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Global Carbon Cycle
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Anthropogenic Carbon Emissions

Fossil fuels 

and cement

Land-use change

Source: Global Carbon Project (2017)              CO2 flows in gigatonnes (109 t), equal to petagrams (1015 g), per year on a carbon mass basis
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Drivers of Tropical Deforestation 

 Many tropical lands are biophysically suited for producing soybeans, 
oil palm or sugarcane

 Cheap land, cheap labor (and weak governance) => high profits 

 Agricultural expansion in tropical regions often involves multinational 
corporations and is quite responsive to global markets

Gibbs, H.K., et al. 2010. Tropical forests were the primary sources of new agricultural land in the 1980s and 1990s. 

Proc. Nat. Acad. Sci. www.pnas.org/cgi/doi/10.1073/pnas.0910275107

http://www.pnas.org/cgi/doi/10.1073/pnas.0910275107


Historical Anthropogenic Carbon Emissions
Land conversion was largest 

source of CO2 until ~1950.

Land-use change accounts 

for 31% of the cumulative 

excess CO2 1870-2016, vs. 

32% coal, 25% oil, 10% gas. 

The biosphere has not been 

in "sustainable" equilibrium 

with the atmosphere since 

humans began extensively 

appropriating Net Primary 

Production (NPP) many 

years ago. 

Implies ample scope for "re-

carbonizing" the biosphere. 
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Importance of Liquid Fuels

 Have long been the world's largest form of commercial energy

 Remain the most convenient and economical energy carrier for the vast 
majority of transportation modes 

 Globally traded commodities: both crude oil and fuel products; the 
"liquidity" that is ideal for mobility also makes them easy to ship   

 Globally, the second largest source of CO2 emissions (after coal) 

 In United States, transportation has overtaken electric power generation 
as the nation's largest source of CO2 emissions 

 All practical liquid fuels are carbon-based and vary little in terms of CO2

emissions per unit of energy during combustion 

 Fears about oil depletion and energy security have motivated a 
many-decade quest for alternative (non-petroleum) liquid fuels 
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CO2 emissions vary little among similar fuels

The most common 

fuels average 

73 (±2) gCO2/MJ

of CO2 directly 

emitted per unit of 

energy on a lower 

heating value basis.
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U.S. transport vs electric sector CO2 emissions 
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Rationale for Biofuels

 Reduce petroleum dependence 

 Contribute to decarbonizing the transport sector

 Shift to "low-carbon," non-petroleum fuels, with minimal changes to motor 
vehicles and fuel distribution infrastructure. 

 Play a significant role in replacing liquid fossil fuels suitable for planes, marine 
vessels and other heavy transport modes that cannot be electrified. 

 Biofuels can also 

 Increase energy security by reducing oil imports and oil price volatility. 

 Support economic development by creating new sources of income in rural 
areas. 

Source: IEA Technology Roadmap: Biofuels for Transport (2011)
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Brazil's Ethanol Program

 Original law requiring ethanol in fuel enacted in 1931

 Major 1975 expansion in response to high oil prices

 Added objective of producing ethanol in order to reduce petroleum imports 
(response to high oil prices)

 Also seen as high-octane fuel, replacing lead and MTBE

 For many years, Brazil had world's largest commercial biomass energy 
program (only recently surpassed by United States)

 As of 2008: 

 All gasoline blended with 20% - 26% ethanol

 1,300,000 cars running on pure (hydrated) ethanol

 2,300,000 flex-fuel vehicles (any gasoline/ethanol blend)

Source: José Goldemberg, University of São Paulo



Sugarcane Cultivation 

in Brazil

Source: José Goldemberg 

University of São Paulo



The 1973-1981 "Oil Crisis"



U.S. political support for biofuels

• The oil crisis brought rapid increases in gasoline prices as well as 
fears of worsening shortages and ever-higher prices

• Farm groups and others lobbied for ethanol subsidies

 Home-grown fuel for "Energy Independence"

 Made by the "little guys" (family farmers vs. Big Oil and OPEC)

• Emphasis was on gasohol: 10% ethanol : 90% gasoline ("E10")

 Tests confirmed that most vehicles could operate reliably on gasohol 
without modification

