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Abstract: The use of biomass as an energy source has advanced in recent decades, given the scientific
evidence that it is a solution to the environmental problems faced globally. In this context, biofuels
derived from biomass have a prominent role. Among the countries where this alternative is the
most promising, Brazil stands out, just behind the USA. It is, therefore, necessary to assess whether
such a replacement is economically viable. For such an assessment, the behavior of the relative
price of bioethanol/gasoline is crucial. In the present work, the degree of temporal persistence
of relative prices, considering the existence of shocks to which they are exposed, is evaluated,
considering 15 important Brazilian capitals, via the detrended fluctuation analysis (DFA). The degree
of correlation is also evaluated through the detrended cross-correlation analysis (DCCA) between
fuel prices in São Paulo, the capital of the most populous state and main producer of bioethanol,
with the capitals of the 14 states selected for the analysis. The period of analysis takes place between
2004 and 2020. The use of DCCA with sliding windows was recently proposed and we also evaluate
DFA dynamically in this way, and this, together with an extended sample in the context of Brazilian
fuel prices, represents the main innovations of the present work. We found that the degree of
persistence varies significantly depending on the capitals analyzed, which means that price variations
are localized and demand regional stimulus policies. Furthermore, it was found that the correlation
with São Paulo is less intense in the most geographically distant capitals. Such evidence is important
and complementary to infer how integrated the national bioethanol market is, in order to support
public policies aimed at its consolidation.

Keywords: ethanol-gasoline relative price; Hurst; cross-correlation; fuel retail market; biofuel policy

1. Introduction
1.1. Contextualization

Much of the economic work has focused on analyzing relative fuel prices aims to
identify their main drivers for a better understanding of their dynamics and support
strategies to reduce volatility and the possible negative consequences for economies as a
whole. In recent decades, it has become increasingly important to identify alternatives to
fossil fuels in the global context. In Brazil, ethanol, a biofuel produced from sugarcane and
corn, has been a consolidated alternative since the 1970s.

Theoretically, there are several advantages in the existence of an alternative to a
strategic good in defining logistics costs, particularly for the service sector (tourism, home
deliveries, postal services, food deliveries), distribution and access to goods in the retail
trade (supermarkets, restaurants, and many other products purchased via the internet), in
addition to other activities involving light transport, such as cars and motorcycles. This
advantage is most strongly expressed by the reduction in exposure to price volatility and
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related costs. Changes in price volatility can also affect other variables by changing, for
example, costs.

Product homogeneity is a characteristic of competitive markets. Differentiated or
substitute products do not stimulate competition, but other forms of markets, such as
monopolistic competition, do so when they are in the same category and can be differ-
entiated by quality. The aforementioned costs could be reduced, particularly those of
holding inventories (conceptually, not equal to the cost of storage), interest (opportunity
cost of financial resources), financing of insurance operations against unexpected changes
in prices, increasing transparency and facilitating the administration of services involving
automotive transport. However, as such markets hardly operate in competitive conditions,
market failures of different natures occur, requiring government intervention through
public policies, given the strategic importance of fuel in the economy.

Thus, many studies seek to analyze the behavior of price series, based on the concept of
an efficient market for evaluation and proposal of adjustments, when necessary. Numerous
researchers have already looked for past data, which can explain and infer future values,
and therefore, how close the market is to efficiency. However, this concept is still subject to
intense debate in the academic community.

One way to provide theoretical foundations and facilitate understanding of market
responses to policies that may affect fuel prices is by analyzing the behavior of relative
ethanol-gasoline prices, more specifically in the case of hydrous ethanol and gasoline C
(ethanol anhydrous added to gasoline). In Brazil, this is particularly interesting, given the
importance of flex-fuel vehicles, which represented 67.1% of the fleet in 2018 [1], mostly in
the fleet of light vehicles.

In Brazil, there is a history of government intervention in the market. Costa and
Burnquist [2] analyzed the impacts of gasoline prices on the prices and supply of hydrated
ethanol, between 2006 and 2015. The authors concluded that the effects depend on the
period analyzed, as the results of intervention in gasoline prices are sometimes harmful and
sometimes beneficial to the consumption of hydrous ethanol, as a substitute for gasoline at
lower relative prices.

It should be noted, however, that gasoline C and hydrated ethanol have different
energy efficiency, the latter being advantageous only when the relative price (ethanol-
gasoline) is less than 70%, due to the lower yield of hydrated ethanol [3–5]. It is important
to note, therefore, that the prices of hydrous ethanol and gasoline C have peculiarities in
the Brazilian scenario, being two distinct products and perfect substitutes in the case of
flex-fuel cars [6].

According to Fama [7], the efficient market hypothesis (EMH) is verified when the
prices reflect all the available information, so that it is not possible to obtain abnormal
profits using only the set of available information. This concept works with the idea of
a random walk-in time series, against other types of behavior, such as persistence and
anti-persistence, in which the idea of predictability is embedded.

In the case of light automotive fuels in Brazil, the predictability of relative price
changes means exploring the behavior of the relative price (hydrated ethanol-gasoline C),
to assess the degree of price persistence, in line with [8], as well as the synchronization
(cross-correlation) of relative prices between different regions, through correlation analysis,
focusing on the retail market in the main Brazilian capitals.

To the best of our knowledge, the price behavior of relative prices of ethanol-gasoline
in the main cities or regions of Brazil was only analyzed in the work of [5,9]. The work
of [5] covers up to the year 2014, prior to the new import parity policy by Petrobras, which
started in 2016. The investigation by [9] starts in 2012 and reaches 2019, separating into the
pre- and post-periods and setting up a static analysis. So, there is a lack of knowledge about
the aspects of price behavior of ethanol-gasoline relative prices over a relatively extended
period, from a dynamic point of view.
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1.2. Objectives

The present analysis aims to investigate the following two research questions: (i) does
the efficiency of ethanol-relative prices vary over time? (ii) Is there correlation over time in
the changes of the relative prices of São Paulo city with other important Brazilian capitals?

