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e Background information
—Legislative history
—Conventional biofuels

—Next-generation biofuels
o Study purpose and methods
e Key findings and conclusions
e Data gaps and research needs s
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* Biofuels are renewable liquid fuels derived from
biomass (organic material from plants and
animals)

e The production of biofuels has been promoted In
the United States for more than a decade
* Potential benefits of national interest
— Energy independence and security
— Healthier rural economies
— Improved environmental quality
— Near-zero net greenhouse gas (GHG) emissions
— Technology export

— Diverse and sustainable resource supply  w/Zlaa
e
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Biomass Research
and Development Act
of 2000

Farm Security and
Rural Investment Act
of 2002

Energy Policy Act of
2005

Energy and
Independence Security
Act of 2007

Food, Conservation,
and Energy Act of
2008

Public Law 109-58
109th Congress
An Act
% To ensure jobs for our future with secure, affordable, and reliable energy.
Be it enacted by the Senate and House of Representatives of
Policy Act  the United States of America in Congress assembled,

1%235,3‘ 15801 SECTION 1. SHORT TITLE; TABLE OF CONTENTS.
Eate (a) SHORT TITLE.—This Act may be cited as the “Energy Policy
Act of 20057,

(b) TABLE OF CONTENTS.—The table of contents for this Act
iz as follows:
Sec. 1. Short title; table of contents.

One Nundred Tenth Congress
of the
Nnited States of America

AT THE FIRST SESSION

Begun and held at the City of Washington on Thursday.
the fourth day of January, twe thousand and seven

An Act

To move the United States toward greater energy independence and security, to

the produetion of clean r ble fuels, to protect consumers, to increase

the efficiency of products, buildings, and vehicles, to pmmote research on and

deplay greenhouse gas capture and storage options, and to improve the energy
performance of the Federal Government, and for other purposes.

Be it enacted by the Senate and House of Representatives of
the United States of America in Congress assembled,

SECTION 1. SHORT TITLE; TABLE OF CONTENTS.

(a) SHORT TITLE—This Act may be cited as the “Energy
Independenoe and Security Act of 2007"
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Renewable Fuel Standard

EISA Renewable Fuel Volume Reguirements (billion gallons) T (R
Program for 2010 and Beyond
Cellulosic Biomass- Total Advanced | Total renewahle
Year | piofuel | based diesel biofuel fuel requirement T e
requirement | requirement requirement ;";}Egzd“;::ﬁ::::h_

2008 n/a n/a n/a 9.0 S e ek e e

2009 na 0.5 0.6 11.1 i Prbesinb i o ol e T

1“1“ 0'1 D'ﬁj 095 11-95 Elriu::;.l.l._........u.h.tl._:t.‘.’..... _...Nl,....a....l..l

2011 0.25 0.80 135 13.95 ——

2012 05 10 20 15.2 = = E T o

1“13 l.ﬂ a 2?5 lﬁ-ss of Traraportaton and Ar Cusity
SEPA == Bazmines

2014 1.75 a 375 18.15

2015 3.0 a 3.5 20.5

Iﬂlﬁ 425 a ?25 11_15 Lifeq.-‘rle GHG Thresholds S'}El’.‘iﬁ{'ﬂ in EISA

{Percent reduction fiom 2003 baseling)

2017 3.5 4 9.0 24.0 Renewable fuel® 20%

2018 1.0 a 11.0 26.0 Advanced biofuel 50%

2019 85 a 130 28.0 Biomass-based diesel 50%a

2020 10.5 a 150 30.0 Cellulosic biofuel 60%

2021 135 a 18.0 33.0 * The 20% eriterton genevally applies to renewable fuel from new facilinis that
commenced construction qfter December 10, 2007

2022 16.0 a 210 36.0

b

2023+ b b b
* To be devermined by EP4 through a fiture rulemaking. but no lezz than 1.0 Billion gallon:.

* To be determined by EPA through a fisture rulemaking. E RISKSCIENCES
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* First-generation (“conventional”) biofuels
produced from major commercial crops

— Corn-grain ethanol
—Soybean biodiesel

* Many concerns raised about increased
production of conventional biofuels

—Net energy balance
—Food vs. fuel
— GHG emissions

—Water impacts 75
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Net Enerc

Comparison of Studies of Corn Ethanol Energy Inputs

Net Energy Investment, MJ/L
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Biofuels: The Promise and the Risks

Biofuels offer a potential source of renewable energy and could lead ro large new markers for agricultural producers.
However, few current biofuel programs are economically viable, and most have social and enviranmental costs:
upward pressure on food prices, intensified competition for land and water, and possibly deforestation. National
biofuel strategies need to be based on a thorough assessment of those opporiunities and cosis. Glebally, lower tariffs
and subsidies in industrial countries will be essential for ensuring efficient allocation of biofuels production and
guaranteeing social benefits 1o small farmers in developing countries.

Biofuels could become big markets
for agriculture—with risks.

With ol prices near an all-time high and with few ahernative frels
for transpart, Brazil, the member states of the European Union, the
United States, and several other countries are actively supporting
the production of liquid biofisels from agriculture—usually maize
o sugascane far ethanol, and various oil crops for biodiesel

“The country uses about half its sugarcane to produce ethanol and
‘mandates the consamption of ethanol, Many other developing
countries are launching biofsel programs that refy on sugarcane or
such oil-rich crops as ol palm, jatropha and pongamia.

