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Abstract

The present paper studies the land use change impacts of fuels and biofu-
els. We test the theoretical hypothesis, which says that changes in fuel prices
cause changes in land use both directly and indirectly and, because of price
inter-dependencies, biofuels reinforce the land use change impacts. Our data
consists of yearly observations extending from 1950 to 2007 for the US, to which
we apply time-series analytical mechanisms of five major traded agricultural
commodities, the area of cultivated agricultural land and crude oil price. The
empirical findings confirm that markets for crude oil and cultivated agricultural
land are interdependent: an increase in oil price by 1 dollar/barrel increases land
use between 54 and 68 thousand hectares. We also find that the rise of bioenergy
sector accelerates land use change in the US.
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1 Introduction

Biofuel production is heavily supported in many countries around the world, partic-
ularly in developed economies. The main objectives of biofuel support policies are to
reduce the dependence on fossil fuels, to decrease the greenhouse gas emissions, and
to ensure a demand for surplus agricultural production (OECD 2008). However, as
shown in recent studies of Fischer (2008); Gardebroek (2010); Kancs and Wohlgemuth
(2008); Ciaian and Kancs (2011), due to price interdependencies between the energy,
bioenergy and agricultural markets, biofuel support policies may have far-reaching
side-effects on other markets. For example, they may directly or indirectly increase
food prices (e.g. Ciaian and Kancs 2011; Gardebroek 2010), cause negative environ-
mental impacts on farmland cultivated with biofuel crops (Kancs and Wohlgemuth
2008), or induce land use changes (Fischer 2008).

Theoretical models provide two types of explanations for biofuel support policies
impact on land use: a direct land use change impact and an indirect land use change
impact (Ciaian and Kancs 2011). The direct impact on land use change captures the
agricultural land conversion to producing bioenergy crops, i.e. biofuel support policies
cause substitution in land use between different types of agricultural crops. The
indirect impact on land use change captures expansion in the total agricultural area,
implying that new land, which previously was not used for agricultural production
(such as idle land, forest land), is converted into farmland.

The empirical literature on land use change impacts of biofuels mostly relies on
partial and general equilibrium simulation models (CGE) (e.g. Kancs 2007; Kancs
and Wohlgemuth 2008; Hertel Tyner and Birur 2008; OECD 2008; Rosegrant 2008;
Searchinger et al 2008; Tyner et al 2010). Searchinger et al (2008) use a worldwide
model to analyse the land use change impact of ethanol increase in the US. They esti-
mate that ethanol increase of 56 billion litres brings 10.8 million hectares of additional
land into cultivation worldwide: 2.8 million hectares in Brazil, 2.3 million hectares
in China and India, and 2.2 million hectares in the US. Their results also show that
new crops do not have to necessarily replace all corn diverted to ethanol (12.8 million
hectares), because the ethanol by-product replaces roughly one third of animal feed,
which otherwise would be diverted away in the absence of feed by-product. Tyner et
al (2010) apply the Global Trade Analysis Project (GTAP) model to estimate land
use change impact of the US corn ethanol production increase from 6.7 billion litres
in 2001 to 56.8 billion litres, as implied by the Energy Independence and Security Act
of 2007. According to their study, the estimated land use changes heavily depend on
model assumptions, such as yields, population growth and base year. Their simula-
tion results imply that producing 50.0 billion litres of ethanol requires between 1.72
and 2.96 million hectares of additional land, of which between 0.42 and 1.01 million
hectares (25% and 34%, respectively) occur in the US. In contrast, Darlington (2009)



finds that the expansion of corn ethanol production to 56.8 billion litres per year by
2015 will unlikely result in conversion of non-agricultural land, arguing that yield
improvements will offset the global demand for cropland to meet the corn ethanol
production growth.

Most of the simulation studies find that biofuel support policies affect land use
positively. However, there is wide variation in the magnitude of the simulated impacts
between studies. According to Kancs and Wohlgemuth (2008), an important source
of this variation is due to calibrated parameters, particularly those that directly or
indirectly affect biofuels, such as price transmission elasticities.

The objective of this paper is to assess the land use change impact of increasing
oil prices which, together with bioenergy support policies, make the production of
bioenergy more profitable and hence require more farmland. We identify two chan-
nels through which changes in oil prices are transmitted to agricultural input and
output markets: an indirect input channel and a direct output channel. The indirect
input channel affects farm production costs in agriculture, whereas the direct output
channel interacts through changes in demand for agricultural commodities (which can
also be used for biofuel production). Theoretically, the total effect is ambiguous, be-
cause the two channels affect land use in opposite directions. The relative strengths
of of the two channels, which depends on the relative importance of energy-based
inputs in agricultural production, and on the size of biofuel production, respectively,
determines the long-run equilibrium on energy, bioenergy and agricultural markets.

The theoretical model offers testable hypothesis, which says that due to the ex-
pansion of biofuel production, the output channel will likely offset the input channel
leading to net positive impact on the total agricultural land use, and causing im-
portant substitution in land use between different agricultural crops. This may be
particular the case of the last 15 years, when the US production of ethanol increased
continuously 1100 million gallons in 1996 to 6500 million gallons in 2007 (RFA 2012).

Empirically, we estimate the net effect (direct output net of indirect input chan-
nel) of changes in oil prices on agricultural land use, because the two effects cannot
be identified separately. Our estimation approach is based on the near Vector Auto
Regression (VAR) model. The main advantage of the near VAR approach is that it
allows to control for structural effects, such as GDP, yield, consumption, production,
that may impact land use changes. To examine the role of biofuels, we take into
account structural breaks for the period of biofuel expansion. From the obtained
estimates we calculate long-run land use change elasticities. The estimated elastici-
ties of land use change reveal the interdependencies between energy, bioenergy and
agricultural markets. These results have high policy relevance, because knowing the
potential impact of macroeconomic and policy shocks on all inter-dependent markets

allows to increase policy efficiency, and to avoid negative/offsetting side effects.



