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Strategies for GW

• Conservation
• Lower C energy
• Geoengineering (albedo)
• Air capture
• Adaptation
• (Failure)



Results

• Fossil energy use reduction*
• More expensive energy*
• Less use of physical goods*
• Lifestyle changes*
• Reallocation of wealth*
• Change in status indicators

– Or

• Failure (of multiple human and natural systems) 

*NOT a reduction in GNP or economic growth; 
prices/tastes must change.



������ �
�	
�����


��
	�

���
	�

�
����	
��


���
���������

����
���

�	���


�������
�
��

����

The Policy Larder

*Rare, difficult



Transportation (25%)

• Vehicle efficiency standards 
• Fuel taxes
• Fuel GHG content reduction
• Social pressure
• Carbon charge
• Stationary source emission caps
• Reduce VMT (land use)
• Complements of efficiency (public actions)



Fuel GHG content reduction

• Biofuel subsidies 
• Fuel taxes
• LCFS
• Content requirements
• Carbon charge
• Cap and trade emission limits (on what?)
• Vehicle fuel standards



LCFS liquid fuel concept
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Low Carbon Fuel Standard – who?

• Regulator – California Air Resources Board

– www.arb.ca.gov
• Regulated entities – Producers, importers, and 

blenders of fuels
– Refineries
– Blenders
– Importers
– Electricity providers (?)

– Not biofuel producers
– Not retail outlets
– Not consumers
– Not automakers



LCFS 
“Mix ethanol into the gasoline” …not so simple!
• Electric 

– Vehicles, distribution
• Diesel

– Efficiency overcomes C content

• Biofuels
– Which? 
– From where?
– How?  

1 mile on
diesel

1 mile on 
gasoline

?
�



Low Carbon Fuel Standard –
where ?

• California 
• European Union 
• Proposed

– United States 
(Lieberman-Warner)

– British Columbia, 
Massachusetts, 
Minnesota,  and other 
states and provinces



LCFS basics
• Carbon intensity must be measured on a lifecycle ba sis 

– Average Fuel Carbon Intensity (AFCI) measured in gCO2e/MJ

– AFCI must decline by at least 10% by 2020

• Stimulate technological innovation
– Use performance standard, with tightening over time 
– Measures desired outcome (GHGs), not a proxy (renewable)
– Different fuels (electricity, biofuels, fossil, etc.) compete with one 

another, so government does not pick winners (or losers!)

• Compliance by manufacturers or importers of fuels ( mostly oil 
refiners)

• Additional to vehicle performance standards 

• Overcompliance creates credits that can be traded in  a market 
or banked for later use

• Default and opt-in approach (Thanks to the U.K.)



In practice
• For producer j in year t who blends Qi units of 

fuel with GHI index Gi, the fine (or sale of 
credits) when the standard is St will be:

( ) tjttjt

jt

PQAFCISC

QGQGAFCI

-=

++= ...2211

Policy implementation comprises (mostly) 
establishing operational definitions for these 
variables.



Compliance through default and opt-in
• Compliance is possible with many competing technolo gies:

– Lowering the carbon intensity of current fuels – e.g. refinery efficiency
– Using new, low-carbon fuels – biofuels, electricity, hydrogen, etc.
– Buying credits (or offsets) 

• Default: all fuel inputs are assigned a carbon inte nsity
– Fuel inputs must be categorized  
– Highest value in common use is the default value
– Encourages opt-in and focuses management attention

• Opt-in: certified data allow lower carbon intensity  values
– Requires protocol development and data collection 
– Certifiers are needed

• Default example:
– Gasoline: conventional oil, heavy oil, tar sands, coal
– Diesel: conventional oil, heavy oil, tar sands, coal
– Ethanol: U.S. corn, Brazilian sugar, U.S. switchgrass



The LCFS may become a complement to    
(or replacement for) biofuel mandates

• United Kingdom: Renewable Transportation Fuel Obligation (like a 
RFS) requires GHG monitoring in 2008

• California: LCFS regulations to be in effect 2010

• Consideration by other states and provinces: AZ, BC, CT, DE, MD, 
MA, MN, NH, NJ, NY, ON, OR, NM, RI, VT, WA…

• Federal regulations: Proposed CAFE + LCFS rule in Nov 2007 

• Federal bills: Sanders-Boxer, Feinstein, Inslee, Boucher

• European Union: monitoring in 2009, reductions in 2011

• Global Bio-Energy Partnership: Oct 9-10 meeting on GHG emission 
monitoring



Policy challenges

• Diesel vs. gasoline
• State/nation/world - shifting
• Electricity vs. liquid fuels

– Battery => mass burn?
– Current technology

• Biofuels assessment
– “non-green ethanol”
– Social consequences: will there be an 

“ethanol curse” (other biofuels)?



Key challenges for the LCFS

• Inadequate by itself
– Without a cap, it would subsidize some GHG emissions

• Leakage
– Change in trade patterns
– Global emissions do not change

– ®®®® Little innovation
• International trade

– Developing countries will want to sell low-carbon fuels
• Life-Cycle Analysis

– Uncertainties, innovation, plant-specific evaluations, etc.
– Indirect land use

• Implications
– International agreements will be needed
– Research and development of regulatory tools is nee ded



Uncertainties
• Technology

– Battery
– Cellulosic 
– Which alcohol?

• GHG content/LCA
– Lime etc. (small-medium)
– Land use (big)

• Prices and elasticities
• Intereverything coordination



Overview

• Ethanol from crop plants will induce additional cultivation 
somewhere in the world, or reduce grain consumption as food.

