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World	  Biofuels	  Markets	  
The	  Water	  Debate	  



Different	  types	  of	  water	  use	  and	  
resul@ng	  effects	  measured	  by	  various	  

indicators	  
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•  Measure	  water	  balances	  of	  crop	  
system:	  	  
–  Evapotranspira3on	  (ET)	  water	  use	  intensity	  

(L	  H2O/MJ	  fuel)	  
–  Consump3ve	  (irriga3on)	  water	  use	  

intensity	  (L	  H2O/MJ	  fuel)	  	  
–  runoff	  (oudlow)	  and	  groundwater	  recharge	  

•  Factors	  to	  consider	  include:	  
–  Impact	  on	  crop	  yields	  and	  water	  

produc3vi3es	  from	  crop	  
genomes,	  op3mal	  fer3lizer	  
applica3on,	  scien3fic	  water	  
applica3on,	  water	  salt	  content,	  
etc.	  	  

–  Comparison	  of	  water	  intensi3es	  
of	  first-‐genera3on	  versus	  
cellulosic	  /	  advanced	  biofuels	  

–  Impact	  of	  clima3c	  changes	  –	  
increased	  temperature	  and	  CO2	  
concentra3ons	  –	  on	  crop	  yields	  
and	  water	  produc3vi3es	  	  

3	  

Farm	  /	  Local	  Level	  

Crop	  Water	  Balance	  /	  Water	  Intensity	  Indicator	  
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•  Some	  biofuel	  planta3ons	  have	  the	  poten3al	  to	  rehabilitate	  degraded	  land	  and	  
wastelands	  by:	  	  
–  shihing	  non-‐beneficial	  E	  loss	  in	  fallow	  land	  to	  produc6ve	  ETa	  for	  plant	  growth,	  
–  storing	  more	  moisture	  in	  soil	  (&	  sequestering	  more	  soil	  carbon),	  	  
–  protec3ng	  land	  from	  soil	  erosion	  and	  nutrient	  losses	  
(reducing	  the	  frequency	  and	  likelihood	  of	  extreme	  runoff/flooding).	  

•  These	  indicators	  provide	  a	  much	  more	  accurate	  depic3on	  of	  the	  changes	  in	  water	  use	  &	  
the	  actual	  water	  use	  impacts	  at	  the	  local	  level.	  

•  Measure	  against	  previous	  land-‐use,	  against	  a	  counterfactual,	  and/or	  among	  policy	  
scenarios	  	  
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Farm	  /	  Local	  Level	  
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soybean was around three-quarters that of corn in 2008 in NE,
but the average dry matter yield was less than 40% (Supporting
Information, part II, Table SII 3.1). Also shown in Figure 3 is that
DGS from the rain-fed corn pathway is displaced by rain-fed
soybean, resulting in lower BW credits and vice versa.
Our results show that extending the system boundary to

consider application and conveyance losses and the water
requirements of embodied energy (La þ Lc þ Ee) increases
the total BW withdrawal requirements by 23"38% and BW þ
GW consumption requirements by 5"16% (Supporting Informa-
tion, part II). The Ee contribution is small, around 0.1"0.3 L/VKT;
it constitutes less than 0.2% of the total BW intensity of ethanol
from irrigated corn.
4.3. Impact on Statewide Water Demand. We estimated

statewide water requirements for large-scale biofuel production.
Ethanol production in each state is derived from the state’s
operating capacity and total U.S. ethanol production in 2009.41

On the basis of the weighted average water intensity of ethanol
from irrigated and rain-fed corn, aggregate water requirements
were derived for each state (Supporting Information, part II,
Table SII 4.5). BW consumed was compared with statewide
irrigation water use15 and industrial water use.49 Without ac-
counting for coproduct credits, 15"19% of irrigation water is
used to produce the corn required for ethanol in the states of KS
and NE and 8"10% after credits. Overall, around 6% of the total
BW (after credits) is used to produce and convert corn to ethanol
in KS and NE. In IL, IN, and IA, where corn is largely rain-fed,
BW for ethanol production is less than 0.5% of the overall BW
use. Though the volume of water use (BW withdrawal, BW and
GW consumption) and the above comparisons with total con-
sumption levels provide useful information for water resource
management, caveats are discussed in section 5.
4.4. Average versus Marginal Analysis. Our water intensity

