement
from industry

» Reforestation
Stratospheric sulfates

transportation systems
Fossil-fuel C separation with

geologic or ocean storage
High efficiency coal technology
Large-scale solar
Next generation nuclear fission
Wind with H2 storage
Speculative technologies (space
solar, nuclear fusion, etc.)

Caldeira, Morgan, Baldocchi, Brewer, Chen, Nabuurs, Nakicenovic, & Robertson. 2004. A portfolio of

carbon management options, p. 103-130, In C. B. Field and M. R. Raupach, eds. The Global Carbon

Cycle. Island Press, Washington, DC.
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Bjogeochemical Pieces — Soil Carbon

Historical Soil Carbon Loss from Cropping Systems
* locally 40-60% of original C lost after 40-60

. . . . 0 Hays, KS
years of cultivation in North America 100- A Colby, KS
g’ 75 -
. 50
e globally 54 Pg C from an original 222 Pg C E
(about 25%) 5 25-
0] T T T T
0 10 20 30 40
Years of Cropping

Haas et al. 1957

e potential for recovering 0.3 — 0.5 Pg C y1
— Increasing C inputs (crop residues, cover crops)
— Slowing decomposition (no-till)

Source: Lal 1999, Smith 2004, IPCC 2002, Grace et al. 2006 @gﬂﬁi‘;ﬁ"ﬁ;ﬁ{m BICENERCY ﬂ
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Biogeochemical Pieces — Soil Carbon

How to Restore Soil Carbon?

1. Increase C inputs to soill

 Cover crops
e Rotations
* Residue guantity

2. Decrease C loss from soil (slow
decomposition)

 Tillage reduction
* Residue guality

e®":
&
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KBS Long-Term Ecological Research (LTER) Site

Ecosystem Type Management Intensity

Annual Grain Crops (Corn - Soybean - Wheat)
Conventional tillage High
No-till

Low-input with legume cover
Organic with legume cover

Perennial Biomass Crops
Alfalfa
Poplar trees

Unmanaged Communities
Early successional old field
Mid successional old field M
Late successional forest Low




Biogeochemical Pieces — Soil Carbon

Soil Carbon Change in 10 Years of Cropping

KBS System Carbon
%C kg/m? g/maly*
Annual Grain Crops (c-s-w)
Conventional Tillage 1.00 .94 0
No-Till 1.24 1.24 30
Organic with cover 1.09 1.02 8

Perennial Biomass Crops
Alfalfa 1.30 1.38 44
Poplar 1.40 1.26 32

Successional (Unmanaged) Communities (CRP)

Early Successional (<10y) 1.63 1.54 60
Mid-Successional (50 y) 1.61 1.37 <11
Late Successional 2.93 2.29 0

* Initial C = 1.0%

L
n
DOE Bioenergy =~ GREAT LAKES
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Biogeochemical Pieces — Soil Carbon

CO, Flux Measurements
(Net Ecosystem Productivity)

CO, Eddy Flux
10 Hz, 30 min

August 2008

0.4 miles

CO, Fluxumm?®g”

]

O 200 m diameter flux tower

DOE Bioenergy
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Biogeochemical Pieces — N,O, CH,

Global Sources of Atmospheric Radiative
Forcing 1750 - 2006

Tropospheric O,

Black Carbon

Halocarbons

cO
N.O

2

CH

‘*_.
: DOE Bioener. GREAT LAKES
Source: IPCC (2007) @lmmnh Col¥ BIOENERGY ﬂ



Biogeochemical Pieces — N,O, CH,

I
agn | Carbon Dioxide

240
200 |

COg (ppm)
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Methane

Atmospheric concantration

210 L Nitrous Oxid
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=]

o=
I

]

270 ;-

250 [

1 | 1 | 1 | 1 1
1000 1200 1400 1600 1800

Year

—5
o

—k
=]

=
(&)

0.5

0.4
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0.0

0.15
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0.05

0.0

2000

Radiative forcing (Wm =)

Atmospheric
concentrations of the
biogenic greenhouse
gases (CO,, methane,
and nitrous oxide)
from 1000 A.D.