Although assessments of the global economic potential of biofuels
have just begun, current biofuel policies could, according to some
estimates, lead to a fivefold increase of the share of biofaels in

 social benefits, of
climate change, and contribution to energy security are cited as the
main reasons for public sector sapport of the rapidly growing bio-
fioe] industries. As the economic, environmental, and social effects
of binfuels are widsly debated, they need to be carfully assessed
before extending public support to large-scale biofuel programs.
Those effects depend on the type of feedstock, the production
process nsed, and the changss in land mse.

Clobal production of ethanol as fuel in 2006 was around 40 billion.
liters. OF that amount. nearty %0 percent cuced in Brazil

from just over 1 percent today 1o around 6
percent by 2020,

Are biofuels economically viable—
and what is their effect on food prices?

Governments provide substantial support to biofuels so that they
«can compete with gasoline and conventional diesel. Such sapport
includes consumption incentives (Fuel tax reductions); production
incentives (tax incemtives, loan guarantees, and direct subsidy pay-
It l mand, More than 200

and the United States (figure 1). In addition, about 6.5 billion liters
of biodiesel were produced i 2006, of which 75 percent was pro-
duced in the European Union {figure 1), Brazi i the most compet-
itive prodncer and has the longest history of ethanol production.

Fiqure 1. Fuelethanol and biodiesel production i highiy concentrated

Ethanei (& bilion iHers)

support measures, which cost around LISS5.5 billion to USS7.3 bil-
lion a year in the United States, amount to L/S$0.38 to UIS$0.49 per
liter of petrolewm equivalent for ethanol. Bven in Brazil, sustained
government support through direct subsidies was required until
recently to develop a competitive
industry. Domestic producers in
Enropean Union and :he United
States receive addi ct

Otner
g T

o

United States
W%

a7, 20,

World Bank. 2008. Biofuels: The Promise and the Risks.

through high import tariffs on.
ethancl.

Biafuel production has pushed up
feedstack prices. The clearest exam-
ple is maize, whose price rose by
over 60 percent from 2005 1o 2007,
larpely becanse of the . ethanol
program combined with reduced
stocks in major exporting countries
Feedstock supplies are likely to
remzin constrained in the near
term. However, unless there is
anather major surge in energy

World Development Report
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GHG Emissions from Land-Use

Biofuels and Indirect Land-Use Change

A Representative Depiction of How Bioluels
Gan Contribute Indirectly to Global Warming

Az biotusl damand - and prices -
rise in developed economies,
agricultiure shifta to grewing
mare biofuels-producing crops.

In these sconomies, the
production of food crops
duchings as @ percaniage
of total agriculural output.

To meel glabal foed demand,
Tarmas in doveloping countries
such as Brazil convert loss-

prefitable grazing lands to
Arow food crops.

The clearing and burning of
rainforest land to replace
GrAZing anes lost ta axpanded
farming of tood crops releases.
vant amounts of GO into the
aemesghara,

Mz o result, cattle ranches
aré displaced from axisling
grazing lards.

© 2009 Cloan Ar Task Force. Al rights mesened.

Use of U.S. Croplands for Biofuels
Increases Greenhouse Gases Through
Emissions from Land-Use Change

Timothy Searchinger,'* Ralph Heimlich,? R. A. Houghton,® Fengxia Dong,® Amani Elobeid,”
Jacinto Fabiosa,” Simla Tokgoz,* Dermot Hayes," Tun-Hsiang Yu®

Most prior studies have found that substituting biofuels for gasoline will reduce greenhouse
gases because biofuels sequester carbon through the growth of the feedstock. These analyses
have failed to count the carbon emissions that occur as farmers worldwide respond to higher
prices and convert forest and grassland to new cropland to replace the grain (or cropland)
diverted to biofuels. By using a worldwide agricultural model to estimate emissions from
land-use change, we found that corn-based ethancl, instead of producing a 20% savings, nearly
doubles greenhouse emissions over 30 years and increases greenhouse gases for 167 years.
Biofuels from switchgrass, if grown on US. corn lands, increase emissions by 50%. This

result raises concerns about large biofuel mandates and highlights the value of using

waste products.

ost life-cycle studies have found that

replacing gasoline with ethanol mod-

estly reduces greenhouse gases (GHGs)
ifmade from com and substantially if made from
cellulose or sugarcane (1-7). These studies com-
pare emissions from the separate steps of grow-
ing or mining the feedstocks (such as com or
crude oil), refining them nto fuel, and buming
the fuel in the vehicle. In these stages alone
(Table 1), com and cellulosic ethanol emissions
exceed or match those from fossil fuels and there-
fore produce no greenhouse benefits. But because
growing biofud feadstocks removes carbon di-
oxide from the atmosphere, biofuels can in theory
reduce GHGs relative to fossil fuels. Stdies as-
sign biofuels a credit for this sequestration effect,
which we call the feedstock carbon uptake credit.
Ttis typically large enough that overall GHG emis-
sions from biofuels are lower than those from
fossil fuels, which do not receive such a credit
because they take their carbon from the ground.

