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Abstract

Land use impacts of biofuel expansion have attracted a tremendous amount of attention
because of the implications for the climate, the environment, and the food supply. To examine
these impacts, we set up an economic framework that links input use and land allocation
decisions with ethanol and agricultural commodity markets. Crops can be substitutes or
complements in supply depending on the relative magnitude of three effects of crop prices: total
cropland effect, land share effect, and input use effect. We show that with unregulated free
markets, total cropland areaincreases with corn prices whether crops are substitutes or
complementsin supply. Similarly, higher corn yields from exogenous technical changes lead to
cropland expansion. The impacts of yield increases for other crops are ambiguous. With a
guantity mandate for ethanol, higher mandates mean larger cropland areaif corn and other crops
are substitutes in demand. For a given mandate, yield improvement causes total cropland to
expand if crop demand is elastic enough, or to contract under avery genera condition if crop

demand is sufficiently inelastic.

Keywords:. biofuels, complementsin supply, ethanol, (in)direct land use changes, substitutesin

supply, yield increases.



| mpacts of Ethanol on Planted Acreagein Market Equilibrium

1. Introduction

The urgency of assessing the impacts of biofuels on land use is underscored by two recent events.
First, the Energy Independence and Security Act of 2007 (EISA) directs the government to
support the development of analytical tools for assessing greenhouse gas emissions of biofuels,
including “emissions related to direct and indirect land use changes.” Second, recent research,
notably two articles published in Science, has shown that instead of mitigating climate change,
the use of biofuels may actually increase greenhouse gas emissions when land use impacts are
taken into account (Searchinger et al. and Fargione et al.). To what extent biofuels can reduce
greenhouse gas emissions is vital to the future of the sector because EISA requires that carbon
reduction thresholds be met before biofuels can be counted as contributing toward mandates.
Besides this federal government requirement, California and many other states have established
low carbon standards for transportation fuels. The appropriate assessment of land use changes,
which are often associated with large changes in carbon emissions, will be essentia to the
assessment of the greenhouse impacts of biofuels.

Despite the importance of the issue, it is not clear just how land use changes should be
assessed. There is even skepticism about whether land use changes can be rigorously modeled.
Land use changes as aresult of biofuel production are often divided into direct and indirect land
use changes. Different definitions have been given to these seemingly straightforward concepts
(e.g., Wang and Haq, and O’Hare). In general, it appears that direct land use changes refer to
changes directly associated with the production of feedstock for biofuels. Any other land-related
changes are considered indirect land use changes. According to Dale, while direct land use
change is a legitimate subject, the “indirect land use change caused by biofuel production is

tenuous, uncertain and highly speculative.”



To date, most studies that examine the land use impacts of biofuels do not consider
market reactions in response to biofuels production (e.g., Feng et al., Righelato and Spracklen,
and Fargione et al.). Feng et al. pointed out that carbon emissions on land before and during land
conversion can be larger than the emissions avoided by biofuels. Similarly, Righelato and
Spracklen, and Fargione et al. compared the carbon impacts of using land for biofuels versus
using the same land directly as a carbon sink through trees, grasses, and/or soil. Both studies
found that the latter outweighed the former in itsimpact. How biofuels production changes crop
prices, how price changes induce the clearing of forests or other land, and how corn and other
crops compete for cropland were not examined in these studies.

There are only a handful of studiesthus far that take into account crop marketsin
estimating land use impacts of biofuels. In Searchinger et al., crop supply and demand were
studied in the context of international commodity markets. They estimated new demand for
cropland and then assigned it to different regions based on historical conversion patterns that
might not be plausible in the context of biofuel expansion. Keeney and Hertel performed a
comprehensive genera equilibrium analysis on the land use impacts of biofuels. Real-world
market forces were well represented by their simulation framework. However, it is often
challenging for non-expert readers to see interactions among essential drivers because they are
contained in the “black box” of the simulation models. Further, as acknowledged by Birur et a.
in arelated analysis, the usefulness of these models is limited by the availability and quality of
data, and this can also be a source of criticism of analyses based on such models. Given the
skepticism surrounding land use modeling, simple and transparent analyses can facilitate an
understanding of fundamental issues.

In this paper, we develop asimple but rigorous analytical framework that embodies major
essential economic forces affecting land use decisions:. the alocation of land between crops,
input use, crop markets and prices, land markets, and yield improvement. Our analysisis closely

related to the large literature on land allocation and input use decisions that has no direct



connection to biofuels (e.g., Arnade and Kelch, Orazem and Miranowski, Chavas and Holt). In
most of these papers, the acreage allocation decisions are considered for a given fixed total
cropland area. In our paper, we link the acreage allocation decisions with responsesin total
cropland area. We show how changes in crop supply are determined by adjustments in input use,
land share, and total cropland area.

Through the integrated framework of ethanol and land use decisions, we study the drivers
behind land use changes in different policy contexts: (i) alaissez-faire environment without
government intervention; (ii) government subsidies for ethanol production; and (iii) government
mandates on ethanol quantity, which can act as either minimums or maximums that constrain the
ethanol industry. Yields can have major impacts on land use changes. Higher yields have been
touted as a key solution to the competition between food, fuel, and wilderness (Farrell, Monsanto,
and Zulauf). However, if higher yields mean more profitable farming, yield increases could
induce cropland expansion. Within our analytical framework, we are able to make some general
predictions with regard to the land use impacts of higher biofuel prices or government incentive
programs. The role of higher yieldsis shown to be different under different policy scenarios.