2 Theoretical framework

2.1 The model'

Building on theoretical insights of Gardner (2007); de Gorter and Just (2008, 2009);
Ciaian and Kancs (2011), we develop a stylised theoretical model in order to identify
the channels transmitting price signals between energy, bioenergy and agricultural
markets. While acknowledging that the energy, bioenergy and agricultural markets
are affected by a multitude of other factors in reality, developing a theoretical model
with all the linkages would unnecessary increase the complexity of the analysis, with-
out adding significant insights for identifying the key linkages between the energy,
bioenergy and agricultural markets.” Compared to theoretical models in the litera-
ture, the main advantage of our approach is that it explicitly models the agricultural
sector and explicitly identifies the key transmission channels between the energy,
bioenergy and agricultural markets: a direct output channel and an indirect input
channel.

Following Ciaian and Kancs (2011), we model five mutually interdependent food-
energy markets: agricultural, biofuel, fossil fuel, by-product, and input. The repre-
sentative farm can substitute its outputs between biomass and food, according to a
constant returns to scale production function of two substitutable inputs: fuel and
other inputs (referred to as 'land’). Biomass output is supplied to food and biofuel
markets, whereas food commodity is supplied solely to the food market. Biofuel sec-
tor produces biofuels and by-product from biomass. The aggregate fuel supply is a
sum of biofuel and fossil fuel.

Price signals between the fuel and the agricultural markets are transmitted through
two channels: an indirect input channel and a direct biofuel channel. The indirect
input channel affects farm production costs on the agricultural market, whereas the
direct biofuel channel interacts through biofuels’ demand for agricultural commodities

on the agricultural markets.

2.2 Total land use change

Fuel price affects agricultural production costs and hence the profitability of land
through the indirect input channel by causing, for example, a decrease in land de-
mand as a result of an increase in fuel price. Second, the direct biofuel channel has
the opposite (increasing) effect on the total land demand. Higher fuel price stimu-
lates biofuel demand, leading to an upward adjustment of agricultural prices, thus
improving land profitability. Higher agricultural land demand stimulates conversion

of idle and forest land into agricultural land.

'See Appendix for formal description of the model.
2However, all relevant covariates, such as macroeconomic development, are introduced in the
empirical analysis (e.g. GDP growth, exchange rate, population growth, inflation)



The overall effect depends on the relative strengths of the two channels. If bio-
fuels play an important role in agricultural markets, then the direct output (biofuel)
channel will offset the indirect input channel resulting in higher land use. Otherwise,
the total land use will decline. In US the output channel will likely be stronger than
the input channel, particularly in the period of biofuel production expansion starting
from 1996. For example, the ethanol production increased from 1100 million gallons
in 1996 to 6500 million gallons in 2007 (RFA 2012).3

According to the underlying theoretical framework, the indirect land use change
is caused only by the biofuel channel. In the empirical analysis, however, we will be
able to estimate only the combined (total) impact of both channels on the indirect
land use change, because the observed indirect land use change is a result of the total
land use response net of the land use change caused by the input cost adjustments
(indirect input channel). Hence, our estimates will represent a lower bound of the
impact of biofuels on land use. As noted above, in order to account for the expansion
of biofuels after 1996, we include a dummy variable controlling for structural break

in the data series.

2.3 Land use substitution between commodities

As a result of biofuel expansion, land substitution between commodities may take
place. The indirect input channel has the same impact on both biomass and food
commodities. An increase in fuel price causes higher production costs, leading to
lower land cultivation of both commodities. The exact impact depends on the rel-
ative fuel intensity of agricultural commodities. With fuel price increase, the fuel
intensive commodities will reduce land demand relatively more than the fuel exten-
sive commodities.

The direct biofuel channel will affect biomass and food commodities differently.
The demand for biomass in the biofuel production due to higher fuel prices will stim-
ulate land cultivation. On the other hand, the food commodity’s land demand will
decline due to rising biofuel price, as farmers will substitute production to more prof-
itable biomass. Depending on output substitutability and input energy’s intensity,
the overall effect will be different for the two types of commodities. For biomass, the
land use change depends on the relative strengths of the two channels (the same effect
as in the case of indirect land use change). For the food commodity, both channels

have the same direction, land use decreases in fuel prices.

3Biodiesel production is considerably less important, consisting only of a small share in the total
biofuel production in US.



3 Empirical implementation

3.1 Econometric specification

Theoretical findings from the previous section suggest that energy, bioenergy and
agricultural markets are interdependent. Energy affects agricultural markets through
altering agricultural production costs, and through biomass demand for biofuel pro-
duction. Reversely, agricultural markets impact energy markets through agricultural
fuel demand and biofuel supply on the fuel market (Ciaian and Kancs 2011). In or-
der to account for the induced effects on land use changes, the econometric approach
needs to account for linkages between all the relevant markets.

In standard regression models by placing particular variables on the right hand
side, the endogeneity of all variables sharply violates the exogeneity assumption of a
regression equation (Kielyte 2008). Besides the energy-bioenergy-agricultural market
interdependencies shown in the theoretical model, one needs to control for other fac-
tors that may affect the three markets and linkages between them. The agricultural
and energy markets depend on macroeconomic developments, such as GDP growth,
consumption development, exchange rate, etc. For example, a favourable macroeco-
nomic development may induce adjustments in both energy and agricultural markets
through stimulating production and hence causing land use changes and fuel price
rise. These structural adjustments may confound the estimations, likely causing up-
ward bias of the estimated land use effects. In order to take into account these
factors, we consider a “structural equilibrium framework”, by including a number
of macroeconomic and policy control variables, such as GDP growth, population,
exchange rate, index of share prices, agricultural subsidies, share of agriculture in
GDP /value added, oil production and price indices. The inclusion of these structural
variables allows us to take into account a number of effects that otherwise would
bias the results. Many econometric approaches applied in the literature for biofuel
market analysis relay on simple cointegration and autoregressive model (e.g. Ciaian
and Kancs 2011) This is an important shortcoming as they do not take into account
structural effects which may significantly bias their estimates.

