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Governments worldwide are promoting the development of biofuels in order to mitigate the climate impact of using
fuels. In this article, I discuss the impacts of biofuels on climate change, water use, and land use. I discuss the overall
metric by which these impacts have been measured and then present and discuss estimates of the impacts. In spite
of the complexities of the environmental and technological systems that affect climate change, land use, and water
use, and the difficulties of constructing useful metrics, it is possible to make some qualitative overall assessments. It
is likely that biofuels produced from crops using conventional agricultural practices will not mitigate the impacts of
climate change and will exacerbate stresses on water supplies, water quality, and land use, compared with petroleum
fuels. Policies should promote the development of sustainable biofuel programs that have very low inputs of fossil
fuels and chemicals that rely on rainfall or abundant groundwater, and that use land with little or no economic or
ecological value in alternative uses.

Key words: biofuels; life-cycle analysis; climate change; water use; eutrophication; land use

Introduction and scope

Governments worldwide are promoting the devel-
opment of biofuels, such as ethanol from corn,
biodiesel from soybeans, and ethanol from wood or
grass, in order to reduce dependency on oil imported
from politically unstable regions of the world, spur
agricultural development, and reduce the climate
impact of fossil fuel combustion. Biofuels have been
promoted as a way to mitigate the climate-change
impacts of energy use because the carbon in a biofuel
comes from the atmosphere, which means that the
combustion of a biofuel returns to the atmosphere
the amount of carbon dioxide (CO2) that was re-
moved by the growth of the biomass feedstock. Be-
cause CO2 from the combustion of fossil fuels, such
as oil, is one of the largest sources of anthropogenic
climate-active “greenhouse gases” (GHGs), it might
seem, at first blush, that the elimination of net CO2

emissions from fuel combustion per se, as happens
with biofuels, would help mitigate the potential for
global climate change. It turns out, however, that this
elimination of net CO2 emissions is a relatively small
part of a complete accounting of the climate impacts

of biofuels. Indeed, as I shall delineate here, calcu-
lating the climate impact of biofuels is so complex,
and our understanding is so incomplete, that we can
make only general qualitative statements about the
overall impact of biofuels on climate. Moreover, the
production of biofuels can have significant impacts
on water use, water quality, and land use—because
per unit of energy produced, biofuels require or-
ders of magnitude more land and water than do
petroleum transportation fuels—and these impacts
should be weighed in an overall assessment of the
costs and benefits of policies that promote biofuels.

In this article, I discuss the impacts of biofuels
on climate change, water use, and land use. I focus
on biofuels for transport, and not bioelectricity, be-
cause biofuels are being promoted mainly as substi-
tutes for gasoline and diesel fuel.a I do not consider
analyses of lifecycle energy use,2–5 because we care

aFor a recent integrated lifecycle assessment of bioelec-
tricity technologies, considering a wide range of environ-
mental indicators including GHG emissions, air pollutant
emissions, and land-use efficiency, see Thornley et al.1

doi: 10.1111/j.1749-6632.2010.05457.x
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Impacts of biofuels Delucchi

not about energy use per se, but rather about things
that energy use is related to, such as economic and
environmental impacts, and here I directly examine
impacts.b Finally, I do not consider issues associated
with the use of chemicals in biofuel lifecycles.c

At the start of each major section (climate im-
pacts, water impacts, and land use), I first discuss the
overall metric by which impacts will be measured.
This overall metric is important because many an-
alysts use it is a basis for evaluating and comparing
the impacts of biofuels; hence, the overall metric
should be as broad as possible yet still represent
what society cares about. I argue that the absence
of broad, meaningful metrics for climate-change,
water-use, and land-use impacts makes overall eval-
uations difficult. For example, in the case of climate-
change impacts, virtually all researchers have used
the same metric, CO2-equivalent (CO2e) emissions
based on “Global Warming Potentials” (GWPs), but
there are serious shortcomings with CO2e factors
based on GWPs. In the case of land use, the common
metric—the area of land used—is straightforward
to estimate and understand, but is only indirectly
related to things that we care about, such as prices
of agricultural land and the preservation of natural
land. And in the case of water use, the available met-
rics are just rough indicators of the real impacts on
water availability and water quality.

Nonetheless, in spite of the complexities of the
environmental and technological systems that af-
fect climate change, land use, and water use, and
the difficulties of constructing useful metrics, we
are able to make some qualitative overall assess-
ments. It is likely that biofuels produced from crops
using conventional agricultural practices will not
mitigate the impacts of climate change and will ex-
acerbate stresses on water supplies, water quality,
and land use, compared with petroleum fuels. Poli-
cies should promote the development of sustainable
biofuel programs that have very low inputs of fossil

bBecause some of the impacts of biofuel use are directly
correlated with energy use, energy-use measures can serve
as a proxy when estimates of the actual impacts of concern
are not available.3 Similarly, energy use and related mea-
sures can be useful for telling engineers where to concen-
trate on improving efficiency,4 but this is not our concern
here.
cFor an analysis of the contribution of chemicals to the
lifecycle of ethanol, see MacLean and Spatari.6

fuels and chemicals that rely on rainfall or abun-
dant groundwater, and that use land with little or
no economic or ecological value in alternative uses.

Climate-change impacts of biofuels

Over the past 20 years, researchers have performed
hundreds of analyses of CO2e GHG emissions from
the lifecycle of biofuels. These analyses typically have
estimated emissions of CO2, methane (CH4), and
nitrous oxide (N2O) emitted from the production
of biofuel feedstocks (e.g., growing corn), the pro-
duction of the biofuel (e.g., producing ethanol from
corn), and the distribution and end-use of the bio-
fuels (e.g., the use of ethanol in motor vehicles).
Analysts multiply emissions of CH4 and N2O by
their respective GWPs and add the result to esti-
mated emissions of CO2 to produce a measure of
total lifecycle CO2e GHG emissions. Several recent
reviews discuss LCA of biofuels, results from biofuel
LCAs, and issues in biofuel LCA.7–17 Here, I discuss Q2

problems with the CO2e metric, well-known and
emerging issues in conventional LCAs, and other
potentially important issues.

