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In response to calls for energy security, 
climate change mitigation, and rural 
development, several governments (U.S., 
European Union, Brazil) have or will shortly 
establish mandatory targets for the incorp-
oration of biofuels (defined here as fuels 
derived from plants or biological waste)    
into their liquid fuel portfolio (Chapter 2, 
Searchinger 2009). A number of recent 
papers, however, have pointed out that    
there are hard biophysical constraints on 
production - the amount of carbon fixed by 
all crops globally is already exceeded by the 
carbon released by fossil fuel combustion - 
and producing biofuels on all currently 
abandoned land would meet only ~7% of 
current energy demand (Campbell et al. 
2008; Field et al. 2008). Additionally, legit-
imate concerns exist about the relative 
climate benefit of various biofuels    
(Crutzen  et al. 2008) and competition for 
arable  land between food, fiber, fuel and 
other ecosystem services (Zah et al. 2007; 
Searchinger et al. 2008, Melillo et al. 2009). 

Available technology for generation of 
electricity and heat from biomaterial is 
considerably more efficient than using    
that material for liquid fuel (Edwards et al. 
2008; Chapter 5, Menichetti and Otto 2009). 
Nevertheless, a combination of tariffs, 
government mandates and complex tax 
structures suggest that liquid biofuel use 
will continue to grow over the coming 
decade in both the developed (Chapter 2, 
Searchinger 2009) and developing world 
(Chapter 15, Bekunda et al. 2009). 

We set two goals for this chapter: to review 
the available information on the environ-
mental impacts of a few important biofuel 
feedstocks (corn and sugarcane ethanol, 
rapeseed biodiesel) and then to highlight 
major gaps in our knowledge that need to  
be addressed before a truly quantitative 
assessment of these feedstocks can be  
made. The chapter focuses mostly on global 
and regional energy supplies and the 
environmental costs of biofuel production 
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with case studies provided for Brazil, the 
European Union,   and the U.S. While we 
recognize that the adoption of biofuels may 
have real economic benefits, particularly in 
developing countries (discussed in Chapter 
15, Bekunda et al. 2009), environmental 
concerns apply to all countries, and the 
sustainable production of biofuels will 
require a full accounting of the environ-
mental and social ramifications of biofuel 
production. We begin by briefly reviewing 
the limits of life cycle analysis (LCA), as well 
as literature results from traditional and 
expanded LCA for a few of the current major 
biofuel crops. We then present preliminary 
results from recent research which aims for 
a fuller accounting of impacts from large 
increases in biofuel production by account-
ing for effects such as indirect land use 
change (e.g. Fargione  et al. 2008; 
Searchinger et al. 2008) and transportation 
adjustments due price  shifts in fuel (Bento 
and Landry 2008). 

Traditional and expanded lifecycle 
analysis.

LCA is a typical starting point in the 
discussion of whether or not to promote a 
particular biofuel, but such analyses may be 
insufficient for several reasons including:

§ Data are typically not available to 
support several of the environmental 
impacts that should be included in LCA

§ LCA is typically focused on greenhouse 
gas (GHG) emissions, but less frequently 
involves assessment of other ecological 
costs such as biodiversity loss, other 
emissions to air, water quality and 
quantity shifts, soil maintenance, parti-
cularly for feedstocks that are likely to 
become important in the coming decade 
but which do not yet produce large 
quantities of biofuels

§ LCA is often based on the costs (both 
environmental and economic) of pro-
ducing the first litre of fuel, and the 
costs relative to fossil fuels may change 
dramatically, in both magnitude and 
direction, with changes in the scale of 
production. 

In light of these uncertainties, we suggest 
caution in moving forward with aggressive 
biofuel production targets, especially given 
the fundamental production constraints 
which suggest biofuels will never supply  
more than a modest percentage of global 
energy needs (Field et al. 2008). 

Traditional lifecycle analysis. Traditional 
LCA is explored in greater detail elsewhere 
in this volume (Chapter 5, Menichettiand 
Otto 2009), so we will review it only briefly 
here. Because biofuels are often promoted in 
the context of GHG and climate mitigation, 
a major focus of LCA of biofuel production 
have been the related GHG emissions (CO2, 
N2O, CH4). In order to complete an analysis 
quantitatively, the following three aspects  
of the field-to-wheel system need to be 
explored: 

§ cultivation (or collection) of the bio-
mass feedstock – seed production, 
planting, agrochemicals (especially 
fertilizer),  fossil fuels for equipment

§ processing and conversion of the feed-
stocks - this includes both electricity 
and process heat, the chemicals needed 
for synthesis and waste processing, and 
details on the nature and fate of co-
products1 

§ Distribution, i.e. transport needs in 
terms of freight haulage using ships 
(barge or tanker), rail, and trucks (with 
most of   the transport fuel being diesel, 
marine bunker in the case of ocean-
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going vessels). These are then com-
pared with the emissions of an energy 
equivalent (or kilometer driven 
equivalent) of the fuel being replaced 
(gasoline or diesel)

In general, it is believed that agricultural 
production is responsible for a substantial 
share of GHG emissions and a majority of 
water quality degradation. Impacts of water 
quantity vary widely by feedstock (Chapter 
8, de Fraiture and Berndes 2009). The 
impacts of energy use are significant in the 
conversion phase, particularly in the case of 
ethanol production. The quantity and type 
of process energy used (e.g. heat and power 
from coal, natural gas or bagasse) can 
change overall assessments dramatically. 
Furthermore, the allocation of impacts on 
co-products can also be very significant in 
this phase of the life cycle.