We begin our analysis by laying out the components of the modeling framework. We
then analyze the responses of endogenous variables to price changes. Finaly, we use these

responses to examine acreage adjustments at market equilibrium under different scenarios.

2. Modeling framework

2.1. Land use and commodity supply

The supply of agricultural commodities depends on the allocation of land between crops, land
quality, input use, and total cropland area. To reflect land heterogeneity, each parcel of land is
associated with aland quality index, 6 , indicating yield potential. The index is normalized to

between zero and one, i.e., 0 €[0,1]. Higher & means lower quality: the best land has 8 =0

whiletheworst land has 8 =1. Total land that could be planted to cropsis normalized to one.



The probability distribution function of land is denoted as u(@) . Then, the amount of land with

0<0is [ u(0)d6.

Weuse i asacropindex, with i =c for cornand i = o for other crop representing all
other crops. Theyield of crop i, Y;, isdetermined by input use (e.g., fertilizers and chemicals)
and cropland allocation for any given 6 . Let z betheinput useoncrop i and ¢; bethe share
of cropland devoted to crop i. Then we can denote y; asafunctionof z and ¢, i.e.,
Yi(z(0),04(0);0) , which is assumed to be continuous and twice differentiable in the

arguments.’ Both o; and z arewritten asafunction of 6 because they may vary with land
quality. We assumethat . ()) isconcave and increasingin z ,i.e, y* >0 and y3% <0.” Better

quality land has a higher yield, that is, yi@ <0.Weadso alow for the possibility that the yield of

acrop may drop as a greater share of cropland is devoted to that crop. For example, in lowa, corn
isgenerally grown in rotation with soybeans. As a greater share of land is devoted to corn, it is

likely that more corn will be planted after corn. The yield drag of continuous corn production is

well documented (Hennessy). Thus, we assume y* < 0. Note that we do not model rotation

explicitly, even though y/ <0 is used to capture some rotationa effects.

The output of crop i onland of quality 6 isequal to yield multiplied by the area devoted

to the crop. Let output and input pricesbe p, and w, respectively. Then we can write the net
return from farming land of quality 6 as’

(1) 7(z,a;0)=) . [PYi(Z(0).¢(0);0)—wz (6)]es (O)u(6) .

! To economize notation, note that we use Y; toindicate both the yield function and the value of the yield function.

¥(2(0).04(0):0) _ 2z _ O°i(2(0),e:(0):0)
0z ' 0z '

® Here, asin rest of the paper, bold letters represent vectors, i.e, Z=(Z,,2,) ad a =(a.,a,) -

? Superscriptsindicate derivatives, e.g., Y =




For any given 6, net return is maximized through decisions on two variables: land allocation
between crops and input use for each crop. That is, the following optimization problem is solved
given input and output prices:

) max z(za:0) suchthatd o (0)=1and z(0)>0.

Assuming interior solutions, we can write the first-order conditions of (2) as

(3) [pcy;"_ pcyg;a;_vvzz}_[poy;"_ poyg;a;—VVZ;:|=O and

(4) Py’ -w=0,

where “*” indicates optimal solutions. We assume that the second-order conditions are satisfied.
The optimal land share and input use are functions of both commodity prices and land quality,
and so the full notation for them is ai* (p;0),and ;*( p;0) , respectively. Equation (3) requires

that the marginal net return from a change in land share is equalized between corn and other crop.
Equation (4) means that the margina revenue from an increase in input use equals the margina
cost for each crop.

The optimized net return is higher for better land because better land has a higher yield
for any given land alocation and input use. Mathematically, this means
(5) n(z,a;0) > n(z,a;0") forany 6<6".
In the long run, additional land will be brought into agricultural production as long as net return

from farming is positive.* Denote the quality range of land in production as [0,6"], implying that
total cropland areais I: u(6)do . Given (5), this means that in equilibrium, we have
6 7(Z (p6°),a (p;0°);6")=0.

Thus, " isafunction of p; i.e., in equilibrium the quality of the marginal land depends on crop

prices. The decisions on land share and input use and the optimal total cropland areawill

* The assumption that marginal cropland has zero net returns will be true if marginal land is not used before
conversion. Assuming a positive constant net return to marginal land will not change our results.



determine the supply of crops. Summing over land of different quality, the total supply of crop i

is

M RE=[ TG (PO (p0):0)c (PO

2.2. Ethanol market

Progress in technology determines the rate of conversion from corn into ethanol. We use v, . to

denote the amount of ethanol that can be derived from one unit of corn. The current conversion
rate is about 2.8 gallons per bushel of corn. Technology also determines the amount of energy

needed to produce ethanol from corn. Let v, ; be the amount of energy needed to refine one unit

of corn. For ssimplicity, we assume that ethanol is the only output and energy isthe only input at
ethanol plants, even though there are other outputs (e.g., distillers grains) and other inputs (e.g.,
enzymes and labor). Considering these factors will not change our main results but will make
exposition more complicated.

