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Abstract  
We use the wavelet coherence methodology to investigate relations between prices of 
ethanol and its feedstocks. Our continuous wavelet framework allows for discovering 
price connections and their evolution in both time and frequency domain in the most 
important ethanol markets – Brazil and the USA. For both of these markets we show 
that the long-run relationship between prices of ethanol and corn (in USA) or sugar (in 
Brazil) is positive, strong and stable in time. Importantly, we show that the prices of 
feedstock lead the prices of ethanol and not the other way around. The price lead of 
feedstock is documented for both short and long run horizons. Our qualitative results 
hold true even when the influence of crude oil prices is accounted for by utilizing 
partial wavelet coherence approach. 
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1. Introduction 
 

As biofuels are produced from agricultural crops, there is a persistent concern 
that biofuels compete with food production and that this competition drives up food 
prices and so causes hunger around the world. In particular, this argument assumes 
that increasing biofuels prices lead to an increase of the agricultural commodity 
prices. Rigorous clarification of this intuitive argument is a common theme of recent 
active research in bioenergy (Hochman et al., 2014; Kristoufek et al., 2014), 
agricultural (Myers et al., 2014), and energy (Bastianin et al., 2014a) oriented 
leading academic journals. This paper contributes to this discussion by analyzing 
the most recent price development in the most developed biofuels markets using a 
novel analytical framework.  

Our results show that the prices of ethanol feedstock both in Brazil and the USA 
lead the prices of ethanol (supporting the earlier results of Saghaian (2010), Serra 



et al. (2011), Wixson and Katchova (2012)) and not the other way around. Our more 
recent data and analysis therefore reject earlier findings of no long run relationship 
among prices of ethanol, corn and gasoline reported by Zhang et al. (2009, 2010). 
Our qualitative results hold true for our data for both short run and long run 
horizons. Importantly, it is also true when consider crude oil prices influence.  

Our study covers 84% of the world ethanol production, with 57% due to the USA 
and 27% due to Brazil (RFA, 2014). These shares of the year 2013 are quite 
representative for a longer period, as since 2010, the worldwide and the U.S. ethanol 
production levels have essentially stabilized after several years of rapid growth. In 
the light of recent biofuels development, it may be expected that the U.S. ethanol 
production will not change significantly while the Brazil ethanol production has a 
realistic potential for a slight increase. Besides an important issue of the policy 
regulation of biofuels, a viability of the prevailing first generation ethanol biofuel 
crucially depends on its pricing relative to the prices of its feedstock and the prices 
of crude oil.  

The U.S. ethanol is produced mainly from corn. According to the FAO (2014) 
2014/15 forecast, out of the expected 365 647 thousand tonnes of the U.S. corn 
production, 36 % (130 180 thousand tonnes) is forecast to be used for the ethanol 
fuel. This share of ethanol in the range of 35-43 % is stable over the whole period 
since the 2009/2010 crop year. With a relatively stable ethanol fuel use in the range 
of 116 616-130 180 thousand tonnes over this period, the naturally variable corn 
harvests mean that the highest share of ethanol occurs during the years with the 
lowest corn harvest.  

During the recent food crises, the difference between the U.S. corn production 
and the fuel ethanol use was about 250 000 thousand tonnes in 2007/08 and about 
160 000 thousand tonnes in 2012/13 (FAO, 2014). This may be compared to the 
total U.S. corn production in the pre-biofuels era, which was on the level of about 
230 000-250 000 thousand tonnes during the 1996-2003 period and with 
occasionally low harvests of 106 031 (1983), 125 194 (1988), 160 986 (1993), 187 
970 (1995) thousand tonnes (Indexmundi, 2015). These data indicate that ethanol 
boom with associated increase in the profitability of corn farmers has not lead to a 
large absolute decrease in the U.S. corn production used for non-ethanol purposes. 
An analysis based on the U.S. data (Oladosu et al., 2011) suggests that the corn use 
for ethanol has resulted in large reductions in its use for livestock within the U.S., 
and in an increased corn production.  

The Brazilian ethanol is produced primarily from sugar cane, where the 
utilization of sugar cane is in long term relatively equally divided between sugar and 
ethanol. As sugar is not such a staple food product as is corn, the diversion of the 
Brazilian sugar cane production into ethanol is not perceived as such a menace for 
the world food situation as it is in the case of the U.S. corn. However, the land use 
and possible expansion of arable land due to biofuels is an important issue in Brazil 
(Rajcaniova et al., 2014).  

The absolute sizes of the U.S. corn production or the Brazilian sugar production 
are not the main factors in the determination of the biofuels impact on food security 
and related issues. What matters for the global and regional food security the most 
is the price level of basic food staples around the world, which is influenced by 



ethanol related price transmission channeled through international trade prices. 
Carter et al. (2013) estimate that corn prices were 34 percent higher between 2006 
and 2012 because of the U.S. ethanol mandate.  

While the U.S. and European ethanol markets are investigated in many studies 
such as Serra et al. (2011), Sexton and Zilberman (2011), Pokrivcak and 
Rajcaniova (2011), Trujillo-Barrera et al. (2012), Kristoufek et al. (2012), Kristoufek 
et al. (2013), Rajcaniova et al. (2013), and de Gorter et al. (2013), the Brazilian 
sugarcane ethanol market has received less attention. The papers dealing with 
Brazilian biofuels include Serra et al. (2011), Drabik et al. (2015), and 
Capitani (2014).  