Traditional LCA has utility in that it presents 
a number than can be readily  used by policy 
makers in decision making; however, we 
wish to highlight several concerns about 
LCA that need to be considered when 
interpreting these data. First, as measured 
by the number of peer-reviewed articles on 
LCA of biofuels in recent years and the 
disparity of results presented in the liter-
ature, it is fair to say that there is a great 
deal of uncertainty associated with this 
methodology (Pimental and   Patzek 2005; 
Farrell et al 2006; Chapter 5, Menechetti and 
Otto 2009). Part of this lies in the choice of 
system boundaries. Depending on the 
definition of those boundaries, different 
studies find that the net effect of biofuel 
production can range from positive to nega-
tive. In fairness, system boundary problems 
are not unique to LCA; any regional analysis 
must treat the rest of the world as 
exogenous to some degree. A second 

concern is the treatment of co-product 
credits. To under-stand the importance of 
this issue, note that some of the co-products 
of ethanol can displace feed products for 
livestock and, in turn, such displacements 
saves energy that otherwise would have 
been consumed. The point of contention  
lies in the details –how this displacement 
effect is measured. Currently, different 
authors use different ways of accounting   
for co-products. Studies can be broadly 
grouped based on the accounting method 
employed, i.e. process-based credit, market-
based credit, or displacement-based credit 
accounting. Further, it is important to stress 
that even at the plot level, it is rare   that we 
have sufficient data for a calculation of 
impacts across a broad suite of biophysical 
variables, especially when production 
systems are moved into novel landscapes. 
Even for GHG emissions the data are 
regrettably sparse. Based on a meta-analysis 
of Guo and Gifford (2002), Searchinger et al. 
(2008) assumes that conversion of forest to 
biofuel crop results in a 25% loss of soil 
carbon in the top meter of soil. This is a 
reasonable average, but one that may vary 
dramatically among sites, biofuel crops,  
and production practices, and does not 
account for turnover of deeper carbon that 
can augment or offset differences in the 
upper soil (Veldkamp et al. 2003)

Expanded lifecycle assessment. If there is 
uncertainty associated with GHG account-
ing, the uncertainty grows when considering 
changes in water quality, quantity, and soil 
maintenance. We synthesize a relatively 
broad suite of environmental impacts of 
biofuel production for a few feedstocks that 
are commonly used today or may become 
common in the near future. We assign a 
positive value where use of a liter of fossil  
fuel equivalent biofuel has a net benefit (at 
the plot scale) over a liter of gasoline (or 
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Corn     
U.S.A.

Corn stover 
U.S.A.

Switchgrass 
U.S.A.

Sugarcane 
Brazil

Fuel ethanol

Energy(GJ ha-1)* 55-771 17-232 n/a 1404

CO2 0/ + + ++ ++

N2O -- unk unk unk

Air quality - / + unk unk --

Water quantity (L GJ-1) 160-2308 360-5208 ~4:1 # 3408

Water quality -- -- ++ -

Biodiversity -- unk ++ -

Soil qual/ conservation - -- ++ --

Indirect LUC -- -- - 0/-

Rapeseed 
Europe

Soy         
U.S.A.

Palm Oil 
Indonesia

Jatropha** 
India

Fuel biodiesel

Energy(GJ ha-1)* 353-465 181 112-1603 416

CO2 + 0/+ -- +

N2O -- - unk unk

Air quality unk unk unk unk

Water quantity (L GJ-1)† 70-908 180-2308 20-378 100-2408

Water quality - -- -- unk

Biodiversity unk -- -- unk

Soil qual/ conservation + - -- unk

Indirect LUC -- -- - unk

*  Assuming 21 MJ litre-1 for ethanol and 33 MJ litre-1 for biodiesel (Hill et al. 2006). 
**  yields on degraded land are likely to be substantially smaller (Jongschaap et al. 
2007).
†  does not include irrigation, only consumption at the plant. Water that is not 
consumed is not counted in this row, because it affects quality but not quantity.
#  ratio of water: ethanol
unk indicates that we could find 0 or 1 study addressing the effect in question. 
1  Patzek 2004, and references therein;  Hill et al. 2006
2  assumed to be 30% of the energy produced by harvesting the corn rather than the 
stover.
3  Conner and Hernández, this volume. 
4  Macedo et al. 2008b, assuming 21MJ litre-1 ethanol.
5  Thamsiriroj and Murphy (in press) estimates for rapeseed production in Ireland.
6  Prueksakorn and Gheewala 2006 for Jatropha in irrigated test plots in Thailand
7  Keeney and Muller 2006
8  Based on current small-scale production, 9:1 water to ethanol, (Pate et al. 2007)