Let p, and p; bethe price of ethanol and its input, respectively. Ethanol producers
choose the quantity of ethanol to maximize profit for given technology and prices, i.e.,

max 7e = peQe_ chc - prf
® Q

=pch,ch - chC - prC,fQC’
where 7, isthe profit from ethanol production; Q. isthe quantity of commodity i for i

representing ethanol, corn, and energy. We assume for most of our analysis that the ethanol price
is exogenously given, i.e., not affected by the amount of ethanol produced. Thiswill be a
reasonable assumption as long as ethanol’s share among transportation fuels is very small and so
itsprice is essentially determined by gasoline prices. Currently, ethanol accounts for less than
5% of gasoline consumption (on an energy equivaent basis) in the United States and so demand

is quite elastic. Results developed under this assumption will aso hold for some range of demand



elasticity that isless than perfectly elastic. When ethanol production substantially increases, it is
necessary to consider that the ethanol price is endogenously determined in conjunction with the
markets for transportation fuels.

The long-run equilibrium condition for ethanol production is

orn
e:pevc,e_pc_pfvc,fgo’ —= (?D:Q Q(?DZO

© Q. 0Q;

where QfD is the equilibrium demand for corn in ethanol production. The above condition
requires that the marginal profit from ethanol equals zero if ethanol is produced at all. We can

express the demand for corn from ethanol plants as follows:

ifp. = PeVee — Pt Vet then QsD(pc) =any,;

(10) . o
if p. > PeVee = PrVe ts then Q.- (p,) =0.

Thus, the demand for corn from ethanol production is perfectly elastic for given ethanol and corn
prices that satisfy the equality condition in (10). This equality condition indicates that in the
long-run equilibrium, the corn price is given for a given ethanol price: p, isequal to the value of

ethanol from one bushel of corn, subtracting any cost incurred in the conversion process.

2.3. Commodity markets

Besides ethanol, corn is also used for other purposes, primarily as afood source through
livestock production. Denote corn demand for these non-ethanol uses as QCfD( p),whichisa

function of the prices of corn and other crop to account for substitutability between the crops.
Total demand for corn is the sum of demand from animal production and demand from ethanol
plants. The left panel of Figure 1 presents an illustration of the corn market. The kink on the

demand curve occurs at the breakeven corn price p.in ethanol production, whichis also the
equilibrium price. At this price, corn used for animal and ethanol production is Q* and

(Q* —QY), respectively. Theright panel illustrates the impacts of a higher corn price, po



resulting from, say, higher oil price. The horizontal part of the total demand curve shifts up. In

1,new

the new equilibrium, food consumption of corn decreases by (Q'—Q"™") and corn production

increases by (Q*™ —Q?), both becoming a new source for ethanol. Ethanol use of corn is
increased from (Q?—Q*) to (Q*™ —Q ") at the higher corn price.

Denoting the demand for other crop as QOD( p) , we can then write the equilibrium

conditions in commodity markets as

(12) Q(P)-QP(p)=QL(py),
(12) Q(p)-QY(p) =0.

For any given prices, p, the supply of commodities and the demand of commaodities as food
sources are given. However, for any corn price satisfying the equality condition in (10), QSD (Pe)

can be any positive number. Thus, Q§D (p.) can be considered aresidue of the corn market.
There are essentially three variablesin (11)-(12) that have to be determined:

Pe: Py, and QfD (p.) - If one of these variables is known, then we can solve for the other two.

2.4. System equilibrium and gover nment policies

A system equilibrium is defined by a set of prices and quantities that satisfy the equilibrium
conditions (3), (4), (6), (9), (11), and (12). We assume that the system has a unique stable
equilibrium, meaning that after atemporary shock, interactions in the system will cause it to
adjust and converge back to itsinitial equilibrium when the shock is removed. At system
equilibrium, total production equals total use for ethanol and each crop; total cropland area
equals the sum of production areas of corn and other crop; and net return from agricultural
production equals zero for cropland of the lowest quality. In the absence of policy intervention,

the corn price will be determined by the ethanol price through (9), and we then can solve for the



system equilibrium as follows. First, plug p, into (12) to derive the equilibrium p,. Then, plug

both p, and p, into (11) to derive the equilibrium quantity of corn for ethanol. The prices will

also determine the equilibrium land share, input use, and total cropland areathrough (3), (4), and
(6).

If the government provides a subsidy for every unit of ethanol produced, then the corn
priceis still exogenously determined, though it would be higher than without the subsidy. The
system equilibrium in this case can be solved in away similar to that described in the previous
paragraph. Alternatively, suppose that the government sets a mandate that constrains ethanol
production either as the maximum or minimum amount of ethanol allowed. An exampleisthe
ethanol mandates stipulated in EISA, which sets a series of (minimum) quantities of corn ethanol
that have to be met in the coming years. If amandate is not binding, then the system will reach

an equilibrium as if there were no mandate. However, if amandate is binding, then p, will not
be determined by the equality condition in (10), which will no longer necessarily hold. For a
fixed Q§D , crop prices and land use variables are simultaneously determined by other

equilibrium conditions.

3. Assessing land use impacts of a changein crop prices

As mentioned in the introduction, direct land use changes are generally defined as those directly
associated with the production of corn used for ethanol while indirect land use changes are any
other changes related to land use. Obvioudly, ethanol draws corn from both new and old corn
production fields, with “old” meaning the situation before ethanol expansion. Similarly, some
corn produced on newly converted cropland is used as animal feed. In one extreme though
unlikely case, corn produced on all new cornfields could be used as animal feed whereas ethanol
could draw corn from existing production. Thus, we really have to track ethanol corn back to its

production field in order to identify direct land use changes.