 1978 Energy Tax Act exempted gasohol from the Federal fuel tax, which 
was then 4¢/gal, equivalent to a 40¢/gal subsidy for ethanol itself 

 Gasohol use reached 7% of U.S. fuel market by 1985, but given the low 
blend, ethanol itself accounted for less than 0.5% of fuel energy 



Revival of biofuels after 9/11/2001

• Energy security concerns that had waned in the 1990s suddenly 
became more acute

• Oil prices had also started to rise again

 Gradually at first, but Iraq invasion created a disruption that was 
compounded by other supply fears ("peak oil")

 Meanwhile, oil exploration had lagged due to years of low prices

• Renewable fuels as a key strategy for "Energy Independence"

• The Bush Administration became a proponent of biofuels

 Renewable Fuel Standard (RFS) first established in 2005

 "Twenty in Ten" pledge of 2007 State of the Union address

 Expansion of RFS in 2007 Energy Independence and Security Act (EISA), 
targeting 36 billion gallons of biofuels by 2022. 



Political formula involved environmental support

Many east- and west-coast 
politicians, including green-
leaning liberals, traditionally 
were wary of biofuels

However, major green groups 
embraced a vision of cellulosic 
ethanol and other advanced 
biofuels

• Believed that "low-carbon" 
liquid fuels were critical for 
climate action

• Saw a political strategy of 
teaming up with "Big Ag" to 
defeat "Big Oil"  
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RFA slide: Biofuels Lifecycle Emissions
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GREET Model for Fuel Lifecycle Analysis

Source: Wang, M.Q. 2005. Updated energy and greenhouse gas emissions results for fuel ethanol.
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Life-Cycle Analysis System Boundary for a Biofuel 

Corn-to-ethanol scenario

A key assumption (as 

illustrated by red arrows) is 

that biogenic CO2 flows in a 

closed loop, resulting in no 

net addition to the amount 

of CO2 in the atmosphere. 

Source: M.Q. Wang, ANL, 

EESI Congressional Briefing, 

Washington, DC, Sept. 18, 2014
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Farrell et al. (2006)

(Science 311: 506-08, 27 Jan. 2006)

Farrell et al (2006) 

published a widely 

cited meta-analysis of 

ethanol LCA studies 

They concluded that: 

 "Ethanol today" 

was then ~13% less 

carbon intensive 

than gasoline 

 Cellulosic ethanol 

would offer vastly 

greater reductions

of GHG emissions  
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Typical fuel LCA results  (excluding land-use change)

Source: GREET model results from CARB (2012) for existing fuels, Wang et al (2012) for cellulosic ethanol 
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RFS Volumetric Requirements from EISA (2007)
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Biomass-

based diesel

Other Advanced 

Biofuels

Grandfathered fuel from 

existing facilities (corn ethanol)

Corn ethanol maximum set 

at 15 Ggal (109 gallons/yr) 

Biodiesel target was set at 

1.0 Ggal 

Cellulosic biofuels targeted 

to ramp up to 16 Ggal by 

2022; the target for 2017 

was to be 5.5 Ggal

Carbon intensity limits were 

set for all fuels except corn 

ethanol produced in existing 

facilities (i.e., those in 

operation before late 2007). 
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 Energy Independence and Security Act of 2007 (EISA) definition of 
"Renewable Biomass" includes: 

• Planted crops and crop residues from agricultural land cleared prior to 
enactment* and actively managed or fallow on that date

• Planted trees and tree residues from tree plantations cleared prior to 
enactment* and actively managed on that date 

• Animal waste material and byproducts 

• Slash and pre-commercial thinnings from non-federal forest lands other than 
old-growth, critically imperiled or rare

• Biomass cleared near buildings and other areas at risk of fire  

• Algae

• Separated yard waste and food waste 

RFS definition of renewable biomass

*EISA was signed on Dec. 19, 2007, which is the enactment date used in the regulations.  
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Global biofuel production About 4% of total road transport 

fuel as of 2016; source: IEA (2017)
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Key studies omitted

 Many induced effects

 Notably, emissions from Land-Use Change
 Direct land-use change (DLUC) was sometimes considered

 Indirect land-use change (ILUC) was never quantified 

 Farrell et al. Science (2006): 

"Significantly greater use of biofuels might shift marginal or 

unused lands into crop production, however, potentially resulting in 

significant changes in net GHG emissions due to land use changes 

alone ... none of which are considered in the studies evaluated here.  