• Three kinds of change will occur:
– People will eat less, or eat less meat.
– Agriculture will become more intensive 
– Land will be converted from something else to crops

• The second and third release GHG not counted in the LFC analysis
of the ethanol crop itself
– As far as we can tell now, these releases are very large 

(research is still scanty).
– The smallest estimates available for land use change alone put 

corn ethanol and all biodiesels well above gasoline in unit GWP.
• Simply increasing corn ethanol content in vehicle fuel should not be 

considered the “typical” means of compliance with LCFS.



Land use change (LUC) may 
cause large GHG emissions����������	
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Land use change

time

GHG
Conversion

Operation

Gasoline



Reliable estimates of LUC 
require economic modeling

• Models must include
– Feedstock production functions
– Prices for land and other resources
– Elasticity estimates for supply and demand
– The rest of the economy
– Other countries

• The approach taken here is very simple 
– Assume that one acre of biofuel feedstock production causes 

exactly one acre of land use conversion elsewhere
– These estimates are not necessarily a worst case (upper bound)
– Calculated by Alex Farrell and several graduate students



GHG emissions due to indirect LUC appear to be 
very large, but are highly uncertain

100-yr,    high 
emission factor

100-yr,     
low 

emission 
factor

20-yr,         
high emission 

factor

20-yr,       
mid emission 

factor

20-yr,     low 
emission 

factor

Uncertainty: 
corn ethanol –
tropical forest

g/MJ

1971031289540140g/MJ

16584826540420

Canola 
biodiesel –

tropical 
forest

32

Canola 
Biodiesel**

*(California Alternative Fuels Plan, CEC-600-2007-004-REV)
** No adjustment for drivetrain efficiency

*** See posted spreadsheet. Assumes 20 year amortization period, among other things.

Palm diesel–
tropical forest

Sugarcane 
ethanol –

tropical forest

Corn ethanol 
– tropical 

forest

Corn 
ethanol -

CRP

Indirect 
emissions by 
fuel and type of 
LUC***

21938894g/MJ

Renewable 
Diesel** (Palm)

CA Ultra Low 
Sulfur Diesel**

Midwest 
Corn Ethanol

GasolineDirect 
Emissions*
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From Farrell et al, 
Science 27/I/06



Considering land use change

!



If these values are used, most biofuels have higher 
GHG emissions than do fossil fuels

• If corn grown on CRP land is used for ethanol, total lifecycle 
emissions, including indirect LUC, are 
• 88 + 140 = 228 g/MJ  
• 2.4 x gasoline

• If replacing corn used for ethanol causes tropical deforestation,  total 
lifecycle emissions, including indirect LUC, are 
• 88 + 540 = 628 g/MJ  
• Over 6 x gasoline

• Renewable diesel using palm oil has total lifecycle emissions, 
including indirect LUC, of 
• 21 + 197 = 220 g/MJ  
• 2.3 x diesel
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LUC next steps

• Economic modeling to go beyond acre-for-acre 
basis: allocate effects of (for example) US 
ethanol to food and land use changes.

• Conceptual basis for allocation of initial “puff”
and regrowth (if any) across production period 
(more than discounting, owing to instabilities and 
irreversible effects) 

• Better science for GHG discharges



Some policy implications are 
clear despite the uncertainties

• Deciding how to estimate GHG emissions from indirect LUC 
will  have major implications for the LCFS and AB32

• Deciding if and how to apply GHG emissions from indirect 
LUC to biofuels historically, and in the future will have major 
implications 

• Further uncertainties in lifecycle GHG emissions require 
research and policy decisions.
– Example: other emissions like black carbon, SOX, NOX, 

etc.
• LCA accounting methods are likely to change in the future
• More R&D is needed
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Many possible LCFS 
compliance strategies remain

• Major improvements in crop-based biofuels

• Diesel automobiles
• Replace crop-based biofuels with biofuels that do not 

cause LUC
– Wastes, residues, “agricultural integration”, 

marginal land, algae (?)
• Lower GHG emissions from fossil fuel production
• Electricity
• Hydrogen (generated how?)
• Etc.
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Types of biofuels

• Solid, burned directly
• Diesel
• Sugar to ethanol
• Cellulose to ethanol 
• Cellulose to other



90,000 TW of energy arrives on the earths surface 
from the sun
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>2% yield is feasible
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Julian day 1993
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Perennials have more photosynthesis





Advanced biofuel technologies will be needed 
to produce fuels without causing LUC

• Most biofuel feedstocks that do not 
cause LUC are cellulosic

• Other feedstocks are even more 
advanced 



BUT

• Biofuel crops are
– Low labor input

– Industrial monocrop agriculture
– Land-hungry

– Water-thirsty



Photo Alan Lodge

BP Executive receives public input on sustainability (2007)



Alex Farrell
Anand Gopal
Andy Jones
Dan Kammen
Eva Markiewicz
Erin Palermo

Thanks to the UC ERG/GSPP Biofuels team

And Chris Somerville, EBI (UC Berkeley/U of Illinois)

Rich Plevin
Deepak Rajagopal
Sabrina Spatari
Dan Sperling
Julia Thompson
Brian Turner

http://www.arb.ca.gov/fuels/lcfs/011608ucb_luc.pdf
Spreadsheet at Jan 18 meeting at
http://www.arb.ca.gov/fuels/lcfs/lcfs.htm#meetings



Your 
thoughts?