Woodrow Wilson School, Princeton University, Princeten,
N) 08544, USA. German Marshall Fund of the United
States, Washington, DC 20009, USA. Georgetown Envi-
ronmental Law_and Policy Institute, Washington, DC
20001, USA. *Agrcultural Conservation Economics,
Laurel, MD 20723, USA. *Woods Hole Research Center,
Falmouth, M& 02540-1644, USA. “Center for Agricultural
and Rural Development, loma State University, Ames, |A
50011, USA

*To whom correspondence should be addressed. E-mail
tsearchi@princeton.edy

For most biofuels, growing the feedstock re-
quires land, so the credit represents the carbon
‘benefit of devoting land to biofuels. Unfortunate-
ly, by excluding emissions from land-use change,
mod previous accountings were one-sided be-
cause they counted the carbon benefits of using
land for biofuels but not the carbon costs, the
carbon storage and sequestration sacrificed by
diverting land from its existing uses. Without
‘biofuels, the extent of cropland reflects the de-
mand for food and fiber To produce biofuels,
farmers can direatly plow up more forest or grass-
land, which releases to the amosphere much of
the carbon previously stored in plants and soils
through decomposition or fire. The loss of matur-
ng forests ind grasslands also foregoes ongoing
carbon sequestration as plants grow each year,
and this foregone sequestration is the equivalent
of additional amissions. Altematively, farmers can
divert existing crops or croplands into biofuels,
‘which causes similar emissions indirectly. The
diversion triggers higher crop prices, and farmers
around the world respand by clearing more forest
and grassland to replace crops for feed and food.
Studies have confimed that higher soybean prices
accelerte clearing of Brazlian rminforest (). Pro-
jected com ethanol m 2016 would use 43% of the
US. com land harvested for gram in 2004 (1),
overwhelmingly for livestock (9), requiring big
land-use changes 1o replace that grain.

Because existing land uses already provide
carbon benefits in dorage and sequestration (or,

in the case of aopland, carbohydrtes, proteins,
and fats), dedicating land to biofuels can poten-
tially reduce GHGs only if doing so increases the
carhan benefit of kand. Proper accountings must
reflect the net impact on the carbon benefit of
land, not merely count the gross benefit of using
land for biofuels. Technically, to generate green-
house benefits, the carbon generated on land to
displace fossil fuels (the carbon uptake credit) must
exceed the carbon storage and sequestration given
up directly or indirectly by changing land uses
(the emissions from land-use change) (Table 1)

Many prior studies have acknowledged but
firiled to count emissions from land. mcclhangtbc
cause Ihcy are difficult to quantify (7). One prior

son lacked formal agricultural mod-

ding and other features of our analysis (1, 10). To
estimate land-use changes, we used a worldwide
model to project increases in cropland i all ma-
Jor temperate and sugar crops by country or re-
gion (as well as changes in dairy and livestock
production) in response to & possible nerease m
U.S. com cthanol of 56 billion liters above pro-
Jjected levels for 2016 (11, 12). The models his-
torical supply and demand elasticities were updated
to reflect the higher price regime of the past 3 years
and to capture expected long-run equilibrium be-
haviar (). The analysis identifies key factors that
determine the change in qopland.

1) New crops do not have to replace all com
diverted to ethanol because the ethanol by-product,
dry distillers” grams, replaces roughly one-third
of the animal feed otherwise diverted.

2) As fuel demand for corn inareases and
soybean and wheat lands switch to com, prices
ncrease by 40%, 20%, and 17% for com, soy-
‘beans, and wheat, respectively. These increases
modestly depress demand for meat and other
grain products beside ethanol, so a small percent-
age of diverted grain is never replaced.

3) As more American croplands support
ethanol, U.S. agricultural exports declne sharply
(compared to what they would otherwise be at
the time) (com by 62%, wheat by 31%, soybeans
by 28%, pork by 18%, and chicken by 13%).

4) When other countries replace US. exports,
farmers must generally cultivate more kand per
ton of crop because of lower yiekds.

Farmers would also try to boost yields through
improved irrigation, drainage, and fertilizer (which
‘have theirown environmental effects), but reduced
aop rotations and greater reliance on marginal
lands would depress yields. Ouranalysis assumes
that present growth trends i yields continue but

29 FEBRUARY 2008 VOL 319 SCIENCE www.sciencemag.org
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Freshwater Withdrawals, 345 Billion gallons per day

Irrigation
0% Thermoelectric
39%
Other
3%
Public Suppl
Industrial 13% s el ?f."...‘..'".’r"sc..c. and Techasiogy Council
5% Commitios sm Emvirenmest and Natursl Rezcurces

Figure 5-1. Estimated U.S. Freshwater Withdrawals by Sector, 2000 (USGS 2004)

Freshwater Consumptive use, 100 Billion gallons per day

Domestic 7.1%

Livestock 3.3%

Thermoelectric
3.3%

Industrial 3.3%
Mining 1.2%

Commercial 1.2%

in ‘the Northern Gulf of Mex

Figure 5-2. Estimated Freshwater Consumption, 1995 (USGS 1998) E R I S KS C I E N C E S
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 Issues of sustainability and
environmental impacts have led to
greater attention on second- or third-
generation (“next-generation) biofuels

