
Human Interferences to Hydrologic 
Processes: Implications for Hydrology and 

Water Resources Management

Water for Biofuels: Implications for Energy, 
Food and Environment

Ximing Cai
Ven Te Chow Hydrosystems Laboratory

Department of Civil and Environ. Engineering
University of Illinois at Urbana-Champaign

xmcai@illinois.edu



• Background

• Issues

• Outlook for research

Water for Biofuels



• Renewable energy and cleaner energy than  
gasoline

• New opportunity for agriculture and 
economic development

• 1st and 2nd generation of biofuel crops 
• 1st: Corn, corn stover, sugarcane  
• 2nd: Cellulosic crops, e.g., 

Miscanthus, switchgrass  

Background of Biofuels



Corn-based Ethanol Increased Corn Production



Corn-based Ethanol Increased Corn Production

In 2012, U.S. growers planted a record 94 million acres of 
corn for animal feed, ethanol fuel, and food products

Concern: High yield and production might have caused 
increased N load and soil erosion



• Energy Security & Independence Act (EISA) requires 
36 billion gal of biofuels by 2022

• EPA Renewable Fuel Standard (RFS) requires 25% 
replacement of vehicle gas in 2022, about 50% of the 
biofuel will be generated from cellulosic feedstock.

US Biofuel Mandates 



State-of-the-Art of Studies on Water and Biofuel



• Water requirement and impact on hydrology

• Impact on water quality

• Economic and environmental tradeoffs 

• Food vs. fuel (competing for resources)

Issues



Water Requirements for Biofuels and the 
Environmental Impacts 

(Sources: Fingerman et al., 2011, Biofpr)



Water Requirements for Biofuel

(Source: Service, 2009, Sci.)

• It takes an average of roughly 
2,500 liters of water to produce 
1 liter of liquid biofuel

• Water consumption for energy 
production in the US will jump 
two thirds between 2005 and 
2030,and about half of the 
increase is due to growing 
biofuels (Service, 2000)

• Replacing 10% of global energy 
consumption with 1st generation 
biofuel would double agricultural 
water withdrawals in the world 
(Source: The World Economic Forum: 
Water Initiative)

Bioenergy is the biggest water consumer
compared to other energies



Water Requirement and Impact on Hydrology

(Source: McIsaac et al., 2010). 



Water Requirement and Impact on Hydrology

• High-yield biomass: 
dedicated energy crops 
such as Miscanthus 

• Low-yield biomass: 
grassy fodder crops

ET and yield for counties in California
(Source: Fingerman et al., 2010, ERL)



Water requirement for biofuel processing
• The range of processing water requirements for a 

typical ethanol refinery is 2-10 Lw/Le
• By average, 100 million gallon/year corn ethanol plant 

uses 600 million gallons of water, the equivalent of a 
town of ~ 7000 people 

• Local water problems (such as aquifer drawdown) can 
be caused or enhanced by biofuel production 



Impact on Water Quality

• Corn-based biofuel production can cause 8 g N 
exported to Gulf of Mexico and 20-40 lb of soil 
eroded per gal ethanol (Credit: Jerry Schnoor)

• Farmers switched land from conservation reserve 
program (CRP) for biofuel production, which 
potentially increase chemical leaching and sediment 
erosion risk

• Cellulosic feedstocks have considerable potential to 
sequester nutrients in its root system, and require less 
fertilization than corn, thus resulting in a low nutrient 
runoff, e.g., 50% land change to Miscanthus can lead 
to decrease in nitrate load of 30% (Ng et al., 2010, EST)



Impact on Water Quality
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Nitrogen and pesticide requirements for 
producing 1 L of ethanol (if fertilized) from 
different crops. Source:  Dominguez-Faus, 2009, 
EST



Discharges from the refinery plants may cause 
potential chemical, biological, and thermal 
pollution to aquatic systems (regulation on 0-
discharge)

Impact on Water Quality



Case study I: A “system of systems” model for 
infrastructural support for biofuel development

• Transportation
• Refineries

– Location of refineries 
– Expansion over years
– Refinery and water use

• Land use 
• Water supply and quality

– Stream flow
– Nitrate load

 

Biofuel refinery
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(Source: X. Cai group)



Impact of Different Levels of Mandate

– Up to 50% of mandate the 
watershed experiences a 
modest change in 
flow/nitrate load regimes 
and slight change in 
concentration.