Table 14.1  A qualitative assessment of some of the major biofuel feedstocks, based on comparison to 
an energy equivalent amount of gasoline. ++ indicates a strong improvement, + and improvement, 0 
neutral, - deleterious effect, and – strongly deleterious effect. These values are assigned based on the 
authors review of the literature and expertise with particular feedstocks, and thus represent our view but 
not necessarily a quantifiable one. More quantitative estimates are derived from the reference below.
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diesel), and a negative value in the opposite 
case. It is important to point out, however, 
that the analyses presented below are 
subject to several of the major criticism of 
LCA. First, this approach explores only the 
costs of direct effects,  and not of indirect 
changes in land use or economic behavior. 
This criticism pertains mostly to the GHG 
calculations, and is explored later in this 
chapter. Second, our assumptions about 
water quality changes do not take into 
account water pollution issues associated 
with transportation or storage of either the 
biofuel or the gasoline (or diesel) it replaces. 
Thus, while we can document changes in 
water quality and quantity associated with 
biofuel production, it is more difficult to 
quantify the net impact on water quality 
attained by shifting to biofuels from 
petroleum based liquid fuels. Petroleum 
production must have an impact on both 
water quality and quantity, but, to our 
knowledge, all discussion of water pollution 
that results from biofuel production gives 
no offset for pollution reduction from 
avoidance of petroleum-based fuels 
(assuming the biofuel is energy positive,   
i.e. produces more useable energy than is 
required in fossil fuel inputs to drive 
production processes). 

The results of our analysis are summarized 
in Table 14.1. However, a major point of this 
chapter is to urge caution in relying on 
summary tables such as these since the 
uncertainties are almost always large and 
difficult to track down. Furthermore, it is 
not clear how relevant results from LCA are 
to large-scale biofuel production, where 
many of the major effects may result from 
changes in behavior by economic agents. To 
illustrate this point, we walk through a more 
detailed assessment of a few biofuel feed-
stocks for which we have particularly good 
data.

Moving beyond LCA – a fuller 
accounting of biofuel impacts

The case studies provided within this 
chapter (boxes 14.1, 14,2, 14.3) illustrate the 
difficulty of condensing multiple environ-
mental costs into a single measure, and 
highlight the complex set of environmental 
feedbacks that are associated with each 
form of production. Beyond these diffi-
culties, it is worth repeating that a major 
criticism of LCA-type approaches is that 
they do not include indirect effects 
associated with the scaling up of produc-
tion of particular product (Farrell et al. 
2006). Despite an increasing recognition 
that in-direct effects may be as or more 
important from a GHG perspective than on 
site factors, LCA remains a common tool 
used by policy-makers and researchers to 
evaluate the potential environmental 
savings from biofuels. 

In this section, we present preliminary 
results based on new methods that blend 
general equilibrium economic models with 
LCA to evaluate the effects of large increases 
in biofuel production. We suggest that such 
approaches need to be refined, but do 
represent a substantial improvement over 
LCA by providing a more realistic assess-
ment of net effects at the global scale and 
highlighting the potential for unintended 
positive and negative feedbacks that may 
affect both the magnitude and direction     
of GHG responses relative to expectations 
based on traditional LCA.

LCA sets out to determine the percent 
energy savings (or other environmental 
indicator) of replacing fossil gasoline or 
diesel with a particular biofuel alternative.  
A key problem arises, however, because the 
relationship between energy savings and  
the level of fuel displacement is not linear. 
In fact, while it is reasonable to assume that 
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box 14.1 

Case Study - An Environmental 
Assessment of Ethanol Derived 
from Brazilian Sugar Cane

Air quality and CO2 effects. Brazilian ethanol 
production has the highest energy return to fossil fuel 
energy invested of any of the current biofuel crops 
(~9:1, Macedo et al. 2008). Sugarcane to ethanol has a 
relatively high energy/land use, roughly 140 GJ of 
biofuel energy can be produced per hectare. 
Furthermore, Brazilian ethanol from sugarcane emits 
roughly 70% less CO2 than the gasoline it replaces 
(Menichetti and Otto this volume). According to 
Macedo et al. (2008) the net avoided CO2 emissions is 
approximately 1,800 kg CO2eq m-3 ethanol. A simple 
extrapolation of Brazil’s 2008 production (27 million 
m3) suggests avoided emissions of 0.05 Pg CO2 for the 
country (slightly less than 0.5% of total anthropogenic 
emissions in 2007; IPCC 2007). This number does not 
include any land use change and carbon loss 
associated with displacement of farming and/or 
grazing into carbon rich forested regions. The case for 
the other GHGs is less well established. There is only 
study that we are aware of that directly measure N-
N2O emission from sugarcane soils (Campos 2003). 
This study found emissions of approximately 1 to 2 kg 
N-N2O ha-1yr-1, which is equivalent to 1.5 to 2.5% of the 
fertilizer that it is averaged annually used in sugarcane 
(60 to 80 kg N ha-1yr-1). (Macedo et al. 2008) used an 
emission factor of 1.4% of the fertilizer N loss as N2O 
and estimated an emission of 6 kg CO2 eq kg-1 of N 
fertilizer used. A crude extrapolation to 9 million 
hectares (the entire production area  for Brazilian 
sugarcane in 2008) would yield emissions ~5x109 mols 
N2O. Given a global warming potential of ~300 x CO2 
(Prather et al. 2001) this could significantly offsets the 
CO2 savings of ethanol, especially if a higher (overall) 
N2O emission rate rate of 3-5% is used (Crutzen et al. 
2008). However it is unclear how these emissions 
compare with background emissions, since intact 
Brazilian ecosystems can also emit large, though 
poorly constrained, amounts of N2O (Melillo et al. 
2001).