Here, we study the Brazilian and the U.S markets and prices utilizing the 
continuous wavelet framework which was introduced into the biofuels literature by 
Vacha et al. (2013) and is applied across a wide range of disciplines (Lachaux 
et al., 2002; Klein et al., 2006; Vacha and Barunik, 2012; Sankari and 
Adeli, 2011; Holman et al., 2011; Keissar et al., 2009; Kirby and 
Swain, 2008; Cazelles et al., 2005; Kareem and Kijewski, 2002; Cohen and 
Walden, 2010). This approach allows for examining dynamics of correlations in time 
as well as across frequencies while providing an optimal balance between the time 
and frequency resolution (Rua, 2010). In addition, the continuous wavelet 
framework does not require further data transformation to achieve stationarity as it 
is not limited by the covariance-stationarity assumption for the underlying process 
(Raihan et al., 2005). The framework is especially useful in analyses of connections 
between time series which have likely undergone dramatic changes in their 
structure. Additionally to this time domain localization, the framework also 
provides information about the frequency domain specifics. It is thus possible to 
study differences between connections at various time scales. Specifically here, we 
comment on the changing interconnections between ethanol and producing factors 
prices, specifically sugar for Brazil and corn for the USA. Moreover, the newly 
utilized methodology of partial wavelet coherence also allows for filtering out the 
effects of other selected variables, which was not considered earlier (Vacha 
et al., 2013). In our case, we are primarily interested in controlling for the possible 
effect of the crude oil prices on the whole dynamics. The results indicate that both 
markets share several common features in the dynamics between ethanol and its 
producing factors.  

Our paper contributes to the time series empirical econometrics literature 
dealing with the biofuels connected price links. The results of this rapidly growing 
literature on the biofuels related time series price transmission are summarized by 
Serra and Zilberman (2013) and Zilberman et al. (2013) while the general review of 
the economics of biofuels is provided by Janda et al. (2012) and by Timilsina and 
Zilberman (2014). The theoretical calibrated models (Hochman et al., 2014; Drabik 
et al., 2014) which provide rationale and evidence for the co-movement of prices of 
agricultural commodities and their feedstock emphasize that the strength and 
direction of this co-movement changes over time. While the nonlinear time 
dependent price transmission between biofuels related commodities is investigated 
by Kristoufek et al. (2014), our new continuous wavelet framework allows us to 



integrate these results with the analysis of long and short run co-movements, as 
undertaken recently by Myers et al. (2014). 

 
2. Materials and methods 

 
2.1 Data description 

 
Studying the relationship between biofuels and relevant factors of its price 

dynamics is frequently limited by the biofuels prices data availability. Both length 
and frequency of the series pose difficulties during the analysis. To this end, we 
focus on the longest available data series of ethanol prices for the Brazilian and the 
U.S. markets. However, each market provides quite different data series to be 
studied.  

For the Brazilian market, the time series are provided by the Center for 
Advanced Studies on Applied Economics (CEPEA) and they go back to 29.11.2002 
for the spot ethanol (both anhydrous and hydrous) prices with a weekly frequency. 
Brazilian ethanol is first produced as a hydrous ethanol (E100) which is directly 
used by the ethanol-only and flex fuel vehicles. This hydrous ethanol may be further 
processed and transformed into an anhydrous ethanol, which is used for blending 
with pure gasoline to obtain the blended fuel (E25 in the case of Brazil). The 
additional processing cost forms a technologically based price wedge between the 
hydrous and anhydrous ethanol. The main producing factor for the Brazilian ethanol 
is sugarcane so that we include the sugar spot prices, which are again provided by 
CEPEA. To control for possible effect of the crude oil, we use the spot prices of the 
WTI crude oil provided by the U.S. Energy Information Administration (EIA). All 
series were downloaded on 17.4.2014.  

For the U.S. market, we use the ethanol (only the anhydrous ethanol is used in 
the USA) and corn (the major producing factor for the U.S. market) prices provided 
by the Center for Agricultural and Rural Development (CARD) at Iowa State 
University. The prices are based on the futures contracts so that we use the Light-
Sweet (Cushing, Oklahoma) crude oil front (i.e. with the earliest delivery date) 
futures prices from EIA to control for possible interconnections. The ethanol and 
corn prices were obtained on 8.4.2014 and the crude oil prices on 7.5.2014. All 
analyzed series go up to the end of March 2014. 
 

2.2 Wavelets framework 
 

Wavelet framework allows studying behavior of interdependence between 
series and how it varies in time and across scales. Contrary to the Fourier analysis, 
which utilizes a combination of sine and cosine functions, the wavelet analysis is 
based on a projection of a wavelet function onto the studied series. A wavelet ψ(t) is 
a real-valued or a complex-valued (depending on the type of analysis) square 
integrable function which is further specified by scale s and location u parameters at 
time t so that we have 
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When the assumptions about the wavelet function are met (see 

Daubechies (1992) for more details), any series {xt} can be reconstructed back from 
its continuous wavelet transform Wx(u,s) defined as 

 

Wx (u, s) 
x(t) * t u

s
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s
 , 

 
where the asterisk sign marks a complex conjugate operator, so that there is no 
information loss induced by the transformation (Percival and 
Walden, 2000; Grinsted et al., 2004). In our analysis, we use the Morlet wavelet with 
a central frequency of six as it provides a good balance between time and frequency 
localization. Moreover, the Morlet wavelet is a member of the complex-valued 
wavelets family which allows for examination of the bivariate (or even multivariate) 
relationships between series (Grinsted et al., 2004; Aguiar-Conraria et al., 2008). 
Specifically, the Morlet wavelet with a central frequency ω0 = 6 is defined as 
 

(t) 1/4et(6i t )/2 , 
 

The complex-valued wavelets allow for a generalization into the bivariate setting. 
The cross-wavelet transform is then defined as 
 

Wxy(u, s)Wx (u, s)Wy
*(u, s) 

 
where Wx(u,s) and Wy(u,s) represent the continuous wavelet transforms of series 
{xt} and {yt}, respectively (Torrence and Compo, 1998). Wxy(u,s) is in general 
complex and thus hard to interpret. For this point, the cross-wavelet power 
|Wxy(u,s)| is standardly used as a measure of interdependence between series. In 
applications, the cross-wavelet power is usually interpreted as a covariance 
localized in time and at a specific scale. In other words, the cross-wavelet power 
identifies regions in the time-frequency space which are characteristic for both 
series. Therefore, if the dominating scales (or frequencies) of both series overlap at 
a given time, the cross-wavelet power is able to uncover it. This is an important 
improvement over the Fourier analysis of multivariate series, i.e. the cross-
spectrum analysis, which limits itself to the relationships over different scales but 
leaves the time domain intact (McCarthy and Orlov, 2012). The cross-wavelet power 
is not bounded so that in the same way as for the standard covariance measure, it is 
difficult to detect whether the co-movement is strong or not. 