– Nitrate reduction level 
exceeds the flow reduction 
level
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Impact of Streamflow Constraints



Impacts of Water Quality Constraints (to insure 
20% annual N reduction)



Imposing different levels of nitrate reduction to examine profit 
loss

of Environmental PoliciesEconomical Impacts 

0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3

150

200

250

300

Nitrate Reduction (%)

P
ro

fit
 L

os
s 

(M
$)

0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3

10

20

30

40

50

Nitrate Reduction (%)

P
ro

fit
 L

os
s 

($
/k

g)



Food vs. Fuel 



Food and Fuel Competing for Land and Water

(Source:  Dominguez-Faus, 2009, EST)

Evapotranspiration, irrigation, and land requirements to 
produce 1 L of ethanol in the U.S. from different crops



Food vs. Fuel

Although the impact is extremely difficult to assess, 
bioenergy production is estimated to have caused up to 70%-
75% of the rise in the global prices of some food stocks, 
including approximately 70% of the increase in maize prices. 
This can lead to: 

• More irrigation for producing both food and fuel by using 
marginal land with inadequate precipitation

• More use of fertilizer and pesticide to increase yield 

• Land use expansion: Marginal lands require even higher 
fertilizer application and are more susceptible to erosion



• Different feedstocks differentiate in term of biomass 
productivity, economic efficiency, carbon emission 
reduction and impact on water quantity and quality

• 1st generation crops (e.g., corn) have lower costs, higher 
carbon emission and higher nitrate load

• Cellulosic biofuel crops have higher cost, lower carbon 
emission, lower nitrate load, and higher water 
requirement

• Which biofuel crop is more sustainable?

Economic and Environmental Tradeoffs 



Case Study II: Price, Feedstock Choice and Impact
on Flow and Water Quality

• Base run is the optimized land use case under current prices and 
conditions (left) 

• Run 1 represents an increase of 15% in the price of ethanol 
(center)
– Economic change that causes Miscanthus to become a profitable crop, 

and thus areas of high Miscanthus yield switch to the new crop.
• Run 2 represents a minimum flow requirement (“historical” 

minimum; here, the Base case) placed at the Monticello gauge 
(right). 

Land Use: Base
Corn/Soy rotation
Forested
Mixed Use Land
Urban

Land Use: Run 2
Corn/Soy
Forest
Miscanthus
Mixed Use Land
Urban

Land Use: Run 1
Corn/Soy rotation
Forested
Miscanthus
Mixed Use Land
Urban

(Source: X. Cai group)



Coupled System Trajectory

• Shifting the location of Miscanthus within the basin (Run 1 to Run 2) reduced 
deficit volumes relative to Run 1 (variable response)
– Effect is shown as percent change in mean deficit volume using Q85 

threshold.
• In the south, Miscanthus did not appear to have a large effect on the headwater 

streams in which it was planted.
– Effects showed up downstream.

Land Use: Run 1
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• Examining local suitability: Land, water and infrastructure, 
followed by considering the scale of economy

• Feedstock choice: dealing with multiple-aspect of tradeoffs 
and uncertainty with cellulosic crops. Which one is more 
sustainable? 

• Integrated economic-environmental analysis: Considering the 
loss/gain of environmental value

• Water reallocation among food, fuel, and environment

• Conducting more careful studies on the effects of biofuel 
water use on environmental flow, regional climatic variability, 
and local and regional water stress

Outlook for Research



• Taking into account possible beneficial effects/synergies 
(UNEP, 2011), e.g. for food and fuel production through 
combined systems, irrigation using water with marginal 
quality, or using marginal land (Cai et al., 2011, EST)

• Exploring global opportunities in virtual resources trade 
(water and land) in the world 

• Exploring policy and economic incentives for 2nd and 
even more advanced biofuel crops  (specifically for 
tradeoff management)

Outlook for Research



• Adopting drought-tolerant or less-water consumptive 
feedstock with reasonable productivity  

Outlook for Research

Low-input high-diversity (LIHD) 
mixtures of native perennials 
(Tilman, 2006, SCI)

Hydrogen production, green algae 
as source of energy