Problems with the CO2e metric

As mentioned above, virtually all biofuel LCAs mea-
sure the climate impact of biofuels on the basis of the
GWP of CO2, CH4, and N2O emissions. The GWP
estimates the radiative forcing of gas i (e.g., CH4)
relative to that of CO2 integrated (typically) over a
100-year period, accounting for the decay of the gas
in the atmosphere and the direct and indirect radia-
tive forcing.18 Hence, biofuel LCAs estimate the total
relative radiative forcing over a 100-year period, for
three GHGs.

There are several problems with this metric.18–27

First, we care about the impacts of climate change,
not about radiative forcing per se, and changes in
radiative forcing are not simply (linearly) corre-
lated with changes in climate impacts. Second, the
method for calculating the GWPs involves several
unrealistic simplifying assumptions, which can be
avoided relatively easily. Third, by integrating ra-
diative forcing from the present day to 100 years
hence, the GWPs in effect give a weight of 1.0 to
every year between now and 100 and a weight of
0.0 to every year beyond 100, which certainly does
not reflect how society makes trade-offs over time
(a more realistic treatment would use continuous

2 Ann. N.Y. Acad. Sci. xxxx (2010) 1–18 c© 2010 New York Academy of Sciences.

MAD
Cross-Out

MAD
Replacement Text
lifecycle analyses (LCAs)



nyas˙5457 nyas2010-v1.cls (1994/07/13 v1.2u Standard LaTeX document class) 1-29-2010 :1196

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

Delucchi Impacts of biofuels

discounting). Fourth, the conventional method
omits several gases and aerosols that are emitted
in significant quantities from biofuel lifecycles and
can have a significant impact on climate, such as
ozone precursors, carbon monoxide (CO), nitro-
gen oxides (NOX), sulfur oxides (SOX), and black
carbon (BC).

Some preliminary work indicates that a method
for estimating CO2e factors that addresses the short-
comings above can produce comparative assess-
ments that are appreciably different from those that
use traditional GWPs and consider only CO2, CH4,
and N2O.14,28

Well-known and emerging issues in
conventional biofuel LCA

In most biofuel LCAs, the estimated CO2e climate
impact (based on GWPs, as discussed above) is a
function of four factors, the first three of which
have long been known, and the fourth of which is
an important emerging issue:7–10,29 (1) the amount
and kind of fossil fuel used in cultivation of biomass
feedstocks and in the production of the biofuel; (2)
the amount of nitrogen fertilizer applied, and the
assumptions regarding N2O emissions from that
fertilizer;d (3) the benefits of any coproducts of
the biofuel production process (e.g., animal feed

dMost analyses estimate N2O emissions by applying emis-
sion factors, for example, in grams of N-N2O per gram
of N fertilizer, to assumed fertilizer N application (see
IPCC30 for emission factors). A few have used biogeo-
chemical models of C, N2O, and CH4 cycling in soils
to assess greenhouse-gas emissions from bioenergy crop-
ping systems.31 By contrast, Crutzen et al.32 estimate N2O
emissions from agriculture using a “top-down” approach,
based on the observed increases in atmospheric N2O, and
calculate an emission rate twice that implied by the IPCC30

emission factors: about 4% conversion of N-fertilizer to
N-N2O versus 2% or less based on IPCC30 emission fac-
tors applied to all direct and indirect sources, including
human sewage. To resolve this discrepancy, Davidson33

combines a top-down analysis of historic atmospheric
accumulation of N2O with “bottom-up” emission fac-
tor estimates of N2O from transportation and industrial
sources, for the period from 1860 to 2005, and finds that
2.5% of fertilizer N is converted to N-N2O. Davidson33

suggests that the model of Crutzen et al.32 explains the
2 years for which it was calibrated (1860 and 1995), but
does not work for the period between those years.

is produced along with ethanol in corn-to-ethanol
plants); and (4) the assumptions and analytical
methods concerning carbon emissions from land-
use change (LUC).e As Börjesson10 notes, “depend-
ing on these four factors, production systems for
ethanol may mean anything from major climate
benefits to increased emissions of GHG compared
with petrol” (p. 593).

Börjesson’s10 conclusion, however, applies mainly
to biofuels derived from agricultural crops such
as corn, soybeans, and wheat—so-called “first-
generation” biofuels. It certainly does not apply
to biofuels derived from waste productsf (which
are usually available only in small quantities), and
it applies with less force to so-called “second-
generation” biofuels derived from cellulosic sources
such as grasses and trees. Compared with biofuels
from agricultural crops, cellulosic biofuels generally
require less fertilizer (and hence produce less N2O),
use nonfossil sources of energy (such as part of the
plant material) in the production of the biofuel (and
hence do not emit fossil CO2), and in some circum-
stances cause lower emissions related to LUC on
account of the relatively high carbon stocks main-
tained in the soils and biomass of grass and wood
plantations. In the best case, if cellulosic biofuels
are derived from mixed grasses grown on degraded
lands with little management and low inputs,38 life-
cycle CO2e emissions almost certainly will be lower
than from petroleum fuels.g

eThe carbon content of soils and biomass on uncultivated
land generally is higher than the carbon content of culti-
vated land, and thus to the extent that the development
of biofuels causes an expansion of agriculture into previ-
ously uncultivated areas, there can be large emissions of
carbon from soils and biomass.34 These C emissions due
to LUC can be large relative to the CO2e emissions from
the rest of the biofuels lifecycle.35,36

f Note that here I refer to true waste products, which have
no alternative use whatsoever. Agricultural and forestry
residues are not wastes, because they perform important
services in agricultural and forests ecosystems.37

g It is important to note that a proper comparison of biofu-
els with petroleum fuels does not necessarily assume that
the degraded land used in the biofuel case would be left
degraded in the (no-biofuels) petroleum fuel case. Rather,
in the (no-biofuels) petroleum case, it reasonably could
be assumed that the land would be restored to a native
ecosystem of high ecological value.39

Ann. N.Y. Acad. Sci. xxxx (2010) 1–18 c© 2010 New York Academy of Sciences. 3
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Impacts of biofuels Delucchi

Potentially important issues that have not
been investigated in the context of biofuel LCA

The production of biofuels will cause at least two
kinds of changes in the environment that are likely
to have major impacts on climate but that have
not yet been included in any published biofuel
LCAs: changes in biogeophysical parameters due to
changes in land use, and perturbations to the nitro-
gen cycle due to the use of nitrogen fertilizer.