Sugarcane production also negatively impacts local air 
quality, mainly because of the annual burning that 
occurs during the harvest (March - December). The 

concentration of aerosol particles peaks during the 
harvesting season, reaches values of more than 200 
mg m-3, which is higher than the 24 hours-standard 
established by the Brazilian law (Martinelli and 
Filoso 2008). The same is true for the annual 
average, that in 2004 in the region of the Piracicaba 
municipality in the State of São Paulo was equal to 
70 mg m-3, approximately 20 mg m-3 above the 
maximum annual average value (Martinelli and 
Filoso 2008). Additionally, as a significant share 
(30%) of the applied nitrogen is lost via 
volatilization and 10% more is lost via pyro-
volatilization during the sugarcane burning, the 
wet nitrogen deposition measured in the same 
municipality was significantly higher than the 
deposition observed in more pristine areas of the 
State of São Paulo and Amazônia (Lara et al. 2005). 
Part of the nitrogen in the atmosphere is 
transformed in nitric acid which is scavenging by 
the precipitation, as a consequence the annual 
weight average pH of the rainfall measured in four 
municipalities of the Piracicaba River basin were 
consistently lower than 5.6 (Lara et al. 2001). 

Water use and soil erosion. sugarcane is a water 
intensive crop. According to Elia Neto (2008), in 
1990, the average sugarcane mill used 5.6 m3 per 
ton of sugarcane; this improved to 1.8 m3 of water 
per ton cane in 2004, of which 0.6 m3 is consumed 
(Table 14.1). Perhaps more problematic than water 
consumption, sugarcane production as currently 
practiced has several detrimental effects on water 
quality. The main effluent of the sugarcane 
industry is vinasse. Vinasse is a nutrient and 
organic-matter rich effluent (17 kg BOD m-3; BOD - 
biological oxygen demand) and its production is 
10-13 times that of ethanol by volume (Bertoncini 
2008). Most vinasse is re-applied to the field as a 
fertilizer. Approximately 300 m3 of vinasse is 
applied per hectare (Luz 2008). Using the average 
composition of vinasse provided by Elia Neto, we 
estimated an input of 90 kg N, 15kg P and 500 kg K 
ha-1 yr-1. These high K applications have generated 
concerns of K contamination of groundwater. 
Additional concerns include vinasse spills from 
storage tanks and pipes, which have been subject to 
penalties from the State of São Paulo 
Environmental Agency (Cetesb; survey made in 
regional offices of Cetesb in the following 
municipalities Piracicaba, Americana, Santa 
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Barbara d’Oeste, Pirassununga, Barretos, and Ribeirão 
Preto covering a period between 2003 and 2008). It is 
worth noting, however, that the transport of gasoline 
and diesel products is not without spillage concerns, 
and to the extent that ethanol is replacing these 
products in the landscape, it is unclear how to assess 
the net threat or benefit of vinasse vs. petroleum 
production. 

One of the greatest hopes for biofuel production is 
that it can provide a sustainable source of energy for 
many decades. At the heart of crop sustain-ability is 
the preservation of soil. While the loss of nutrients 
can be supplemented with fertilizer, the erosion of 
organic matter rich, base cation rich topsoil is often 
almost irreversible on human time scales (Sanchez 
2002). Intensive cane cultivation requires tillage, 
planting, application of fertilizer and agrochemicals, 
annual burning and harvesting. All these operations 
are carried out by heavy equipment, which compact 
the soil, decrease pore space and water infiltration, 
and lead to increased water runoff (Cerri et al. 1991; de 
Oliveira et al. 1995; Silva and Ribeiro 1997; Silva et al. 
1998; Ceddia et al. 1999; Prado and Centurion 2001) 
This has resulted in significant soil erosion losses in 
some cases, especially during the periods that soils are 
not cover with sugarcane which includes the planting, 
harvesting and re-growth periods (Sparovek and 
Schnug 2001; Politano and Pissarra 2005). The annual 
sugarcane burning also in-creases the chances of soil 
erosion by decreasing soil water content that leads to 
compaction and higher surface water runoff 
(Dourado-Neto et al. 1999; de Oliveira et al. 2000; 
Tominaga et al. 2002). Soil pollution by several 
compounds like poly-cyclic aromatic hydro-carbons 
(PAH) caused by sugarcane burning (Pereira-Netto et 
al. 2004), and heavy metals (Carvalho et al. 1999; 
Azevedo et al. 2004; Corbi et al. 2006) are also a 
concern for the long term sustainability of the soil. 

Land use impact. The three most important indirect 
land effects of sugarcane expansion in Brazil is the 
potential conversion of natural vegetation like 
Atlantic Forest, Cerrado, Pantanal and Amazon Forest 
into sugarcane fields. For the Amazon Forest and the 
Pantanal there is a law that prohibits large scale 
cultivation of sugarcane, though enforcement is 
problematic. There is a sense that it is not 
economically viable to convert Cerrado vegetation 
into sugarcane (Isaias Macedo, personal 

communication during the First Work-shop ESSP 
on Bioenergy and Earth Sustainability, Piracicaba 
19-21 July 2008), and it is more profitable to convert 
pasture or soybean fields into sugarcane. In any 
case, it is important to note that a survey made by 
CONAB (2008) showed that between 2006 and 
2007 almost 8,000 hectares of sugarcane were 
planted under the category of “new areas”. The 
report did not explain what the “new areas” are, but 
since the same report showed the replacement of 
the main type of crops (corn, soybean, citrus, coffee 
and pastures) by sugarcane, and also had a category 
under the name of “others”, it is reasonably to 
suppose that these are areas covered with primary 
vegetation. Our speculation is that this conversion 
occurred in the remnants of Atlantic Forest or 
Cerrado in the State of São Paulo. 