To overcome this issue, the squared wavelet coherence is introduced in the 
following form 
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where S is a smoothing operator (Grinsted et al., 2004; Torrence and 
Webster, 1998). The squared coherence is bounded between 0 and 1 and it is 
usually interpreted as a squared correlation for the specific time and scale. As the 
squared coherence loses the complex information about direction, the phase 
difference is studied as well and it is defined as 
 

xy(u, s)  tan 1
S 1
s
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where  and  represent an imaginary and a real part operator, respectively.  

The wavelet analysis thus provides a complete picture of the dependence 
between two series in the time-frequency space. In practice, the analysis is 
compressed into a single two-dimensional chart. On the axes, the time and scale are 
shown and the values themselves are represented by the contour plot of the 
squared wavelet coherence. The hotter the color of the contour is, the higher the 
coherence is as well. Statistical significance of the coherence is tested by the Monte 
Carlo simulation against the red noise null hypothesis. A black border highlights the 
significant regions and directional arrows represent the phase difference (or simply 
the phase). When the arrow points to the east, the analyzed series are positively 
correlated with no series being a leader. Westward pointing arrow indicates a 
negative relationship with no series as a leader. The southward oriented arrow tells 
that the first analyzed series leads the second one by π⁄2 whereas the northward 
pointing one shows the opposite. The phase difference represented by these arrows 
provides essential information about the relationship between the examined series. 
Importantly, the phase is not based on any prior assumption about the relationship 
between the studied series. Even more, it can serve as a starting point and an 
identification tool for a follow-up models construction.  

The wavelet analysis is restricted by the boundary conditions as the wavelet is 
stretched to cover the given scale. Therefore, the results are less reliable at the 
beginning and at the end of the series. To separate the regions, the cone of influence 
is introduced into the chart. The paler colors show the less reliable region and the 
brighter colors cover the reliable region. The ability to analyze the interconnection 
at different scales thus comes at a cost of limited reliability of the analysis at high 
scales (low frequencies). Nonetheless, this is an apparent characteristic of any 
frequency domain instrument. The principle is better understood with specific 
results which are presented in the Results section. For a more detailed description, 



please refer to Grinsted et al. (2004), and for a more detailed description of the 
wavelets environment with an application to biofuels and related commodities, 
please refer to Vacha et al. (2013).  

The wavelet coherence is limited in the same way as the standard correlation – it 
does not control for a possible influence of other variables and it is thus prone to the 
omitted variable bias, i.e. the reported high coherence between series X and Y might 
be due to a strong relationship between X and Z as well as Z and Y. As a parallel to 
the partial correlation, the partial wavelet squared coherence is defined as 
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which quantifies the relationship between the series {y} and {x1} controlling for the 
effect of {x2} (Mihanovic et al., 2009; Ng and Chan, 2012). The interpretation is 
parallel to the squared partial correlation.  

We thus utilize a complete framework for a multivariate analysis of 
connections between series which allows for an inspection of its evolution in time 
and across frequencies (scales). This allows us to comment on dynamics of 
correlations and compare among short-term, medium-term and long-term effects as 
well as their stability in time, and possible breaking points connected to global or 
local events on the markets. Moreover, the partial coherence controls for possible 
spurious results due to multivariate correlations. In addition, the wavelets are very 
useful for possibly non-stationary or trending series without a need for any further 
specification during the estimation process (Raihan et al., 2005; Grinsted 
et al., 2004; Aguiar-Conraria et al., 2008; Torrence and Compo, 1998). The described 
framework thus provides a robust and flexible environment for studying evolution 
of correlations and transmission between ethanol and related commodities. 

 
3. Results 

 
3.1 Basic dynamics 

 
In theory, when agricultural crops are used for biofuels, the first-order, direct, 

impact is to reduce the food and feed availability. This leads to increasing prices as 
users and various types of demand compete for the same available supplies. If that 
were the only effect, the commodity price would then rise rather steeply according 
to consumers’ highest willingness to pay under the constraint of available supply. 
This is, however, not what we observe because of two feedback effects involving 
feedstock consumption and production, in addition to the possibilities of 
substitutions between foods and feedstocks, at the demand and production levels, in 
the food and fuel markets.  

The first feedback effect is at the level of demand, where the price increase 
forces people to consume less food and, indirectly, less feed. The second feedback 
effect is at the level of production, where the high price encourages farmers to 



increase production and therefore supply. If the increase in production corresponds 
sufficiently closely to the increasing demand, price increases will be limited to the 
marginal rise in production costs associated with reaching higher yields or with 
using additional lands. Since demand for biofuel results from government policies, it 
is a demand that can be anticipated by agricultural producers and incorporated into 
planting decisions. To what extent farmers can reply to such new conditions by 
increasing supply is key to the net effect of biofuels on the prices of food 
commodities.  

These impacts might be different both qualitatively (the sign) and quantitatively 
(the size) in the short versus the long term. In the short run, supply in particular is 
less responsive because farmers face obvious constraints to expand their 
production within a year or two. In fact, within a few months, the only supply 
response may come from increased sales by commodity stockholders. Such short-
term limitations on the supply response imply that prices have the potential to rise 
more in the short run than the long run, when the incentive to invest and increase 
the production will be materialized. On the demand side, the responsiveness 
(elasticity) to price changes can also adjust with time as income conditions and 
habits evolve or as social protection programs and interventions are introduced. 
Also, we may expect asymmetric reactions to downside and upside price shocks 
(Bastianin et al., 2014b; Kristoufek and Lunackova, 2015).  