For these reasons, we ignore GHG emissions due to potential 

changes in land use."  
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Seminal papers on biofuel-related land-use change

Science 319: 1235

doi:10.1126/science.1152747

Science 319: 1238

doi:10.1126/science.1151861

Both appeared in the 29 February 2008 edition of Science

Joe Fargione and colleagues 

quantified CO2 releases from 

direct land-use change (DLUC) 

Tim Searchinger and colleagues 

quantified CO2 releases from 

indirect land-use change (ILUC) 

The findings were that it would take many decades for the (presumed) offset of combustion CO2

to pay back carbon debt resulting from large, one-time CO2 releases due to land conversion. 

http://dx.doi.org/10.1126/science.1152747
http://dx.doi.org/10.1126/science.1151861
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Indirect effects occur through price signals

 The rate of deforestation 
increases as crop prices 
increase. 

 Crop expansion displaces 
ranchers, pushing them to 
convert forest or other 
habitats into pasture. 

 Other factors are at play 
of course (extractive 
timber harvesting in some 
areas, for example). 

 Nevertheless, higher 
demand and increased 
prices for crops amplify 
the other forces that drive 
land conversion. 

Source: Tim Searchinger GMF briefing 2008
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Why will ... in tropics?

Source: Holly Gibbs at CRC 2009
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Brazil's Cerrado

Maned Wolf (Chrysocyon brachyurus); status Threatened
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Kline excerpt
Bioenergy researchers 

have mounted a major 

push-back against the 

validity and magnitude 

of land-use change 

effects. 

Many modeling studies 

and other arguments 

have been raised. 

Quantitative levels of 

uncertainty are very 

large in any case.  
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Arima et al.

 Performed spatial regression of land use data

 Examined causal chain of: 

 Mechanized agriculture (soy) encroaching on existing pasture

 Remote pasture expanding into the frontier (Amazon region)
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Arima et al. map Correlated advance of 

intensive (soy) and 

extensive (cattle) 

frontiers in Brazil,  

2001-2008

Deforestation in the 

frontier was strongly 

related to expansion of 

soy in settled areas

Found a large effect: 

10% change in soy area 

 40% change in 

deforestationFigure 1 from Arima et al. (2011)
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Renewed cropland expansion in North America

Ducks Unlimited Prairie Fire News
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Corn Ethanol and Wildlife
SNRE (2009) MS Opus 

report prepared for 

National Wildlife 

Federation (NWF). 

There are multiple 

drivers for land con-

version: farm support 

& insurance programs; 

improved agricultural 

technologies; higher 

commodity prices. 

Biofuel demand raises 

corn & soybean prices 

and so amplifies the 

forces leading to crop-

land expansion. 
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Lark+ paper
Lark, T.J., et al (2015) Environ Res Lett 10: 044003, 

http://dx.doi.org/10.1088/1748-9326/10/4/044003

Base: 281 million acres 

(Ma) of U.S. cropland 

Found that conversion of 

previously uncultivated 

land over 2008-12 was 

7.34 Ma

Implies a net carbon 

release of 36 PgC 

http://dx.doi.org/10.1088/1748-9326/10/4/044003
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Wright+ paper

Wright, C.K., et al. (2017) Environ Res Lett 12: 044001, https://doi.org/10.1088/1748-9326/aa6446

https://doi.org/10.1088/1748-9326/aa6446
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GREET Model for Fuel Lifecycle Analysis

WHERE IS 

THE LAND?

Source: Wang, M.Q. 2005. Updated energy and greenhouse gas emissions results for fuel ethanol.
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All productive land removes carbon from the atmosphere
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What to do? 

 LCA-based evaluations do not properly treat the carbon cycle

 They also have very high uncertainties

 Range of results -- and degree of dispute -- grew as system boundaries 

expanded to included induced (consequential) effects 

 These uncertainties are scientifically irreducible

 The resulting LCA-based policies are not credible or fair in the eyes 

of key stakeholders

 Can we empirically constrain key aspects of the analysis? 

