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energy security, policy support was short-lived
– environmental benefits were not the main driver 

• Phase II 1st Generation (2000-2006)
– as a response to real scarcity and concern for carbon 

emissions
– ethanol and biodiesel from edible plant matter
– LCA was used as a tool justify the environmental benefits
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– recognition of problems with 1st generation biofuels
– search for better biofuels
– LCA is again used to show the relative advantage of 

potential 2nd generation fuels over 1st generation
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• A typical LCA study comes to the conclusion that 

each liter or each megajoule of Fuel A on average 
results in x% less or more carbon emissions than Fuel 
B
– Tilman et al. Science 2007
– Farrell et al. Science 2006
– Patzek and Pimentel Natural Resources Research 2005

• However such conclusions say little about future 
performance, say, when production expands and 
– Marginal agricultural expansion happens by clear-cutting 

forests
– Marginal gasoline production comes from tar sands
– Fertilizer production shifts towards coal from natural gas
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Illustration - GHG impact of fuel 
switching by biorefineries ( based on 

Farrel et-al)Switching to pure coal based biorefining reduces GHG 
benefits by 50%, while switching to pure gas based 
biorefining increases GHG benefits by 130% compared 
to average case

net GHG displacement based on source of 
energy used in biorefining of corn in US

kg CO2e/liter 
of ethanol

% change 
compared to 
average plant

Average plant which uses both coal and gas 
today (Farrell et al. Science  2006) 0.18 -
Coal only 0.09 -50%
Gas only 0.42 133%



Illustration - GHG impact of fuel 
switching in fertilizer production
Illustration - GHG impact of fuel 
switching in fertilizer production

Switching to pure coal based nitrogen fertilizer reduces 
GHG benefits by 63% compared to average case 

net GHG displacement based on source of 
fuel used in producing N-fertilizer

kg CO2e/liter 
of ethanol

% change 
compared to 
average plant

Average fertilizer production (90% Gas +10% 
coal)  (Farrell et al. Science  2006) 0.18 -
Coal only 0.07 -61%



Illustration – Combined effectIllustration – Combined effect

There is a net increase in GHG emissions and so there 
corn ethanol is worse than gasoline

net GHG displacement based on source of 
fuel used in producing N-fertilizer

kg CO2e/liter 
of ethanol

% change 
compared to 
average plant

Average fertilizer production (90% Gas +10% 
coal)  (Farrell et al. Science  2006) 0.18 -
Coal only -0.01 -106%

A greater than 100% reduction in net GHG displacement 
implies overall increase in emissions compared to baseline
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US Coal prices (real)
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Gas has become relatively more expensive and hence 
producers are beginning to shift to coal which is cheaper but 
dirtier
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pollutants to factor prices

• Limitations of this model
• It is not a life cycle model of a single 

commodity
• Fixed proportions and no joint production
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LCA

Indicator

Price of polluting input
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• Assume that changes in prices lead to 

creation and adoption of new 
technologies

• Assume that changes in prices lead to 
creation and adoption of new 
technologiesLCA

Indicator

Price of polluting input
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Ethanol (Ycorn)

Corn Energy

EnergyLand Coal Gas

Coal Gas

Xp Xe

Xl
Xe1 Xc Xg

Xc1 Xg1

Zf

Zp

Yf - biofuel 
Zp - pollution from farming
Zf - pollution from conversion of plant matter of biofuel
Xc, Xg - quantity of coal and gas required to produce the energy
Xl - quantity of land to produce the required quantity of corn
Xe - quantity of energy required to convert corn to ethanol



Mathematical model -
production

Mathematical model -
production

Let the production relationships be given by 

If we assume cobb douglas functions, then

(1)



Assuming profit maximization and perfect 
competition the cost minimizing factor demands are 
given by

Mathematical model -
production

Mathematical model -
production

Differentiating with respect to pi

(2)

(3)



Mathematical model -
pollution

Mathematical model -
pollution

If the pollution function Zf is linear then

Differentiating with respect to pc, the price of coal

Substituting for      and       using (4) into (5) 

(4)

(5)

(6)



Mathematical model -
pollution

Mathematical model -
pollution

Substituting for      and       using (2) into (6) 

(6)

We can similarly derive an expression for Zp

The life cycle pollution can be written as  

(7)



Mathematical model -
pollution

Mathematical model -
pollution

If a fraction apf of the total corn production is 
used for ethanol and if Γp is the total pollution 
from corn production then

Thus the change in life cycle emission with a 
change in price of coal can be estimated as 

(8)

(9)
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Assuming fertilizers are produced from natural gas 
while irrigation is using coal-based electricity and 
let the pollution function be denoted as 

where, L-land,  F-fertilizer, I-irrigation, l-labor

Assuming fertilizers are produced from natural gas 
while irrigation is using coal-based electricity and 
let the pollution function be denoted as 

Let the agricultural production function be denoted as follows 

Then assuming profit maximization and perfect competition 
we can determine the % change in pollution as function of % 
change in fertilizer price for a given αF



Input price effect on total 
emissions

Input price effect on total 
emissions

We show the % change in GHG benefits for 100% increase 
in natural gas price for three different levels of output 
elasticity (the exponent in the cobb-douglas function)

In this model when exponent is 0.35 there is a net increase in 
GHG emission as shown by a decrease of more than 100% in 
benefits
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• Impact of a carbon tax on net 
emissions

• Implications of decreasing returns to 
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Modeling the effect of a carbon 
tax

Modeling the effect of a carbon 
tax

Carbon tax increases the relative price of coal leading 
substitution by gas and thereby increases net GHG 
benefits

Exponent for fertilizer 0.1
Exponent for gas in biorefining 0.1
Carbon tax ($/ ton C) 5 10 15
% increase in relative coal price 17% 35% 57%
% increase in GHG benefits 
compared to baseline 117% 228% 383%



Decreasing returns to scale (DRS)Decreasing returns to scale (DRS)

• Where there is DRS then as production expands 
emission intensity will increase leading to lower net 
benefit

• For example, in agriculture when land quality 
declines and there are emission associated with 
land use, expanding biofuel production may will 
increase the emission intensity of biofuel 



Decreasing returns to scale (DRS)Decreasing returns to scale (DRS)

When there is DRS then

If the pollution function is 

It can be shown that 

i.e., when there is DRS average emissions per unit 
output increase as total output increases



Decreasing return to scaleDecreasing return to scale
Pollution/

energy

Volume of energy

Higher volume may make it economical to adopt cleaner refining technology
Resulting in a discontinuous downward reduction in pollution

Switch



Extending to a general 
setting

Extending to a general 
setting

The total emission associated with the kth

industry 
The total emission associated with the kth

industry 

Rearranging in matrix form
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emissions with a change in one of the input 
prices
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policy design

• New approach and a multidisciplinary 
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