To do so, a recent methodology is used to capture accurately whether there is joint
efficiency between the fuel markets in different regions of the country. If this is not
identified, it is considered useful to assess whether markets work efficiently at least in
individual terms.

We analyze the correlation between the relative price of São Paulo versus other im-
portant Brazilian capitals of states that can produce and/or consume ethanol in greater
volumes, which allows for inferences regarding the degree of predictability of prices in
different Brazilian capitals, as well as the degree of correlation between relative prices
in these capitals and in the city of São Paulo, the capital of the main hydrous ethanol
producing state and with the largest automotive fleet in the country. This can determine
the degree of persistence of relative ethanol prices, following [4,8], as well as whether this
relative price has a national or regional character, in line with [5,9].

1.3. Hypothesis

In principle, there are reasons to expect there will be no correlation between the relative
price pairs of São Paulo and the various other Brazilian capitals, as the exogenous factors
that influence ethanol supply are different. For example, the supply of ethanol derived from
agro-industrial products may be reduced if weather conditions are not favorable [10]. In
the case of gasoline C, one of the main determinants has been the new price policy adopted
by Petrobras in 2016, which provides the internalization of variations in oil prices in the
international market, in addition to differentiated tariffs between ethanol and gasoline,
favoring consumption of hydrated ethanol when international oil prices are high [11].

1.4. Justification and Contribution

Here, we advance the investigation by [9] with a larger sample, which includes
the period from the beginning of the launch of flex-fuel cars to the first impacts of the
COVID-19 pandemic, with our sample extending from May 2004 to December 2020. In
addition, we use a robust methodology of econophysics using sliding windows, which
allows for the dynamic analysis of the price trajectory, in view of the static analysis between
delimited periods.

Thus, the analysis of local fuel prices is justified to support the formulation of policies
for the sector for regulatory agencies and other market participants involved in the com-
mercialization and consumption of fuels, such as distributors, retails and consumers. It has
also been observed that fuel price behavior problems are even more important in emerging
economies, which are more vulnerable to energy price and/or exchange rate shocks [12].

The present research contributes to the investigation regarding the persistence of
relative price variations, as well as the degree of correlation between them. The persistence
of fuel prices is important, as it provides an indication of the degree of predictability of
the price trajectory, in line with the approach by [11] for hydrous ethanol and gasoline
prices. From an exogenous shock in prices, the results allow the understanding of the
expected behavior of the series. In turn, the degree of correlation analyzed in this work is
important to assess whether the movements of price variations show synchronized behavior
between São Paulo and the other capitals, in order to identify whether the movements are
characteristic of a unified or regionalized market.

The structure of this article is as follows: after this introduction, Section 2 presents
a literature review; Section 3 presents an overview of the regional aspects of ethanol
and gasoline pricing at the retail level in Brazil; Section 4 describes the methodology
and data used; Section 5 discusses the main results, and finally, Section 6 elaborates the
final conclusions.
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2. Literature Review

After the resurgence of ethanol as a possible substitute for gasoline in Brazil, with the
advent of the bi-fuel car that launched in 2003, there is extensive literature on the possible
relationship between ethanol prices and other commodities, especially “food × fuel”. This
debate concerns possible co-movements in food and energy prices; in particular, the effect
of policies to stimulate the production of biofuels in the face of rising food prices.

Janda and Kristoufek [13] conduct an excellent survey on the main work on this topic.
Many of the studies cited involve, in addition to food prices, oil prices, which can have a
great influence on commodity prices as a whole, and in particular, on ethanol prices, both
in the US and Brazil.

Another recently explored topic is the possible relationship between Brazilian ethanol
spot and futures prices at the Brazilian Exchange, B3 [14,15], as well as the possible rela-
tionship between ethanol prices in the Brazilian and USA markets [15–19].

Following recent concerns about global warming and ways of decarbonizing the
economy, there are ESG (environmental, social and governance) investments, including
investments in companies that seek to follow environmentally correct practices in the
production process. This tends to favor investments that contribute to mitigating the effects
of greenhouse gas emissions (GHG), gradually becoming more evident in the market.
Carbon emission prices emerge as a need for pricing this externality, as well as its possible
relationship with prices of other renewable energies, such as Brazilian ethanol [20].

Other studies seek to determine the impacts of different sources of market uncertainties
on biofuel prices. Uddin et al. [21] used the VIX (Market Volatility Index), EPU (Economic
Policy Uncertainty Index), GPR (Geopolitical Risk Index) and St Louis Fed Financial Stress
Index (FSI) to analyze the influence of uncertainties on biofuel prices, including Brazilian
ethanol. In the context of the Brazilian domestic market, there are investigations into the
degree of persistence of national ethanol prices at the producer level [22], as well as national
retail prices of ethanol and gasoline [11].

Specifically in relation to the relative price of Brazilian ethanol-gasoline, Barros et al. [8]
studied the degree of persistence of ethanol and gasoline consumption in Brazil, as well as
its relative price between 2000 and 2012, concluding that ethanol and gasoline consumption
are persistent, with an order of integration lower than the unit, and therefore with a
mean reversion tendency. However, for the relative price, the estimated coefficient was
higher than the unit, which suggests non-reverting behavior to the mean and character of
permanence in response to shocks.

El Montasser et al. [4], with a sample from 2000 to 2012 and based on the right-tailed
ADF test, which is commonly used to test the formation of price bubbles, verified the
occurrence of two bubbles in the relative ethanol-gasoline price in this period, which are
as follows: the first starting in June 2006 and collapsing in March 2007; and the second,
starting in June 2010 and lasting until the end of the sample, in December 2012. The first
coincided with President Lula’s re-election campaign, and the second with the withdrawal
of CIDE in 2008 and the government’s attempts to use policies to freeze gasoline prices.