Biogeophysical impacts
Changes in land use and vegetation can change
physical parameters, such as albedo (reflectivity)
and evapotranspiration rates, that directly affect the
absorption and disposition of energy at the sur-
face of the earth and thereby affect local and re-
gional temperatures.40–47 Changes in temperature
and evapotranspiration can affect the hydrologic
cycle,48 which in turn can affect ecosystems and cli-
mate in several ways, for example, via the direct
radiative forcing of water vapor, via evapotranspi-
rative cooling, via cloud formation, or via rainfall,
affecting the growth and hence carbon sequestration
by plants.

Because of the higher albedo and higher evapo-
transpiration of many crops, the conversion of mid-
latitude (e.g., North American) forests and grass-
lands to agriculture generally will reduce regional
temperatures.41 On the other hand, the biogeo-
physical effects of a conversion of broadleaf tropical
forests to agriculture will lead to a significant warm-
ing.41 Lamptey et al.45 use a regional climate model
with a land surface scheme to investigate the effects
of urban land and agricultural land on climate in the
northeastern United States, and find that a conver-
sion of forests to agriculture reduces temperature in
winter, due to the lower albedo of forests in winter
(snow, which has a high albedo, covers croplands
but not forests, which poke through the snow), but
increases temperatures in summer, due to reduced
evaporation (crops have smaller leaf area indices
and shallower roots, which prevent them from hav-
ing access to soil moisture).

In some cases, the climate impacts of changes
in albedo and evapotranspiration due to LUC ap-
pear to be of the same order of magnitude but of
the opposite sign as the climate impacts that re-
sult from the associated changes in carbon stocks
in soil and biomass due to LUC. For example, Bala

et al.40 find that “the climate effects of CO2 storage
in forests are offset by albedo changes at high lati-
tudes, so that from a climate change mitigation per-
spective, projects promoting large-scale afforesta-
tion projects are likely to be counterproductive in
these regions” (p. 6553). This suggests that the incor-
poration of these biogeophysical impacts into bio-
fuel LCAs could significantly change the estimated
CO2e impact of biofuel policies.

The nitrogen cycle
Anthropogenic inputs of nitrogen to the environ-
ment, such as from the use of fertilizer or the com-
bustion of fuels, can disturb aspects of the global
nitrogen cycle, which ultimately have a wide range
of environmental impacts, including eutrophica-
tion of lakes and coastal regions, fertilization of ter-
restrial ecosystems, acidification of soils and water
bodies, changes in biodiversity, respiratory disease
in humans, ozone damages to crops, and changes
to global climate.49–53 Galloway et al.49 depict this
as a “nitrogen cascade,” in which “the same atom
of Nr [reactive N, such as in NOX or NHY] can
cause multiple effects in the atmosphere, in terres-
trial ecosystems, in freshwater and marine systems,
and on human health” (p. 341; brackets added).

Nitrogen emissions to the atmosphere, as NOX,
NHY, or N2O, can contribute to climate change
through complex physical and chemical pathways
that affect the concentration of ozone, methane, ni-
trous oxide, carbon dioxide, and aerosols:

(i) NOX participates in a series of atmo-
spheric chemical reactions involving CO,
nonmethane hydrocarbons (NMHCs), H2O,
OH-, O2, and other species that affect the
production of tropospheric ozone, a powerful
GHGh as well as an urban air pollutant.

(ii) In the atmospheric chemistry mentioned in
(i), NOX affects the production of the hy-
droxyl radical, OH, which oxidizes methane
and thereby affects the lifetime of methane,
another powerful GHG.

hAccording to the IPCC, the global mean radiative forcing
due to changes in tropospheric ozone since 1750 is greater
than the radiative forcing of all other gases and aerosols ex-
cept carbon dioxide (CO2) and methane (CH4) (IPCC,18

p. 204).

4 Ann. N.Y. Acad. Sci. xxxx (2010) 1–18 c© 2010 New York Academy of Sciences.
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(iii) In the atmospheric chemistry mentioned in
(i), NOX affects the production of sulfate
aerosol, which as an aerosol has, on the one
hand, a net negative radiative forcing (and
thereby a beneficial effect on climate)18 but
on the other hand adversely affects human
health.

(iv) NHY and nitrate from NOX deposit onto soils
and oceans and then eventually re-emit N as
N2O, NOX, or NHY. Nitrate deposition also
affects soil emissions of CH4.

(v) NHY and nitrate from NOX fertilize terres-
trial and marine ecosystems and thereby stim-
ulate plant growth and sequester carbon in
nitrogen-limited ecosystems.

(vi) NHY and nitrate from NOX form ammonium
nitrate, which as an aerosol has, on the one
hand, a net negative radiative forcing18 (and
thereby a beneficial effect on climate) but
on the other hand adversely affects human
health.

(vii) As deposited nitrate, N from NOX can in-
crease acidity and harm plants and thereby
reduce C–CO2 sequestration.

Even though the development of many kinds of
biofuels will lead to large emissions of NOX, N2O,
and NHY, virtually all lifecycle analyses of CO2e
GHG emissions from biofuels ignore all N emissions
and the associated climate effects except for the ef-
fect of N fertilizer on N2O emissions. (Some prelim-
inary, more comprehensive estimates are provided
in Delucchi.14,28) Even in the broader literature on
climate change there has been relatively little anal-
ysis of the climate impacts of N emissions, because
as Fuglestvedt et al.22 note, “GWPs for nitrogen ox-
ides (NOX) are amongst the most challenging and
controversial” (p. 324). Shine et al.54 estimate the
global warming impacts of the effect of NOX on O3

and CH4, focusing on regional differences (i and ii
above); but they merely mention and do not quan-
tify the effect of NOX on nitrate aerosols (vi above),
and do not mention the other impacts (i-b, iv, v,
and vii). Prinn et al.55 and Brakkee et al.56 estimate
effects 1 and 2. These studies, along with the prelim-
inary work by Delucchi14,28 suggest that the climate
impacts of perturbations to the N cycle by the pro-
duction and use of biofuels could be comparable to
the impacts of LUC (discussed above).

Interactive and feedback effects between climate
change, land use, and water use
Climate change can affect water use and land use.
For example, changes in precipitation and evap-
otranspiration (due to climate change) will affect
groundwater levels57 and cropping patterns, which
in turn will give rise to other environmental impacts,
including feedback effects on climate change. People
in less wealthy countries may be most vulnerable to
these changes because they have less capacity to mit-
igate or adapt to impacts on groundwater.57 These
sorts of feedback interrelationships further compli-
cate analyses of the impacts of biofuels on climate
change, water use, and land use.