* These biofuels can be produced using a
range of cellulosic and other non-
conventional feedstocks (e.g., waste
residues, dedicated crops, algae)

* Cellulosic biorefineries are also designed
for optimal efficiencies A
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Biofuels Transportation Options

Biomass Feedstocks Intermediates Transportation Fuels
Fermentanen _ Ethanol &
Gatalylic syrthests Mixed Alcohols
Lignocellulosic oo s Syn Gas ZToynthess Diesel*
Biomass (wood, agri, —_MeOH synthesis Methanol
waste, grasses, etc.) — o nibts
Pyrolysis & Gasoline*
1 Liquefaction y=-0ils HydroCracking/Treating 7
~— Diesel*

Ag residues,

(stover, bagasse) %b@,&%
4§ ‘i%% Lign

% &

APP

Sugar/Starch Crops

Catalytic pyrolysis

(corn, sugar cane, etc. APR

Fermentation

Natural Oils Transesterification
(plants, algae)

Hydrodeoxygenation

National Renewable Energy Lab

in { YOO PRt Gasoline* & Diesel*

Diesel*
Gasoline*
Hydrogen

Ethanol, Butanol,
Hydrocarbons

Biodiesel

Green diesel

* Blending Products

for Our Energy Future

Adda
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Inter-Agency plan detailing the
collaborative efforts of federal
agencies to accelerate the
development of a sustainable
biofuels industry

Developed in response to
President Bush's stated
"Twenty In Ten" goal in 2007 to
cut U.S. gasoline consumption
by 20% over the next 10 years

Provides high-level overview of
current and future federal
activities and research needs

Biomass Research and
Development Board

National
Biofuels

. Action Plan
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Feedstock Field Trials

Sun Grant Initiative Biomass Research, Education and Outreach

‘ Energycane ‘ Switchgrass . DOT Research

Miscanth Sorgh Corn Stove Cereal Residues
@ Micmtn @ Sorthum g Gorn Stover

)7 O
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Biorefinery Projects

Major DOE Biofuels Project Locations o

Geographic, Feedstock, and Technology Diversity

RSE Pulp &
Chemical, LLC

(Lebanon, NH)

Cornell University

DSM Innovation Center

¥ (Parsippany, NJ)
—

Novozymes

(Davis, CA) - - (Wilmington, DE)

{P:

arch Triangle Institute

‘esearch Triangle Park, NC)

Ceres, Inc

(Thousand Oaks, CA)

* Nine Small-Scale Biorefinery Projects (Jennings, LA)
Four C ial-Scale Bi v Proj
Four P d Enzyme Proj
- - - R | Partr hi
B, Ad d g P
o (=] Eoged Org I%48| south Dakota State University, Brookings, SD
Five Ther h i Bi Proj Cornell University, lthaca, NY
University of Tennessee, Knoxville, TN
* Three Bicenergy Centers Oklahoma State University, Stillwater, OK
Oregon State University, Corvallis, OR
@8 DOE Joint Solicitation Biomass Projects

E RISKSCIENCES

ANALYSIS & TODOLS FOR DECISION-MAKING



Proposed revisions to the
National Renewable Fuel
Standard Program (RFS2)

Participation in Biomass |
R&D Board (leading working
groups on Sustainability and -

Environmental, Health, & L
Safety) L emosmmu
Publications related to " :

Ethanol Plants

ol

biomass conversion
technologies and permitting
of biofuels facilities

Development of Biofuels
Strategy and Report to
Congress on environmental
and resource conservation
Issues



\Y/

* Next-generation biofuels are believed to
have the potential to avoid many of the
environmental challenges associated
with conventional biofuels

However, few attempts to synthesize and
document the current state-of-knowledge
on how next-generation biofuels compare
to conventional biofuels

This information Is needed to understand
potential tradeoffs and better inform

public policy 2
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* Provide gualitative review
of how next-generation
biofuels will fare relative to
conventional biofuels
across range of factors

« Derive quantitative
estimates using life-cycle
assessment and systems
engineering modeling tools

 ldentify data gaps and
research needs

L SR NS



Feedstock | Feedstock Biofuels Biofuels Biofuels
Production Logistics Production Distribution End Use

E F\’ISKSCIENCES
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Next-Generation Feedstocks

* Municipal solid waste

e Forest residues and
thinnings

* Annual crop residues

 Dedicated herbaceous
perennial energy crops

e Short-rotation woody
Crops

* Microalgae

= SR ES



Biochemical (enzymatic or acid
hydrolysis) platform

— Uses yeast or bacteria,
Isolated enzymes, or strong
acids to break down cellulose
Into sugars

— Fermentation and distillation

processes similar to corn-grain

ethanol

Thermochemical (gasification)
platform

— Reacts feedstocks under
conditions of limited oxygen

and high temperature to create

synthesis gas

— Syngas Is converted to ethanol

via a catalyst after cleaning
and conditioning

i :'.-\- ; |nto shmh
nd pretreated

# nhheaunu 3
g chemicalsto

make cellulose -
accessible to

distillat t:;m& ﬂd
mmm

Enzymes break down
cellulose chains
Into sugars.

Microbes ferment
sugars Into
athanal.