From IPCC (2001)
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Biogeochemical Pieces — N,O, CH,

Global Warming Potential (GWP)
Biogenic Gases

Lifetime Global Warming Potential

yr 20yr  100yr 500 yr
CO, variable 1 1 1
CH, 12 62 23 7
N,O 114 275 296 156

DOE Bioenergy GrEAT Lakes.
Source: IPCC 2002; 2007 @Resenrch Centers DIOENERGY J



Biogeochemical Pieces — N,O, CH,

Anthropic Sources of
Methane and Nitrous Oxide Globally

CH, N,O
burming Industry

burning .-
’ Energy

Industry

Industrial
sources

Cattle &
Rice Feedlots

cultivation

Waste
treatment
Biomass
Other burning
combustion
Enteric .
fermentation - > Landfills ] T \____Agricultural
: o Agriculture S sl
Agriculture J

Total Impact 2.0 Pg C

(compare to fossil fuel CO, loading = 4.1 PgC per year)

1.2PgC

equiv equiv

Source IPCC 2001, 2007; Prinn 2004; Robertson 2004

"
e
DOE Bioenergy =~ GREAT LAKES
@Rescarch Conters  BIOENERGY g



Biogeochemical Pieces — N,O, CH,

Measuring Nitrous Oxide Production and Methane
Oxidation in the Field

1. Chamber covers soil
surface

2. Headspace samples
removed over 1-2 hour
period

3. Flux = Rate of accumulation
or disappearance

L
0.40 \
L

0 50 100 150

ek T i 4. Eddy correlation not possible

-
DOE Bioenergy =~ GREAT LAKES
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Biogeochemical Pieces — N,O, CH,

Nitrous Oxide Fluxes at KBS (1992-2007)

o 6.0-
g Annual Crops Perennial Unmanaged
) L
=< Cellulosic biofuels
-
=
<
@,
™~
pa
c
o
= .
N\
O > & &
X S\
& &
Sy ca}("
S \&@,

e
DOE Bioenergy GBT B\EI\LIE 'I(E EGS v [
Robertson et al. 2000; Grandy et al. 2006 JEQ; and Parr et al. in prep. Research Centers BIOENERG)



Biogeochemical Pieces — N,O, CH,

Automated chambers provide needed resolution to test models

250 I I I I 1
| .

200

F-10

150 s

{ug N20-N/m-2/hr)
Rainfall {mm)

Nitrous Oxide Fluxes

Julian Day 2007

I Rainfall (mm) ——F1 (zero N fertilizer)

7 (10TkgNha) — F8 (245kg Nha) Source: Millar et al. in review

X
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Biogeochemical Pieces — N, O, CH,

Best N,O flux predictor = Soil N availability
- both among and within systems:

So12- /
S F8 ,
T 107 s ¢
< /

Zl 8 - //

@) -~

Q ar—we-——~-"" . F6

é 2_F1 F2 F3

(.

O o

Z

o) 30 60 90 120 150 180 210 240
Fertilizer N applied (kg N ha!)

EEEEEEEEEE

Source: Millar et al. unpub. @Ef».’:;-g:ﬂ-f:‘f‘:ﬁi‘i-rs el rid U



Biogeochemical Pieces — N,O, CH,

What about Methane?
Global CH, Budget

Sinks Tg CH,ly
Troposphere 490
Stratosphere 40
Atmospheric Increase 37

597

Sources
Natural 160
Anthropogenic 375

535

Source IPCC 1997

L
n
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Biogeochemical Pieces — N, O, CH,

CH, Flux (Oxidation) at KBS (from 1992)

2
S
<"“\o N Q& L & A
QA F S £ 3§ &N
N N : @
SRR SR S P DY R O
S e a l | - l
d a a : N a.b :
% 3.0 - | a,b 3 | b
5 .45- |
O l I
s+ -6.0 | !
I | 1
O | | c °
g 797 : |
() | I
= 90- ; E
| | d
-10.5- . Perennial . : .
<—— Annual crops —>—=~<—0rops —> <«— Successional sites —-

Robertson et al. 2000 Science; Grandy et al. 2006 JEQ

2
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Biogeochemical Pieces — N,O, CH,

Net CH, Oxidation: Effects of N and Soil Disturbance

40

35

Mature Forests

m Control

m Plow

W Fertilizer
Plow + Fer

il

Mid-successional
Communities

No-till Cornfields

Suwanawaree & Robertson (2005)

).
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Biogeochemical Pieces — N, O, CH,

Methanotroph Diversity and Oxidation Rate

14 : 9
Ag Early Mid Forest
Succesional Succesional 5
121
FAN /(), /+ 7
L
10 < .