The problem of endogeneity can be circumvented by specifying a Vector Autore-
gressive (VAR) model on a system of variables, because no such conditional fac-
torisation is made a priori in VAR models. Instead, variables can subsequently be
tested for exogeneity, and restricted to be exogenous then. Given these advantages,
a general approach in the literature to analyse the causality between variables in the
presence of endogenous variables is VAR model (Liitkepohl and Kritzig 2004). VAR
is a statistical model used to capture the linear interdependencies among multiple
time series, which generalises the univariate autoregression (AR) models. All the
variables in a VAR are treated symmetrically, each variable has an equation explain-

ing its evolution based on its own lags and the lags of all the other variables in the



model. VAR models can be seen as a ’theory-free’ approach to estimate economic
relationships. Given that in VAR all variables are modelled as endogenous, it serves
as an alternative to the "incredible identification restrictions" in standard regression
models (Kielyte 2008).

In the present paper we employ a near-VAR model, which provides an extension
of the structural VAR approach, as it does not impose the same lag lengths in all the
equations of the system.? Compared to the standard VAR, a near-VAR offers the
possibility to incorporate economic constraints, which affect the parameter of lagged
regressors and, in this way, avoiding double-counting the effect of interaction effects
between the variables. This becomes very important if the model relies on data
at different levels, for example micro/macro variables, or, as in our case, sectoral
and aggregate data (Imai, Gaiha and Thapa 2008). In the context of the present
paper, another important advantage of the near-VAR model is that it offers a robust
statistical framework with the ability of integrating alternative economic constraints
and structural effects that may impact land use change. Important structural effects
represent e.g.: (i) inter-sectoral effects as derived in the theoretical section, and (ii)
macroeconomic effects on the energy and agricultural markets, as shown for example
in Ciaian and Kancs (2011).

In order to estimate the land use change impacts of biofuels, we specify the fol-

lowing near-VAR model:

Y; AL) 0 0 0 0 0 Yi g
Xy B(L) C(L) 0 0 0 0 Xt
Xy |bx) o EL) 0 0 0 c
x| |F@ o 0 G@L) 0 0 )
X; H(L) 0 0 0 I(L) 0 A
X J(L) 0 0 0 0 K(L)| [X&]
(M ] (M (L) [V ]
N N(L) €8
+ © Zi+ O(L) Zi1+S et (1)
P P(L) €}
Q Q(L) €
R| | R(L) | Ed

where set Z; contains exogenous variables, set Y; contains endogenous macroeco-

nomic variables, and set X; contains sector-specific endogenous variables. All equa-

1A near-VAR is a special case between the VAR models, which allows for linear restrictions in
the system of equations. This means that it is possible to have different number of regressors in each
equation. Adjusted-VAR, quasi-VAR and restricted-VAR are other terms used by different authors
in the literature.



tions include a constant term and, in order to account for adjustments over time,
equations in set Y; include also a trend variable and a dummy variable controlling for
structural break in the data. The blocks from A(L) to R(L) contain the parameters
of the lagged variables that are estimated by the model. For example, variables in
set Y; are not affected by lagged variables in set X7, but are affected by their own
(and exogenous) variables. The only parameters to be estimated, therefore, are those
contained in the block A(L), while the others are bounded to 0.

Matrix (1) describes a general representation of the underlying structural model.
More precisely, long-run relationships between energy, bioenergy and agricultural
markets are identified, and macroeconomic variables affecting these markets are de-

termined. The variables included in matrix (1) are detailed in the next section.

3.2 Data and variable construction

Our data consists of yearly observations for crude oil, land use for five major traded
agricultural commodities (barley, corn, rice, soybeans, wheat),> the total land, and
several structural and control variables (e.g. GDP growth, world population, ex-
change rate, agricultural support). The data covers US agricultural and energy mar-
kets for the period 1950-2007. Crude oil prices are represented by historical free
market (stripper) prices. In empirical analysis prices are normalised to the year
1982. Also agricultural data, such output prices, land use and subsidies are all col-
lected on yearly basis. Descriptive statistics of key variables and data sources are
detailed in Table 2.

In line with the underlying near-VAR model, all variables are regrouped into
three sets: exogenous variables, Z;, endogenous macroeconomic variables, Y;, and
sector-specific endogenous variables, X/.

Set Z; contains exogenous variables that control for change in the total world
demand and structural characteristics of economic system and the US agricultural
policy: share of agricultural value added in GDP, agr share;, world population,
popy’, US dollar exchange rate, exc_mark;, index of US share prices, share prices,

and agricultural subsidies, subsdies;:

Z£: [agr_sharet popy’ exc_mark: share price; subsdies; (2)

Set Y; includes agricultural aggregates and macroeconomics variables that, ac-
cording to the underlying theoretical framework, are endogenous: oil price, oil py,
oil production, oil prod;, consumer price index, cpi;, farm producer price index,
farm__p;, GDP growth, and total agricultural land, tot land,:

/

Y, = |oil _p: cpiy [fpizr oil _prod; Agdp; tot_landt] (3)

’These commodities represent almost 75% of the total utilised agricultural area in the US.



Equations in set Y;/ include also a trend variable and a dummy variable, which
controls for structural break in the series. In the empirical analysis estimate four
models: a basic model, and three augmented models. The basic model contains only
trend variable. To ensure robustness of basic model’s results and to take into account
structural break due to biofuel expansion in the US,% the three augmented models
include also a dummy variable capturing the structural break in 1996, when the
biofuel production (ethanol) started to expand in the US (RFA 2012). According to
the underlying theoretical model, expansion in biofuel sector would imply an increase
in the relative importance of the direct biofuel channel. The first augmented model
considers a structural break in 1996. Dummy variable, d biofuel 1996, takes value
0 in the first period (1950-1995), and value 1 in the second period (1996-2007).
According to RFA (2012), ethanol production increased by 27% in 1998, and 48% in
2000 relative to 1996. This implies that in the following years the relative importance
of the direct biofuel channel might have increased. To ensure the robustness of
our results, we estimate two additional augmented models, which include dummy
variables, d_biofuel 1998 and d_ biofuel 2000, for the years 1998 and 2000.