Alda
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Reviewed published literature
(e.qg., peer-reviewed papers,
federal government reports,
technical presentations,
workshop materials)

Conducted interviews (e.g.,
federal government, national
laboratories, Universities)

Participated in meetings held
by inter-agency Biomass R&D
Board

Visited feedstock field trials
and cellulosic pilot and/or
proposed commercial-scale
biorefineries

A
e e NG e

c



« SimaPro life-cycle
assessment (LCA) model
used to assess
environmental and
sustainability metrics
during feedstock
production

* AspenPlus process
engineering (mass-
balance) model used to
assess environmental and
sustainability metrics
during fuel conversion

SimaPro 4

= 1 el e puar ol e b sz e

nnnnnnnnnnnnn

° ey gt ety e by ceih

- Emtarng mourscy wd b o wpreceg dag

* Prrvbding engesnting APl B SaN et

= Oophrirg e b L s gt sherical sy
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* Next-generation biofuels are expected to fare
better on most (not all) factors evaluated
compared to conventional biofuels

However, there is significant uncertainty
regarding how well next-generation biofuels
will actually fare when produced on a
commercial scale

The magnitude of these differences may also
vary significantly among feedstocks and
technologies and will depend on many

factors A
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Next-Generation Feedstocks:

* Fewer production inputs
required

* Fewer GHG and air
pollutant emissions

 Improved soil health and
guality

* Fewer water demands
and water quality impacts

e Less significant
biodiversity and land-use
changes

E RISKSCIENCES



Production Inputs

« Expected to require fewer
energy and chemical
(pesticide, fertilizer) inputs
during feedstock production

— Production of farm or field
Inputs
— Field preparation activities

— Planting and
establishment activities

— Feedstock harvesting and
collection

« Fewer Inputs during early
life-cycle stages results Iin
fewer downstream impacts

*

Energy Input  Average Energy Outputs
for Ethanol Fromm cellulosic ethanol
Production
To grow and harvest,
transport to facillty,
convert to ethanal,
and distibute b i e

— N B

/™,

JUURS DN

*Com ethanol provides batween 1.3 and 1.7 times the energy
wsed 1o produce i1, while cellulosic ethanol provides between
4.4 5nd 6.1 times the energy used to produce i,

Alda
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Net Energy Balance

Food-based biofuels Low-input high-diversity prairie

on fertile soils bioenergy on degraded soil
A
o 30
g _ 25
sl 20
&= 15
—
S O
T 5
“ 0
B
200
# o~ 150
P
= 100
E
50
0
C
3
3w 2
[SRr=
]
=t 1
0

Hill 2007 (adapted from Tillman et al. 2006) E RISKSCIENCES
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GHG & Air Pollutant Emissions

Anticipated reductions in GHG
and air pollutant emissions

— Less significant land-use or
conversion impacts

— Greater carbon sequestration in
soll, plant, and root systems

— Fewer chemical inputs
— Less energy-intensive
management practices

Potential avoided emissions
from intentional burnings and
wildfires

Greenhouse Gas Emissions of Fuels Vary by
Feedstock and Type of Energy Used in Processing

13%

Source: Wang el al, Environmental Research Letivs, Vol. 2, 024001, May 22, 2007

Alda
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arbon Impact of Biofuels

Carbon Impact of Nine Biofuel Scenarios

Conversion of native ecosystems.
1o biofuel production Belowground biomass
r 9 - ‘and soil carbon loss
- Aboveground biomass.
A carbon loss
1000
5T 780 Conversion of degraded cropland
g2 10 biofuel production
g o
Gf 20
0
B
3 z 8 100 100
i B
B
ae
[
Ec 78
g B 43
Sihy 12
58
=g
B o™
1000 423
é 5 319 <
g3 . = a8
£2 2z No debt
2 10 incurred
3 :
[ )
Palm Palm Soybean Sugarcane Soybean  Com Com Prairie Prairie
Biofuel biodiese! biodiesel biodiesel ethanol biodiesel ethanol ethanol  biomass biomass
ethanol  ethanol
Former Tropical  Peatland Tropical Cemado Cerado  Central Abandoned Abandoned Marginal
ecosystem rainforest rainforest rainforest wooded grassland grassland cropland cropland  cropland
Location Indonesia/ Indonesia/  Brazil Brazil Brazil us us us us
Malaysia  Malaysia

(A) Carbon debt, including CO, emissions from soils and aboveground and below-
ground biomass resulting from habitat conversion. (B) Proportion of total carbon
debt allocated to biofuel production. (C) Annual life-cycle greenhouse gas
reduction from biofuels, including displaced fossil fuels and soil carbon storage.
(D) Number of years after conversion to biofuel production required for cumulative
biofuel greenhouse gas reductions, relative to the fossil fuels they displace, to repay
the biofuel carbon debt.

Source: From Fargione et al. Science 319:1235-1237 (2008). Reprinted with permission from AAAS.