Laurini [5] analyzed the evolution of the relative prices of ethanol-gasoline in Brazil
between 2007 and 2014 through a continuous spatial model, which analyzes the distribution
of prices continuously in space and time, concluding that after 2009, hydrous ethanol lost
its competitiveness to gasoline C. More specifically, in 2007–2009, ethanol was competitive
in most of the Brazilian territory, but gradually lost competitiveness from 2010 onwards,
where it showed an advantage in only part of the Southeast Region.

Nascimento Filho et al. [9] studied the behavior of the relative prices of ethanol-
gasoline within the scope of fuel distributors and dealers, comparing the pre- and post-
implementation periods of the fuel import price parity policy in Brazil in the main capitals
of the country between 2012 and 2019. This policy resulted in the end of the artificial
control of gasoline prices, which allowed ethanol to become more competitive, especially
in periods of high international oil prices. For this purpose, nonparametric Mann–Whitney
and Levene tests were used. They verified that, after the change in the pricing policy, there
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was an increase in the median and in the coefficients of variation in the relative prices in
most of the capitals analyzed, especially in the distribution market segment. This suggests
that Petrobras’ new pricing policy has unequally affected the relative prices among the
various Brazilian capitals.

The next section will show the main specificities of Brazilian ethanol and gasoline
pricing mechanisms, including regional differences between them.

3. Regional Aspects and Pricing of Ethanol and Gasoline in Brazilian Retail Market

First, it is important to highlight in general terms how fuel prices are formed, and then
highlight the regional specificities, by product, of the fuel pricing process in Brazil.

3.1. Pricing of Gasoline and Ethanol at Retail Markets

Law No. 9478 of August 1997, the Petroleum Law, effective as of 2002, introduced
changes that deregulated the fuel pricing process, aiming for greater efficiency if these are
determined by the laws of market supply and demand. The Petroleum Law instituted the
Brazilian National Council for Energy Policy (CNPE) and the Brazilian National Agency
for Petroleum, Natural Gas and Biofuels (ANP), operationalizing a gradual liberalization of
prices, in order to converge with those practiced in the international market [23]. Despite
this law, Petrobras maintained its dominant position in the refining activity, determining
prices in the domestic market [24].

This event led to structural changes in the dynamics of the Brazilian fuel market. It is
important to point out that, according to [25], as of January 2002, the fuel sector began to
operate as a free market, with deregulated prices at the refinery. From then, the importation
of petroleum derivatives by private companies was allowed.

Regarding the formation of fuel prices in Brazil, the retail price of gasoline is composed
of the following four components: (i) the realization price of the producer or importer;
(ii) cost of anhydrous ethanol; (iii) taxes (ICMS, a local government tax, defined by each
state) and (PIS/PASEP and COFINS–federal taxes) and CIDE (contribution whose primary
objective is to maintain roads in good condition); and (iv) sales margins for distributors
and resale via gas stations. It is important to note that retail prices remained practically
constant at the refinery, with low volatility in the subsequent links of the chain, between
2006 and 2015. The variations were mainly due to changes in wholesale and retail profit
margins, as well as variations in anhydrous ethanol prices [26]

Although the deregulation policy in fuel distribution aimed to increase market com-
petitiveness, what was really observed was a significant increase in the concentration of
the hydrous ethanol distributor market, measured by the HHI index between 2006 and
2015. The concentration in the hydrous ethanol market is lower than that of gasoline or
diesel, as the ethanol wholesale market is more dispersed and facilitates logistics for small
distributors [27]. However, in 2021, plants located in the Northeast were authorized to
deliver ethanol directly to gas stations, due to the political lobbies of local agents.

Distribution and retail margins vary depending on the fuel, as each one has different
costs, in addition to different market structures. Regarding fuel retail in the composition
of the margins, there are both fixed costs and expenses (e.g., land, environmental impact
analysis, “flag” in the case of branded gas station, taxes) and variables (freight, water,
electricity, operating and financial expenses, among others) [28].

At the end of 2019, Brazil had more than 40,970 gas stations, 38.2% located in the
Southeast, 25.6% in the Northeast, 19.2% in the South, 9% in the Midwest and 8% in the
North [29].

The large number of gas stations in Brazil could suggest that it is a highly fragmented,
competitive market, where each one considers it has no power over the prices of the product
it sells. However, despite a relatively high number of participants, it is not a market that
operates according to perfect competition, being a frequent target of investigation by the
antitrust authorities in Brazil, which recurrently bring to light the formation of cartels [30].
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Quintino and David [24] show there was a significant increase in the concentration
of ethanol distributors between 2004 and 2011, due to various mergers and acquisitions
by major market players. Table 1 shows the degree of concentration in 2019. Da Silva
et al. [30] argue that the problem of gasoline price asymmetry between distributors and
service stations is not a national problem, but contingent on each specific city or region.

Table 1. Market share of the main distributors, by type of fuel, in 2019. Source: own elaboration with
data from [29].

Distributor Gasoline C Hydrous Ethanol

BR 23.40% 16.70%
Ipiranga 19.30% 17.10%
Raízen 16.90% 19.40%
Others 40.40% 46.80%

In addition to economic concentration, another important point to be highlighted is
the role of taxes in the formation of fuel prices.

According to Decree 9101/2017, the main taxes applied to fuels are as follows: the tax
on circulation of goods and services (ICMS), defined by each state, (PIS/PASEP, COFINS)
and the contribution for intervention in the economic domain (CIDE). Despite its primary
objective, CIDE is identified as the main mechanism to induce the consumption of ethanol
rather than gasoline. This was established in 2001 and although not created for this specific
purpose, it is the main public policy instrument to stimulate the demand for ethanol, when
applied to gasoline [12,31].