Alternatively, we can consider direct land use changes as newly added corn production

areathat can come from two sources. cropland originally devoted to other crop, and newly added
cropland. These sources are represented by changesin ai* (p;0) and 0" (p), respectively. Even

viewed this way, the distinction between indirect and direct land use change is not clear. Part of
the newly added cropland will often be used for the other crop and therefore will not be
considered as adirect land use change. However, this changein land use is obviously determined
by the same market forces as the part devoted to corn production. For these reasons, our analysis
will just focus on overall land use changes without distinguishing between direct and indirect

changes.

3.1. Impacts of a price change on land allocation and input decisions

From Section 2.4, we know that total cropland area, land share, input use, and commodity prices
are all jointly determined. However, for the sake of exposition, we can think sequentially as
follows. First, total cropland area, land share, and input use are determined through (3), (4), and
(6) for any given commodity prices. Then, commodity prices are determined through (9), (11),
and (12). In light of thislogic, we first examine how land use is affected by commodity prices
and then incorporate equilibrium price adjustments into the analysis. From (3) and (4), we can

obtain the following (all proofs are given in the Appendix):

Remark 1. For i,j=c or o and j =i, given y** >0, we have 0 (p:0) _

L 0 (pi0) _ .
Py

op, ’

0z, (p:0) _ o. 97 (PO) _o
op; op;

In plain words, given y** >0, Remark 1 says that, ceteris paribus, both land share and
input use of crop i increase with the price of crop i but decrease with the price of other crop.

The condition y?* >0 meansthat, for any given crop, marginal productivity of input is higher

10



for higher land share. Using corn as one example, suppose ahigher a, means more cornisin

continuous corn production. Then we have y=* >0 if corn yield function shifts right and down

as more production shifts from rotational corn to continuous corn production (see Figure 2 for an
illustration). Thisis consistent with the agronomic observation that continuous corn production
requires more input and has lower yields.

Similarly, we can derive the impact on total cropland area as follows:

80*(p)>0_

Remark 2. For i =c or o,
E— op

That is, ceteris paribus, total cropland areaincreases with commaodity prices. Note that total

cropland area at the initial equilibrium equals I: u(6)do . Asmoreland is brought into

agricultural production, the change in cropland areais equal to j; A0 u(6)de , where A6 is

the change in the quality of marginal cropland. Being a probability distribution function, u(@) IS
always nonnegative. Thus, changesin total cropland area are (weakly) increasing in changesin
the quality of marginal land. For most of our discussion, we examine the change in total cropland

area by examining changesin 6" .

3.2. Impacts of a price change on crop supply
Land alocation and input use adjustments in response to changesin crop prices will be trandated

into changes in crop supply. Differentiating (7) with respect to p;, we havefor any i, j=c or o,

(13) 6Q°(p) _ aQis| N aQ,S| N 8Qis|

, Where
op; by, opy|, omy ],
S *
op; ; op;

11



Q°

op;

= 7 (y1(7 010+ Y (7 0 :0)eq (p;e»%fe)u(@)d@ (land share effect)
| ]

&

oQ°
op;

= J': v (Z e 0)a (p;0) %;’0) u(0)do . (input use effect).
J z J
The three effects, as defined in (13), are basically those examined in Remarks 1 and 2.
According to these remarks, land share effect and input use effect have the same sign, which is
not necessarily the same as the sign of total land effect. For ease of reference, we define the
following conditions.

Condition A (Corn and other crop are substitutesin supply): As prices change, land share

S S
effect and input use effect dominate the total land effect, i.e., the sum of aa& and aa& IS
Pj |, P; .
oQ°| . . aQ>(p) o
greater than a—' in absolute value. Or equival ently,a'— <0 for j=#i.
Pi |, j

Condition B (Corn and other crop are complementsin supply): As prices change, total land

S
effect weakly dominates land share effect and input use effect, i.e., % Isgreater than or
I'lg
aQ°® QS| . . oQ3(p) o
equal to the sum of $ and $ in absolute value. Or equwalently,a'— >0 for j#i.
i g ily j

For example, when p. increases, all three effects are positive for Qf( p) , implying that

the corn supply increases (moving along the corn supply curve). For QOS( p), theland share

effect and the input use effect will be negative while the total land effect will be positive. Under
Condition A, the overall effect takes the negative sign of the land share and input use effect,

implying aleftward shift of the supply curve for other crop. Under Condition B, the overall

12



effect takes the positive sign of the total land effect, implying arightward shift of the supply
curve for other crop. In summary, we have the following.

0Q%(P) _ 4. 9Q(P)

Remark 3. For i,j=cor o,and j#i,
P op;

< 0 under Condition A;

—< 272 >0 under Condition B.

0Q°(p)
op;

j
The competition for land makes corn and other crop likely substitutes in supply, while the need
for rotation makes them likely complementsin supply. Whether corn and other crop are

substitutes or complements in supply depends on which of these forcesis stronger.

4. Land useimpacts at market equilibrium

Our objective isto examine how land use responds to changes in ethanol production. In Remarks
1 and 2, the results on land share, input use, and total cropland area are derived with respect to a
changein one crop price; the price of other crop is held constant. To assess land use impacts at
market equilibrium, we need to take into account how changes in one crop will lead to changes

in the price of other crops.