Finally, set X/ contains variables, which disaggregate the total agricultural sector
into sub-sectors. We consider five agricultural (sub-)sectors: corn, wheat, rice, barley
and soybeans. For each agricultural sector we include three variables in set X/: price,

land use and yield:

X! = pricel  land: yieldi] (4)

where ¢ = corn, barley, rice, soybeans and wheat.

Total land, tot land;, commodity-specific land use, land:, and oil price, oil _py,
are the key variables of our study. They interlink the three related markets: energy,
bioenergy and agricultural. According to the underlying theoretical model, the esti-
mated impact of oil prices on land use will be a result of both channels: the direct
biofuel and the indirect input channels. If the biofuel channel is stronger than the
input channel, then the overall estimated effect on the indirect land use, land;, will
be positive. In the reverse case, the estimated impact will be negative. This implies
that in the empirical analysis the biofuel link to the land use can be tested for only
indirectly.

The underlying theoretical model also suggests that, when accounting for struc-
tural break in biofuel expansion by including a dummy variable, the relative impor-

tance of biofuel channel would decline compared to the basic model. In addition to

%Note that the dummy variable controlling for structural break may control also for other effects
besides the biofuel expansion. For example, it may control for the decoupling of agricultural subsidies
in US in 1996, or support measures for biofuel production in US (e.g. blender’s tax credit and
consumption mandate). Under the blender’s tax credit, the blender received a subsidy per gallon
of biofuel blended with a fossil fuel (i.e., gasoline or diesel). The mandate established that a fixed
amount of biofuel be blended with a fossil fuel.



biofuel expansion, the structural dummy variable controls also for other structural
effects, such as policy impacts, and thus may reduce the responsiveness of land use
to oil prices. For example, if oil price induces a positive indirect land use change in
the basic model, then we expect that in the augmented models with dummy variable
the overall estimated effect on the indirect land use would be reduced.

The key difference between sets Y; and X} is that variables of Y; impact vari-
ables in set X} but, according to the underlying theoretical framework, there is no
causality in the reverse direction. The causality between the agricultural aggregates
and macroeconomic variables is accounted for in set Y;. To avoid duplication of the
effects, set X} is assumed not to affect set ¥; . Implicitly, this setup implies that
cross-effects between the five agricultural sectors are captured by variables in set Y;.
This specification ensures that the specified near-VAR model has sufficient degrees
of freedom, while avoiding the duplication of causal effects between variables. In the

same time it allows to estimate commodity-specific effects.

3.3 Market interdependencies

Next, we analyse the contemporaneous interactions between endogenous variables,
for which we set up an identification scheme. Denote 6; as residuals obtained from
the reduced-form estimation which, according to the underlying structural model, are

related to the structural shocks:

W@t = K%’ft (5)

The underlying theoretical framework suggests the following identification scheme

for the impulse response functions:’

1 0 0 0 as 0 0 0 077 boirp Eoil_py
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Matrix (6) represents the identification of contemporaneous relationships between

model variables and their responsiveness to exogenous shocks. In line with the un-

"In our identification strategy, we assume that K is an identity matrix.
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derlying theoretical framework, we assume that prices are more responsive to shocks
than other variables. For example, for agricultural production and land use it takes
longer time to adjust due to sunk costs, costly adaptation of technology and natural
constraints. Imposing these constraints on the relationships between the variables
allows for a contemporaneous impact of oil price changes on all other prices. Simi-
larly, cpi and fpi are assumed to affect agricultural prices contemporaneously.® Row
seven in matrix (6) can be interpreted as a cost based inflation of each agricultural
sector. Further, we assume a contemporaneous oil price (and consumer price index)

response to shocks in GDP growth.

4 Empirical results

4.1 Specification tests

As usual, we start with determining the lag length. Three standard tests are per-
formed to determine the optimal lag length: Akaike Information Criterion, Schwarz
Criterion and Hannan-Quinn Criterion. According to all three tests, the optimal
lag order is one. Next, we test for the existence of cointegrating vectors. Both the
likelihood ratio and the trace tests confirm that our data are co-integrated in levels,

which justifies the specified near-VAR model in levels.

4.2 Indirect land use change impact

After identification of the structural model, in order to determine whether the spec-
ified model is reasonable, we perform innovation accounting. The impulse response
functions for the total land use change for the basic model are reported in Figure 1,
which shows the innovation (oil price shock of one standard deviation) response (area
of total land use change) in a horizon up to 20 years. In other words, we increase
oil price, and predict the response of land use change by taking into account the
structural relationships between energy, bioenergy and agricultural markets, and by
controlling for macroeconomic effects.

The impulse response results suggest important indirect land use changes: the
total cultivated area increases significantly in the analysed period as a result of an
increase in oil price (Figure 1). The largest impact can be observed 8 years after
the oil price shock of one standard deviation (14.46 USD/barrel), when the total
agricultural area increases by almost 1 million hectares. In the following years the
increase in the cultivated land is slightly lower (778 thousand hectares in 20 years).
The small negative decrease in the first year after the oil price shock can be explained
by the fact that farmers are not able to expand their crop land area immediately,

although higher input costs are effective instantly. As a result, if everything else

8 Consumer price index also affects the producer price index of farm products.

11



would stay constant, then higher input costs would imply reduction in input use, also
land.

Next, we examine whether structural changes, such as the expansion of biofuel
incentives and increase in biofuel production, along with other effects, such as the
decoupling of agricultural subsidies in 1996, might have affected indirect land use
change. As explained in the previous section, to control for structural break in
the second half of nineties, in addition to the basic model we also estimate three
augmented models, which include a dummy variable (for 1996, 1998 and 2000). We
expect that the inclusion of the dummy variable would decelerate the positive effect
of oil price on the total cultivated area, because part of the indirect land use change
induced by the biofuel channel may be absorbed by the structural dummy variable.
The results are reported in Figure 2.