 It is not possible to model all effects with reasonable certainty

 But it may be possible to put a bound on net carbon impacts 
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Take the perspective of the atmosphere

~10 as of 

2017

Consider an observer in the 
atmosphere, looking down on 
the earth and observing CO2

flowing up and down.  

Fuel combustion is observed 
as an upward flow of CO2

into the air regardless of the 
origin of the fuel. 

Downward flows of CO2 are 
observed on land, into 
growing vegetation, and into 
the ocean and other surface 
waters. 
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 The biosphere is NOT in a steady flow equilibrium with the 
atmosphere
 Has not been since humans began clearing land; land-use change that releases 

terrestrial carbon stocks continues, with biofuels adding to the pressure

 Even if it were now in equilibrium, the transition to a different state involves 
dynamic processes 

 We have a system dynamics problem
 Enforce conservation of mass and quantify all key flows (uptake as well as 

emissions)

 Initial conditions matter (governed by differential equation, not just arithmetic)

 Dynamic analysis cannot tell the whole story with high certainty, but it can 
constrain (put empirical bound on) the results with reasonable certainty 

The need for dynamic (stock-and-flow) analysis
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Biofuel’s carbon balance: key stocks and flows

Stocks (tons of carbon)

A Carbon in atmosphere

B Carbon in biosphere

F Carbon in fossil resources

Flows (tons of carbon per year)

e CO2 emitted by energy use

n Net CO2 uptake by plants* 

b Biogenic carbon

f Fossil carbon

Change of carbon in atmosphere

A'  =  e - n             (x' = dx/dt)

*n = Net Ecosystem Production (NEP)
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Condition for carbon mitigation when using biofuel

At present, the amount of carbon 

in the atmosphere is rising, i.e.,

A'  > 0  (positive 1st derivative)

Mitigating CO2 emissions means 

slowing the rate of rise, i.e.,

A" < 0  (negative 2nd derivative)

And so we need A" = e' - n' < 0, 

i.e., reduce emissions (e' < 0) 

or increase net uptake (n' > 0) 

When b replaces f, then e' ≈ 0 

and therefore we need n' > 0 
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 Global condition is n' > 0 

 Physically, a gain in the net rate of carbon uptake is not the same as an emissions 
reduction (e' < 0) even though the effect on the atmosphere may be the same. 

But it can be achieved by a reduced loss of carbon from an uptake process 
(e.g., removing crop residues that would otherwise decay on cropland).  

 Carbon uptake can be localized by spatially partitioning global NEP: 

n = ∑k nk where k  {discrete parcels of global land area}

and so  n' > 0  implies that   k such that nk' > 0 

 For a location of increased carbon uptake to be attributed to biofuel, it 
must be a location where biofuel feedstock is grown. 

Localizing the necessary condition for mitigation
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n' > 0 means Carbon Dioxide Removal ("CDR")

 The biosphere constantly removes CO2 from the atmosphere

 Global terrestrial Gross Primary Production (GPP) is ~ 120 PgC

(120 x 1015g, or 120 x 109 tons) per year

 Biofuels (or other such options) do not "create" a cyclical flow; they 
can only perturb (for better or worse) the existing carbon cycle

 To be effective for mitigation, a CDR mechanism must 
increase the net rate of CO2 removal

 In the terrestrial biosphere, this means increasing Net 
Ecosystem Production (NEP)

 Or, over larger temporal and spatial scales, increasing what is known 
as Net Biome Production (NBP) 
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Net Ecosystem Production (NEP)

Source: Kirschbaum & Mueller (2001)

GPP = Gross Primary Production 

NPP = Net Primary Production 

NEP = Net Ecosystem Production, or 
Net Ecosystem Exchange (NEE)

NBP = Net Biome Production 

NEP is a crucial metric for 

guiding terrestrial CDR 

At landscape scales, NEP determines 
the amount of carbon that is available 
for sequestration or utilization. 
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 Condition for mitigation is:  n' > 0, i.e., d(NEP)/dt > 0

 Merely replacing fossil carbon with biogenic carbon as an energy carrier is not a 
sufficient condition for reducing the net flow into atmosphere. 