4.1. Land use impacts without gover nment intervention
For agiven corn price, (12) determines the price of other crop. Totally differentiating (12) with

respect to prices and rearranging, we obtain

dpo(pc)&__&{aq?(p) aQ( p)}{aq?(p) _aQa“'(p)r

(14) do. P, Po| R ap. 0P, op,

-1
_[.0 __s D s
= [‘9040c €o,p, ][go,po goipo]

where 8i,Spi isthe elasticity of the supply of i with respect to p;. Other elasticity terms are

defined similarly. The terms in the denominator are just the elasticities of demand and the supply

13



curve of other crop with respect to own price. The numerator consists of supply and demand
elasticities of other crop with respect to the corn price. Given an upward-sloping supply curve
and a downward-sloping demand curve, the denominator is negative. From Remark 3 and (14),
the following is self-evident:®

Proposition 1. If corn and other crop are substitutes in demand, then (i) the price of other crop

increases with the price of corn when corn and other crop are substitutes in supply, or when they

are complements in supply with (gcl):,)pc —gcfpc) > 0; (ii) the price of other crop decreases with the

price of corn when corn and other crop are complementsin supply with (gc'fpc —gcfjpc) <0.

Essentialy, (gc'f b~ g(fj p,) Measures the responsiveness of the excess demand of other

crop to corn price. Thelarger thisterm is, the higher p, will rise. Intuitively, as the corn price

increases, corn becomes more profitable relative to other crop, and so corn’s land share increases.

For stronger land competition, meaning the increase in corn’s land share is smaller for the same

change in corn price, the supply of other crop will decrease by asmaller degree, i.e., g(fpc is

smaller in magnitude. Given the smaller shift in supply, ceteris paribus, the increase in the price

D
0, P,

of other crop isalso smaller. Similarly, if ¢, issmaller, the demand for other crop will

increase by a smaller degree, reducing the upward pressure on the price of other crop. Thiswill
also lead to asmaller increase in the price of other crop. In aspecia case, if the market for other

crop isindependent of the corn market (i.e., no substitution or complementary effect in demand
and supply), then (g, —¢,,,,) =0 and there will be no adjustment in the price of other crop as
the corn price changes.

Responses in total cropland area are especially important for greenhouse gases and other

environmental factors because more cropland means less grassland or forestland, which is

® We consider only the case that corn and other crop are substitutes in demand because corn and other crops (asa
composite) can substitute for one another to some degree as afood source.

14



usually much more environmental friendly than cropland. By contrast, relatively speaking, a shift
of cropland from one crop to another or a change in input use tends to have smaller
environmental consequences. Thus, next we will focus on a changein total cropland area. First,

we can express adjustments in total cropland area as

(15) dé (p) _ 26 (p) . 36 (p) dpo(Pc)
dp, P, P,  dp

Changeintotal cropland areaisthe sum of the two effects of higher corn prices: the direct effect

and the indirect effect that acts through changes in the price of other crop. Remark 2 shows that

—698; ) > 0. Thus, the sign of d%_p(p) depends on the indirect effect through p;, .
] Cc

Proposition 2. When the corn priceis set equal to the breakeven price in ethanol production, if
corn and other crop are substitutes in demand, then total cropland area increases with the corn
price at market equilibrium regardless of corn and other crop being substitutes or complements
in supply.

Intuitively, an increasein p, enhances the profitability of cropland making it profitable
to bring poorer quality land into agricultural production. If corn and other crop are substitutesin
both supply and demand, then higher p, means less supply and more demand for other crop
resulting a higher price for other crop. Total cropland expands as farming becomes more
profitable with higher pricesfor al crops. If corn and other crop are complements in supply, then
more land devoted to corn requires more land devoted to other crop as well. Thus, higher p,
resultsin more land for both corn and other crop, indicating increased total cropland area. Note

that such cropland expansion can cause the price of other crop to fall.

4.2. Land useimpacts of ethanol subsidies
Price subsidies for ethanol are equivalent to increases in the ethanol price for ethanol producers.

From (9), it is clear that such subsidies will increase the breakeven corn price in ethanol

15



production. Thus, we can assess the land use impacts of subsidies by looking at the impacts of

higher corn prices, which are examined in the preceding subsection.

4.3. Land use impacts of ethanol mandates
Let Qf be the quantity mandate for ethanol expressed in terms of the quantity of corn required.

Given such a mandate, the corn priceis no longer determined by the long-term breakeven price
in ethanol production. Instead, it will be jointly determined by (11) and (12) with ethanol
quantity fixed at QF.

Proposition 3. If corn and other crop are substitutes in demand, then total cropland area
increases with an ethanol mandate.

Theresponsein total cropland area depends on how crop prices respond to higher demand for
corn arising from a higher ethanol mandate. A higher demand for corn will lead to ahigher corn
price. Whether corn and other crop are substitutes or complementsin supply, total cropland area

increases, as shown in Proposition 2.

4.4. Land useimpacts of higher yields without gover nment intervention

We are particularly interested in how yield improvement affects the equilibrium land use. Before
turning to this question, we need be clear as to the exact meaning of “yield improvement” given
that yield isafunction of input use, land share, and land quality.

Definition 1. Let “new” and “old” represent two yield varieties of crop i . By “yield
improvement” for crop i, we mean either (i) or (ii) below.

(i) Yieldsof crop i shift up by a constant, i.e., for agiven 6, >0,
y'(z,0;6,,0) = Y (z,0;;0) + 5, holdsfor any z >0, o; €[0,1], and 6 €[0,1];

(i) Yields of crop i shift up proportionately, i.e., for agiven y; >1,

Y (z,05;w,,0) =w,y*(z,0;;0) holdsfor any z >0, ¢; €[0,1], and 0 €[0,1].
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When yields shift up by a constant, marginal yields do not change; only the magnitude of yields
increases. By contrast, when yields shift up proportionately, both yields and margina yields
increase. In addition to directly changing crop output, an exogenously given yield shock (a

changein o; or y;) will change crop output through adjustments in optimal |and share, input use,

and total cropland area. At market equilibrium, we can show the following:
Proposition 4. When the corn priceis set equal to the breakeven pricein ethanol production,

total cropland area increases with (i) yield improvement for corn; and (ii) yield improvement for
other crop, if &, 5 >-1.