Summary of climate-change impacts

Nobody has yet done an analysis of the climate-
change impacts of biofuels that uses a metric for
the impacts of climate change that considers all of
known or suspected potentially important climate-
altering effects. As a result, we cannot yet make
quantitative estimates of the climate impacts with
confidence. However, we can make some useful
qualitative statements. It is likely, for example, that
biofuels produced from crops using current agricul-
tural practices will not offer appreciable reductions
in CO2e climate impacts, and might even exacer-
bate climate change, compared with the impact of
petroleum fuels. At the other end of the spectrum,
we know that biofuels produced from true waste
material (i.e., material with no alternative use) do
not, by definition, affect agricultural practices or
land uses, and hence will not significantly exac-
erbate climate change (unless the fuel-production
process uses significant amounts of fossil fuels or
fuel combustion produces non-CO2 GHGs). Sim-
ilarly, biofuels produced from cellulosic materials,
such as grasses that are grown in the most ecologi-
cally sustainable manner possible are likely to cause
less climate-change damage than do petroleum
fuels.

With our current knowledge, however, it is diffi-
cult to asses the impact either of biofuels produced
from crops using the best , most sustainable prac-
tices, or of biofuels produced from cellulosic mate-
rials using practices similar to those in conventional
agriculture. In order to assess these production sys-
tems, and in general to provide more comprehen-
sive assessments of the climate impacts of biofuels,

Ann. N.Y. Acad. Sci. xxxx (2010) 1–18 c© 2010 New York Academy of Sciences. 5
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we need improved, integrated lifecycle-/economic-
/environmental-systems models, able to address the
problems discussed here.

Water use and water quality

The production of biofuels can require orders of
magnitude more water than does the production of
petroleum fuels.58–61 This high demand for water
can stress water supplies and degrade water quality
via salinization and pollution from agriculture and
industry.62,63 Unfortunately, there is no commonly
used single metric that captures all relevant aspects
of the impacts on water availability and water qual-
ity. Instead, most studies provide a relatively simple
measure of water consumption or water use, or a
measure of one specific impact on water quality, eu-
trophication. I discuss both of these measures (water
use and eutrophication) here. In a separate section, I
provide simple, original estimates of the water use of
biofuel systems relative to some pertinent measures
of water availability.

Impacts on water consumption and water use

Milà i Canals et al.64 delineate a framework for
treating impacts of freshwater use in LCA. They
distinguish two kinds of water inputs to produc-
tion systems, “blue” water (in groundwater) and
“green” water (from rainfall), and two kinds of wa-
ter outputs from production systems, nonevapora-
tive uses (corresponding to water withdrawals or
water use in other classifications) and evaporative
uses (corresponding to water consumption in other
classifications). Generally, water withdrawal is water
removed from the ground or diverted from a
surface-water source, and water consumption is
equal to total withdrawals less the amount that is
not available for reuse. Most estimates of the water
use of biofuels, including the one presented here, are
based on a similar classification.59,60,65 (For further
discussions of terms for water use and water re-
sources, see Döll et al.,66 FAO,67 and Hutson et al.68)

Measures of water usage, expressed in terms of
volume of water per unit of biofuel energy output,
are more meaningful when they are expressed rela-
tive to some measures of water availability. But even
when expressed relative to water availability, mea-
sures of direct water use do not fully represent the
impacts society cares about, because the measures
still do not capture the costs of water supply, the costs

of water treatment, adaptive responses, the possibil-
ity of water trade, the impacts of water pollution,
and so on. However, it is possible to incorporate
into a water-use metric a simplified treatment of
one of the most important of these impacts, water
pollution. I turn to this next.

Measuring impacts of water pollution

The production and use of biofuels can cause wa-
ter pollution from fertilizer and pesticide runoff
from crop fields and effluents from biofuel pro-
duction facilities.69 It is convenient to express the
impacts of this pollution in terms of water use, be-
cause this then can be added to actual water usage
to provide a broader index. The common way to
do this is to estimate the amount of clean water
that would be required to dilute polluted water to
acceptable levels. For example, Dabrowski et al.70

calculate the amount of water that would dilute
non-point-source agrochemical water pollution to
relevant water-quality guideline values, and express
this hypothetical dilution requirement relative to to-
tal actual water use (irrigation water use plus rain-
fall) and to irrigation water use only, for five crops
and five pollutants, for conditions in South Africa
(Table 1).

Generally, pesticides require greater dilution than
does phosphorus, which in turn requires greater di-
lution than does nitrogen. In round numbers, the
amount of water required to dilute phosphorous
pollution is of the same order of magnitude as the
total direct water consumption (rainfall plus irriga-
tion), for all crops, and is many times higher than
the amount of water used for irrigation where irriga-
tion is a small fraction of the total. In my estimates of
water requirements, presented later, I include water
needed to dilute pollution.

Eutrophication

A number of studies measure a specific impact of
biofuel production on water quality, eutrophica-
tion. Increased concentrations of certain nutrients,
particularly nitrogen and phosphorous, can pro-
mote excessive plant growth and decay in aquatic
ecosystems, leading to increases in phytoplankton,
decreases in dissolved oxygen, increased turbidity,
loss of biodiversity, reductions in commercially im-
portant fish, increases in toxic plankton species, and
other undesirable ecological effects.69,71

6 Ann. N.Y. Acad. Sci. xxxx (2010) 1–18 c© 2010 New York Academy of Sciences.
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Table 1. Amount of water that would dilute water pollution to acceptable levels, relative to actual water use, in South
Africa

Maize Wheat Sugar cane Citrus Cotton

Pollutant Totala Irrig.b Total Irrig. Total Irrig. Total Irrig. Total Irrig.

Nitrogen 0.5 11 0.3 0.9 0.3 3 0.2 0.7 0.05 0.09

Phosphorous 0.8 19 2 6 2 17 1.0 3 0.4 0.7

Endosulfan – – – – – – 2 5 2 4

Chlorpyrifos – – – – – – 9 23 15 28

Azinphosmethyl – – – – – – 2 5 2 4

Source: Table 8 in Dabrowski et al.70

aIrrigation water use plus rainfall; the numbers in these columns show dilution water as a fraction of total water use.
bIrrigation water use only; the numbers in these columns show dilution water as a fraction of irrigation water use.