Another potential indirect effect of sugarcane 
expansion results from the relocation of pasture 
and soy bean in the Cerrado located in the Central 
Brazil area. If those uses are pushed further into the 
forest by expanding sugarcane, the carbon gains of 
sugarcane-ethanol would be eliminated and the 
system would be a large net source of CO2 to the 
atmosphere (Searchinger et al. 2008). However the 
displacement of pasture and soy by sugarcane, and 
the chain of causation to deforestation, is highly 
speculative and hotly debated at this time. 

Finally, the third indirect effect of sugarcane 
expansion is the conversion of food crops into 
sugarcane for ethanol. According to CONAB (2008) 
almost 65% of the sugarcane expansion in Brazil 
occurred on pasture, 15% replaced soybeans, 5% 
replaced corn and 5% replaced citrus. It has been 
argued that because Brazilian pastures can sustain 
1.2 – 1.4 head of cattle ha-1, and are currently 
stocked at ~1 head ha-1, pasture can be converted to 
sugarcane without forcing an in-crease in 
pastureland (Goldemberg et al. 2008). We agree 
that the interplay between sugarcane, soy, and 
pasture are likely to play a critical role in 
determining the net benefits and costs of the 
sugarcane-ethanol systems as it expands, but argue 
there is insufficient data at this time to make a 
more quantitative assessment of the indirect land 
use impacts of sugarcane expansion.
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the ‘overall’ economy remains constant for 
the first few units of biofuels production, 
the same is not true as policies start to 
require rather large mandates on biofuels 
production. As soon as other prices in the 
economy start to adjust, LCA methods are 
no longer valid simply because LCA 
methods do not have the ability to account 
for the indirect effects that occur due to 
behavioral adjustments. These adjustments 
happen whenever prices change.

Very recent literature (e.g. Searchinger et al. 
2008; Melillo et al. 2009) has been instru-
mental in bringing public recognition to the 
issue of indirect land use change and has 
begun to account for the potential global 
indirect effects of biofuels. Indeed, 
Searchinger et al. (2008) clearly illustrate  
that an increase in crop production in the 
U.S. could lead to deforestation of the 
Amazon or other extensive land use 
changes. These effects occur because the 
relative values of alternative land uses 
change with the increased demand for 
biofuels. These effects are indirect and 
independent of the spatial location of 
biofuels. They arise due to market forces 
and competition for land for different uses. 
In a sense, one could say that the major 
problem of previous biofuels analyses lies I  
n the underlying assumption that land 
doesn’t have an opportunity cost, and 
therefore, it is treated as if it is free! A major 
strength of the recent papers on indirect 
land-use change lies in pointing out that, 
other than for the very first unit  of biofuels 
allocated to a parcel of land, land is not free 
and indeed has an opportunity cost. The 
opportunity cost is the foregone production 
of the previous land use, which will be made 
up for somewhere else.

While Searchinger et al. (2008), Melillo et     
al (2009), and others have highlighted the 

importance of indirect effects, we suggest  
that these effects need to be explored in 
greater detail in order to develop rational 
biofuels policy. It is not clear, a priori,  
which indirect effect (changes in land use, 
fuel prices, or technological innovation) is 
likely to have the greatest effect on the net 
CO2 cost or savings of biofuel production. 
Thus, there is a need to develop more 
comprehensive general equilibrium 
economic models that incorporate the 
behavior of a variety of key agents affected 
by increased biofuels production and not 
simply land-owners. There is also a need to 
incorporate different aspects of dynamics, 
including induced and exogeneous techno-
logical progress (both in the ethanol 
industry, in transportation and in agri-
culture) as well as other relevant macro-
economic aspects. 

In ongoing research, Bento and Landry 
(2008) outline a general equilibrium model 
that links the behavior of key agents affected 
by biofuels policies including agricultural 
producers, other land-owners, ethanol 
producers and fuel blenders, as well as the 
behavior of consumers – who allocate their 
income for food, transportation services 
(including alternative types of vehicles and 
miles driven) and other relevant goods. 
When simulated for the U.S. economy, 
preliminary results suggest that there are    
at least three important levels of indirect 
impacts resulting from increased biofuels 
production, as outlined below. 