Cellulosic feedstocks offer the promise of biofuels
that are nearly carbon neutral if grown on marginal
lands; the feedstocks might even sequester carbon,

instead of causing its release from the soil. But it's

still up in the air as to whether cellulosic ethanol
will become a commercial reality. E R I S KS C l E N C E S
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Soil Health & Quality

 Fewer adverse impacts on soll
health and quality expected

— No direct impacts to soil or
less intensive management
practices used (e.qg., tillage,
fertilization)

— Enhanced soil organic
carbon and reduced soill
erosion rates

e Could improve soil quality if
placed as buffer strips to

reduce erosion and runoff from
conventional crops

Carbon Soil Dynamics

Figure 2 Soil Carbon Dynamics

Adress. 2002

)7 o
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Fewer fresh water demands
expected

— No direct water
consumption or minimal
Irrigation required

— Greater water efficiency
and heat/drought tolerance

— Wastewater used for
Irrigation
Fewer adverse effects on
water quality expected due tp
less runoff and nitrogen
loading to waterways

TABLE 2. Comparison of Changes in Erosion and Water Quality
over Time for Switchgrass and Annual Row Cropping
Systems?

Nitrate
annual annual
time erosion runoff loss  (mg/L)®
cropping system (years) (mg/ha) (kg of N/ha) (% N) mean max
switchgrass 1 2.8 10.7¢ 240 341 185
no-till corn 0.7 2.6 3.1 218 165
switchgrass 2 0.14 0.7 08 057 253
no-till corn 0.19 1.4 121 077 825
switchgrass 3 0.06 0.3 028 072 290
no-till corn 0.08 0.9 064 090 312

historical studies (average of 11 sites)?

annual erosion annual runoff

(mg/ha) (% of rainfall)
annual crops 95.8 19.3
forage grasses 0.169 1.86

McLaughlin et al. 2002
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Displacing Conventional Crops

Evapotranspiration b. Erosion
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Figure 6. Regional changes in (a) evapotranspiration, {b) erosion, {(c) nitrate loss in runoff, and (d) phosphorus loss (both
sediment and runoff) with increasing adoption of switchgrass in the Memphis and Nashville regions.

Graham et al. 1996
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 Some feedstocks are
anticipated to have few land-
use changes or impacts

« However, impact of large-scale
land-use changes on
biodiversity and ecosystem
services depends on many
factors (e.g., land type,
growing method)

 Some feedstocks may also
have positive Impacts, such as
enhancing landscape diversity
and providing new habitats E RISKSCIENCES




Next-Generation Feedstocks:

e Produced on cultivated
agricultural land

* Intensively managed as
monocultures

e Best practices are not used
 New CO, Inputs required

e Greater local or regional
water demands

e Removed at unsustainable
rates

* Affect biodiversity and
existing habitats E RISKSCIENCES
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Life-Cycle Anal

% Change Relative to Corn Production (per Metric Ton)

Forest Residues Switchgrass Corn Stowver
Carbon dioxide (CO») o3 90 23 Figure 1. Source Contribution for Carbon Dloxide {CO,} Emissions During Feedstock Production
GHG Dinitrogen monoxide Com Switchgrass
Emissions (N20) -99 -56 -23 wPlanting BPlanting
Methane (CH.,) -98 -83 -23 alrmigation @irrigation
D Pesticide i
Carbon monoxide (CO) -85 -89 -23 MPesticide
OTillage BTillage
Lead (Pb) -87 -88 -23
aFertilizer AFertilizer
Nitrogen oxides (NOXx) -75 -86 -23 ,
) BHarvest OHarvest
Air Pollutant  Ozone (O3) -99 -89 -23
Emissions .
Particulates < 2.5 ym CormStover "
(PMz.5) -94 -87 -23 ®Planting HWPlanting
Particulates < 10 ym Olrrigation Olrigation
(PM10) -90 90 23 M Pesticide mPesticide
Sulfur dioxide (SO,) -90 -92 -23 BTillage OTillage
BFerilizer BFertilizer
Water Use Groundwater -100 -100 -23
aHarvest OHarvest
Atrazine loadings? -100 -99 -23
Biological oxygen
demand (BOD) -85 -86 -23
Water Quality Chemical oxygen
demand (COD) -87 -86 -23
Nitrate loadings -100 -100 -23
Phosphorous loadings -100 -100 -23
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Cellulosic Ethanol Biorefineries:

June 2002  +  NRELTP-510-32438

e Fewer GHG and

—
- i—: Lignocellulosic Biomass to
;‘: Ethanol Process Design and
al r O u a n g Economics Utilizing Co-Current
QE Dilute Acid Prehydrolysis and
Enzymatic Hydrolysis for
- - e Corn Stover
emiSSIonsS S
~
S < Nooves, J Shoonan, and 5. Waloos Thermochemical Ethanol via eoyrrhyod
uuuuuu wable Energy Labaratory Indirect Gasification and Mixed ageil 057
Alcohol Synthesis of
Farl Gt S ana ke Lignocellulosic Biomass
°* Fewer waler T

S, Pramps, A, Aden, J, Jechura, and [, Dayton
Enctgy Labaratory

demands e

« Potentially fewer
wastewater
streams

e Potentially greater
solid waste E RISKSCIENCES
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GHG & Air Pollutant Emissions

* Biomass expected to be used
as energy source rather than
fossil fuels

— Burn lignin residues
(biochemical)

— Divert a portion of syngas
(thermochemical)

* Do not expect significant
differences in emissions from
conversion operations

— Scrubbing units
— Flue gas

E RISKSCIENCES
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Water Use

* Biorefineries require a significant amount of water to
convert biomass to fuel (processing and cooling)