To the extent that the production of biofuel feed-
stocks uses large amounts of nitrogen and phos-
phorous fertilizer, the runoff from production fields
into water bodies can cause significant eutrophica-
tion.69 To represent this, researchers typically es-
timate a phosphate-equivalent (sometimes nitrate-
equivalent) “eutrophication potential” (analogous
to the CO2-equivalent global warming potential
discussed above), calculated by multiplying nitro-
gen and phosphorous emissions by a “fate factor,”
which represents the fraction of the emitted pollu-
tant that reaches the aquatic environment (this is 1.0
in the case of direct emission to water), and by a an
“effect factor,” which represents the potential pro-
duction of phytoplankton per gram of the pollutant
relative to the potential production from a gram of
phosphatei (PO4).72,73 Some researchers72,74,75 also
recognize that the impact of N and P inputs on eu-

iOther weighting/effect bases have been proposed.
Kärrman and Jönsson74 estimate weights in terms of
grams of oxygen consumed per gram of nitrate, ammo-
nium, or phosphorous in water, considering both the oxy-
gen consumed to oxidize or degrade the pollutant directly
(“primary” oxygen consumption), and the oxygen con-
sumed to degrade the algae whose growth is stimulated
by the availability of extra nutrients (“secondary” oxygen
consumption). For example, for ammonium in P-limited
aquatic systems, the overall nitrification reaction is NH4

+

+ 2O2 → NO3
− + 2H+ + H2O and the weighting fac-

tor for primary oxygen consumption is 3.6 g-O2/g-NH.4+

The weighting factor for secondary oxygen consumption
in this case is zero, because the extra ammonium does not
stimulate algae growth in P-limited systems.

trophication depends on whether the aquatic system
is N-limited or P-limited or both, but it appears that
no eutrophication potential index in widespread use
has a sophisticated treatment of the effect of nutrient
limitations on eutrophication.j

Several studies have applied eutrophication po-
tentials to lifecycle analyses of biofuels.4,7,76–79 Ur-
ban and Bakshi76 find that a biomass-based fuel,
1,3-propanediol, has roughly twice the eutrophica-
tion potential (measured in kilogram PO4 equiva-
lent) as a fossil-fuel-based version of the fuel. Baral
and Bakshi4 find that the eutrophication potential
(measured in kilogram PO4 equivalent per vehi-
cle miles of travel) of ethanol made from cellulosic
materials is about 10 times that of gasoline. They
conclude that “cellulosic ethanol may offer mixed
benefits, reducing GHG potential while increasing
eutrophication, acidification and human toxicity”
(p. 3). UNEP7 reports a comprehensive Swiss study
that estimated that the eutrophication potential of
ethanol from corn and biodiesel from soy are about
five times that of petroleum, that the eutrophication
potential of ethanol from wood is almost four times

jHuijbregts and Seppälä73 acknowledge the issue of nutri-
ent limitation but do not formally account for it in their
method of estimating eutrophication potential. Sleeswijk
et al.75 and Brentrup et al.72 simply assume that freshwater
systems are P-limited (and hence that N has no effect on
eutrophication) and that marine systems are N-limited
(and hence that P has no effect). Kärrman and Jönsson74

estimate separate weighting factors for N-limited and P-
limited aquatic ecosystems (see e.g., footnote i).

Ann. N.Y. Acad. Sci. xxxx (2010) 1–18 c© 2010 New York Academy of Sciences. 7
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Table 2. Land-use intensity of petroleum fuels and
biofuels

Land-use intensity

Fuel (km2/TWh/yr)

Petroleum 45

Ethanol from corn 350

Ethanol from cellulose 460

Biodiesel from soy 890

Source: McDonald et al.80

higher, but that the potential of ethanol from grass
is only about 1.3 times higher. Powers77 finds that
the use of fertilizer to grow corn (for ethanol) results
in a eutrophication potential that exceeds proposed
water quality standards. Although these studies use
a relatively simple metric for eutrophication impact,
as discussed above, they all indicate the production
and use of biofuels can cause greater eutrophica-
tion than does the production and use of petroleum
fuels.

Land use

Per unit of energy produced, biofuels require or-
ders of magnitude more land than do petroleum
fuels (Table 2).80,81 The land requirement per unit
of delivered biofuel can be calculated simply as the
product of the yield (crop output per unit area), the
production intensity (energy per unit crop), and a
factor that accounts for the land-use impacts of any
coproducts of the production process.k McDonald
et al.80 use this method to estimate the land-use in-
tensity of different energy production techniques,
and find that biofuels require roughly 100 to 200
times more land per unit of area than do fossil fuels
in the year 2030 (Table 2).

McDonald et al.80 estimate that biofuel crop pro-
duction will occur mainly in temperate decidu-

kSome biofuel production systems, such as corn-to-
ethanol and soy-to-biodiesel, produce food and agricul-
tural commodities as well as fuel. The marketing of these
coproducts will displace other similar commodities from
the market, and the land that would have been used to
produce these displaced commodities will no longer be in
production. This displacement effect on land use can be
accounted for by a single multiplicative factor.

ous forests (55%), temperate grasslands (34%), and
temperate conifer forests (9%).

It is more meaningful to express the land re-
quirements of biofuel crop production relative to
the availability of pertinent types of land. In the
next section, I calculate the amount of land area re-
quired by biofuels relative to global arable land and
global permanent pasture land. However, the land
requirement for biofuel production, even expressed
relative to some measure of available land, is just
a rough indicator of other land-use impacts that
society cares about, such as soil erosion, dust and
smoke from agricultural activities, loss of habitat,
biodiversity, and ecosystem services, and the effects
of competition for land on the prices of commodi-
ties and services produced by land. I turn to these
next.