ICMS is a state tax, but 25% is appropriated by the municipality where the fuel is
sold. At least 75% corresponds to the added value of state revenue along the value-added
chain generated in the corresponding municipality. Thus, a municipality that has a refinery
receives a higher transfer of state ICMS than other municipalities. There have been no taxes
on fuel imports and exports in Brazil since 2002. In addition, there are no rules establishing
the distribution of such resources within the competence of the Federal Government [32].

3.2. Regional Aspects of Ethanol Supply in Brazil

Historically, sugarcane is grown mainly in the state of São Paulo, in the Centre-South,
and in the states of Bahia, Pernambuco and Paraíba, in the Northeast. It is also worth
mentioning that sugarcane is a perennial crop, so the supply response to changes in its
prices can take 2 to 4 years [33].

The Midwest Region gained importance with the expansion of ethanol production
activity in the mid-2000s, considering that it has flat lands and an appropriate climate for
high productivity [34]. As opposed to when Proálcool was launched, when the region was
practically ignored, after the launch of flex-fuel vehicles in 2003, the Midwest Region became
the main area for expanded sugarcane production [35]. In addition, as an incentive factor
for this region, there was an increase in land prices in São Paulo [36], pushing production
costs, combined with the productive decline of the Northeast Region, a traditional sugar-
producing region.

The costs associated with increased mechanization, as well as the inflation of land
prices through competition for arable areas, motivated the search for other suitable land, in
order to minimize production costs, with a focus on the states of Goiás and Mato Grosso
do Sul, where production has grown greatly in the last 40 years [37]. The states of Goiás
and Mato Grosso do Sul began to expand their production more significantly in the 2000s,
becoming the main producing states in the country after the state of São Paulo.

Table 2 shows the high growth rate of Brazilian production of hydrous ethanol in the
period 2006–2010, accompanied by growth in all regions of Brazil, especially in the South-
east, with an increase of approximately 187.2%, starting from a high base of comparison,
considering that it represented 62.5% of the total supply in the previous period (2001–2005)
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and reached 68.3% in 2006–2010. During this period, a reversal in the contribution to total
supply began, with the Midwest Region overtaking the Northeast.

Table 2. Average five-year production of hydrous ethanol in Brazil, in thousand cubic meters, by the
5 major geographic regions, and their respective shares in the total supply. Source: own calculation
with data from [29,38].

Period Brazil N % (N) NE % (NE) SE % (SE) S % (S) M % (M) Total

2001–2005 (P1) 6158.5 11.6 0.2% 755.5 12.3% 3851.7 62.5% 661.3 10.7% 878.4 14.3% 100.0%
2006–2010 (P2) 16,193.3 33.7 0.2% 1035.7 6.4% 11,063.1 68.3% 1378.7 8.5% 2682.1 16.6% 100.0%
2011–2015 (P3) 15,772.6 84.6 0.5% 800.5 5.1% 8858.6 56.2% 986.4 6.3% 5042.5 32.0% 100.0%
2016–2020 (P4) 21,014.1 94.4 0.4% 962.0 4.6% 11,574.4 55.1% 900.5 4.3% 7482.7 35.6% 100.0%

Var %
2006–2010 (P2/P1) 162.9% 190.6% 37.1% 187.2% 108.5% 205.3%
2011–2015 (P3/P2) −2.6% 151.0% −22.7% −19.9% −28.5% 88.0%
2016–2020 (P4/P3) 33.2% 11.7% 20.2% 30.7% −8.7% 48.4%

However, the crisis occurred in 2011–2015 when the Midwest and North Regions were
the only ones showing growth compared to the previous period. However, the North Re-
gion’s share was still quite small (0.5% of the national supply), while the Midwest Region’s
share practically doubled, from 16.6% to 32%. Finally, in the last period (2015–2020), all
regions showed growth, except for the South Region. In short, throughout the period, the
Southeast Region was still the major supplier of ethanol, but there was a deconcentration
of the total supply, as the Midwest Region became more representative to the detriment of
the Northeast and South Regions.

Therefore, one would expect an increase in the convergence of relative prices between
the Midwest and the Southeast, especially São Paulo, to the detriment of the Northeast and
South Regions, which lost their relative share. Throughout the period, the North Region
did not have a significant share in the supply, despite the growth in regional supply.

4. Methods and Data

In the present work, the empirical strategy involves the use of DFA (detrended fluctu-
ation analysis) and DCCA (detrended cross-correlation analysis) coefficients, which will be
defined in the next item.

4.1. Methods

As previously highlighted, we want to assess the degree of persistence of price varia-
tions in the main Brazilian capitals (Manaus, Rio Branco, Belém, Fortaleza, Recife, Salvador,
Goiânia, Brasília, Cuiabá, São Paulo, Rio de Janeiro, Belo Horizonte, Curitiba, Florianópolis
and Rio Grande do Sul), as well as the degree of correlation between the capital of São
Paulo, the main producer and consumer state of ethanol in Brazil, and the other capitals.
The data source and choice criteria will be specified in the data subsection.

For this task, we used the econophysics techniques of DFA (detrended fluctuation
analysis) and DCCA (detrended cross-correlation analysis).

DFA, developed by [39], initially to analyze the behavior of DNA, has been extended
to many other areas, including economics and finance.