First, similar to Searchinger et al. (2008)  
and Melillo et al. (2009), Bento and Landry 
(2008) show an extensive land use effect 
that results from the increased value of 
cropland. How-ever, Bento and Landry 
(2008) document other relevant indirect 
land use effects that are associated with the 
adjustment of agricultural producers at the 
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intensive margin. For example, in response 
to the increase in the corn-based ethanol 
mandate, agricultural producers increase 
the acreage of continuous corn rotation   
and convert land previously in the USDA 
conversation reserve program (CRP). To the 
extent that they affect the environmental 
indicators of biofuel performance, these 
indirect land use effects  of increased biofuel 
production need to be carefully measured 
and accounted for (Searchinger et al. 2008; 
Melillo et al. 2009). However, so do other 
factors that have yet to be addressed. For 
example, increased yields as projected by 
the USDA could result in production of 15 
billion gallons of ethanol (1.2 EJ) without 
reducing corn exports (Bento and Landry 
2008). It should be noted, however, this is    
a very small portion of even today's 
transportation energy use (145 EJ; EIA 2008) 

Bento and Landry (2008) also consider the 
policy sources that lead to the expansion of 
the biofuels sector in first place. In their 
general equilibrium model, there is a pre-
existing ethanol tax credit of $0.13 USD     
liter-1 and an annual increase in the federal 
mandates for corn-based ethanol. The 
incorporation of biofuels policies into the 
general equilibrium model is extremely 
important as it affects the overall price of 
miles. Consequently, the adjustment of 
transportation consumer decisions – so far 
not discussed in the literature - may present 
another important indirect effect of in-
creased biofuels production. Preliminary 
simulations suggest that, if the biofuels 
expansion is primarily driven by the pre-
existing ethanol tax credit, the overall price 
of miles after the biofuel policy is in place is 
reduced. Theref-ore, a potential perverse 
effect of biofuels policies is the increase in 
overall vehicle miles traveled, a delay in the 
adoption of cleaner and more fuel efficient 
vehicles, and, consequently, increased 

overall GHG emissions.  On the other hand, 
if mandates for ethanol production bind – 
that is if the quantity required by law is 
greater than that the market would supply, 
then it is likely that   the price of miles will 
actually increase and, irrespective of the 
feedstock used in the production of 
biofuels, there is a potential for GHG 
emissions savings from reductions in vehicle 
miles traveled and increased fuel economy. 

Bento and Landry (2008) offer just one 
example, there are clearly many more, but 
the important point is that there are 
multiple indirect effects of increased 
biofuels production – not just indirect land 
uses at the extensive margin- and research-
ers are only starting to unfold those effects 
and measure their environmental impli-
cations. An important venue for future 
research is precisely to compare the 
magnitudes of the different potential 
indirect effects for different environmental 
indicators. Given the roughly equal GHG 
emissions from transportation and deforest-
ation (IPCC 2007) it is unclear how models 
that consider one source and not the other 
will arrive at defensible conclusions.

Conclusion

As the global demand for energy grows, and 
the deleterious effects of our current sources 
become increasingly apparent, the push for 
the use of liquid biofuels continues to 
increase. We believe this is a case in which 
policy shifts have outstripped the science. 
While we acknowledge and applaud the 
urgency with which various nations have 
begun to search for alternative energy 
sources, we suggest that commitments to 
large, long-term biofuel production would   
be premature if GHG mitigation, or other 
environmental concerns, are the motivating 
factor behind such a policy choice. If 
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box 14.2

Case Study - An Environmental 
Assessment of Corn Ethanol 
Produced in the United States

In 1990, the United States produced about four 
billion liters of ethanol annually. By 2002, ethanol 
production had doubled to approximately eight 
billion liters per year. Between 2002 and 2008, an 
exponential increase in U.S. ethanol production 
occurred resulting in the capacity to produce 
about 53 billion liters (~ 1 EJ) per year  by 2009 
when all plants under construction are completed 
(RFA, 2008). At present, more than 95% of the 
ethanol produced in the United States is made 
from corn, so we focus on the environ-mental 
impacts of corn (rather than cellulosic) ethanol 
here. The exponential growth in ethanol 
production increased the demand for corn as feed 
stock from less than five percent of US domestic 
corn production in 2002 to about 30% of a much 
higher production level in 2008 (Elobeid et al. 
2007, IATP 2007).

The exponential growth of the ethanol industry in 
the US was fueled by several converging 
circumstances (Keeney 2009). The US 
government created a blenders credit of 0.13 USD 
per liter and an import tariff of 0.14 USD per liter. 
In addition, concerns about groundwater 
contamination from methyl tertiary butyl ether 
(MTBE), a gasoline oxygenating agent, led the 
petroleum industry to look to ethanol as a 
replacement oxygenate. These two factors in 
combination with a surplus supply of inexpensive 
corn led to the initial boom in the ethanol 
industry between 2002 and 2005. When California 
banned the use of MTBE as an oxygenating 
gasoline starting in 2005, it created an instant 
demand for a large quantity of ethanol. As a result, 
hundreds of ethanol plants were planned 
primarily in the mid-western corn belt of the US. 
Many of these plants came online during 2006 
and 2007 creating a large increase in demand for 
corn for use as ethanol. (RFA 2008). 

Indirect effects. The rapid increase in demand 
created a major shortage of domestic corn for use 
as animal feed in the US and forced a reduction in 
grain exports to meet feed demands - a point that 
supports the concern that indirect land-use 
change elsewhere will occur when U.S. food crops 
are diverted for use as an energy sources 
(Searchinger et al. 2008). As the price of corn rose 
to historically high levels, US farmers planted 
seven million more hectares in 2007 than in 2006. 
Most of this new corn land came from 
displacement of annual crops such as cotton or 
soybeans along with some displacement of hay 
pasture and conservation reserve program lands. 
In 2008, this pattern changed with continued 
reductions in cotton acreage but increases in 
soybeans acreage so that corn plus soybean 
acreage (a typical two year, two crop rotation) was 
nearly five million hectares in 2008 than it has 
been in 2006. While some of this came from the 
displacement of cotton in the southern US, much 
of it came from the con-version of perennial hay, 
pasture or idle lands into row crops (USDA-NASS 
2008).