Observed price developments of ethanol and its main feedstocks have differed in 
Brazil and the USA (Fig. 1). Both markets were struck by the food crisis between 
2007 and 2008. However, the effects were different. In Brazil, the crisis was mainly 
reflected in an increased price of crude oil whereas prices of sugar and both types of 
ethanol remained relatively stable. The local heights had already been reached at 
the break of 2005 and 2006. Nonetheless, all the analyzed Brazilian commodities 
(anhydrous and hydrous ethanol, sugar and crude oil) started an increasing trend in 
prices in 2009 which held up to the break of 2011 after which the prices were 
stagnating until the end of the analyzed period. The food crisis had a stronger effect 
on the U.S. market. Prices of all the analyzed commodities (ethanol, corn and crude 
oil) had reached their local peak in the middle of 2008. At the break of 2009, the 
prices were back to the pre-crisis levels. Similarly to the Brazilian market, the U.S. 
commodities were then appreciating until the middle of 2011 after which the prices 
were quite stable until the end of the analyzed period.  
We observe that commodities move together quite strongly and apart from the 
crude oil divergence in the Brazilian market around the time of the food crisis, the 
prices follow very similar trends. Even though the correspondence is not perfect, the 
prices are visually tightly linked together. To see whether this is in fact true and 
which series is the leading one in the pair, we utilize the wavelet coherence 
framework described in the previous section. We are first interested in the 
coherence between ethanol and its producing factor in each market and then we 
control for a possible influence of the crude oil dynamics to see whether the initial 
relationship remains strong. If it does, we report a strong relationship between 
ethanol and its producing factor regardless of the crude oil influence and possible 
indirect correlation. 
 



3.2 Brazil 
 

Fig. 2 shows the wavelet coherence and the partial wavelet coherence between 
sugar and anhydrous ethanol in Brazil. In the left panel, the wavelet coherence is 
presented and we can see its evolution in time (horizontal axis) and across scales or 
periods measured in weeks (vertical axis). Statistically significant regions are 
marked by a thick black curve. Low coherence is shown in cold colors which become 
hotter as the coherence increases. Most of the significant regions are thus in a red 
color. The most dominant region of significant relationship between the two series 
is between approximately 60 and 100 weeks, i.e. between 1 and 2 years. The band of 
statistically significant wavelet coherence suggests a remarkably stable relationship 
in time and it tells that the prices of sugar and anhydrous ethanol are tightly 
intertwined in the long-term horizon. The dominant scale slightly decreases in time 
which suggests that the reaction time of prices shortens slightly. However, such a 
change in the dynamics is very slow. Apart from this long-term relationship, there 
are only few periods when the coherence is statistically significant which indicates 
that there are only several short-lived episodes when the prices were reactive to 
one another in a shorter term.  

Orientation of the phase arrows provides evidence of a lead-lag relationship 
between sugar and anhydrous ethanol. Most of the arrows in the significant region 
between 60 and 100 weeks are pointing to the right and more or less downwards. 
The direction to the right indicates that the series are positively correlated and the 
downward direction indicates that the sugar series leads ethanol. Therefore, in the 
long-term, sugar prices are positively correlated with ethanol prices while sugar is 
the leader of the relationship. Note that this relationship is again very stable in time. 
To control for the effect of crude oil, we present the partial wavelet coherence 
between sugar and anhydrous ethanol in the right panel of Fig. 2. Qualitatively, most 
of the dynamics remains unchanged. Even though crude oil has drawn a portion of 
the correlation away, the relationship still remains strong and our main findings 
stay unchanged. The relationship between sugar and hydrous ethanol (Fig. 3) is in 
the same line as the previous case. In fact, the interconnection seems to be even 
stronger for the hydrous ethanol compared to the anhydrous one. Nonetheless, the 
results remain practically unchanged, qualitatively.  

The mechanism leading our observable results is consistent with a diversion of 
large amounts of sugar to ethanol production leading, everything else being equal, 
to an increase in the price of sugar relative to what it would have been without 
ethanol. However, given the overall increase in sugar cane production, the total 
effect has been mild and, in the Brazilian market, world sugar and oil prices 
influence ethanol prices more than the reverse.  

 
3.3 United States 

 
For the U.S. market, we study the relationship between ethanol and corn. 

Moreover, data are available on the daily basis rather than weekly as in the case of 
Brazil. Fig. 4 summarizes the results which allows for a more detailed analysis. The 



dynamics is more complex than in the case of Brazil. We again see a stable long-term 
positive relationship between the commodities represented by the statistically 
significant wavelet coherence at the high scales. Specifically, corn prices lead the 
ethanol prices at the scales above one trading year represented by a dominant 
orientation of the phase arrows to the southeast, which is in accordance with the 
Brazilian market. However, there are also more dominant episodes of statistically 
significant dynamics at lower scales. During the food crisis, the corn prices led the 
ethanol prices with a higher leading period which is represented by the arrows 
pointing more southwards at scales approximately between a trading month and 
half a year between 2008 and 2009. The extremely high prices thus seem to be 
connected with a stronger relationship between the U.S. ethanol and its producing 
factor. The same behavior is observed between 2012 and 2013, which is again 
connected to extremely high prices of corn. Even though the filtering out of the 
crude oil influence (the right panel of Fig. 4) seems to have consumed more of the 
correlations than in the case of Brazil, the base qualitative results remain 
unchanged. 
 

4. Discussion 
 
4.1 Comparison 

 
A number of studies have investigated the biofuels related prices utilizing time 

series econometrics techniques. A representative review by Serra and 
Zilberman (2013) reports 51 such studies using different commodities, sample 
periods, data frequencies and techniques which were published over the period 
2006–2012. Out of these studies, 20 support an existence of the link between 
biofuels or energy prices and feedstock prices, 13 do not support it and 18 focus on 
different topics.  

Ciaian and Kancs (2011a,b) show that interdependence among the prices of 
crude oil and agricultural commodities was increasing over the 1993–2010 period, 
especially after 2005. Similarly, Rausser and de Gorter (2014) show that the global 
prices and price volatilities for food-grain commodities have spiked frequently and 
dramatically since 2006. We bring the results of these previous analyses further by 
utilizing additional data and by expanding the analytical techniques.  