DFA is calculated as follows. xi is a time series, with i = 1, . . . , N, and equidistant
observations. The following X(k) is a cumulative sum of the detrended series, given by the
Equation (1):

X(k) = ∑N
i=1(xi − 〈x〉), 1 ≤ k ≤ N (1)

where 〈x〉 refers to average of x.
Afterwards, X(k) is divided into non-overlapping boxes of size n (box size). For each

box, a local trend X̃k is estimated via ordinary least squares (OLS). The next step is to create
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a detrended series of each box n, in order to obtain the expression of the Equation (2), which
is as follows:

F(n) =

√
1
N ∑N

k=1

(
Xk − X̃k

)2
(2)

After this procedure is carried out for every window of dimension n, where
4 ≤ n ≤ N/4, we have a power law given by F(n) ∝ nH ; a log-linear relationship whose
parameter of interest is the Hurst coefficient H. After calculating H, the following result
possibilities will be obtained:

• First, 0 < H < 0.5 anti-persistent series, or simply means reversal behavior. That is,
there is a greater than 50% probability that a negative value will be preceded by a
positive one. The strength of this behavior will depend on how close the H is to zero;

• Second, H = 0.5 series has a random walk distribution (white noise, efficient market),
meaning that it has no long memory. Thus, the variation in the cumulative deviations
must increase proportionally to the square root of the time variable;

• Third, 0.5 < H < 1 persistent series, meaning there is a probability of repetition of a
value above 50%;

• Fourth, H = 1 identifies a pink noise and H > 1 means that long-range dependence is
not explained by a power law, but these two results are uncommon in economic and
financial time series.

It is important to note that DFA has the advantage of being robust in relation to
several time series features, such as non-stationarity [40,41], breaks [42] and other nonlinear
forms [43,44]. The application of DFA with moving windows is used in different areas of
finance and economics, for example in the work of [45–48].

In addition to the DFA, we used the DCCA correlation coefficient (ρDCCA) of [49],
derived from the DCCA procedure of [50], in order to verify the degree of correlation
between the capital of São Paulo and the other major Brazilian capitals distributed over all
five main regions.

Regarding the DCCA, the first step is also the integration of the series Xt and Yt
according to equation 1. Afterwards, the series are divided into time series of the same
length n and are detrended by OLS, that is, the same procedure as the DFA is used to filter
the trend of the series. In particular, the objective is to obtain the covariance of the residuals,
vis-à-vis the variance, which is the object of the DFA. In algebraic terms, we have

f 2
DCCA(n) =

1
(n− 1) ∑i+n

k=1

(
Xk − X̃k,i

)(
Yk − Ỹk,i

)
(3)

This is used to calculate the covariance given by the following equation:

F2
DCCA(n) =

1
(N − n) ∑N−n

i=1 f 2
DCCA(n) (4)

After this is carried out for all sizes of n boxes, the DCCA exponent is obtained by
means of a power law. The final step is obtained by

ρDCCA(n) =
F2

DCCA(n)
FDFA(x)(n) FDFA(y)(n)

(5)

The functions FDFA(x) and FDFA(y) are the mean square fluctuations of the series xi
e yi, respectively. As with Pearson’s correlation, which is suitable for evaluating linear
relationships, −1 ≤ ρDCCA (n) ≤ 1. If ρDCCA (n) = 1, there is perfect correlation. In a
symmetrical way, if ρDCCA (n) = −1, there is perfect anti-correlation. When ρDCCA (n) = 0,
there is no evidence of correlation between the variables.

The DCCA correlation coefficient also presents interesting and desirable properties.
It is robust in relation to nonlinearities and nonstationarity [51–54]. The robustness of the
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correlation coefficient is verified through its use in several areas, and particularly in energy
economics, for example, [55–63].

In order to capture the time-varying dynamics, sliding windows will be used for both
DFA and DCCA. The sliding windows will consider 250 observations, consistent with the
analysis by [47] and [64] for DFA and DCCA, respectively.

4.2. Data

The relative prices were calculated by collecting weekly data of gasoline C and hy-
drated ethanol prices, obtained from the statistical database of the ANP (Brazilian National
Agency of Petroleum, Natural Gas and Biofuels) [65], referring to the period from 14 May
2004 to 26 December 2020 for a total of 855 weeks. Table 3 illustrates the criterion for choos-
ing the municipalities, based on [9,58,60], namely cities with more than 500,000 inhabitants,
being the state capital and limited to three capitals per region. In this way, we have a
representative set covering large capitals and in different regions of the country, which
allows a proper diagnosis of local Brazilian specificities.

Table 3. Geographic coordinates of the analyzed capitals. Source: Murari et al. [60].

Region City Latitude Longitude

North
Belém (BEL) −1.382051 −48.477898

Manaus (MAO) −3.036105 −60.046593
Rio Branco (RBR) −9.866168 −67.897189

Northeast
Fortaleza (FOR) −3.777554 −38.533172

Recife (REC) −8.061129 −34.871665
Salvador (SSA) −12.911014 −38.331413

Midwest
Brasília (BSB) −15.869923 −47.917428
Cuiabá (CGB) −15.594821 −56.091696
Goiânia (GYN) −16.601095 −49.144543

Southeast
Belo Horizonte (BHZ) −19.846098 −43.963296
Rio de Janeiro (RIO) −22.913002 −43.180002

São Paulo (SAO) −23.589592 −46.660721

South
Curitiba (CWB) −25.442395 −49.240417

Florianópolis (FLN) −27.670175 −48.545944
Porto Alegre (POA) −29.993399 −51.175563

By restricting attention to prices, some variations in the local market are not considered,
such as fleet size, logistical conditions, fuel distribution, among others, in line with recent
investigations by [9,58,60]. The present text advances in the sample dimension, from the
beginning of the series in May 2004 to December 2020, including the COVID-19 crisis,
which strongly shook the global economy, especially the Brazilian economy, one of the
countries most affected by the pandemic.

Table 4 presents the descriptive statistics. The capitals of São Paulo (SAO) and Rio de
Janeiro (RIO), both in the Southeast Region, and Belém (BEL) in the North Region, were
the only ones to show extreme fluctuations of maximum and minimum values, in levels
less than two digits. RIO presented the smallest drop recorded, of only −5%, followed
by Florianópolis (FLN), with −8%. Among the biggest increases are Cuiabá, CGB, (17%),
followed by Brasília, BSB, (16%) and Goiânia, GYN, (15%), all in the Midwest Region. In
terms of asymmetric distribution, the largest are also located in the Midwest Region (CGB,
BSB and GYN).