The results suggest that, when controlling for structural break in 1996, the sig-
nificant increase in the total cultivated area is confirmed, though the magnitude is
lower. In the peak (5-6 years after the oil price shock) the increase in the total culti-
vated area is 813 thousand hectares (Figure 2), which is around 25% less compared
to the basic model (without controlling for structural break) (Figure 1). Also in the
following years the response to oil price shock is lower, when accounting for structural
break.

As in the basic model, the impact is larger in the medium-run (5-6 years) com-
pared to the long-run (20 years), when the increase in the total cultivated area is 680
thousand hectares (Figure 2). The differences between the medium- and long-run
elasticities in the indirect land use change can be explained by the output (price)
channel (increase in the bioenergy supply exerts downward pressure on oil price),
and input (cost) channel, because farming itself uses crude oil products (e.g. diesel),
the price of which would increase due to higher oil prices.”

A similar pattern is observed also for the other two augmented models with struc-
tural breaks in 1998 and 2000 (see Figures 3 and 4). The indirect land use change is
lower compared to the basic model and the augmented model with structural break in
1996. Compared to the basic model, the indirect land use response in the augmented
model with structural break in 1998 is lower by 35% after 10 years and by 56% after
20 years. In the model with structural break in 2000 the respective differences are
by 52% after 10 years and by 62% after 20 years.

Generally, these findings are in line with the underlying theoretical model and
with our expectations: both the magnitude of increase in the total crop land area,

and the responsiveness of the cultivated area to changes in oil price are lower, when

9The cost effect hypothesis is confirmed by the coefficient of lagged oil price. In the basic model
the lagged oil price has a negative direct impact (-0.533) on the total agriculture land, which is
likely caused by increasing cost of production. In the augmented model with structural break, the
estimated parameter is still negative (-0.519) and statistically significant (p. value 0.004), which
reveals the depressing impact on total agricultural land expansion of an increase in oil price.

12



basing our calculations on the augmented model’s elasticity estimates. This can be
explained by the fact that in the second period (1996-2007) the size of bioenergy
sector was considerably higher than in the first period (1950-1995) which, according
to the underlying theoretical framework, would marginally decrease the indirect land
use change impact of biofuels.

The magnitude of our indirect land use change estimates are comparable to pre-
vious studies (Searchinger et al 2008; Swinton et al 2011; and Tyner et al 2010).
Searchinger et al (2008) find an increase in agricultural land use due to biofuels of
2.2 million hectares. Swinton et al (2011), report that the 2006-2009 leap in field
crop prices and the attendant 64% gain in typical profitability led to a 2% increase
in crop planted area. In order to compare our estimates with those of Swinton et al
(2011), we need to convert the estimated elasticities and marginal effects into total
(cumulative) changes in crop land area. Taking the average cultivated area of 127.09
million hectares as the base, 2% would imply an increase of 2.54 million hectares.
Our results suggest that an increase in oil price by 1 dollar/barrel increases land
use between 54 and 68 thousand hectares. Given that between 2006 and 2009 the
crude oil price increased by around 50 dollars/barrel, this implies that the cultivated
area increased by 2.70-3.40 million hectares, which is slightly higher compared to
Searchinger et al (2008) and Swinton et al (2011). However, the results are of the
same order of magnitude, which underlines the general finding that the three mar-
kets are interlinked and changes in energy/bioenergy markets does affect agricultural

markets, e.g. through changes in the demand for agricultural land.

4.3 Direct land use change impact

The impulse response functions for the direct land use change of individual agricul-
tural commodities are reported in Figure 5 (basic model). The results suggest that
all agricultural commodities’ land use is affected by increasing energy prices, includ-
ing those commodities that are not directly used for bioenergy production (e.g. rice
and barley). As expected, the land use of corn increases significantly (233 thousand
hectares after 10 years) in response to an increase in oil price by one standard devi-
ation (14.46 USD/barrel), which is due to the fact that corn is the main commodity
used for biofuel production in the US. Similarly, also the land use for wheat and bar-
ley production increases (130 and 223 thousand hectares, respectively). In contrast,
the area of soybean is negatively affected by a positive fuel price shock (-292 thousand
hectares) (Figure 5). This could be due to lower importance of soybeans in biofuel
production, which is more than offset by the indirect input channel. Additionally,
farmers may substitute from non-biofuel crops to biofuel crops (e.g. corn). Further,
soybeans represent an important input for animal production and the indirect input
channel may impact the land use of soybean also through adjustments of input costs

in animal sector. The smallest response in land use change is estimated for rice (-46
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thousand hectares).

These results are in line with the underlying conceptual framework and confirm
that, in addition to the indirect land use change impact, also important direct land
use changes take place. The results also suggest an important role of biofuels in land
use change. Those agricultural commodities, which are used also for the production
of bioenergy, e.g. corn and wheat, are more sensitive in terms of changes in the cul-
tivated area, than those commodities, which are not directly used for the production
of bioenergy, e.g. rice.

As above, we examine whether structural changes, such as the expansion of biofuel
incentives and increase in biofuel production along with decoupling of agricultural
subsidies, might have affected indirect land use changes. We employ exactly the
same augmented models with dummy variable specification for structural breaks.
Commodity-specific results with structural break in 1996 are reported in Figure 6.

The results for the augmented models (controlling for structural break in the
series) suggest that the shape of the impulse response function is similar to the basic
model but, as above, the magnitude of land use change is lower (except for wheat).
For example, the response in land use in the augmented model with structural break
in 1996 relative to the basic model is 4% - 68% lower (depending on commodity)
after 5 years. For wheat, the land response is 80% higher after 5 years compared
to the basic model. This can be explained by the fact that in the second period
(1996-2007) the size of bioenergy’s production was considerably higher than in the
first period (1950-1995) which, according to the underlying theoretical framework,
would increase the direct land use change impact of biofuels. As above, most of the
commodities show larger response in medium-run (5-6 years), and faster absorption

of oil price shock on indirect land use change.