Atmospheric effects. The rapid growth in the 
ethanol industry in the US and its singular 
reliance on corn grain as a feed stock has had 
numerous environmental and social impacts. 
First, unlike the energy return of Brazilian sugar-
based ethanol, corn ethanol barely reduces the 
use of fossil fuels because corn production is it-
self energy intensive (Hill et al. 2006, Keeney 
2009). Thus as a GHG mitigator, corn ethanol is 
not a particularly useful biofuel, especially 
because corn agriculture, at least as is currently 
practiced in the US, is also a substantial N2O 
source (Smeets et al. 2009). Those studies that do 
ascribe a GHG benefit to corn ethanol do so 
without considering indirect land use change - 
when such changes are considered, corn ethanol 
seems even less useful as a GHG mitigator 
(Searchinger et al. 2008). For example, the current 
price spike in corn resulted in the conversion of 
substantial amounts of in the Conservation 
Reserve Program lands (CRP) or left as pastures, 
hay or fallow to row crops. This may have resulted 
in a substantial carbon debt (Searchinger et al. 



B i o f u e l s :  E n v i r o n m e n t a l  C o n s e q u e n c e s  &  I m p l i c a t i o n s  o f  C h a n g i n g  L a n d  U s e
                    

 2 4 3

C h a p t e r  1 4

2008), though soil carbon losses are widely 
variable and difficult to con-strain. Estimates are 
that currently one to two million hectares of CRP 
land was converted with the potential of four to 
ten million hectares in total. The heavy 
fertilization of corn also in-creases N2O 
emissions, which are often higher from corn than 
other crops (Parkin and Kaspar 2006).

Water Impacts. The other primary impact of the 
rapid expansion of biofuels in the US has been on 
water quality and quantity. It takes three to six 
liters of water for each liter of ethanol produced so 
the production of 53 billion liters during 2009 
would require more than 200 billion liters of 
water. While water scarcity is impacting the siting 
and/or operation of some ethanol facilities, the 
process water is not the major source of water 
consumption. The high price for corn and the 
need for greater confidence in yield are putting 
pressure on US farmers to increase irrigation of 
corn, which has historically been primarily grown 
without irrigation. It typically takes about 3 
million liters per hectare of water to irrigate corn 
in a humid to sub-humid climate where most corn 
is produced in the US. Thus it would take about 3 
trillion liters of water to if irrigated corn increased 
by one million hectares which is viewed as likely if 
demand continues. 

Water quality is discussed in detail in chapter 8 
(Simpson et al 2009); we briefly summarize the 
major effects here. The primary water quality 
concerns from corn-based ethanol are increased N 
and P losses to water from corn production and 
the feeding of ethanol production by-products 
known as Dried Distiller’s Grains and Solubles 
(DDGS). Corn production has been a major 
contributor to pollution of surface waters of the 
US for many decades. Major efforts are underway 
in many parts of the US to reduce nutrient 
pollution from agriculture to help reduce hypoxic 
zones in coastal waters, most notably the Gulf of 
Mexico and the Chesapeake Bay. The conversion 
of about seven million hectares of perennial 
grasses and other crops to corn in 2007 is 
estimated to have increased nitrogen losses to 

surface waters by about 120 million kilograms 
(Simpson et al. this volume). In addition it is 
thought, though not well documented, that 
nitrogen applications and thus losses from the 
pre-existing 35 million hectares of crop land 
increased as farmers sought to assure adequate 
nitrogen for maximum potential yield. Nitrogen 
discharges to the Gulf of Mexico from the 
Mississippi River were at historically high levels in 
2007 and then increased in 2008 probably due to 
the severe flooding in the Mississippi River basin 
that occurred with the expanded corn acreage 
(personal communication, Rabalais, USGS 2008).

The feeding of DDGS primarily to beef and dairy 
animals, is increasing the P content, and to a lesser 
extent the N content, of their manures (Erickson 
et al. 2002). This comes while major efforts are 
underway to reduce manure N and P content 
through feed management. DDGS contain 
relatively high amounts of phosphorus and 
nitrogen and, when included at 15-35 percent of 
ration can substantially increase N and P in 
manure, which in turn can have deleterious 
downstream consequences. 