Positive asymmetries mean that positive returns are more frequent than negative ones.
It is worth mentioning that increases in the relative price of hydrous ethanol-gasoline C
occur more frequently than decreases. Regarding the most negative asymmetries, these are
Manaus (MAO), in the North Region, and Fortaleza (FOR) and Recife (REC), both in the
Northeast. Finally, with regard to kurtosis, the most leptokurtic distributions associated
with higher values are Rio Branco (RBR) and Manaus (MAO), both in the North Region,
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followed by CGB, (Midwest). The lowest levels occurred in RIO (Southeast), FLN (South)
and SAO (Southeast).

Table 4. Descriptive statistics of hydrous ethanol/gasoline C returns by capitals, between 4 May to
20 December.

City-Region Id Mean Std Dev CoefVar Max Min Skewness Kurtosis

Belém-N BEL 0.0002 0.01 79.98 0.07 −0.09 −0.34 6.06
Belo Horizonte-SE BHZ 0.0002 0.01 79.09 0.05 −0.10 −0.76 5.79

Brasília-M BSB 0.0002 0.02 99.03 0.16 −0.12 0.47 8.59
Cuiabá-M CGB 0.0003 0.03 94.75 0.17 −0.16 0.71 11.30
Curitiba-S CWB 0.0006 0.02 34.29 0.11 −0.11 0.46 6.82

Florianópolis-S FLN 0.0004 0.02 47.78 0.14 −0.08 0.42 4.58
Fortaleza-NE FOR 0.0004 0.02 38.83 0.10 −0.12 −1.82 11.06

Goiânia-M GYN 0.0003 0.03 78.73 0.15 −0.18 −0.49 10.72
Manaus-N MAO 0.0002 0.03 143.21 0.13 −0.22 −2.01 12.04

Porto Alegre-S POA 0.0007 0.02 27.71 0.09 −0.11 −0.56 6.79
Recife-NE REC 0.0004 0.02 61.67 0.10 −0.13 −1.41 8.51

Rio Branco-N RBR 0.0001 0.01 89.67 0.10 −0.09 0.25 13.45
Rio de Janeiro-SE RIO 0.0005 0.01 25.83 0.08 −0.05 0.38 3.36

Salvador-NE SSA 0.0002 0.02 69.41 0.11 −0.12 −0.42 9.47
São Paulo-SE SAO 0.0007 0.02 25.13 0.09 −0.09 0.17 5.19

5. Results

After initial inspection of the distribution of price returns, given by the logarithm
return of the series, given by r(t) = ln(pt) − ln(pt − 1), where pt is the relative price of
ethanol-gasoline, we verified the degree of persistence of the series through the Hurst
coefficient via DFA, with a static analysis with the total sample and then dynamically
through the sliding windows.

Among all the capitals analyzed in Table 5, Manaus (North), Recife and Salvador
(Northeast) show anti-persistent behavior (H < 0.5). This means that positive returns tend
to be followed by negative returns, and vice versa. In contrast, with evidence of persistent
behavior (H > 0.5), there is Belém (North Region), Cuiabá (Midwest), Porto Alegre and
Curitiba (South) and the capitals of the Southeast, namely, Belo Horizonte, Rio de Janeiro
and Sao Paulo. Among the capitals whose results oscillate around the efficiency hypothesis
(H = 0.5) are Fortaleza and Salvador (Northeast), Florianópolis (South) and Goiânia and
Brasília (Midwest). In regional terms, therefore, we have evidence that the largest producer
and consumer region of gasoline and ethanol presents returns with a long-term dependence
behavior, while in the other regions, the behavior of returns has no well-defined pattern.

Table 5. DFA estimates for Brazilian capitals.

City Hurst ± StdDev

MAO-N 0.34 ± 0.02
REC-NE 0.42 ± 0.01
FOR-NE 0.47 ± 0.03
SSA-NE 0.47 ± 0.02
FLN-S 0.49 ± 0.02

GYN-M 0.49 ± 0.03
BSB-M 0.49 ± 0.03
BEL-N 0.52 ± 0.01
RBR-N 0.52 ± 0.02
CGB-M 0.55 ± 0.03
POA-S 0.57 ± 0.03
CWB-S 0.59 ± 0.04
BHZ-SE 0.61 ± 0.03
RIO-SE 0.64 ± 0.03
SAO-SE 0.66 ± 0.04
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5.1. Analysis of the Degree of Persistence (DFA) of Ethanol/Gasoline Relative Price Returns

The analyzes concerning the DFA with sliding windows for all regions (North, North-
east, Midwest, Southeast and South) discussed in the respective sub-items are shown in to
Figure 1.
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5.1.1. North

In the North Region, after 2010, the relative price of Manaus (MAO) presents values
lower than those of efficiency in almost the entire period, with the exception of a short
period in the second half of 2015. Belém (BEL) presents higher values until the end of 2015,
and after that period oscillates around the efficiency level from 2017 until the end of the
sample in December 2020, after showing lower values in 2016.

In Rio Branco (RBR), there was a large fluctuation in the dynamic behavior; between
2009 and 2010, the values were significantly higher than the efficiency values, and they
started to fluctuate at this level, but with great volatility, between 2011 and the beginning
of 2019, except for a short period in 2015, when there was strong anti-persistent behavior.
Since the second half of 2019, however, the values have been systematically above the
efficient reference.
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Regarding the most recent dynamics, very different values of coefficients can be
observed in these three capitals, including persistence (RBR), anti-persistence (MAO) and
around efficiency (BEL).

5.1.2. Northeast

For Salvador (SSA), the coefficient fluctuated above the efficiency value throughout
the period, especially until the beginning of 2014. In later periods, the values were closer to
the reference level, but almost always at higher levels, until the end of the period. Fortaleza
(FOR) also showed strong persistence until 2015, and only in mid-2016 was there a shift to
values below efficiency, whose declining trend remained until mid-2018, where a change in
trend can be noted, that of an increase towards efficiency until the end of the period.