We have studied the relationship between ethanol and its producing factors in 
the two biggest ethanol markets – Brazil and the USA. Using the continuous wavelets 
framework, we have uncovered the interconnections and their evolution both in 
time and across frequencies. Even though the producing factors differ for each 
market – sugar for Brazil and corn for the USA – the qualitative results coincide. 
Overall, there are several important findings that hold for both analyzed markets. 
First, the long-term relationship between ethanol and its producing factors is 
positive, strong and stable in time. Second, the prices of the producing factors lead 
the prices of ethanol and not the other way around. Third, there are episodes at 
lower scales, mainly connected to extremely high prices of the producing factors, for 
which the strong relationship emerges as well. Moreover, the leading position of the 



producing factors becomes even more prominent. And fourth, these findings are 
only slightly altered when we control for the effect of crude oil prices and possible 
indirect correlations.  

Our results provide a support to the argument in favor of economic feasibility of 
global ethanol market. The similarities in the behavior of the U.S. and Brazilian 
ethanol markets, which we present in this paper, indicate a possibility for 
overcoming an existing agricultural commodity fragmentation of the ethanol trade. 
Nonetheless, an emergence of a truly global ethanol market, in parallel to the global 
crude oil market or the world market for individual agricultural commodities, is still 
an open topic for the future development, especially because of the underdeveloped 
institutional framework (Hira, 2011; Ackrill and Kay, 2011).  

Our confirmation that the ethanol prices lag behind the feedstock prices at any 
regime in which we are able to identify co-movement of these prices supports the 
recent results of Bastianin et al. (2014a). In addition to confirming their results 
(based on predictability in distribution) for the USA, our wavelet coherence analysis 
extends the global coverage to Brazil, providing the evidence which is missing in 
majority of the recent studies focusing on the U.S. biofuels or on the marginal 
markets in Africa, the EU or Asia. However, our analysis provides much deeper 
insights into the dynamics of the dependence. 

  
4.2. Limitations 

 
White (2006) describes the wavelets as a particularly powerful class of functions 

that need not be orthogonal and the author also discusses some further limitations 
of the framework in the context of other alternative nonlinear methods. Some useful 
references, which provide a more detailed treatment of specific issues, are reviewed 
there as well. Dekel and Leviatan (2003) show that wavelets do not perform well in 
capturing singularities around curves and they prefer nonlinear piecewise 
polynomial approximations in this specific case. The issue of the wavelets and 
Fourier series performance in the presence of singularities is further discussed by 
Candes (1999) who suggests using ridgelets as an optimal tool for smoothing 
multivariate functions. Candes (2003) further discusses the properties of ridgelet 
estimators and compares their properties with kernel smoothing and various 
wavelet thresholding methods. In addition to these issues of the wavelets 
framework, there are few potential weaknesses connected to the characteristics of 
the dataset we analyze.  

In general, due to a wavelet function stretching in the wavelet powers 
calculation, the results are less reliable for higher scales and close to the beginning 
and the end of the analyzed period which is represented by the cone of influence in 
the figures. It is thus possible that the relationship is strong even for higher scales 
than reported. However, we report a strong and stable relationship for scales 
outside the unreliable region so that such issue limits our conclusions only 
marginally. In addition, the wavelet analysis is partly prone to arbitrariness due to a 
need to select a specific wavelet with given parameters. In our case, we use the 
Morlet wavelet with a specified central frequency. Note that the results do not 



change qualitatively even for other wavelet choices. And lastly, even though the 
utilized framework allows for multivariate control variables, the possibilities are of 
course limited by data structure and availability, which we now discuss in more 
detail.  

The most evident omission in our dataset is a measure of economic activity (or 
some other demand factor) for the studied countries. Hypothetically, an increased 
economic activity drives up demand for both ethanol and its producing factors. This 
might create an omitted variable bias and the reported results could be biased 
upwards as we would assume positive correlation between the economic activity 
and each of ethanol and its producing factors. However, a quarterly nature of 
economic activity measures restricts the analysis, as such measures cannot be 
straightly imported into the multivariate wavelet coherence framework. To partially 
control for the possible bias, we examine the correlation between gross domestic 
product (GDP) of Brazil and the USA, and sugar and corn as the relevant producing 
factors, respectively. We use quarter-to-quarter real gross domestic product per 
capita growth provided by the World Bank (data.worldbank.org). We report the 
correlation coefficient between the economic activity and the ethanol producing 
factors at very low levels (0.21 for Brazil and 0.11 for the USA) and statistically 
insignificant with p-values well above 0.1 (we calculate average quarterly prices of 
sugar and ethanol to further obtain quarter-to-quarter growth rates, which are then 
compared with GDP of the relevant countries). Even though the linear correlation 
coefficient does not control for possible variation across scales, it provides 
information about overall dependence between series. Analysis of the dependence 
and its evolution in time and across scales using quarterly data with such a 
restricted time frame would not yield reliable results. Therefore, our results are not 
biased by a strong connection between the economic activity and studied 
commodities.  

 
4.3. Policy implications 

 
The partial wavelet coherence, applied for the first time to biofuel price system 

in this paper, clearly identifies the important structural break associated with the 
global food crisis around 2008. At that time, we observe the short-run positive co-
movements of prices of ethanol and its feedstock replacing the long-run stable 
relationship which prevailed for the rest of the analyzed period. Characteristically, 
the following period of high prices around 2011 did not display this change in the 
long-run co-movement of ethanol and its producing factors, which confirms a 
fundamental difference between these two periods of high prices around 2008 and 
2011.  

Our major confirmation of the stable positive long run relationship among prices 
of ethanol and related agricultural commodities indicates that (at least) two years of 
record high harvests of biofuels feedstock in 2013 and 2014 should have a 
significant long run impact on the economics of biofuels. According to the United 
Nations (FAO, 2014), the expected 2014 world coarse grains production is virtually 
matching the 2013 record high of 1,308 million tonnes. World sugar production is 



forecast to reach 183.9 million tonnes in 2014/15 (FAO, 2014), which represents a 
modest 0.9 percent increase over the 2013/14 season, but still the second largest 
harvest in history. These high harvests and more importantly increasing levels of 
stock of these major ethanol related agricultural commodities obviously lead to 
lower commodity prices both in the short and middle run as well as to the long run 
price stabilization effect. While the decrease in the costs of main ethanol feedstocks 
clearly improves the competitiveness of ethanol, the concurrent decrease in the oil 
prices (EIA, 2014) works in the other direction. However, the results of our wavelet 
coherence analysis controlling for the price of crude oil suggest that the direct effect 
of lower prices of agricultural commodities will prevail and the ethanol producers 
are likely to benefit.  