Yield improvement enhances the profitability of corn, increasing net returnsto land for any
given land allocation. Thus, land of poorer quality will be drawn into production with a higher
cornyield. Yield improvement for other crop would have the same effects except for one
difference. Corn prices are determined by ethanol prices and so are not affected by changesin
corn supply. By contrast, an increased supply of other crop can reduce its price in equilibrium,
relieving the pressure for cropland expansion. The overall impacts of yield increases for other
crop depend on how responsive its price is to changes in its supply due to higher yields. If its

price does not drop too much, then total cropland areawill increase.

4.5. Land use impacts of higher yields under ethanol mandates

The impacts of higher yields under an ethanol mandate are similar to those in crop supply and
demand models without the mandate. The only difference is that instead of maintaining a zero
difference between corn supply and demand, here we need to guarantee that the differenceisa
positive constant. How supply responds to higher yields and how demand and crop prices adjust
will be exactly the same as in crop models without ethanol mandates.

Proposition 5. Under a given mandate, higher yields for either corn or other crop will result in (i)
more total cropland area if crop demand is perfectly elastic, and (ii) less total cropland area if

crop demand is perfectly inelastic and land share and input use move in the same direction.
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Remark 1 indicates that, ceteris paribus, land share and input use move in the same direction for
achange in the price of any crop. The condition at the end of the above proposition requires that,
when all crop prices are allowed to adjust, they will still move in the same direction. With
continuity, we can conclude the following:
Remark 4. Under a given ethanol mandate, higher yields for either corn or other crop will result
in (i) moretotal cropland area if crop demand is elastic enough, and (ii) less total cropland area
if the crop demand isinelastic enough and land share and input use move in the same direction.
Intuitively, productivity increases will increase crop supply if nothing else changes. For
any given amount of corn that has to be set aside to meet the requirement of an ethanol mandate,
thiswill put downward pressure on crop prices. How much crop prices changeis crucial to
determining total cropland area. With a binding mandate that caps ethanol production, all the
increased corn supply will be devoted to food production. Given that food demand isinelastic,
yield increases under this type of mandate will reduce land use. This is in contrast to today’s
ethanol policy that has created a floor mandate. With afloor, total demand for cornislikely quite

elastic, implying that total cropland islikely to expand.

5. Concluding remarks

In this paper, we have devel oped a straightforward economic framework to assess the land use
impacts of biofuels. We analyzed land use changes of ethanol expansion given adjustmentsin
acreage allocation between crops, the quality and availability of additional land for crop
production, agricultural crop markets, and ethanol production. When agricultural crops are
converted to transportation fuels, adirect link is created between crop markets and crude oil
markets. Without government intervention, this means that higher crude oil prices will result in
higher corn prices. Until recently, at relatively low crude ail prices, the biofuel industry has
largely depended on the government for development or even survival. If crude oil prices

persistently stand at over $120 a barrel, then the biofuel industry can expand without government
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support. Such expansion will lead to more land being converted to cropland because more
biofuel production means higher demand for agricultural crops, which in turn means higher net
return to cropland. In such situations, government intervention would be needed to prevent the
loss of forest and grass land.

Our simple framework can assist the understanding of some of the most basic issues
related to land use and biofuels. For example, upon careful examination, we show that the
distinction between direct and indirect land use changes seems to be much less obvious than
commonly assumed. Somewhat counter-intuitively, higher yields will not necessarily relieve the
pressure on cropland expansion as many have argued or hoped. If anything, under free market
conditions, higher yields for a crop that is used for biofuels will lead to even more land going
into agricultural production. Thisis because higher yields mean higher profits on agiven acre,
unless output prices decrease dramatically. If biofuels account for only asmall percentage of
transportation fuel, as they do now, a greater supply of biofuels will not significantly depress fuel
prices, which in turn implies that crop prices will not decrease significantly. However, higher
yields can lead to areduction in cropland areaif government mandates act as a ceiling of allowed
biofuels. Theintuition isthat with higher yields, less area is needed to supply the world’s need

for food and (afixed quantity of) biofuels.
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Figure 1. Corn market ( p, isthe breakeven corn pricefor ethanol production)
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Figure 2. Yield asa function of input use given different land share
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Appendix

Proof of Remark 1. The results are derived through comparative statics for the problem in (2).

Substituting out a,(0) with a,(0) =1-a.(0) , then problem (2) is basically an unconstrained

optimization problemin «.(0), z.(68) and z,(8) for interior solutions. First, note that®

(16) 7 = (2P + Pt Yo ) + (2PoYe’ + Potto Yo' )
(17) 5 =0 p Yt

(18 7% = %% = o p Y5

(19 x5% = %% = _g_p,ye

Given y*% >0, wehave 7** >0 and 7*% < 0. Let H bethe determinant of the Hessian of

the problem in (2) with the three decision variables, a.(0), z.(0) and z,(0) . The second-order

sufficient condition requiresthat 7% <0, 7% <0, and H <0. Then, we obtain

dag (Pi6) _
P

(o

( 20) — 2R [(Y, +agye ) n E —a yEnE e H ™ >0

The variables on the right-hand side of ( 20) are al evauated at the optimal; however, to avoid
cluster, we avoid using “*” to indicate this. Notethat y, + o yz© > 0 isimplied by (3); otherwise,
the marginal profit with respect to corn land share is negative, making it optimal to reduce c .