Loss of habitat, biodiversity, and ecosystem
services

The use of monocultural feedstocks (such as corn) to
make biofuels can reduce biological diversity and the
associated biocontrol services in agricultural land-
scapes.7,9,82–84 The land-use intensity metric is not
a good indicator of these impacts, in part because it
does not reflect the impact of the land use on habitat
integrity, wildlife corridors, and interactions at the
“edges” of the affected area. Brentrup et al.85 dis-
cuss a more direct indicator of the impacts of land
use on habitat and biodiversity, the “Natural Degra-
dation Potential” (NDP). The NDP measures how
close land is to a pristine state: land untouched by
humans (e.g., a wilderness) has an NDP of 0, land
completely transformed by humans (e.g., a parking
lot) has an NDP of 1.0, and land partially influenced
by human activity (e.g., a managed grassland) has
an NPD between 0 and 1. Koellner and Scholz86

propose a similar measure of land-use impacts, the
Ecosystem Damage Potential (EDP), based on the
extent of the degradation of the “ecological qual-
ity” of the occupied land. Lindeijer87 proposes free
net primary biomass production as an indicator for
the “life support” function of an ecosystem, and
species number as an indicator of biodiversity. Milà
i Canals et al.88 suggest a variety of indicators for
impacts on biodiversity (e.g., measures of species
lost), biotic production potential (e.g, energy re-
quired to restore productive potential of the soil),

8 Ann. N.Y. Acad. Sci. xxxx (2010) 1–18 c© 2010 New York Academy of Sciences.
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and soil quality (e.g., measures of soil erosion). (See
also Lindeijer89)

By any of these measures, biofuels made from
crops can severely degrade natural habitats. To mit-
igate these effects, monocultures should be replaced
by “natural, diversified and multifunctional vegeta-
tion that could meet the broad demand for goods
and other resource functions in a sustainable fash-
ion” (Kläy,90 p. 25). See the section “Producing
biomass energy feedstocks with lower impacts on
climate change, water use, water quality, and land
use” for further discussion.

Soil erosion

Biofuel-crop harvesting practices can affect soil ero-
sion and the nutrient and organic content of the
soil, which in turn can affect the use of fertilizer.9

For example, if crop residues are removed from the
field and used as a source of energy in the produc-
tion of a biofuel, then soil erosion might increase
and fewer nutrients and less organic matter might
be returned to the soil.37,77,91,92;l Additional fertil-
izer may be required to balance any loss, and the
use of additional fertilizer will result in additional
environmental impacts. Again, a land-use intensity
index gives a sense only of the potential scale of the
problems.

Effects of competition for land on prices of
commodities and services produced by land

As Rajagopal and Zilberman11 note, “allocating land
for biofuels means taking land away from other uses
like food or environmental preservation” (p. 70).
Economic theory and economic models tell us that
a demand-driven increase in the price of a biofuel
feedstock, such as corn (for corn–ethanol), will ben-
efit the producers of the feedstock but cost those who
consume the feedstock directly or use it as a factor of

lThere may be similar consequences from harvest-
ing whole trees in short-rotation, intensive-cultivation
(SRIC) system used to produce cellulosic feedstocks for
ethanol production.93–95 Chatarpaul et al.95 conclude that
the effects of whole tree harvesting will vary from site to
site, and that “sufficient evidence is currently available re-
garding the detrimental effects of excess residue removal
to urge a cautious, experimental approach in applying
whole tree harvesting” (p. 124).

production.96,97 In many if not most cases, the peo-
ple who benefit tend to be wealthy, and the people
who lose tend to be poor.98 For example, Rajagopal
et al.99 analyze the distributional welfare impacts of
support for corn ethanol in the United States, and
conclude that support for ethanol benefits gasoline
consumers and corn producers and harms food con-
sumers and oil producers. They conclude that a con-
sequence of support for biofuels is “that the poor go
hungry so the wealthy can drive bigger cars farther”
(p. 5).

Similarly, Ewing and Msangi100 assess trade-offs
between biofuel production and food security in de-
veloping countries, and conclude that biofuel pro-
duction can generate additional income in the agri-
cultural sector, but that these benefits may accrue
mainly to large-scale commercial producers (as op-
posed to small, local producers) and that the new
wealth may not be distributed widely enough to off-
set the impacts on the poor of higher food prices.
For these reasons, Vanwey98 concludes that “in the
developing world, the impacts [of large-scale biofuel
production] will be virtually uniformly negative” (p.
211; brackets added). Phalan101 comes to a similar
conclusion regarding biofuels in Asia.

It is clear, then, that a main effect of the com-
petition for land between biofuel crops and food
crops will be higher food prices, which will hit
the poor particularly hard. Indeed, if the compe-
tition between biofuel crop production and food
crop production is extensive and severe enough, it
is possible that the consequent increases in agricul-
tural prices will cause some people to go hungry and
even starve.102

Finally, as higher prices for biofuels make certain
kinds of land more valuable, people may fight over
land—a fight, which poor land holders inevitably
lose.103 (I note that there is some irony here, be-
cause biofuels are being promoted not only as envi-
ronmentally friendly, but also as a more secure, less
geopolitically fractious alternative to petroleum.) As
Kläy90 observes:

The need to absorb and suppress carbon as a
consequence of climate change is creating a new
interest in resource use among economically and
politically powerful actors. These new “users”
appear in rural areas, usually in marginal
regions, and make demands on the same
economically devalued resources as indigenous
populations, who are often among the poorest

Ann. N.Y. Acad. Sci. xxxx (2010) 1–18 c© 2010 New York Academy of Sciences. 9
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people in the world. . .[thus] new demands on
[biomass] resources are being made by
centralised institutions on behalf of
economically powerful groups, in areas where
the earth’s poorest people have barely been able
to eke out a living (p. 25).

Example calculations of the land and water
requirements

In order to put the discussion of water and land im-
pacts into a realistic context, I estimate the impacts
of developing the biofuels program that is part of
a recent comprehensive set of global energy projec-
tions by the International Energy Agency (IEA).104

The IEA scenarios include detailed assumptions
about technology and energy uses for power, trans-
portation, and end-use. Here, I analyze the IEA’s
“Baseline” and “Blue MAP” scenarios. The average
economic growth amounts to 3.3% per year in both
scenarios, but the energy technology mix is radi-
cally different: in the “Blue MAP” scenario there
is much greater use of biofuels and other forms of
renewable energy. For example, in the “Blue MAP”
scenario biofuels provide 27% of total ground trans-
portation energy in the world, versus only 3% in the
“Baseline” scenario.