4.4 Elasticities of land use change impacts

The estimated near-VAR model allows us to assess the impact of both types of land
use change impacts of biofuels: land use change caused by the indirect input channel,
and land use change caused by the direct biofuel channel. In addition, the results
from the impulse response analysis allow us to calculate medium- and long-run (5,
10 and 20 years) land use change elasticities. The calculated elasticities are reported
in Table 2.

The magnitude of the estimated land use change elasticities ranges between -32.5
thousand hectares and 67.7 thousand hectares per 1 dollar/barrel increases in fuel
price in the basic model. Wheat, barley and corn have the elasticity between 5.1 and
17.9 thousand hectares per 1 dollar/barrel increases in fuel price. The elasticity of
rice and soybean is between -32.5 and -1.4 hectares per 1 dollar/barrel increases in
fuel price. The largest effect is estimated for the total land use, which is equal up to
67.7 thousand hectares per 1 dollar/barrel.
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The land use elasticities are lower in the augmented models compared to the ba-
sic model. Analogously, the elasticities are lower, the later the structural break is
modelled (1996, 1998 and 2000). The only exception is wheat, for which the elas-
ticity increases. The magnitude of the estimated land use change elasticities ranges
between -32.6 thousand hectares and 55.2 thousand hectares per 1 dollar/barrel in
the augmented models.

From these results we can further imply that biofuels indeed play an important
role, i.e. they affect land use, because the land use change impact is larger for
food/bioenergy commodities (e.g. corn) than for food only commodities (e.g. rice).
At the same time, when controlling for structural break, there is a reduction in the
magnitude of elasticities, implying that part of the biofuel effect is absorbed by the
structural break dummy. These findings are consistent both with the theoretical
hypothesis and with previous studies (Searchinger et al 2008; Swinton et al 2011; and
Tyner et al 2010).

5 Limitations and outline for future research

The magnitudes of the results reported in Table 2 should be considered cautiously,
however, due to several caveats of our model. First, we cannot separately identify
the direct and indirect land use change impacts of biofuels. This implies that our
empirical estimates represent a lower bound of the indirect biofuel effects. Given
that the estimated land use change is net of land use change caused by the fuel cost
adjustments (indirect input channel) and, given that we find a substantial response of
land use to changes in oil price, the actual size of the indirect land use change impact
of biofuels may be even higher in reality than our results suggest. However, Ciaian
and Kancs (2011) show that the indirect input channel is small and statistically not
significant, implying that the downward bias is likely to be small.

Second, we cannot explicitly estimate the impact of changes in biofuel polices on
land use changes. The impact of policy changes is captured only indirectly through
the dummy variable, and through changes in biofuel production (and hence in land
use) due to changes in fuel prices. In reality, however, fuel price variation may affect
biofuels differently under different policy regimes, e.g. tax credit versus mandate (de
Gorter and Just 2008). Given that fuel price determines the profitability of biofuels
jointly with biofuel polices (e.g. tax credit), the fuel price impact on biofuels may be
stronger with than without biofuel support policies. For example, a fuel price increase
may not be sufficient to make biofuel production profitable (and hence cause land
use changes) in the absence of biofuel support policies. In such a case, the impact of
biofuels on land use will also reflect the impact of biofuel support policies. However,
if a higher fuel price causes the same change in biofuel production both with and

without policies, then the policy effect will not be identified in our near-VAR model.
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In this case we capture only market induced effect of biofuels. Further, some polices
may isolate biofuels from the fuel market. For example, with a binding mandate,
the biofuel prices tend to be decoupled from the fossil fuel market, implying that
biofuels (and hence land use through the direct biofuel channel) does not respond
to fuel prices changes. This effect of biofuels is not identified in our estimation, and
hence we do not capture this policy effect, as a result of which the induced land use
adjustments would further bias our results downward.

In summary, these limitations imply that we may capture the effects of biofuel
polices on land use change only partially. Hence, the presented estimates can be
considered as a lower bound, whereas the true impact on land use change may be
even larger.

A further potential drawback of our analysis is that by focusing on the US we do
not account for price and land use effects of biofuels in other regions, such as Latin
America, Africa. However, due to significant biofuel production potential in these
regions, the land use impact may be even stronger, because of larger non-cultivated
farmland reserves. Our findings suggest that this question is a promising area for

future research.

6 Conclusions

The present paper studies the interdependencies between the energy prices, bioenergy
production, and land use changes. Our data cover the US agricultural and energy
markets for the period 1950-2007. We apply near-VAR time-series analytical mech-
anisms to five major traded agricultural commodities (barley, corn, rice, soybeans
and wheat), and the total agricultural land, along with weighted crude oil price and
structural variables. An important advantage of the employed near-VAR approach is
that it allows to set up a structural model and to control for a number of macroeco-
nomic variables, such as such as GDP, yield, consumption, production. Estimating
several near-VAR models we indirectly examine the response of land use to changes
in oil prices. However, we cannot not separately identify biofuel effects on land use
change.

The underlying theoretical model suggests two types of impacts of fuel and biofuel
price increase on land use change: a direct land use change impact and an indirect land
use change impact. The direct impact on land use change refers to a situation, when
the land already used for agriculture is switched to produce biofuel crops, causing
substitution in land use between different types of crops. The indirect impact on
land use change reflects a case, when the total land cultivation expands, implying
that new land, which before was not used for agricultural production (such as idle or
forest land), is converted into farmland.

Our empirical findings confirm the theoretical hypothesis that energy prices do

16



affect land use in the US. The impulse response analysis results suggest that land of
all agricultural commodities is affected by energy prices, including those that are not
directly used for bioenergy production. However, the impact on land use change is
higher for the food /bioenergy commodities (e.g. corn) than for food only commodities
(e.g. rice), suggesting the importance of biofuels in transmitting the fuel price signals
to land use changes.

Based on the innovation accounting results, we calculate medium- and long-run
land use change elasticities. The magnitude of the long-run price transmission elas-
ticities varies between -32 and 18 thousand hectares for individual crops and between
54 and 68 thousand hectares for the total land per 1 dollar/barrel increases in fuel
price, depending on the time horizon considered. When controlling for structural
break in biofuel production and public support policies, as expected, long-run price
transmission elasticities are lower.