estimates of ethanol are based on average water requirements of
corn. Recent literature suggests that the marginal water require-
ments will be higher.1 Higher corn prices, as a result of ambitious
production mandates in the Renewable Fuel Standards,50 could
lead to expansion in corn production to marginal lands with
lower yield potentials.51 It could also result in intensification of

corn cultivation in existing lands, which increases yield in the
short run but could lower future yields.52 Since water intensity is
negatively correlated with yield, such expansion and intensifica-
tion will increase the water intensity of ethanol. Further, corn
expansion is occurring disproportionately on land that requires
irrigation,1,2 which according to our results has higher average
total water (GWþ BW) and BW consumptive intensities, as well
as high nonconsumptive water requirements (Figure 2). Census
data for 2002 and 2007 also provide evidence for such trends
(Supporting Information, part II, Table SII 3.5). Future study
could combine the methodology developed in this study with
economic models to analyze the marginal impacts of ethanol
production on water use.
4.5. Comparison with Fossil Fuel. The BW consumption

intensityies of gasoline from conventional crude oil and Cana-
dian oil sands range from 0.41 to 0.78 and from 0.29 to 0.62
L/VKT, respectively.6 Water is required for crude oil recovery by
water flooding, enhanced oil recovery via steam injection, and
steam extraction of bitumen from oil sands and during refining of
crude oil to produce gasoline. A recent U.S. Government
Accountability Office report suggests the water intensity of
gasoline from large oil shale deposits in the western United
States could range from 0.29 to 1.01 L/VKT.53 Gasoline’s water
requirements are summarized in the Supporting Information,
part II.
Assessing the differences in water impacts of biofuels and fossil

fuels is more complicated than simply comparing the total water
intensities. The BW consumption of biofuels from rain-fed crops
and residue is lower than that of gasoline, but orders of
magnitude higher for those from irrigated crops. Ethanol from
corn grain has a high GW requirement, and as discussed in
section 1, GW use impacts terrestrial ecosystems and BW
availability. Though the water intensity of fossil fuels is on
average low compared with that of biofuels, it has been widely
reported that oil sand production and potential shale oil devel-
opment could result in substantial streamwater withdrawals and
significant alteration of water flows during critical low river flow
periods,54 groundwater depletion and contamination, and waste-
water discharges.53,55 A detailed comparison of biofuel versus

Figure 3. Water consumption intensity of ethanol from corn grain and crop residue and the avoided/displaced water use credits assigned to coproducts—DGS
and electricity.

Lifecycle	  Analysis	  of	  
Water	  intensity	  
1.  Blue	  versus	  green	  water	  

requirement?	  
2.  Water	  withdrawal	  versus	  

water	  consump3on	  –	  how	  
much	  water	  is	  used	  vs.	  
returned	  to	  the	  source.	  	  

3.  Variability	  of	  water	  
intensi3es	  across	  regions	  
due	  to	  factors	  such	  as	  
weather,	  soil,	  
management	  prac3ces,	  
and	  other	  variables.	  

4.  Sensi3vity	  to	  co-‐product	  
alloca3on.	  
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the life cycle, and coproduct credits. In section 2, we detail our
system boundary and methodology. In section 3, we describe our
assumptions and data sources. Results are presented in section 4.
We discuss the caveats of our research and areas for future
research in section 5.

2. SYSTEM BOUNDARY AND WATER REQUIREMENTS

2.1. Definition of Water Use Indicators. We estimate three
types of water use: BW withdrawal, BW consumption, and GW
consumption. Consumptive use indicates the use of freshwater
when release into the current watershed does not occur because
of evaporation, evapotranspiration, and product integration, dis-
charge to the sea, or percolation to the salt sink.7,9,17 BW with-
drawal is the removal from a surface water body or aquifer. The
water withdrawn is used both consumptively and nonconsump-
tively. BW used nonconsumptively is released back to the environ-
ment with or without change in quality, through recycling to water
bodies, seepage, and runoff, and is available for alternative uses in
the same watershed. Unlike BW, GW use is considered only in a
consumptive sense. Figure 1 summarizes the various water re-
quirements considered in the study. Table 1 divides the require-
ments into consumptive and nonconsumptive portions.

