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Background

• Biofuels are renewable liquid fuels derived from 
biomass (organic material from plants and 
animals)

• 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



Legislative History
• 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



Renewable Fuel Standard  
(EISA 2007)



Conventional Biofuels
• 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



Net Energy Balance of Corn 
Ethanol

NRDC.  2006.  Ethanol: Energy Well Spent.  A Survey of Studies Published Since 1990.



Food vs. Fuel Debate

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



GHG Emissions from Land-Use 
Changes



Water Demand & Quality



Next-Generation Biofuels
• 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 



Next-Generation Biofuels (cont.)



National Biofuels Action Plan
• 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 



Feedstock Field Trials



Biorefinery Projects



EPA Regulations & Activities
• Proposed revisions to the 

National Renewable Fuel 
Standard Program (RFS2)

• Participation in Biomass 
R&D Board (leading working 
groups on Sustainability and 
Environmental, Health, & 
Safety)

• Publications related to 
biomass conversion 
technologies and permitting 
of biofuels facilities

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



What’s Missing?
• 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



Study Purpose

• Provide qualitative 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

• Identify data gaps and 
research needs



Biofuels Supply Chain

Feedstock
Production

Biofuels
Production

Biofuels
Distribution

Biofuels
End Use

Feedstock
Logistics



Next-Generation Feedstocks

• Municipal solid waste
• Forest residues and 

thinnings
• Annual crop residues
• Dedicated herbaceous 

perennial energy crops
• Short-rotation woody 

crops
• Microalgae



Cellulosic Ethanol Biorefineries

• 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



High-Level Review

• Reviewed published literature 
(e.g., 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



Comparative Modeling

• 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



General Findings

• 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



Next-Generation Feedstocks: 
Why Fare Better?

• Fewer production inputs 
required

• Fewer GHG and air 
pollutant emissions

• Improved soil health and 
quality

• Fewer water demands 
and water quality impacts

• Less significant 
biodiversity and land-use 
changes



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 in 
fewer downstream impacts



Net Energy Balance

Hill 2007 (adapted from Tillman et al. 2006)



GHG & Air Pollutant Emissions

• Anticipated reductions in GHG 
and air pollutant emissions
– Less significant land-use or 

conversion impacts
– Greater carbon sequestration in 

soil, plant, and root systems
– Fewer chemical inputs
– Less energy-intensive 

management practices 
• Potential avoided emissions 

from intentional burnings and 
wildfires 



Carbon Impact of Biofuels



Soil Health & Quality

• Fewer adverse impacts on soil 
health and quality expected
– No direct impacts to soil or 

less intensive management 
practices used (e.g., tillage, 
fertilization)

– Enhanced soil organic 
carbon and reduced soil 
erosion rates

• Could improve soil quality if 
placed as buffer strips to 
reduce erosion and runoff from 
conventional crops

Adress. 2002



Water Use & Quality

• 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

McLaughlin et al. 2002



Displacing Conventional Crops 
With Switchgrass

Graham et al. 1996



Biodiversity & Land-Use Changes

• 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



Next-Generation Feedstocks: 
Could Fare Worse

• Produced on cultivated 
agricultural land

• Intensively managed as 
monocultures

• Best practices are not used
• New CO2 inputs required
• Greater local or regional 

water demands
• Removed at unsustainable 

rates
• Affect biodiversity and 

existing habitats



Life-Cycle Analysis Model

Forest Residues Switchgrass Corn Stover

Carbon dioxide (CO2) -93 -90 -23

Dinitrogen monoxide 
(N2O) -99 -56 -23

Methane (CH4) -98 -83 -23

Carbon monoxide (CO) -85 -89 -23

Lead (Pb) -87 -88 -23

Nitrogen oxides (NOx) -75 -86 -23

Ozone (O3) -99 -89 -23

Particulates < 2.5 μm 
(PM2.5) -94 -87 -23

Particulates < 10 μm 
(PM10) -90 -90 -23

Sulfur dioxide (SO2) -90 -92 -23

Water Use Groundwater -100 -100 -23

Atrazine loadings1 -100 -99 -23
Biological oxygen 
demand (BOD) -85 -86 -23

Chemical oxygen 
demand (COD) -87 -86 -23

Nitrate loadings -100 -100 -23

Phosphorous loadings -100 -100 -23

Water Quality

% Change Relative to Corn Production (per Metric Ton)

GHG 
Emissions

Air Pollutant 
Emissions



Cellulosic Ethanol Biorefineries: 
Why Fare Better?

• Fewer GHG and 
air pollutant 
emissions

• Fewer water 
demands

• Potentially fewer 
wastewater 
streams

• Potentially greater 
solid waste



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



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)

Aden 2007



Wastewater & Solid Waste

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

• However, solid waste is 
expected to be generated from 
several sources
– Boiler
– Conditioning tanks



Next-Generation Conversion 
Platforms: Could Fare Worse

• 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)



Process Engineering Model

Biochemical Thermochemical Biochemical Thermochemical Biochemical Thermochemical

Carbon dioxide (CO2)1 0.75 0.85 0.75 0.85 0.75 0.82

Carbon dioxide (CO2)2 2.74 3.50 2.89 3.68 2.11 3.63

Methane (CH4)2 0.00003 0.00 0.0001 0.00 0.0001 0.00
Carbon monoxide 
(CO)2 0.002 0.00 0.003 0.00 0.002 0.00

Nitrogen oxides (NOx)2 0.002 0.005 0.003 0.027 0.002 0.033

Sulfur dioxide (SO2)2 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

Gypsum 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
1Emissions from scrubbed CO2 vent
2Emissions from flue gas
*Kg per ton (dry) assuming 2000 dry metric tonnes per day and 15% moisture content of feedstock

Solid Waste

Model Estimates (Kg per Liter Ethanol)*

GHG 
Emissions

Air Pollutant 
Emissions

Corn StoverSwitchgrassForest Residues



Data Gaps & Research Needs

• Impacts of major land-use changes are 
largely unknown

• Ultimate human health and 
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  



Impacts of Major Land-Use 
Changes

• 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)



Human Health & Environmental 
Impacts

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

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

• Existing impact assessment 
life-cycle tools may not 
address ultimate outcomes of 
interest

SimaPro 7.  2008.  Introduction to LCA..  Product Ecology Consultants.



Standardized Methods & 
Assumptions

• Assessing the life-cycle 
impacts of biofuels requires 
consideration of many factors

• There is currently no 
standardized approach for 
conducting such assessments 
and assumptions vary widely

• Choice of system boundary, 
allocation method, and other 
factors can have a significant 
influence on the results of a 
life-cycle assessment Davis et al. 2009.  Life-cycle analysis and the ecology of biofuels. 

Trends in Plant Science.  In Press.c



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)

Hecht., A.  2009.  Metrics models and tools for evaluating the impacts 
Of biofuels.  NAS Workshop.  



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

• Analytical tools capable of 
identifying, quantifying, and 
weighting uncertainties and 
potential trade-offs can help 
inform decisionmakers about 
which biofuels to produce 
where and how



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 
temporal scales
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Useful Websites

• http://www1.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
l5_id=0&placement_default=0

• http://bioweb.sungrant.org/About
• http://www.nrel.gov/learning/re_biofuels.html



QUESTIONS?