With estimates of the land and water require-
ments per unit of biofuel-cellulosic feedstock pro-
duced (including water needed to dilute pollu-
tion),59,65,105,106 and of total available land and
freshwater,67,107,108,109 one can make rough esti-
mates of the land and water requirements of the
biofuel consumption levels projected by the IEA in
its “BLUE Map 2050” scenario, relative to available
global resources. The IEA “BLUE Map 2050” case,
which has the highest level of biofuel consumption
out of all the IEA scenarios, requires:

• 6% of current global permanent pasture land;
• 16% of current global arable land;
• 6% of global renewable freshwater;
• 117% of current global water use by agriculture;

and
• 82% of current total global water use.

It is interesting to express the land and water
requirements relative to the percent of energy de-
mand satisfied by biofuels. For every 10% of the
IEA-projected global ground transportation energy

demand satisfied by cellulosic biofuels, the land and
water requirements are:m

• 2% of current global permanent pasture land;
• 6% of current global arable land;
• 2% of global renewable freshwater;
• 44% of current global water use by agriculture;

and
• 31% of current total global water use.

These calculations assume the use of “second-
generation” cellulosic biofuels. As shown in Table 3,
the water use of “first generation” biofuels, ethanol
from irrigated corn or biodiesel from irrigated soy,
is somewhat higher than the water use of cellulosic
biofuels. Replacing 10% of gasoline or diesel fuel
with biofuels from irrigated corn or soybeans would
require roughly 100% of total U.S. freshwater con-
sumption, when water required to dilute pollution
is included.

By comparison, Fraiture et al.112 use the WATER-
SIM model to estimate that supplying 5% of U.S.
gasoline energy with corn–ethanol would require
9% of the total cropped area in the United States
and 20% of U.S. irrigation withdrawals. They also
estimate that supplying 7.5% of the world’s gasoline
energy with biofuels would require 3% of global
cropped area and 4% of total global irrigation with-
drawals.

Note that all of these percentages (for the world
cellulosic case shown above, and the U.S. crop-based
biofuels case in Table 3) are with respect to the cur-
rent situation, and hence do not reflect increases in
demand for land and water in other sectors, partic-
ularly agriculture. Studies project that total global
water withdrawals could increase by more than 20%
by 2025, leading to severe water stresses in several
regions of the world.113 In the longer term, the num-
ber of people living in regions experiencing high
stresses on water supplies (defined here as less than
1000 m3/capita/year) could increase by several bil-
lion, with most of the increases occurring in China,
India, West Asia, and North Africa.62,114 However,
even if future freshwater withdrawals for all uses
other than biofuel feedstock production were to
double by 2050, the addition of the water demand

mSee the Royal Society84 for a similar calculation of the
percent of arable land in the United Kingdom needed to
supply 5% of transport energy with biofuels.

10 Ann. N.Y. Acad. Sci. xxxx (2010) 1–18 c© 2010 New York Academy of Sciences.
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Table 3. Water requirements of replacing 10% of gasoline or diesel fuel with biofuels from irrigated crops in the
United States

Irrigated corn ethanol replaces 10% of

gasoline

Irrigated soy biodiesel replaces 10% of

diesel

Pollution Pollution Pollution Pollution

not diluted diluted not diluted diluted

Percent of total U.S. water

withdrawal

14% (3% to 36%) 28% (6% to 72%) 20% (6% to 34%) 40% (12% to 68%)

Percent of total U.S.

freshwater

consumption

35% (7% to 98%) 70% (14% to 196%) 52% (15% to 92%) 104% (30% to 184%)

Source: My calculations, based on biofuel water-use estimates in the U.S. Department of Energy,61 gasoline and diesel
fuel data in Davis et al.,110 U.S. water withdrawal estimates in Hutson et al.,68 and U.S. freshwater consumption
estimates in Solley et al.111 The table shows the average percentage, and the low-to-high percentages in parentheses,
based on low, average, and high estimates of biofuel water use. Water consumption is equal to total withdrawals less
the amount that is not available for reuse. On the basis of the estimates of Table 2, I have assumed that the amount of
water needed to dilute pollution is equal to the amount actually consumed.

estimated for the IEA “BLUE Map 2050” scenario
still would result in a total water withdrawal of just
under 20% of the total global renewable freshwa-
ter resource. Alcamo and Henrichs115 assume that
when withdrawals are less than 20% of the available
resource, there is low stress on water resources.

Thus, even though the land and water require-
ments of biofuels are very large with respect to the
requirements of current transportation energy sys-
tems, on the one hand, and large with respect to
the requirements of current agricultural systems, on
the other, at the global level there will be no obvi-
ous water and (pasture) land resource constraint on
the development of bioenergy for several decades,
unless the requirements of other sectors have been
vastly underestimated. (Müller et al.116 come to the
same conclusion.)

However, water and arable land are not dis-
tributed uniformly across the globe with respect to
population or energy demand, and as a result at
the regional level there can be severe constraints on
land and water availability. In parts of Chinan, South

nYang et al.117 estimate the water requirements and land
requirements of producing biofuels in China. They con-
clude that “given the extremely small per capita arable
land in China, it is very difficult to spare this amount of
land from currently cultivated land for feedstocks. The

Asia,o West Asia, and Africa current demands are
already stressing water supplies, and these stresses
are expected to increase dramatically in the coming
decades.63,113,–115,119,120 The development of bio-
fuel feedstocks in these areas could place intoler-
able stresses on water supplies.112,116,121 Even in the
United States, a major expansion of biofuel produc-
tion could seriously exacerbate water-quantity and
water-quality problems.122

However, if biofuels can be traded globally,
the way petroleum fuels are today, then re-
gional constraints on land and water need not
impede the development of biofuels. FAO data
(http://faostat.fao.org/faostat/) and the analysis of
Berndes65 indicate that there are large regions of the
world with ample land and water to produce biofu-
els: large parts of North America and South America,
Russia, Indonesia, and parts of sub-Saharan Africa.
If biofuel feedstocks can be grown in these resource-
rich regions at reasonable cost and with minimal
environmental impact, and if future demands for

associated water requirement further lowers the possibil-
ity because much of the northern land already endures
serious water shortage” (p. 1884).
oTo reduce the adverse impacts of biofuels on land use
and water use, India is promoting the development of
Jatropha, a drought tolerant crop that can be grown on
marginal lands.118

Ann. N.Y. Acad. Sci. xxxx (2010) 1–18 c© 2010 New York Academy of Sciences. 11
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land and water by other sectors do not dramatically
exceed present expectations, then arguably biofuel
production need not be constrained by the global
availability of land and freshwater. (See also Bern-
des65 for a more detailed but similar analysis and
conclusion.)