Finally, Recife (REC) demonstrates anti-persistence values up to 2011, where the
upward trend continues until early 2013. Between 2013 and 2014, it fluctuates at high levels,
until it shows a downward trend in 2015. Between 2015 and 2016, the movements take
place around efficiency, and in 2017 and 2018, the values decline and begin to operate in
the space of anti-persistence. Between 2019 and 2020, the slope of the trend is reversed, and
the indices start to show positive trend values towards the reference level.

Therefore, after presenting different dynamics, mainly REC at the beginning of the
period and SSA after the middle of the sampling window, in a more recent period, the three
coefficients start to oscillate with values closer to each other and to the efficiency level.

5.1.3. Midwest

In the entire sample, Cuiabá (CGB) always presents persistent values, and does not
show a strong downward or upward trend, but oscillates around a high level of persistence.
In turn, Brasília (BSB) shows a similar behavior until the end of 2010, but as of 2011, it starts
to fluctuate at lower levels than CGB, and therefore closer to the efficiency value. Finally,
with regard to Goiânia (GYN), until mid-2015, its behavior is very similar to CGB, but from
this point, an abrupt change in behavior is evident. In 2016, with values already below the
reference level, it oscillates in the anti-persistence interval, until the end of the sample.

Therefore, also in this region, there are three different behaviors for the return of the
relative prices at the end of the period, with BSB and especially CGB showing persistence,
and GYN with anti-persistence behavior.

5.1.4. Southeast

In the whole sample, Belo Horizonte (BHZ) presents behavior above the reference.
However, from mid-2015, the values start to fluctuate at lower levels, but still higher than
the reference, showing persistence. Rio de Janeiro (RIO) presents behavior similar to that
of BHZ until 2012, when it moves and starts to show a declining trend until mid-2016,
exhibiting anti-persistent behavior, although for a very short period. However, at the end of
2016, RIO converged again to the behavior of BHZ of a persistent nature, which remained
until the end of the period.

Finally, until 2010, São Paulo (SAO) presents very similar behavior to that of RIO,
and between 2011 and 2014, it shows similar dynamics to BHZ. After 2016, however, SAO
shows systematic behavior of greater persistence, moving away from efficiency, compared
to the two capitals of the same region, until the end of the period.

5.1.5. South

In Curitiba (CWB), the behavior observed was of high persistence throughout the
sample period, and, additionally, a period of high volatility in early 2016. A possible factor
is that production in this state is more directed to sugar for export, to the detriment of
ethanol. Porto Alegre (POA) does not produce sugarcane, and presents behavior similar
to that of CWB in the initial phase, although with greater volatility, until mid-2014. Then,
it starts to oscillate closer to the reference index, although with higher values, which
configures the persistence character. Florianópolis (FLN) also starts with a high coefficient,
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but with a downward trend, and from 2015 until the end of the period, it oscillates around
the efficiency reference.

Thus, at the end of the moving window period, CWB’s behavior diverges from the
other southern capitals.

5.2. Analysis of Detrended Cross-Correlations Analysis (DCCA)
5.2.1. North

The capitals of the North Region did not present a significant correlation in the scales
of 4 and 8 weeks (4 s and 8 s), being brief and of low magnitude (Figure 2). In relation to the
other time windows, Manaus (MAO) presents correlation only until mid-2012, mainly in
the longer scales of 32 s and 64 s. Belém (BEL) exhibits a higher magnitude and significant
correlation until 2015 in the intermediate scale (16 s) and longer scales (32 s and 64 s),
because, as is the case with MAO in the most recent period, post-2015, it does not present a
significant correlation.
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In the Rio Branco market (RBR), the returns did not show a significant positive corre-
lation, except for longer stopovers and in the pre-2011 period. On the contrary, in certain
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periods, there is even a negative and statistically significant correlation, which shows the
great discrepancy in the behavior of returns in this capital in relation to São Paulo.

5.2.2. Northeast

Among the capitals of the Northeast, Salvador (SSA) has the most significant positive
correlation at the beginning of the sampling window (Figure 3). As of 2016, however, it
has only a marginally significant positive correlation on the shorter scales, up to 16 weeks.
Recife (REC) only showed a positive correlation in the middle of this time interval, except
in the 64 s scale, when there is no significant association, particularly in the periods of 2013
and 2014, being insignificant in most of the moving window interval.
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In relation to Fortaleza (FOR), there was also only some positive correlation in the first
half of the window, up to mid-2014, and in the longer-term scales of 32 s and 64 s. In the
most recent period, after 2016, no significant positive association was observed.

5.2.3. Midwest

Brasília (BSB) has practically no significant correlation in the 4 s scale, and a weak
and moderate character in the 8 s and 16 s scales, respectively, until early 2016, since in the
subsequent period, there is no significant association (Figure 4). On the other hand, the
correlation strength increases in the longer scales of 32 s and 64 s until the beginning of 2016,
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and after this period, a positive association is observed in the rest of the sample, although
with a lower relationship. Cuiabá (CGB) shows some positive correlation in the short scales
of 4 s, 8 s and 16 s until the beginning of 2016. In the most recent period, there is practically
no positive association in such scales, except in the period after 2020. In contrast, in the
longer ranges of 32 s and 64 s, CGB shows a significant positive correlation. Finally, Goiânia
(GYN), with the exception of the 4 s scale, almost always shows a positive correlation in
the other scales and sample period, and in the same way, a stronger association with the
other capitals of this region, with few exceptions in the entire period analyzed.
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5.2.4. Southeast

On the 4 s scale, Rio de Janeiro (RIO) and Belo Horizonte (BHZ) walk very close
with a significant correlation until early 2016, where BHZ shows stability in its correlation,
while RIO no longer shows a significant positive association (Figure 5). For the other time
scales, RIO has a higher correlation against BHZ, but this scenario changes after 2016, with
BHZ surpassing the strength of correlation against RIO. It is worth mentioning that in
the longer scales of 32 s and 64 s, however, there is a convergence of such correlations of
strong magnitude.
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This strong correlation between the returns of the Southeast capitals is not paralleled in
any other capital, with the exception of Curitiba (CWB) in the South Region, but neighboring
São Paulo (SAO).