 The necessary condition is an increase in the net rate of carbon uptake. 

 Therefore, biomass energy is not inherently carbon neutral 
(as assumed by construction in product-based LCA)

 This restriction is due to system dynamics and conservation of mass. 

 The act of substitution is a change in the use of carbon and does not necessarily 
create "new" carbon: there is no such thing as "free" carbon. 

 Sustainable biomass production does not imply atmospheric protection

 Point of potential CO2 mitigation is not downstream; substituting one 
carbon-based fuel for another does not change flow into atmosphere   

Condition on NEP offers crucial insights 
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Keeping it in the Ground

is not the same as

Keeping it out of the Air

as long as the fuel is 

chemically carbon based



National scale retrospective analysis

DeCicco, J.M., et al. 2016. Carbon balance effects of U.S. biofuel production and use. 

Climatic Change 138(3): 667-80. http://dx.doi.org/10.1007/s10584-016-1764-4

Applied Annual Basis Carbon (ABC) 

accounting to the U.S. biofuel 

expansion over 2005-2013. 

Evaluated only the direct GHG 

exchanges between vehicle-fuel 

system and the atmosphere. 

Focused on key material carbon 

flows: how did the increase in 

biogenic carbon uptake compare 

to the increase in biofuel-related 

biogenic CO2 emissions? 

http://dx.doi.org/10.1007/s10584-016-1764-4
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MATERIAL CARBON IN COMMODITY MARKETS

ATMOSPHERE

Motor 

Vehicles

Material carbon flows a vehicle-fuel system

Processing 

Facilities
Cropland

Food

and Feed

Biomass 

Coproducts

Net CO2

Uptake

End-use CO2

Emissions

SYSTEM BOUNDARY

Fossil 

Resources

Biogenic Process 

CO2 Emissions

If, as claimed, biogenic 

CO2 emissions are 

neutralized during 

biofuel production and 

use, then a gain in NEP 

must be verified on the 

cropland from which 

feedstocks are sourced. 

Regarding flows of fixed 

carbon to/from external 

markets: expanding the 

system boundary results 

in an inability to verify 

outcomes. 



215 TgC/yr

Carbon harvested from U.S. cropland, 2005-2013

196 TgC/yr





Teragrams (1012g, i.e., million metric tons) on a carbon mass basis; derived from USDA
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Cumulative biogenic carbon emissions compared 

to gains in carbon uptake on cropland

Additional carbon uptake covered only 37% of biogenic emissions over 

the period, and so most of the biofuel carbon was not "neutralized." 
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Impact of other effects

 With less than the full offset of biogenic emissions that is commonly 
assumed, process emissions and displacement effects make the net 
biofuel emissions greater than those from petroleum fuels

 Processing emissions for biofuels are generally greater than for petroleum fuels 

 Displacement effects  GHG emissions impact

 Substitution of agricultural products –

 Deprivation of agricultural products (food and feed) –

 Intensification of agriculture (improved yields) –

 Expansion of agriculture (land conversion) ++

 Petroleum market rebound +

 These effects are all uncertain, but dominated by land conversion 
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Adding in other effects

 With less than the full offset of biogenic emissions that is commonly 
assumed, processing and displacement effects make the net emissions 
from biofuels far greater than those from petroleum fuels. 

Cumulative GHG emissions increase 2005-2013, TgC* Source

Directly from vehicle-fuel system -38 our analysis

Domestic land-use change** 36 Lark et al (2015)

International land-use change 433 EPA RFS analysis

Total increase in emissions 431

*Teragrams (1012g) of carbon, same as million metric tons of carbon (MMTC)

**Derived from Lark, Salmon & Gibbs (2015). Cropland expansion outpaces agricultural and biofuel 

policies in the United States. Environ Res Lett 10:044003. [results for 2008-12] 
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Why such divergence from LCA? 

 Not due to difference in processing emissions

 ABC method does not yield a carbon intensity (CI) value

 However, using (for example) a 37% offset rather than a 100% offset would 
change a typical ALCA result of corn ethanol having a CI of, say, 44% less than 
petroleum gasoline (Wang et al 2012) to being 27% higher. 