Recent studies estimating water requirements of biofuels
focus on consumptive use and do not consider withdrawal
requirements.2!6 The distinction between withdrawal and con-
sumption depends upon the spatial boundary selected for analysis.
Excess water runoff from an upstream cultivated land arising from
irrigation system inefficiencies can be beneficially used down-
stream. Seepage losses from unlined irrigation canals can recharge
aquifers or have other environmental benefits. As an example,
estimates of water use efficiencies for individual systems in theNile
Basin in Egypt are around 30%, but the overall efficiency for the
entire Nile system is estimated at 80%.18 The concept is summar-
ized by Perry et al.,19 who indicate that “...'losses' at the scale of an
individual field or an irrigation project are not necessarily 'losses' in
the hydrological sense...”. Estimation of withdrawal and noncon-
sumptive use of BW is, however, essential as excess irrigation water
leaches salts and implies higher pumping costs. Significant water
withdrawals from surface water bodies may exert localized and/or
seasonal impacts on the ecosystem. Extraction of groundwater
beyond recharge rates could lead to aquifer depletion. As a result,
estimation of both withdrawal and consumption intensity conveys
important information.
Water usage is estimated in the form of L/VKT and hence

is referred to as the water intensity. Use of the terms water

Table 1. Life Cycle Consumptive and Nonconsumptive Water Requirements of Ethanol Production

Water Requirement Consumptive Use or Loss Nonconsumptive Use or Loss

Cultivation Stage

crop evapotranspiration (ETc) • ET of applied water

• Effective precipitation (Ps)

and soil moisture depletion (Pos)

salt leaching (SL) • Deep percolation below the root zone

application losses (La) • Evaporation from the soil surface,

open ditches, and the crop canopy

• Runoff and seepage losses

• Drift losses (sprinkler system)

conveyance losses (Lc) • Evaporation from open canals • Seepage losses
• ET by vegetation in and around canals

Ethanol Production Stage

biorefinery (BR) • Process water
• Cooling tower evaporation

All Stages

embodied water of energy inputs (Ee) • Water consumption during production of

fuels—diesel, electricity, etc.—used

across the life cycle

• Not calculated

Figure 1. Water withdrawal and consumptive requirements of ethanol from corn grain and crop residue by life cycle stages and by source of water.
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•  What	  are	  the	  effects	  on	  
compe3ng	  demands	  for	  
water	  use?	  

•  What	  are	  the	  effects	  on	  
hydrological	  water	  
balances,	  eco-‐services,	  and	  
human	  health,	  and	  the	  
environment?	  	  
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Hydrological	  Basin	  
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Na3onal	  /	  Global	  

7	  

•  What	  are	  the	  land	  use	  change	  paDerns	  and	  resul3ng	  changes	  in	  water	  use	  
at	  global	  scale?	  

•  What’s	  the	  impact	  on	  water	  accessibility	  and	  water	  availability,	  human	  
health	  and	  environment?	  

•  What’s	  the	  effect	  on	  global	  water	  scarcity	  index	  (WSI)?	  



	  	  
Na3onal	  /	  Global	  

Water	  Use	  Impacts	  of	  Biofuel	  Policy	  
•  What	  are	  the	  land	  use	  impacts	  of	  biofuel	  policies?	  

–  Counterfactual	  (REF):	  no	  government	  policies	  incen3vizing	  biofuels	  
–  RFSAEO:	  U.S.	  first-‐	  and	  second-‐genera3on	  biofuels	  volumetric	  
mandates	  as	  projected	  by	  the	  U.S.	  Department	  of	  Energy	  (2nd	  gen	  
not	  fully	  implemented).	  

–  LCFS:	  Hypothe3cal	  low-‐carbon	  fuel	  policy	  that	  incen3vizes	  cellulosic	  
biofuel	  and	  dis-‐incen3vizes	  food-‐based	  biofuels.	  

•  Water	  use	  impacts	  are	  a	  func3on	  of	  changes	  at	  the	  extensive	  
(land	  use	  change)	  and	  intensive	  (e.g.	  irriga3on)	  margin.	  
–  Dedicated	  biofuel	  feedstock	  cropping	  in	  currently	  uncropped	  land.	  
–  Dedicated	  biofuel	  feedstock	  cropping	  displacing	  currently	  cropped	  
land.	  