Similarly, we can obtain

(21) aaz(pp;e) = (Yo + Yo" )= + ooy e JHT <0
(o]
Or equivalently, Oao(P.0) > 0. Asto the input use decision, we can obtain

(]

® To simplify notation, we drop U(6) in the following proofs. Keeping U(0) in the derivatives of 7(z,a;0)
makes no essential difference to the proofs.
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(22) PO gy — (@ P (Y, + gy e n T H >0

C
In signing the above derivative, we used [7%% 7 %% — (z%*)?] >0, which is required by the

second-order sufficient condition for the problem in (2).

(23) azoa(s;e) = 5 [ Yo + (Yo +agye Jr = FIH T <0
C
(24 CElPO) _ ey — (y, +agyge)r*IH <0

op,

(o]

(25 NP -y fnn e~ (I [y, + ¥ )a T > 0

(o]

Proof of Remark 2. Differentiating (6) with respect to prices and rearranging, we obtain (also

see footnote 6)

(26 gy ey ey (2

-1
0 .
[pij' (Zj,aj,H )O‘j]) >0

j=c,0

Proof of Proposition 2. From Remark 2, we know that 808_(;)) >0 and 808_(p) >0. Then, (15)

Pe b
indicates that our first task isto seeif %ppd > 0. Based on Proposition 1, %pp‘:) >0 under
C C
do” (pc)

Condition A or Condition B with (8()|3,pc - g(fpc) >0. Thus, > 0 under these conditions.

C

When % <0, the proof is less obvious since the right-hand side of (15) is then the sum of

C

two parts with opposite signs. Thus, we pursue the proof in an alternative way. Note that

(27) dag (Pe:0) _ 0ore(Pi6) | Oare(p:i6) dpg(P.)
dp, op. op, dp,
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Therefore, da(pe;0) >0, or equivaently, dao(pc;0) <0, for Po(Pe) <0. Similarly, we can
dp, dp, dp,

show that w <0 for M <0. Meanwhile, M <0 impliesincreased total
dp, dp, dp,
consumption of other crop asthe corn price increases. Thisis because, when corn and other crop

old

are substitutes in demand, for p)® < p? old

and p{* > pd, we must have QP (pi", p*)
>QP (pi®, pd®y > QP (p2?, p2?). The superscripts “old” and “new” represent the situation

before and after therisein p., respectively. Increased consumption can occur with decreased

40’ (p.)

land share and input use only if total cropland area hasincreased, i.e., i
C

Proof of Proposition 3. Under a mandate, QfD (p.) isaconstant fixed by policymakers, denoted

as QS. Totally differentiate (11)-(12) with respect to QF and then solve to obtain

dp,(QS)
(29) dQs (

ﬁ_&?jwl dp,(Q5) :(aq? . aQoSJM_l
apo ap0 ng apc apc

fD S D S D S fD S
where M s(aQC 0 j(aQ‘) —aQ°j—(aQ° 0 j(an 0 j.Thefirsttwo pairs of
P, P )\ P, P, P P )\ Py Py

parentheses of M indicate the responses of excess demand with respect to own prices, while the
last two pairs of parentheses are the responses to changes in the price of other crop. If excess
demand of acrop is more sensitive to a change in the price of that crop than it isto aprice

change of the other crop, then M is positive. For the system to have a stable equilibrium, M

e e
must be positive (Arrow et a., Negishi). This means that %Q%) Is positive, and %Q%) IS
(o} C

also positive if corn and other crop are substitutes in supply and demand. If corn and other crop
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e
are complements in supply, %Q%) >0 il holdsif (g, —&5,, ) >0. Otherwise,

C

dp,(Q5)

C

<0. Inthiscase, we have higher p, and lower p, inthe new equilibrium. In the proof

of Proposition 2, we have shown that such price changesimply increased total cropland area.

Proof of Proposition 4. We first obtain how input use, land share, and total cropland area

changes with yield improvement holding commodity prices constant. Then we incorporate price
responses at the new equilibrium. The two types of yield improvement as defined in Definition 1
are considered separately. However, given the similarity of the proof, we present the proof for

only the casein which yields of crop i shift up by aconstant, o, . Differentiating (6) with respect

to 6, and rearranging, we obtain (also see footnote 6)

(299 PO g (ay ey (T

-1
o~ [P, Y}(2.0;:6;,0 Jaj]) >0
|

j:c,o J

Thus, total cropland areaincreases upon yield improvement of any crop for given commodity

prices. Differentiate (3)-(4) with respect to 6, and then solve to obtain

é:_pﬂ T - > ,
(30) aac(a';‘s O) - pr* P H 50
C
%: pﬂ' T - < ,
(31) aac(a';‘s O) _ pr** ¥ H <0
(o]
(32 %: pcﬂaczcﬂzoonfl>ol
C
(33 %:_poﬂaczwzozm& 0,
(o]
(34) —820(8%6’0) = p = H1<0,
C
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(35) —az"(p;a'e):—p0ﬂ2°2°7rz°aCH_1>O.
25,