Our findings are highly important for policy makers, as they help to better un-
derstand the role of fuel prices, and suggest a potential role of biofuels (and biofuel
policies) in determining the induced land use changes. According to our results,
biofuels may reinforce both the total agricultural land use change, as well as land
substitution among different crops. These results suggest that policies, which stimu-
late biofuel production (which is the case of many developed countries), may indeed
have undesirable environmental consequences and/or adverse climate change impact
leading to more carbon emissions due to land use changes induced by the expansion
of croplands for biofuel production. These findings contradict some recent statements
made by the EU and US policy executives, who attempt to play down the role of

bioenergy policy spillovers to agricultural input and output markets.
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7 Appendix: Theoretical model

The present model builds on Gardner (2007); Gorter and Just (2008, 2009); Ciaian
Kancs (2011). We introduce two important extensions. First, we assume two agricul-
tural commodities: one suitable for biofuel production (referred to as "biomass")!’
and one not suitable for biofuel production (referred to as "food"). Second, we con-
sider the transmission of prices also through the input channel. Both extensions
improve the model predictions.

The economy consists of vertically integrated agricultural, biofuel, fossil fuel, by-
product, and input markets (Figure 7). The representative farm can substitute be-
tween producing two agricultural commodities (biomass and food) using constant
return to scale production functions of two substitutable inputs: fuel and other in-
puts (referred to as "land"). Agricultural output can be supplied to food market and
to biofuel market. We assume fixed Leontief coefficient transformation function of
biomass into biofuel and by-product from biofuel production. Further, we assume a
downward sloping demand for food and by-product, and an upward sloping supply
curve for land. The aggregate fuel supply is a sum of biofuel and fossil fuel supplies.
The aggregate fuel demand is a sum of agricultural and non-agricultural fuel demand.
The fossil fuel supply (non-agricultural fuel demand) is given by upward (downward)
sloping functions of prices.

The representative agricultural farm maximises its profits according to: II =
S pQU(NY, K*) — wN* — r K, which implies the following equilibrium conditions:

i

P’ g?ﬂ =w fori=AB,AN (7)
@ for i = AB, AN 8
v L —r fori= 4B, ®)

where N is non-fuel input (land), K is fuel input, p is farm output price, w is
land rental price, and 7 is fuel price. AB is index for biomass, and AN is index for
food commodity. Equations (7) and (8) are marginal conditions for land and fuel
input, respectively, and determine input demand and output supply of agricultural
commodities.

In Figure 8 the derived supplies of biomass, S4Z, and food commodity, S4V,
are shown as upward sloping curves (panels a and d, respectively).!! The aggregate
world food demand for biomass and food commodity is denoted by DAZ(pAP) and

DAN (pAN ), and are shown in panels a and d, respectively. The world supply of land

10Note that we consider the case where the agricultural commodity suitable for biofuel production
may be used for both food and biofuel production. We denote it as biomass to simplify the text.

"'Tn Figure 8 we show biomass market (panel a), fuel market (panel b) and food commodity
market (panel d) (by-product and land markets are not shown). The effects sown in Figure 8 take
into account adjustments in all markets.
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is given by S™(w) (not shown).

We assume constant Leontief transformation technology in biofuel sector with
constant extraction coefficient denoted by 5. Each unit of biomass results in 5 units
of biofuel.!? Additionally, biofuel production yields feed by-product, v, units quan-
tity per one unit of biomass. To simplify the analyses, we assume constant value
of unit processing costs (adjusted for mark-up), ¢, incurred to biofuel production
from one unit of biomass. This implies that biofuel supply, SP(r), and by-product
supply, SO (p®), represent the excess supply of biomass, S4% — DAB adjusted by
constant extraction coefficients: S? = 3 (SAB — DAB) and SO = v (SAB — DAB),
respectively, where p© is the price for by-product. In Figure 8 biofuel supply, SZ, is
shown in panel b.

The world supply of fossil fuel together with biofuel supply generates the aggre-
gate fuel supply curve, ST (r) = S¥ + SB, where S¥(r) is the world supply curve of
fossil fuel (panel b in Figure 8). The aggregate fuel demand, D™ (), is a sum of agri-
cultural fuel demand, K48+ KNB and non-agricultural fuel demand, DN (r) (panel
b in Figure 8). In order to simplify the analysis, we assume perfect substitutability
between biofuel and fossil fuel in consumption.?

The equilibrium conditions for agricultural, input and fuel markets can be sum-
marised in five equilibrium conditions. Food production from biomass with no biofuel

production is given by:

if pB>pr4+4p9 —c = SP=59=0 = DAB =948 (9a)

where p/'B is the equilibrium price for biomass in absence of biofuel production,
poo is by-product price in absence of production of by-product from biomass. Food

and biofuel production from biomass is given by:

if pAB<pr+ap®—c = SP>0,59>0 = S48 _DAB >

9b
and pA8 = Br +p° — ¢ (9b)

Food commodity equilibrium:

SAN — DAN (10)

Land market equilibrium:

12We assume that this coefficient also adjusts for quality differences between biofuel and fossil fuel.
Hence it represents biofuel in equivalent of fossil fuel.