2035	  LUC	  (million	  acres)	  for	  dedicated	  biofuel	  feedstocks	  
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Miscanthus	  	  RFSAEO	  
cropland	  

marginal	  land	  	  
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LCFS	  +	  RFSAEO	  
cropland	  

marginal	  land	  	  
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Switchgrass	  RFSAEO	  
cropland	  

marginal	  land	  	  

LCFS	  +	  RFSAEO	  
cropland	  

marginal	  land	  	  
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Na3onal	  /	  Global	  

Marginal	  Land	  Use	  Changes	  of	  all	  crop	  types	  

RFS-‐AEO	  minus	  REF	   RFS-‐AEO+LCFS	  minus	  RFS-‐AEO	  
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Marginal	  land	  use	  change	  (million	  hectares)	  in	  2035	  in	  two	  alterna3ve	  scenarios	  	  
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Water	  footprint	  measurement	  (e.g.	  blue/green	  water	  use	  
intensity)	  should	  be	  considered	  within	  the	  context	  of	  	  	  	  	  	  	  	  	  	  	  	  

land	  use	  change,	  a	  reference	  system,	  and	  impacts	  on	  water	  
resource	  flow	  and	  availability.	  

•  Comparing	  the	  aggregated	  volumetric	  water-‐use	  intensi3es	  of	  different	  
energy	  pathways	  is	  too	  simplis3c.	  
–  Crops	  reported	  to	  have	  a	  have	  higher	  “water	  use	  intensity”	  based	  on	  LCA	  

studies	  do	  not	  necessarily	  have	  more	  detrimental	  environmental/water	  use	  
impacts	  than	  those	  with	  lower	  water	  use	  intensity	  

•  The	  impacts	  of	  water	  use	  vary	  greatly	  depending	  on	  the	  affected	  resource	  
base,	  the	  previous	  state	  of	  that	  resource,	  and	  the	  loca3on	  and	  3ming	  of	  
the	  use	  in	  ques3on.	  

•  So,	  e.g.	  rela3vely	  low	  water	  footprints	  in	  water	  scarce	  areas	  can	  be	  of	  
more	  environmental	  relevance	  than	  large	  water	  footprints	  in	  regions	  
where	  water	  is	  abundant.	  	  
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The	  Importance	  of	  Comparison	  with	  a	  
Reference	  Case	  

•  The	  sign	  of	  water	  use	  can	  be	  +/-‐	  
–  In	  some	  cases,	  conversion	  of	  degraded	  land	  to	  
irrigated/non-‐irrigated	  cropland	  can	  reduce	  non-‐
beneficial	  consump3ve	  water	  loss,	  increase	  beneficial	  
consump3ve	  water	  use	  (increase	  water	  produc6vity),	  
&	  increase	  ground	  water	  recharge.	  
•  but	  can	  reduce	  fresh	  water	  availability	  if	  irrigated.	  

– Replacing	  grassland	  with	  forest	  could	  reduce	  runoff.	  	  
•  Increasing	  ET	  means	  that	  more	  of	  the	  precipita3on	  is	  
consumed,	  and	  this	  might	  significantly	  reduce	  streamflow.	  
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The	  Importance	  of	  Considering	  	  
Land	  Use	  

•  Replacing	  high	  water	  intensity	  crops	  with	  low	  
water	  intensity,	  low	  yield	  crops	  on	  degraded	  
lands	  at	  a	  large	  scale	  will	  s3ll	  affect	  regional	  
water	  use	  and/or	  availability.	  	  
– Transforma3on	  of	  intensive	  framing	  (irrigated	  
system)	  to	  large-‐scale	  pasture	  (rainfed)	  may	  
reduce	  blue	  water	  consump3on,	  but	  

–  In	  some	  cases	  may	  increase	  ET	  and	  reduce	  water	  
recharge,	  seasonal	  water	  flow,	  and	  	  downstream	  
water	  availability	  for	  other	  uses.	  
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The	  Importance	  of	  Considering	  	  
Sources	  of	  Water	  

•  Rainfed	  agricultural	  systems	  also	  have	  impacts	  on	  
environmental	  quality	  and	  water	  availability:	  
–  A	  rainfed	  ag	  system	  will	  consume	  water	  that	  would	  otherwise	  
have	  replenished	  groundwater	  levels	  or	  contributed	  to	  river	  
flows	  required	  for	  maintaining	  healthy	  aqua3c	  ecosystems.	  	  