 Thermochemical platform optimized for water use by
using forced-air cooling in place of water (biochemical
platform has not yet been optimized, but underway)

Cooling tower makeup (percent) 68 71 71
Boiler and process makeup (percent) 32 29 29
Overall water demand (Gal H,0 / Gal EtOH) 3-4 6 1.9

Aden 2007
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Wastewater & Solid Waste

* Designed for zero wastewater
discharge (expected to have
virtually all process water
recycled onsite)

e However, solid waste is
expected to be generated from
several sources

— Boller
— Conditioning tanks




Next-Generation Conversion

e Biomass is not sufficient
source of energy

* Pioneer plants do not
operate at optimal levels
(e.g., process water
needed to scrub tar)

« Off-site wastewater
treatment needed (e.g.,
scrubbing water)

 Lime is used as
conditioning agent
(gypsum waste)




Model Estimates (Kg per Liter Ethanol)*

Forest Residues Switchgrass Corn Stowver
Biochemical = Thermochemical Biochemical Thermochemical Biochemical Thermochemical

S Carbon dioxide (CO,)* 0.75 0.85 0.75 0.85 0.75 0.82
Emissions Carbon dioxide (CO,)? 2.74 3.50 2.89 3.68 2.11 3.63

Methane (CH,)? 0.00003 0.00 0.0001 0.00 0.0001 0.00

Carbon monoxide

(CO)? 0.002 0.00 0.003 0.00 0.002 0.00
Air Pollutant
Emissions Nitrogen oxides (NOx)? 0.002 0.005 0.003 0.027 0.002 0.033

Sulfur dioxide (SO,)? 0.003 0.0003 0.004 0.003 0.003 0.002
Water Use Fresh (Make-Up) 7.20 2.56 8.61 2.17 6.16 2.67
Waste Water Treated (Off-Site) 0.00 0.03 0.00 0.03 0.00 0.03

Ash/Sand 0.03 0.03 0.16 0.37 0.14 0.05
Solid Waste | c.im Waste 0.23 0.00 0.28 0.00 0.24 0.00

Sulfur 0.00 0.0002 0.00 0.002 0.00 0.001

'Emissions from scrubbed CO, vent

2Emissions from flue gas

*Kg per ton (dry) assuming 2000 dry metric tonnes per day and 15% moisture content of feedstock

Pre N
anf 2B .
A~ 7T N
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Data Gaps & Research Needs

Impacts of major land-use changes are
largely unknown

Ultimate human health and B
environmental impacts are not quantified

Methods and analytical approaches have
not been standardized

There are no universally accepted
metrics or sustainability indicators

Lack of analytical and decision-support
tools to ensure optimal decisions
° Ao
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Impacts of Major Land-Use

 Depending on feedstock,
Increased biofuels _
production could result in
significant changes in
current land use

 Little is known about how
major land-use changes
will affect the environment,
human health, or social
well-being

 The magnitude of these
Impacts will depend on
many factors, including
existing land type
(cultivated vs. uncultivated
land)

L SR NS



Human Health & Environmental

e Like any technology,
Increased biofuels production
could result in significant
adverse impacts to human
health and/or the environment

Respmatry
deseases

 Much of the research and
analyses to date have focused
on quantifying releases rather
than actual impacts

Enwvironmental mechanism
5
el et o

- Existing impact assessment
life-cycle tools may not
address UItImate Outcomes Of SimaPro 7. 2008. Introduction to LCA.. Product Ecology Consultants.

Interest Q

E RISKSCIENCES
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Standardized Methods &

« Assessing the life-cycle
Impacts of biofuels requires

consideration of many factors - == b=

e There Is currently no /
standardized approach for G
conducting such assessments [
and assumptions vary widely = L=

ki Wﬁlﬂl!lﬂﬂ

« Choice of system boundary, w
allocation method, and other
factors can have a significant W
iInfluence on the results of a T Leme
| |fe - CyC I e aS S e S S m e nt Davis et al. 2009. Life-cycle analysis and the ecology of biofuels.

Trends in Plant Science. In Press.c

Alda
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Universal Metrics & Indicators

* Appropriate benchmarks,

metrics, and indicators are
needed to ensure sustainable
biofuels production

There are currently no
universally accepted metrics
and data and modeling
limitations hinder efforts to
identify, measure, and
evaluate indicators

This could have global
consequences (e.g., trade
guidelines, certification
schemes)

Indicator (Metric)
Criterion E.g., Annual

Principle (Standard) measurements of select

) . " soil properties (soil
Eg. Sol Eg. Preservation of organic matter, pH, efc.)
Conservation soil health and within a specified range

productivity or consistent with a

" regional benchmark

Benchmarks and best practices may inform |
i the development of criteria and indicators. |

Certification

Mandatory and/or third-party verffication that principles have been met.