(2}

e
(SN.LO) ssauyol ydosoueyaiy

0]
[&)]

(=]

Net methane consumption (g ha™ day™)
~
N w

N

0 10 20 30 40 50 60  (69) (75)
Years since agricultural management

U. Levine, T. Schmidt, et al. in review @"‘": 4
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Biogeochemical Pieces — CO.,e Analysis

Major Potential Sources of Global Warming
Impact (CO.e) in Biofuel Cropping Systems

 Farm Operations
— Fuel use
— Fertilizer, pesticides
— Lime (CaCOy,)

» Solil carbon change

e N,O flux

e CH, oxidation

o Post-harvest transport

 Fuel Production
(CO, offset)

).
DOE Bioenergy =~ GREAT LAKES
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Biogeochemical Pieces — CO.,e Analysis

GWP Impact for Field Crop Activities

Farming N,O CH, SoillC Fuel Trans-
A Offset port Net
(farm
gate)
Conventional 46 56 -1.5 0 -641 13 -527
grain/stover
/ - / :
N,O Is largest . . Includes 50%
source of CO,e Soil carbon is at of corn stover

equilibrium (no
annual change)

All values = g CO, m?2 y1for 1992-2007

-
DOE Bioenergy GREAT LAKES
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Biogeochemical Pieces — CO.e Analysis

GWP Impact for Field Crop Activities

Farming N,O CH, SolC Fuel Trans-
A Offset port Net
(farm
gate)
Conventional 46 56 -1.5 0 -641 13 -527
grain/stover
No-till grain/stover 45 60 -1.8 -66 -606 12 -557
/ P 2
No change in N,O Greater overall
Soil carbon gain; mitigation
offsets N,O
All values = g CO, m2 y1for 1992-2007
Ok bloenersy o BIOENERSY ﬂ



Biogeochemical Pieces — CO.e Analysis

GWP Impact for Field Crop Activities

Farming N,O CH, SolC Fuel Trans-
A Offset port Net
(farm
gate)
Conventional 46 56 -1.5 0 -641 13 -527
grain/stover
No-till grain/stover 45 60 -1.8 -66 -606 12 -557
Alfalfa 31 56 -2.2 -186 -539 11 -618
- P

— /

Lower farming

cost (no fertilizer) Greater soil

C gain
All values = g CO, m?2 y1for 1992-2007

-
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Biogeochemical Pieces — CO.e Analysis

GWP Impact for Field Crop Activities

Farming N,O CH, SolC Fuel Trans-
A Offset port Net
(farm
gate)
Conventional 46 56 -1.5 0 -641 13 -527
grain/stover
No-till grain/stover 45 60 -1.8 -66 -606 12 -557
Alfalfa 31 56 -2.2 -186 -539 11 -618
Early succession 3 22 -2.2 -339 -300 6 -610
el 4

/ / / k\ Samg net

Little farming cost Large SOC gain Less biomass

Large N,O dro
(harvest only) e P Pk Hoenersy - BIGENERGY ﬂ



Biogeochemical Pieces — CO.,e Analysis

GWI (g CO, equivm?y™)

Global Warming Impact — KBS Field Crops

200- .
Annual Crops Perennial Crops
100+ [ | L -
0 - ]
-100- Source of Impact
. Farming
'200' D N;:O
u Transport
-300- R
_400_ Poplar . Fuel
] soil C
-500-
Conventional
600 Nown  Cover
Alfalfa Early
700- successional
Missing: Indirect Land Use Costs
e ey )



Biogeochemical Pieces — CO.,e Analysis

Fertilized successional yields are similar to on-farm
switchgrass yields

KBS LTER: Untilled Successional Plots —#- Unfertilized
—— Fertilized

1200
1000
800
600
400
200

ANPP - Live (g/m?)

1989 1993 1998 2003 2008

e
DOE Bioenergy =~ GREAT LAKES
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Biogeochemical Pieces — Other Services (Nitrate Conservation)

Nitrate Loss 1996-2007

900 A

Latitude

750 A

Longitude

o)

-

o
|

-N ha™)

m 450

Perennials

(kg NO
— w
un o
o (@]

Nitrate Leached Cumulative

L]
[ DOE Bioenergy =~ GREAT LAKEs
Source: Syswerda, et al. in prep. @Remmh Centers D'OENERGY J
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Conclusions: What do we know?

Land requirements are substantial (ca. 80-100 M ha US)
Outcomes that provide multiple benefits (ecosystem
services) are possible
Best biogeochemical outcomes will depend on
e Choice of crops (e.g. annual vs. perennial)
« Management practices (residue return, fertilization rate,
harvest intensity and timing, irrigation...)
e Location — prior crop history
We know what’'s needed
 Comprehensive science understanding at systems level,
using a framework that includes human interactions
« Willingness to incentivize environmental performance
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