The future of the renewable fuel industry in the 
United States is unclear at the beginning of 2009. 
The global economic crisis and low crude oil 
prices have halted the boom in the corn-based 
ethanol industry and cellulosic ethanol remains 
elusive. There is growing thought that the US 
should focus on biomass production for heat, 
energy, and electricity and reduce its emphasis on 
renewable transportation fuels. Interest remains 
in expansion of other renewable energy sources, 
such as wind and solar, to provide electricity, and 
to then use electrically assisted vehicles to reduce 
dependence on fossil fuels. The United States is 
committed to reduce its dependence on fossil 
fuels in transportation and other uses both to 
reduce its energy dependence in an increasing 
volatile world and to reduce its emissions of 
greenhouse gasses. While that commitment 
remains clear, the path to the future is yet to be 
determined. 
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box 14.3  

Case Study - An Environmental 
Assessment of Biodiesel from 
European Rapeseed

Fuel-grade biodiesel is easiest to make from 
rapeseed (from Brassica campestris), which 
grows well in Europe. On a per hectare basis, 
rapeseed yields about 1/3 the liquid fuel energy of 
Brazilian sugarcane, and emits roughly 50% less 
CO2 than the diesel it replaces (Chapter 5, 
Menichetti and Otto 2009). As has been 
discussed elsewhere in the volume, the 
calculated fossil energy and GHG savings of 
conventionally produced biofuels are critically 
dependent on manufacturing processes and the 
fate of co-products. Edwards et al. (2007) give a 
range of net fossil energy consumed per energy 
produced from 0.36 to 0.51 MJ . This compares 
well to the values used in the study by Zah et al. 
(2007) ranging from 0.4-0.6 MJ per MJ of energy 
output. Based on the data presented in (Edwards 
et al. 2007) and a coupled agro-economic/ 
biogeochemistry model (see Leip et al. 2008) we 
postulate 44 GJ ha-1 yr-1 of saved fossil fuel use if 
they included a (likely optimistic) credit for the 
use of co-products of 3 GJ ha-1 y -1. Calculations 
show that the overall energy benefit is 
potentially more than offset by on-farm N2O 
emissions. The high emission rates for N2O are in 
contrast to the values often used in LCA  for 
rapeseed production, and highlight the large 
uncertainty that soil-N2O emissions introduce to 
the overall GHG pressure of rape seed biodiesel.

Rapeseed cultivation is not suited for water 
stressed regions, as the water requirements are 
medium to high and success depends greatly on 
the water supply of a minimum of 600 mm yearly 
precipitation. Nevertheless, most rapeseed field 
are rainfed (AEA Technology 2008). Rapeseed is 
also sensitive to high temperatures and grows  
best between 15 and 20°C (AEA Technology 
2008). Although rapeseed cultivation requires 
intensive nitrogen inputs (130 kg N/ha/y mineral 

fertilizer and 50 kg N ha-1 y-1 manure N; (Leip et 
al. 2008), the deep and dense rooting system of 
rape may help reduce N leaching losses relative 
to other biofuel crops. In addition, these deep 
roots reduce the risk of soil erosion and soil 
compaction, especially because rapeseed is a 
winter crop. Nevertheless, the cascade of 
problems associated with N losses (Galloway et 
al. 2003) are of concern if rapeseed production 
for biofuels expands dramatically. While 
technological progress could lead to future 
rapeseed cultivars with a broader C/N ratio, 
increasing the energy yield per hectare and 
reducing nitrogen requirements under current 
practices the environmental burden with 
nitrogen must be seen critically for their effects 
on water and habitat quality. 

As EU rapeseed oil is being diverted from the 
food market, it is replaced by imported oilseeds 
and oils, particularly the cheaper palm oil from 
Indonesia (Edwards et al. 2008). On the other 
hand, rape meal and dried distillers grains and 
solubles (DDGS) have high protein content and 
are suitable for displacing animal fodder. Using 
DDGS in this way potentially allows for fewer 
crops to be grown specifically for animal feed, 
particularly protein rich sources such as soy 
(Gallagher 2008). The overall evaluation of the 
environmental performance will depend to a 
high degree on the trade-off between these 
indirect land-use effects. 

Within Europe, rapeseed production expanded 
dramatically during the last decade, largely on 
subsidized set-aside land, on which production 
of non-food crops was allowed. Set-aside 
subsidies are abolished now and further 
expansion will mainly replace grassland areas 
(Edwards et al. 2007). A rough estimate by 
(Edwards et al. 2007) gives a carbon loss on these 
lands of 73 MgC ha-1, which is close difference of 
equilibrium carbon stocks of grassland and 
cropland of the IPCC (IPCC 1997).
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biofuels should play a role, it may well be 
wiser to use them for heat and electricity 
generation, which is a far more efficient 
process at present than conversion to liquid 
energy. Due to thermodynamics, internal 
combustion engines (ICE) are no more than 
45% efficient. For a diesel engine running on 
fossil diesel, the well-to-wheel (WTW) 
energy efficiency  is about 35%. WTW 
efficiencies for biodiesel and bioethanol are 
limited to 18% and 13% respectively 
(Klintborn 2008). When idling and driving 
patterns in cities are considered, WTW 
efficiencies can be less than 20% for fossil 
transport fuels and less than 10% for liquid 
biofuels, or comparable to cooking over an 
open fire. On the other hand, electric cars 
have grid-to-wheel efficiencies of 60-70 % 
(Bossel 2006). This suggests that even 
within the limited role that biofuels are 
likely to play in the global energy portfolio 
in the coming decades, liquid biofuels may 
not be the wisest use for transportation. In 
addition, indirect effects of biofuel policy, 
including land use changes, transport sector 
adjustments, and others, must be con-
sidered if a new cost or benefit to a 
particular policy is to be assessed.

Notes
 1. in the case of residues and wastes

 2. However, the availability of cheap nitrogen for 
animal feed could have further – negative – 
consequences for the environment
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