Producing biomass energy feedstocks
with lower impacts on climate change,
water use, water quality, and land use

The environmental impacts of producing bioenergy
feedstocks can be reduced by mixing plant species,
reducing energy and chemical inputs, managing
material flows to achieve nearly a closed system,
and targeting biofuel crop production to degraded
or abandoned lands. 9,38,90,123–129 Reijnders124 sug-
gests that “sustainable” production of biofuel feed-
stocks requires that there be no net depletion of
soil and water, no increase in chemical and nutrient
contents in soils, and no net increase in emissions
of organic and N compounds to the atmosphere.
He concludes that “to maintain ecosystem services
of nature useful to mankind, restriction of biomass
production to degraded and currently fallow land is
to be preferred” (p. 863).

Jørgensen et al.123 describe a “Combined Food
and Energy” (CFE) system “which has achieved a
fossil fuel energy-neutral cropping system and bio-
diversity and microclimate benefits by intercropping
perennial energy crops (willow, alder, and hazel)
with annually rotated crops”(p. 243). This suggests
that a CFE program with organically grown crops
can protect water quality because the production of
short-rotation energy crops reduces nitrate leaching
to low levels.

Tilman et al.38 propose that low-input, high-
diversity (LIHD) mixtures of native grassland
perennials in the United States can provide more
biodiverse habitat and even higher yields than can
monocultural perennials, at least on relatively in-
fertile soils. They suggest that LIHD systems can be
grown successfully on abandoned, degraded agri-
cultural lands, and actually improve the quality of
soil and water on such lands. (However, I note that
this improvement is relative to leaving the land de-
graded, not relative to restoring the land to its most
environmentally beneficial use.)

Finally, Lehmann et al.126 and Mathews127 discuss
the possibility of converting a portion of biomass

to a charcoal-like compound known as “biochar”
that is returned to the soil while the rest of the
biomass is converted into energy products. Here,
low-temperature pyrolysis converts some of the car-
bon in biomass into a carbon-dense, stable, nonde-
composing compound (biochar) that can be added
to soil and effectively sequesters carbon in the
ground for at least hundreds of years. Biochar also
improves the fertility of the soil and reduces emis-
sions of other greenhouse gases, such as N2O.

However, it is not clear that such bioenergy sys-
tems can be sustainable and commercially viable
at large scales. For example, Johansson and Azar130

suggest that it is unlikely that commercial bioen-
ergy farmers will choose to grow bioenergy crops
on degraded land, as it is likely to be relatively un-
profitable. Muller128 concludes that production of
bioenergy from waste materials can be sustainable,
but that large-scale production of bioenergy prob-
ably cannot satisfy all of the requirements of sus-
tainability. Similarly, Sala et al.82 note that while
some small-scale biofuel production systems can
maintain high biodiversity, “it is unlikely that solu-
tions that produce biofuels while maintaining bio-
diversity can be implemented at the scale necessary
to meet current biofuel demand” (p. 131).

Conclusions

Research over the past two decades has helped us
understand many aspects of the impacts of biofuel
development on climate change, water use, and land
use. However, because of the complexity of the eco-
logical, economic, and technological systems that
affect climate change, land use, and water use, and
the difficulty of constructing useful metrics of im-
pacts, there are as yet no definitive quantitative as-
sessments that capture all of the aspects of climate
change, water use, and land use that we care about.p

pThere have been some interesting attempts to develop
an aggregate metric covering a range of impacts, as op-
posed to a comprehensive metric in each impact category.
Scharlemann and Laurance131 discuss a Swiss study that
expresses disparate environmental impacts of biofuels,
including natural resource depletion and damages to hu-
man health and ecosystems, by a single indicator. The
Swiss study finds the total environmental impact of the
major commercial biofuels, including corn ethanol, sug-
arcane ethanol, and soy biodiesel, exceeds that of gasoline,

12 Ann. N.Y. Acad. Sci. xxxx (2010) 1–18 c© 2010 New York Academy of Sciences.
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Nevertheless, we are able to make some qual-
itative overall assessments. It is likely that biofu-
els produced from crops (e.g., ethanol from corn)
using conventional agricultural practices, will not
mitigate the impacts of climate change, and will
exacerbate stresses on water supplies, water qual-
ity, and land use, compared with petroleum fuels.
As Phalan101 puts it, “if risks and uncertainties are
inadequately assessed and managed, even the best
biofuels have the potential to damage the poor, the
climate and biodiversity” (p. S28). To avoid these
problems, biofuel feedstocks will have to be grown
on land that has no alternative commercial useq and
no potential alternative ecological benefits, in ar-
eas with ample rainfall or groundwater, and with
little or no inputs of fertilizers, chemicals, and fos-
sil fuels. Although this can be done experimentally
at small scales, it is not clear that it can be done
economically and sustainably at large scales. We
can conclude, then, that the development of sus-
tainable biofuels depends not only on technological
progress in growing feedstocks and producing fu-
els, but also on developing the policies, regulations,
and incentives that direct commercial biofuel devel-
opment in socially and environmentally beneficial
ways.

in some cases (e.g., for corn ethanol) by more than a fac-
tor of two. Baral and Bakshi,4,132,133 Hau and Bakshi,134

and Urban and Bakshi76 develop an Energy Consumption
index, which accounts for a wide range of resources in the
evaluation of biofuels. Baral and Bakshi132 conclude that
“Large scale substitution of biofuels [corn ethanol and
soy biodiesel] for petroleum-based fuels consume dispro-
portionate amounts of land, soil, water and other natural
capital that prevent them from being used in other crit-
ical sectors. This poses a severe constraint for large scale
substitutions on physical and economic grounds” (p. 14;
brackets added). See Clift135 for a general discussion of
metrics for assessing technological, economic, ecologi-
cal, and social aspects of sustainable development, and
(S&T)2 Consultants12 and von Blottnitz and Curran13 for
a discussion of metrics used in biofuel LCA.
qIf the land has an alternative commercial use, say for
agriculture or forestry, then the displacement of those
alternative uses by biofuel production will lead, eventually,
to the cultivation or development of land that otherwise
would not have been cultivated or developed, and this new
cultivation or development will tend to adversely impact
climate change, water use, and land use.
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