Obviously, an important side effect of good agricultural seasons of 2013 onwards 
is the changed short run public perception of dangers of food shortages and 
widespread starvation. This may positively influence the public attitudes towards 
biofuels. However, as shown in the recent World Bank research (Ivanic and 
Martin, 2014), the relation between food prices and livelihood of rural population 
may be more complicated than previous models based only on the concept of net 
food sellers/buyers suggest. Ivanic and Martin (2014) show that while low food 
prices lower global poverty in the short run, the high food prices lower global 
poverty in the long run. Therefore, the links between biofuels, food prices and global 
poverty are more complicated than those considered during the heated public 
debate during and immediately after the 2007-2008 food crisis.  

Our results open further research possibilities and bring new challenges for 
modeling and possible forecasting. The findings indicate that adequate models 
should control for both time and frequency variability of dependence between 
ethanol and its producing factors. Even though the long-term relationship seems to 
be rather stable in time, the short-term and medium-term dynamics progress quite 
freely and react to an actual market situation. Such models should thus encompass 
long-run equilibrium relationship between variables with impulses coming from the 
producing factors to ethanol. In addition, the models should allow for time-varying 
parameters of the short-run dynamics. On the one hand, the long-term dynamics 
between ethanol and the producing factors suggest that the pairs could be used for 
long-term hedging (with opposing contracts) or pairs trading. On the other hand, 
the short-term trading strategies do not promise a simple solution due to strong 
time dependence of the correlations. The eventual solution is thus much more 
complex than usually presented in the applied literature studying the relationships 
between biofuels and related commodities.  

 
5. Acknowledgements 

 
The research leading to these results was supported by Energy Biosciences 

Institute at University of California, Berkeley and by the People Programme (Marie 
Curie Actions) of the European Union’s Seventh Framework Programme FP7/2007-
2013/ under REA grant agreement number 609642. The authors further 
acknowledge financial support from the Czech Science Foundation (grants number 



P402/11/0948 and 15-00036S). Karel Janda acknowledges research support 
provided during his long-term visits at New Economic School, Toulouse School of 
Economics, Australian National University and University of California, Berkeley and 
the support he receives as an Affiliate Fellow at CERGE-EI, Prague. We thank 
participants at seminars and conferences in Berkeley, Canberra, Irkutsk, Istanbul, 
Melbourne, Moscow, Prague, Toulouse, and Warsaw for their valuable comments on 
earlier versions of this paper. The views expressed here are those of the authors and 
not necessarily those of our institutions. All remaining errors are solely our 
responsibility.  
 

6. References 
 
   Ackrill, R. and A. Kay (2011, September). EU biofuels sustainability standards and 

certification systems – how to seek WTO-compatibility. Journal of Agricultural 
Economics 62(3), 551–564.  

   Aguiar-Conraria, L., L. Azevedo, and M. Soares (2008). Using wavelets to 
decompose the time-frequency effects of monetary policy. Physica A 387, 2863–
2878.  

   Bastianin, A., M. Galeotti, and M. Manera (2014a, March). Causality and 
predictability in distribution: The ethanol-food price relation revisited. Energy 
Economics 42, 152–160.  

   Bastianin, A., M. Galeotti, and M. Manera (2014b, December). Forecasting the 
oilgasoline price relationship: Do asymmetries help? Energy Economics 46, S44–
S56.  

   Candes, E. (1999). On the representation of mutilated sobolev functions. SIAM 
Journal of Mathematical Analysis 33, 2495–2509.  

   Candes, E. (2003). Ridgelets: Estimating with ridge functions. Annals of 
Statistics 33, 1561–1599.  

   Capitani, D. (2014, July). Biofuels versus food: How much Brazilian ethanol 
production can affect domestic food prices. Presentation at Agricultural and 
Applied Economics Associations 2014 AAEA Annual Meeting.  

   Carter, C. A., G. C. Rausser, and A. Smith (2013). Commodity storage and the market 
effects of biofuel policies. Unpublished.  

   Cazelles, B., M. Chavez, A. McMichael, and S. Hales (2005). Nonstationary influence 
of El Ni_o on the synchronous dengue epidemics in Thailand. PLoS Medicine 2, 
e106.  

   Ciaian, P. and D. Kancs (2011a, October). Food, energy and environment: Is 
bioenergy the missing link? Food Policy 36(5), 571–580.  

   Ciaian, P. and D. Kancs (2011b, January). Interdependencies in the energy-
bioenergy-food price systems: A cointegration analysis. Resource and Energy 
Economics 33(1), 326–348.  

   Cohen, E. and A. Walden (2010). A statistical analysis of Morse wavelet coherence. 
IEEE Transactions on Signal Processing 58, 980–989.  

   Daubechies, I. (1992). Ten Lectures on Wavelets. SIAM, Philadelphia, PA, USA.  



   de Gorter, H., D. Drabik, D. R. Just, and E. M. Kliauga (2013, July). The impact of 
OECD biofuels policies on developing countries. Agricultural Economics 44(4-5), 
477–486.  

   Dekel, S. and D. Leviatan (2003). Adaptive multivariate piecewise polynomial 
approximation. SPIE Proceedings 5207, 125–133.  

   Drabik, D., P. Ciaian, and J. Pokrivcak (2014). Biofuels and vertical price 
transmission: The case of U.S. corn, ethanol, and food markets. LICOS 
Discussion Paper Series 351, Katholieke Universiteit Leuven.  

   Drabik, D., H. de Gorter, D. R. Jus, and G. R. Timilsina (2015). The economics of 
Brazils ethanol-sugar markets, mandates, and tax exemptions. American Journal 
of Agricultural Economics, forthcoming.  