 The big reason is system dynamics

 Explicit evaluation of carbon uptake: initial conditions matter

 ABC result is time dependent; will differ for different time periods

 ABC result is a bounding result: empirical constraint on net emissions impact

 N.B. -- counterfactual analysis is yet to be done

 We cannot assume that a biofuel system is a priori "sustainable" 
with respect to the terrestrial carbon cycle. 
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 Energy Independence and Security Act (EISA) definition 
of "Renewable Biomass" includes: 

• Planted crops and crop residues from agricultural land cleared 
prior to enactment* and actively managed or fallow on that date

• Planted trees and tree residues from tree plantations cleared 
prior to enactment* and actively managed on that date 

• Animal waste material and byproducts 

• Slash and pre-commercial thinnings from non-federal forest 
lands other than old-growth, critically imperiled or rare

• Biomass cleared near buildings and other areas at risk of fire  

• Algae

• Separated yard waste and food waste 

RFS definition of renewable biomass

*EISA was signed on Dec. 19, 2007, which is the enactment date used in the rules.  



57

A need for coordinated management of fossil 

and terrestrial carbon

 Anthropogenic CO2 emissions come from terrestrial systems as 
well as fossil fuel and industrial systems

 Jointly managing all systems will be the least costly strategy

 Failure to value the carbon in terrestrial systems could result 
in biofuels overwhelming natural ecosystems

 Solutions include coordinated management ("pricing all 
carbon") and improving agricultural productivity 



Wise+ reference scenario

Wise, M., et al., Science 324: 1183-86 (2009) 

Reference (no policy) scenario 

Examined the effects of  

whether or not terrestrial 

systems are fully included in a 

climate mitigation strategy. 

Used an integrated assessment 

model to project effects on 

land use, energy mix and cost. 

Ran scenarios through ~2100 for 

limiting CO2 to 450 ppm. 

Compared a price on all carbon 

(including terrestrial stocks) to 

a price on only fossil carbon. 

http://dx.doi.org/10.1126/science.1168475


Wise et al (2009) 450 ppm Climate Policy Scenarios

Only fossil carbon is pricedAll carbon is priced

Wise, M., et al., Science 324: 1183-86 (2009) 

http://dx.doi.org/10.1126/science.1168475
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Urgent need for truly actionable strategies 

 Mechanisms that can be implemented now, without a need 
for new R&D or technological breakthroughs. 

 Mechanisms that are ecologically safe when implemented 
with known management strategies. 

 Mechanisms that are economically affordable enough to scale 
to levels significant for national GHG inventories. 

Actionable options exemplify the adage

"Think Globally, Act Locally" 
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Natural Climate Solutions

See: Griscom, B.W., el al. (2017). Natural climate solutions. Proc. Nat. Acad. Sci. 114(44): 11645-50, 

https://www.pnas.org/cgi/doi/10.1073/pnas.1710465114

* Each icon represents 50 million cars, equating to ≈233 million metric tons per year of CO2-equivalent GHG mitigation. 

*

https://www.pnas.org/cgi/doi/10.1073/pnas.1710465114
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The "Liquid Carbon Challenge"
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Conclusions
 Liquid transportation fuels will be with us for the foreseeable future 

 Addressing liquidity, land use and the dynamics of the carbon cycle are all 
crucial for correct GHG analysis; LCA is inappropriate

 Biofuel programs have ignored, downplayed or incorrectly treated these 
critical issues, aggravating land conversion and harm to biodiversity 

 For mitigating CO2 emissions from liquid fuel use: 

 The real task is to increase the net rate of CO2 removal upstream; there is no 
benefit from downstream fuel substitution (e.g., of biofuels) per se 

 Extensive new research, education and policy analysis are needed 

 Empirical evaluations of real-world biofuel and related commodity systems

 Much greater emphasis on terrestrial carbon management ("Natural Climate 
Solutions") to preserve and amplify carbon sinks while protecting biodiversity 

 The need to think "Beyond Carbon Neutral" and develop effective programs 
to balance CO2 emissions from liquid fuel use with CDR mechanisms 
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A question of 

balance