The above adjustments will change the supply of commodities. We can define the three
effects on crop supply in the same way as those in (13) except that the derivatives are now taken

with respect to yield improvement factors (5, or y;), eg.,

S . S S S S
(36) 0Q(pid) _ oQ | + 99 | L9 | + R | , where
0, 0, \9 05, \ai 05, L 05, \5j
S * .
X (205,60 ) (96,0 20RO iy (total land effect)
55, |, 26
s . ) oo
o =1 (Y (Z .a35,.0) + ¥ o (p:5,0)) 2% (P9:0) 9ydg (land share effect)
851_ ) 0 85J-
s - T
Q7 A (7 058,00 (p;6,0) 2220 gy (input use effect)
05|, %0 26,
Qis =J‘9k o (0)u(0)do for j=i Q'S =0 for j#i (direct yield effect)
05| o oy

J

The last effect isnot in (13) because 6;, unlike p;, can change crop supply directly. We define
the following conditions, which are similar to Conditions A and B.

Condition A’. Asyield improves, land share effect and input use effect dominate the total land

S S S
effect, i.e., the sum of o and o isgreater than o in absolute value. Or
il, 99, i Iy
S/ A
equivalently,Mgp’a)< O for j=#i.

J
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Condition B’. Asyield improves, total land effect weakly dominates land share effect and input

S
and&

J

Q>

: . oQ°
use effect, i.e.,, ——| isgreater than or equal to the sum of oY
ilg I g

in absolute

z

oQ°(p;5)
25,

J

value. Or equivalently, >0 for j#i.

For proportional yield increases, the above conditions and the derivatives of ( 36) stay the
same except for the replacement of 6 by y . From ( 36), we can derive aresult similar to
Remark 3: if land share effect and input use effect dominate, then yield improvement for a crop

will shift out its supply and shift in the supply of other crop; that is,

S/ A
(37) M>O,f0ri:c or o;

(38) oQ>(p;5)
25,

J

< 0 under condition A’; > Ounder condition B’, for | #i .

To see how such supply shifts affect prices, differentiating (12) with respect to o, , we obtain

(39) dp,(6) _ 0Q5(p:8)[0QP(P)_ 2QS(Ri&) |
ds, 05, P, P, ’

|
Note that ( 39) does not consider adjustment in p,, since p, is set at the breakeven corn pricein

ethanol production. From discussions related to (14), the denominator is positive. Given ( 37)-

dpo(8) _ . d05() | 5 \ingier Congiition A*; IPol)
ds ds, ds,

(o]

(38), equation ( 39) implies <0 under

Condition B’. Combining these results with ( 26) and ( 29), we can obtain the effects on total

cropland area at market equilibrium, i.e.,

40" (8) _ 30" (p;8) , 00 (pi8) dpy(8)

(40)
ds, 06, op,  ds,
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*

0 (5)

Cc

Fori=c,wesee d >0 under Condition A’ since the right-hand side is the sum of two

*

0 (6)

positive numbers. Under Condition B’, the sign of d is not obvious: the first term on the

Cc
right is positive while the second is negative. However, note that given the same corn price, the
decrease in the price of other crop means reduced land share and input use and increased

consumption for other crop at market equilibrium. Given the same yield for other crop, this can

do’ (8)
ds

>0.

only occur if the total cropland area hasincreased, i.e.,
C

For i =0, the preceding argument related to Condition B’ applies except at the last step:
due to yield improvement for other crop, reduced share and input use can occur together with

increased consumption without increases in total cropland area. From ( 26) and ( 29), we know

Ep5 =€ p Then, rearranging ( 40), we obtain
do’(8) §
(4 d5( ! 08 =&5 5,1+ ep6.),
o

which will be positiveif ¢, 5 >-1.

Proof of Proposition 5. If crop demand is perfectly elastic, then crop prices will not change at

the new market equilibrium with higher yields. Total cropland areawill adjust according to ( 29),

which means that total cropland area expands at market equilibrium.

When crop demand is perfectly inelastic, then consumption of crops will stay the same at a
different market equilibrium. Suppose total cropland area does not decline at the new market
equilibrium with higher yields. We consider the two possible outcomes of land share and input
use. First, land share and input use do not change. This, combined with higher yields and no

declinein total cropland, means that the production of at least one crop is larger. Given that crop
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consumption does not change, the system cannot be in equilibrium. Second, land share and input
use for one crop increase. Whether yield increases or not for the crop that is allocated with more
cropland and input, there would be more production than consumption for this crop. The system
cannot be in equilibrium either. Thus, we conclude that total cropland area must decline with
yield increases given perfectly inelastic demand.

Asfor the condition at the end of the proposition, note that

da; (8,0) _ 00 (1:8,0) dpc(8) | 9a; (1:8,0) dpo(8) | Oa; (:8.,0)

(42)
ds, op,  do, op,  do, 25,

(43) dz (8,0) _ 7 (18.0) dpe(8) , 07 (p:8.0) dpe(8) , 07 (p:8,0)
ds, P, ds, op, ds, 0, '

Remark 1 impliesthat the first two corresponding terms on the right of ( 42) and ( 43) have the
same sign. From ( 30)-( 35), we know the last terms in the two equations also have the same sign.
Asoneexample, for j =i =c, thelast terms are positive. If higher 5. meanslower p, and

lower p,, then the first two terms are negative. The net effect is then ambiguous for both

equations. However, technically speaking, it may happen that the net result in ( 42) is positive
while the net result in ( 43) is negative, or vice versa. The condition at the end of the proposition

requires that this does not happen.
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