Hecht., A. 2009. Metrics models and tools for evaluating the impacts

Of biofuels. NAS Workshop.
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Decision-Support Tools

Environmental and
sustainability trade-offs
associated with the production
of biofuels are inevitable

A consistent framework that
explicitly considers such trade-
offs and other unintended
consequences Is needed

Xotal Humber:ct 1 MiINom Dry Ton Capacily Total Residue in Dry Tons

Analytical tools capable of B 7<0001 00000
identifying, quantifying, and i
weighting uncertainties and — bl
potential trade-offs can help 0 e B rscoro oo
Inform decisionmakers about A e[ Jowzs00

which biofuels to produce n
where and how E RISKSCIENCES
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Conclusions

* There continues to be significant interest in the
expansion of biofuels and a wealth of
Information exists on different aspects of the
biofuels supply chain

 However, many uncertainties and data gaps
remain, particularly with respect to the
environmental and health impacts and
sustainability of biofuels

« Continued research will be necessary to
ensure optimal technology, management, and
policy decisions at relevant spatial and 7

temporal scales E RISKSCIENCES
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In 1|IIE paper, we 85sess wha s known or almclpamd about

and naxt-
ganeration biofuels relative to the primary conventional biotuels
{12, com grain-basad ethanol and soybean-based diesel]
inthe United Stat faedstock and

Introduction

Modern liquid biofuels are promoted in the United Sutes
(U1.5.) as a means of; nergy
and security and reducing greenhonse gas (GHG) emissions

processes. Factors considered include greenhouse (BHGH
emissions, air pollutant emissions, soil haalth and quality, watar
use and water quality, wastewater and solid waste stroams,
and biodiversity and land-usa changes. Based on our
review of the available litorature, we find that the production
of next-generation feedstocks in the U.S. le.q., municipal
solid waste, forest residues, dedicated enargy crops, microalgas)
are expactad to fare better than corn-grain or soybean
production on mnsrullllasa factors, although ms magnlmds
ofthese diff among fead:

(I-5. Fi ii.e. biofuels in the
U5, are produced pnmanly from major commercial crops
such as corn (Zea mays, L)-grain ethanol and soybean
(Glycine mix, L) biodiesel (6, 7). Under the U.S. Energy and
Independence Security Act of 2007, conventional biofuel
production is permitted to increase through 2015 up to the
15 billion ga]lcn Dex year cap st on £om -grain ethanol (4.

and impacts
have been raised in response to the wide-scale production
and use of conventional biofuels. For example, traditional
intensive corn- gmm and soybean production practices are

Ethanal pmdu::ud using a bluchenllwl or thermechemicel
conversion platform is expected to result in fewer GHG and
air pollutant emissions, but to have similar or potentially greater
watar demands and solid waste straams than conventional
ethanal biorefinerias in the U.S. However, these convarsion-
related differences are likely to be small, particularly
relative to thosa associated with faedstock production.
Modeling performed for illustrative purposes and to allow for
across
and comversion technaologies ganerally confirms the findings
from ﬂm imramru Daspm; current sxusmnuns .wnrﬁcam
biofuals

will fare on different anvlummmzi and suslalna bility

factors when produced on a commercial scale in the U.S.
Additional research is needad in several broad araas including
quantifying impacts, designing standardized metrics and
approachas, and developing dacision-support tools to \darmfv
and quantfy emaronmental trade-offs and ensure

with high rates of chemical (eg., ferilizer,
pesticide) inputs, extensive water consumption in some
regions, and many deleterious environmental effects such
as soil erosion, surface water pollution, air pollution, and
biodiversity losses (8- 13). Furthermore, recent studies
suggest that increased biofuel production, particularly
conventional biofuels, could result in a substantial “carbon
debt” because the quantity of carbon dioxide (CO,) released
from direct and indirect land use changes will be far greater
than the GHG reductions from the displacement of fossil
fuels (14, 15). Although some have been critical of these
studies (16, 17), and advances in agronomy and biofel
conversion efficiencies have been noted (12, 18, 19), the
expansion of conventional annual crops for biofuels may
still have negative |
unless more sustainable practices are employed (10, 20).
The desire for more diverse and sustainable fuel sources.
has led to greater attention being focused in the U.S. on
second- and third-generation (ie., next-generation) liguid
biofuels Mlll:'l are produced through a variety of feedstocks.

biofuals production.

" phone: 3 I p
enisksclences.com.

* E Risk Sciences, LLP.

+ National BioEnergy Center.

* Strategic Energy Analysls Center.

10 1021/esB00250d CCC-$4075 & 2008 Amarican Chamical Socisty
PUDISNEC an Wel D520
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and (7, 21-25). Although the

literature suggests that next-generation biofuels have the

potential o avoid many of the environmental :ha]lmges

thatface o 10, 15, 26— 28),

have been made to synthesize and ducumzm the currem
howthe

b\uﬁ.uals compares to conventional hluluek The purpose of
this paperis2-fold: (1) qualitatively summarize the literature
in regard to what is known or anticipated about environ-

VOL 43 NO. 13, 2005 / ENVIRDNMENTAL SCIENCE & TECHNOLOGY » 4762




e http://wwwl.eere.energy.gov/biomass/

* http://www.epa.gov/OMS/renewablefuels/

« http://riley.nal.usda.gov/nal_display/index.php?
info_center=8&tax_level=3&tax_subject=6&top
ic_id=1052&level3 id=6599&level4 id=0&leve

5_id=0&placement_default=0

 http://bioweb.sungrant.org/About

 http://www.nrel.gov/learning/re_biofuels.html
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QUESTIONS?
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