   EIA (2014, November). Short - term energy outlook. U.S. Energy Information 
Administration.  

   FAO (2014, October). Food outlook: Biannual report on global food markets. Food 
and Agriculture Organization of the United Nations.  

   Grinsted, A., J. Moore, and S. Jevrejeva (2004). Application of the corss wavelet 
transform and wavelet cohorence to geophysical time series. Nonlinear 
Processes in Geophysics 11, 561–566.  

   Hira, A. (2011, November). Sugar rush: Prospects for a global ethanol market. 
Energy Policy 39(11), 6925–6935.  

   Hochman, G., D. Rajagopal, G. Timilsina, and D. Zilberman (2014, September). 
Quantifying the causes of the global food commodity price crisis. Biomass and 
Bioenergy 68, 106–114.  

   Holman, I., M. Rivas-Casado, J. Bloomfield, and J. Gurdak (2011). Identifying non-
stationary groundwater level response to North Atlantic ocean-atmosphere 
teleconnection patterns using wavelet coherence. Hydrogeology Journal 19, 
1269–1278.  

   Indexmundi (2015). 
http://www.indexmundi.com/agriculture/?country=us&commodity=corn&gra
ph=production. Downloaded on February 21, 2015.  

   Ivanic, M. and W. Martin (2014, August). Short- and long-run impacts of food price 
changes on poverty. World Bank Policy Research Working Paper 7011, World 
Bank.  

   Janda, K., L. Kristoufek, and D. Zilberman (2012, August). Biofuels: Policies and 
impacts. Agricultural Economics 58(8), 367–371.  

   Kareem, A. and T. Kijewski (2002). Time-frequency analysis of wind effects on 
structures. Journal of Wind Engineering and Industrial Aerodynamics 90, 1435–
1452.  

   Keissar, K., L. Davrath, and S. Akselrod (2009). Coherence analysis between 
respiration and heart rate variability using continuous wavelet transform. 
Philosophical Transactions of the Royal Society A 367, 1393–1406.  

   Kirby, J. and C. Swain (2008). An accuracy assessment of the fan wavelet coherence 
method for elastic thickness estimation. Geochemistry, Geophysics, Geosystems 9, 
3.  



   Klein, A., T. Sauer, A. Jedynak, and W. Skrandies (2006). Conventional and wavelet 
coherence applied to sensory-evoked electrical brain activity. IEEE 
Transactions on Biomedical Engineering 53, 266–272.  

   Kristoufek, L., K. Janda, and D. Zilberman (2012). Correlations between biofuels 
and related commodities before and during the food crisis: A taxonomy 
perspective. Energy Economics 34, 1380–1391.  

   Kristoufek, L., K. Janda, and D. Zilberman (2013, February). Regime-dependent 
topological properties of biofuels networks. European Physical Journal B 86(2), 
Article 40.  

   Kristoufek, L., K. Janda, and D. Zilberman (2014, May/June). Price transmission 
between biofuels, fuels, and food commodities. Biofuels, Bioproducts and 
Biorefining 8(3), 362–373.  

   Kristoufek, L. and P. Lunackova (2015, May). Rockets and feathers meet Joseph: 
Reinvestigating the oilgasoline asymmetry on the international markets. Energy 
Economics 49, 1–8.  

   Lachaux, J.-P., A. Lutz, D. Rudrauf, D. Cosmelli, M. Le Van Quyen, J. Martinerie, and 
F. Varela (2002). Estimating the time-course of coherence between single-trial 
brain signals: an introduction to wavelet coherence. Clinical 
Neurophysiology 32, 157–174.  

   McCarthy, J. and A. Orlov (2012). Time-frequency analysis of crude oil and s&p500 
futures contracts. Quantitative Finance 12, 1893–1908.  

   Mihanovic, H., M. Orlic, and Z. Pasric (2009). Diurnal thermocline oscillations 
driven by tidal flow around an island in the Middle Adriatic. Journal of Marine 
Systems 78, S157–S168.  

   Myers, R. J., S. R. Johnson, M. Helmar, and H. Baumes (2014, July). Long-run and 
short-run co-movements in energy prices and the prices of agricultural 
feedstock for biofuel. American Journal of Agricultural Economics 96(4), 991–
1008.  

   Ng, E. and J. Chan (2012). Geophysical applications of partial wavelet coherence 
and multiple wavelet coherence. Journal of Atmospheric and Oceanic 
Technology 29, 1845–1853.  

   Oladosu, G., K. Kline, R. Uria-Martinez, and L. Eaton (2011, November/December). 
Sources of corn for ethanol production in the united states: a decomposition 
analysis of the empirical data. Biofuels, Bioproducts and Biorefining 5(6), 640–
653.  

   Percival, D. and A. Walden (2000). Wavelet Methods for Time series Analysis. 
Cambridge University Press.  

   Pokrivcak, J. and M. Rajcaniova (2011, August). Crude oil price variability and its 
impact on ethanol prices. Agricultural Economics – Czech 57(8), 394–403.  

   Raihan, S., Y. Wen, and B. Zeng (2005). Wavelet: A new tool for business cycle 
analysis. Federal Reserve Bank of St. Louis Working Paper Series 50, 1–21.  

   Rajcaniova, M., d’Artis Kancs, and P. Ciaian (2014, September). Bioenergy and 
global land-use change. Applied Economics 46(26), 3163–3179.  

   Rajcaniova, M., D. Drabik, and P. Ciaian (2013, August). How policies affect 
international biofuel price linkages. Energy Policy 59(C), 857–865.  



   Rausser, G. and H. de Gorter (2014, November). US policy contributions to 
agricultural commodity price fluctuations, 200612. In P. Pinstrup-Andersen 
(Ed.), Food Price Policy in an Era of Market Instability. A Political Economy 
Analysis, WIDER Studies in Development Economics, Chapter 20, pp. 433–456. 
Oxford University Press.  