–  Varia3on	  in	  precipita3on	  (e.g.	  drought)	  affects	  irriga3on	  
water	  demands.	  

–  Accoun3ng	  for	  green	  water	  may	  also	  help	  to	  beDer	  assess	  the	  
effects	  on	  water	  in	  agricultural	  produc3on	  in	  sub-‐humid	  and	  
semi-‐arid	  regions,	  and	  develop	  strategies	  for	  tapping	  the	  
produc6vity	  of	  the	  green	  water,	  not	  just	  the	  blue	  water.	  
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Opportuni@es	  to	  Promote	  Synergies,	  
Manage	  Water	  Use	  and	  Impacts	  

•  Increase	  water	  produc3vity	  by	  :	  	  
–  shihing	  non-‐beneficial	  E	  loss	  in	  fallow	  land	  to	  produc6ve	  ETa	  for	  
plant	  growth,	  

–  storing	  more	  moisture	  in	  soil	  (&	  sequestering	  more	  soil	  carbon),	  	  
–  protec3ng	  land	  from	  soil	  erosion	  and	  nutrient	  losses.	  
(reducing	  the	  frequency	  and	  likelihood	  of	  extreme	  runoff/
flooding)	  	  

•  Using	  treated	  agricultural	  effluent	  for	  bioenergy	  crop	  
irriga3on.	  

•  Controlled	  drainage	  and	  water	  table	  management.	  
•  Virtual	  water	  imports.	  
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Other	  Impact	  Assessment	  
•  Localized	  effects	  –	  refinery	  withdrawal	  is	  not	  a	  major	  LCI	  

frac3on,	  but	  may	  have	  an	  important	  local	  impact.	  
•  Localized	  effect	  of	  non-‐consump3ve	  use	  –	  ecosystem	  

disrup3on,	  heat	  pollu3on,	  etc.	  
•  Timing	  of	  use	  (seasonality,	  crop	  growth	  cycles,	  variability)	  
•  Impact	  on	  key	  habitats	  such	  as	  wetlands,	  floodplains,	  

aquifer-‐recharge	  zones	  
•  Toxicity,	  increased/reduced	  eutrophica3on	  risk	  from	  N/P	  

loading	  
•  Health	  effects	  
•  Changes	  in	  groundwater	  recharge	  (salinity?)	  
•  Considera3on	  of	  “indirect	  water	  use	  change”	  
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Conclusion	  

•  A	  proper	  considera@on	  of	  water	  use	  intensity	  
and	  water	  use	  impacts	  should	  be	  evaluated	  
properly	  within	  the	  context	  of	  sources	  of	  water,	  
land	  use	  change,	  a	  reference	  system,	  and	  
impacts	  on	  water	  resource	  flow	  and	  availability,	  
at	  proper	  scales.	  

•  It	  is	  necessary	  to	  build	  a	  decision	  support	  
framework	  to	  guide	  the	  evalua3on	  of	  biofuel	  
water	  use	  and	  associated	  impacts.	  
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The bioenergy and water 
nexus

Bioenergy 

 development 

may increase 

the pressure 

on water, but 

also provides 

 opportunities 

to improve 

water 

 productivity 

and increase 

access to 

water

B ioenergy and water are inextricably linked. In a world where several countries 
already face water stress – and where over 70% of global freshwater use takes 
place in the agricultural sector – bioenergy development might present con-

siderable challenges, from the perspective of water quantity as well as water quality.
At the same time, by leveraging the introduction of e!  cient water manage-

ment techniques and providing energy for water pumping and cleaning, and 
by providing a wider range of land-use options to optimize the use of land and 
water, bioenergy development provides opportunities to improve water produc-
tivity and increase access to water. Proper integration of bioenergy systems into 
forestry and agriculture can even reduce some of the impacts of present land use, 
such as eutrophication and soil erosion.
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