"*In reality, fuel containing low share of biofuels (e.g. 10% or less in the case of ethanol) can
be used in virtually all standard vehicles. However, fuel with high share of biofuels requires engine
adaptation, which implies additional (fixed) costs to consumers. Hence, depending on the relative
importance of these adjustment costs, the theoretical model may slightly overstate the impact of
biofuels on agricultural prices.
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By-product market equilibrium:

59 = p°© (12)

where D?(p©) is by-product demand. Fuel market equilibrium:

STF = pTF (13)

Equation (3) determines the equilibrium condition for biomass. The unit return
of biomass, if used to produce biofuels, is given by the adjusted fuel and by-product
prices net of processing costs ¢: fr++p® —c. If the return from biofuel is smaller than
the biomass equilibrium price in the absence of biofuel production, pr, then biofuel
production is not profitable in equilibrium. In this case the equilibrium biomass
price is determined by intersection of biomass demand and supply, DAP = §4B
(equation 3a). Biofuel production is in equilibrium, S? > 0, when the unit return
of biomass used for production of biofuels is higher than the biomass price, pZ, on
the food market: Br + yp® — ¢ > p?B. In this case the equilibrium biomass price is
determined by the price for fuel and by-product: pA? = pr +p° — ¢ (equation 3b).
Equation (10) represents the equilibrium condition for food commodity. Equations
(11) and (12) determine the equilibrium on land and by-product markets, respectively.
Equation (13) is clearing condition for the aggregate fuel market equilibrium, where
STF — gF 4 B and DTF — DNF | AB | AN,

Figure 8 shows the equilibrium prices and quantities for biomass market (panel
a), fuel market (panel b) and food commodity market (panel d). The equilibrium
price and quantity for biomass is pr, Q4B and the equilibrium price and quantity
for fuel is r, Q¥. There is no biofuel production in equilibrium, because the return
from biomass for biofuel production would be lower than the price obtained if sold on
the food market. With fuel price r, the unit return of biomass for biofuel production
is given by pAP (= pr+ 'yp(? — ¢), while the equilibrium food price is pr . As shown
in panel a, food price is lower than the equilibrium price for biomass, pA8 < pr ,
implying no biofuel production in equilibrium.' Finally, the equilibrium price and

quantity of food commodity is pAV, QAN .15

Figures and Tables

Y Note that the fuel price 7, is equivalent to return from the biofuel production at price of biomass
poB . Everything else equal, the biofuel production is profitable for fuel prices higher than r,.
15 As noted above, we assume that this commodity is used only for food production.
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Figure 1: Impulse response function of total land use (basic model). Notes: Y axis:
area in million acres; X axis: years. Impulse: positive oil price shock (1 STD) in
USD; response: changes in land use.
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Figure 2: Impulse response function of total land use (controlling for structural break
in 1996). Notes: Y axis: area in million acres; X axis: years. Impulse: positive oil
price shock (1 STD) in USD; response: changes in land use.
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Figure 3: Impulse response function of total land use (controlling for structural break
in 1998). Notes: Y axis: area in million acres; X axis: years. Impulse: positive oil
price shock (1 STD) in USD; response: changes in land use.
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Figure 4: Impulse response function of total land use (controlling for structural break
in 2000). Notes: Y axis: area in million acres; X axis: years. Impulse: positive oil
price shock (1 STD) in USD; response: changes in land use.
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Figure 5: Impulse response functions of direct land use change (basic model). Notes:
Y axis: area in thousand acres; X axis: years. Impulse: positive oil price shock (1
STD) in USD; response: changes in land use. Commodities from the top: barley,
corn, rice, soybeans and wheat.

SWAR Impulse Responses

oil_pous =3 bar_lond

w4
!
o Ope s
ey 7 7 3 T TT T7 T 1% B
oll_p_us —3 eorn_land
o
6
=91
wz| .
0% 7 7 g g 0 Tz K] 7% i 70
oll_p_us — 3 rice_land
0 =
o
Sy
w3 )
~5% 7 7 3 3 TS 2 T 5 B 7
SIEBTE s S5y land
Loz
2 i
ey ) & E T0 T T4 76 T8
oll_p_us —+ whe_land
8
o
0 % 7 3 7 T T 13 l6 TR 7

Figure 6: Impulse response functions of direct land use change (controlling for struc-
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positive oil price shock (1 STD) in USD; response: changes in land use. Commodities
from the top: barley, corn, rice, soybeans and wheat.
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Figure 7: Structure of the model
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(a) Biomass Market (b) Fuel Market

(d) Food commodity market

Figure 8: Biomass, fuel and food commodity markets
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Table 2: Estimated long-run land use elasticities

1000 Ha 1000 Ha/1 USD/barrel
5 years 10 years 20 years 5 years 10 years 20 years

Barley

Basic model 216.1 223.6 164.5 14.9 15.5 114

Structural break 1996 165.0 131.8 97.6 11.4 9.1 6.7
1998 198.5 176.5 914 13.7 12.2 6.3
2000 110.1 87.2 50.3 7.6 6.0 3.5
Corn

Basic model 258.6 233.7 165.0 17.9 16.2 114

Structural break 1996 248.3 181.1 135.7 17.2 12.5 9.4
1998 226.2 166.9 83.5 15.6 11.5 5.8
2000 132.1 98.8 57.7 9.1 6.8 4.0
Rice

Basic model -63.8 -45.7 -20.2 -4.4 -3.2 -14

Structural break 1996 -48.0 -25.7 -3.9 -3.3 -1.8 -0.3
1998 -65.5 -49.1 -20.9 -4.5 -3.4 -1.4
2000 -15.3 -13.2 -3.4 -1.1 -0.9 -0.2
Soybeans

Basic model -470.2 -291.8 -58.7 -32.5 -20.2 -4.1

Structural break 1996 -152.4 35.6 156.6 -10.5 2.5 10.8
1998 -470.8 -325.9 -118.7 -32.6 -22.5 -8.2
2000 -215.5 -39.8 35.1 -14.9 -2.7 2.4
Wheat

Basic model 137.1 129.9 74.1 9.5 9.0 5.1

Structural break 1996 246.1 259.4 212.2 17.0 17.9 14.7
1998 136.0 108.4 49.9 9.4 7.5 3.5
2000 364.4 224.9 94.1 25.2 15.6 6.5
Total land

Basic model 877.0 979.7 777.6 60.6 67.7 53.8

Structural break 1996 798.4 746.3 680.1 55.2 51.6 47.0
1998 698.6 640.6 343.1 48.3 44.3 23.7
2000 546.2 467.0 297.4 37.8 32.3 20.6

Source: Authors’ estimations based on US data for 1950-2007. Notes: Land use change elasticities are

calculated based on the impulse response analysis.
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