   RFA (2014). 2014 ethanol industry outlook. Renewable Fuels Association.  
   Rua, A. (2010). Measuring comovement in the time-frequency space. Journal of 

Macroeconomics 32, 685–691.  
   Saghaian, S. H. (2010, August). The impact of the oil sector on commodity prices: 

Correlation or causation? Journal of Agricultural and Applied Economics 42(3), 
477–485.  

   Sankari, Z. and H. Adeli (2011). Probabilistic neural networks for diagnosis of 
alzheimer’s disease using conventional and wavelet coherence. Journal of 
Neuroscience Methods 197, 165–170.  

   Serra, T. and D. Zilberman (2013, May). Biofuel-related price transmission 
literature: A review. Energy Economics 37, 141–151.  

   Serra, T., D. Zilberman, and J. M. Gil (2011). Price volatility in ethanol markets. 
European Review of Agricultural Economics 38(2), 259–280.  

   Serra, T., D. Zilberman, J. M.Gil, and B. K. Goodwin (2011, January). Nonlinearities 
in the U.S. corn-ethanol-oil-gasoline price system. Agricultural Economics 42(1), 
35–45.  

   Sexton, S. E. and D. Zilberman (2011, January). How agricultural biotechnology 
boosts food supply and accomodates biofuels. NBER Working Papers 16699, 
National Bureau of Economic Research.  

   Timilsina, G. R. and D. Zilberman (2014, June). The Impacts of Biofuels on the 
Economy, Environment, and Poverty: A Global Perspective (1 ed.), Volume 41 of 
Natural Resource Management and Policy. Springer.  

   Torrence, C. and G. P. Compo (1998). A practical guide to wavelet analysis. Bulletin 
of the American Meteorological Society 79(1), 61–78.  

   Torrence, C. and P. J. Webster (1998). The annual cycle of persistence in the el 
ni_o-southern oscillation. Quarterly Journal of the Royal Meteorological 
Society 124(550), 1985–2004.  

   Trujillo-Barrera, A., M. Mallory, and P. Garcia (2012). Volatility spillovers in U.S. 
crude oil, ethanol, and corn futures markets. Journal of Agricultural and 
Resource Economics 37(2), 247–262.  

   Vacha, L. and J. Barunik (2012). Co-movement of energy commodities revisited: 
Evidence from wavelet coherence analysis. Energy Economics 34, 241–247.  

   Vacha, L., K. Janda, L. Kristoufek, and D. Zilberman (2013). Time-frequency 
dynamics of biofuels-fuels-food system. Energy Economics 40, 233–241.  

   White, H. (2006). Handbook of Economic Forecasting, Chapter Approximate 
Nonlinear Forecasting Methods, pp. 459–512. Elsevier.  

   Wixson, S. E. and A. L. Katchova (2012, February). Price asymmetric relationships 
in commodity and energy markets. Presentation at 123rd EAAE seminar in 
Dublin.  



   Zhang, Z., L. Lohr, C. Escalante, and M. Wetzstein (2009). Ethanol, corn, and 
soybean price relations in a volatile vehicle-fuels market. Energies 2(2), 320–
339.  

   Zhang, Z., L. Lohr, C. Escalante, and M. Wetzstein (2010). Food versus fuel: What do 
prices tell us. Energy Policy 38(1), 445–451.  

   Zilberman, D., G. Hochman, D. Rajagopal, S. Sexton, and G. Timilsina (2013). The 
impact of biofuels on commodity food prices: Assessment of findings. American 
Journal of Agricultural Economics 95, 275–281. 



 
 
 
 
 
 
 
 
 

 

 
 
Figure 1: Price evolution of ethanol and connected commodities for Brazil and 
the USA. The prices are normalized using the first observation for a better 
comparison. 
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Figure 2: Wavelet coherence for Brazilian anhydrous ethanol. Wavelet squared 
coherence between sugar and anhydrous ethanol (left) together with the partial 
wavelet coherence controlling for crude oil (right) are shown. The hotter colors 
indicate higher coherence, the significant regions are marked by a thick black curve 
and the phase differences are represented by the directed arrows. The cone of 
influence separating the plane into reliable and less reliable regions is represented 
by bright colors for the former case and pale colors for the latter one. The most 
dominant region of significant relationship between the two series is between 
approximately 60 and 100 weeks, i.e. between 1 and 2 years. The band of 
statistically significant wavelet coherence suggests a remarkably stable relationship 
in time and it tells that the prices of sugar and anhydrous ethanol are tightly 
intertwined in the long-term horizon. Orientation of the phase arrows provides 
evidence of a lead-lag relationship between sugar and anhydrous ethanol. Most of 
the arrows in the significant region between 60 and 100 weeks are pointing to the 
right and more or less downwards. The direction to the right indicates that the 
series are positively correlated and the downward direction indicates that the sugar 
series leads ethanol. Therefore, in the long-term, sugar prices are positively 
correlated with ethanol prices while sugar is the leader of the relationship. 
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Figure 3: Wavelet coherence for Brazilian hydrous ethanol. Wavelet squared 
coherence between sugar and hydrous ethanol (left) together with the partial 
wavelet coherence controlling for crude oil (right) are shown. The rest of the 
notation holds from the previous figure. The results are in hand with ones for 
anhydrous ethanol. 
 

 
Figure 4: Wavelet coherence for the U.S. ethanol. Wavelet squared coherence 
between corn and ethanol (left) together with the partial wavelet coherence 
controlling for crude oil (right) are shown. The rest holds from the previous figure. 
The dynamics is more complex than in the case of Brazil. Corn prices lead the 
ethanol prices at the scales above one trading year represented by a dominant 
orientation of the phase arrows to the southeast. There are also more dominant 
episodes of statistically significant dynamics at lower scales. During the food crisis, 
the corn prices led the ethanol prices with a higher leading period which is 
represented by the arrows pointing more southwards at scales approximately 
between a trading month and half a year between 2008 and 2009. The extremely 
high prices thus seem to be connected with a stronger relationship between the U.S. 
ethanol and its producing factor. The same behavior is observed between 2012 and 
2013, which is again connected to extremely high prices of corn. 
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