5.2.5. South

Curitiba (CWB) is the only southern capital that presents a significant correlation in all
temporal scales, as well as in the whole sample (Figure 6). In general, there is a significant
correlation already in the shorter scales of 4 s and 8 s, temporarily interrupted in early 2016
(8 s) and 2018 (4 s). On the longer scales, this break was smoothed out, so that the strong
correlation was restored after the temporary shock. Florianópolis (FLN) and Porto Alegre
(POA) present very similar behavior in all time scales, except for the very short term of 4 s.

On this scale, specifically, there is no significant correlation post-2015 (FLN) and post-
2016 (POA). It is noted that for both capitals, after the shock in mid-2016, on the longer
scales of 32 s and 64 s, there is a partial recovery of the correlation strength shown in
the period prior to the shock, but this loses strength and shows a declining trend as it
approaches the end of the sample period.
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5.3. Discussion of Results

In summary, our main results indicate that, in relation to persistence, different behav-
iors were shown between the capitals of different regions, as well as in some cases between
capitals of the same region. The capitals of the Southeast (BHZ, RIO and SAO) and CWB
(South) showed persistent behavior in the most recent period. The other capitals of the
South Region (FLN and POA) tended to show dynamics closer to the random walk in the
most recent period.

The capitals of the Midwest (BSB, CGB and GYN) also diverged, with BSB and CGB
showing persistent behavior and GYN anti-persistent dynamics. In the Northeast Region,
after divergent trajectories between the capitals, in the most recent period there is behavior
closer to the random walk, with values close to this reference level. Finally, in the North
Region, the biggest divergence between capitals occurs in the most recent period, with
persistent behavior (RBR), random walk (BEL) and anti-persistent (MAO).

With regard to correlation, in the North Region, despite the correlation at the beginning
of the sampling window in BEL and MAO on longer scales, in the most recent period,
a more consistent behavior of correlation is not observed in any time scales, except for some
occasional temporary situations, but of low magnitude. In the Northeast, the relationship
bears a certain similarity to the North, as there was a correlation in SSA at the beginning of
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the window (in other capitals this also occurred, depending on the time scale considered).
However, at the end of the window, only SSA showed correlation in the shorter scales, but
with low strength.

In the Midwest, there is a significant correlation only for GYN on the 8 and 16-week
scales, while on the longer scales, all capitals show a significant positive association. In the
Southeast, there is a positive correlation in all time scales considered, with the exception of
RIO in the very short term, 4 weeks. Finally, in the South Region, only CWB has a positive
correlation in the most recent period in all time scales, with the exception of POA in the
long-term scale, but with a downward trend in the correlation strength towards the absence
of correlation.

We emphasize that our results are in line with those obtained by [5], as there is evidence
that the relative prices of ethanol-gasoline are more favorable in consumer centers close
to ethanol producers in the post-crisis period from 2009 to 2014. Furthermore, they are
consistent with the results of [9], when considering a more recent sample between 2012 and
2019 and verifying that after the new pricing policy (IPP) of Petrobrás in 2016, the capitals
SAO, BHZ (both Southeast), CWB (South) and GYN and CGB (Midwest) maintained a
favorable price ratio for ethanol compared to gasoline.

6. Conclusions

The present work aimed to analyze the efficiency of automotive fuel markets, in a
market where fuels can be chosen by the consumer, according to their relative price. The
degree of persistence in the relative price returns of hydrous ethanol-gasoline C in the main
Brazilian capitals was evaluated, as well as the degree of correlation between the relative
price return of the city of São Paulo and other Brazilian capitals. The city of São Paulo is
the capital of the homonymous state, the main ethanol producing state in Brazil, as well as
the state with the largest financial and industrial center and the largest flex-fuel fleet.

As an empirical strategy, DFA and DFA with sliding windows were used to analyze
the degree of persistence of the series of relative prices, in line with the investigations
by [47,67], as well as the new version of the DCCA cross correlation coefficient [49], namely
dynamic DCCA with sliding windows [68,69]. For better understanding of our final
remarks, we split them into three sub-sections.

6.1. Main Conclusions

Returning to our research question, we used the following two points of investigation:
(i) is the efficiency of the relative prices of ethanol-gasoline time-varying, and (ii) is there a
degree of time-varying correlation of the changes in relative price relationships in the city
of São Paulo with other Brazilian capitals?

Among our main results, it was found that the degree of persistence of capitals in the
Southeast has a different pattern from capitals in other states, where the results within the
same region differ. There is evidence that in large regions (or states) where the supply of
ethanol is greater, such as in the Southeast (SAO and BHZ) and in parts of the Midwest
(CGB) and South (CWB), the trajectory of return tends to be persistent.

This suggests that in large ethanol producing regions, relative price returns tend to be
more predictable and that relative price rises (falls) tend to be followed by rises (falls). In
this way, the analysis helps to identify the trends in relative prices after a shock. This helps
the formation of expectations for the agents of the fuel chain and for the formulation of
policies in the sector. There is evidence that such behavior is not exclusive to the volume
produced and consumed, but also related to the number of refiners, where the definition
of retail price plays a fundamental role. Currently, there are 13 refineries in Brazil, of
which 7 are located in these states [70]. It should be noted that four of these are located
in the State of São Paulo (President Bernardes Refinery-RPBC, Paulínia Refinery-Replan,
Henrique Lage Refinery-Revap, and Capuava Refinery-Recap), two located in Paraná (Shale
manufacturing-SIX and Presidente Getúlio Vargas Refinery-Repar), and one in Minas Gerais
(Gabriel Passos Refinery-Regap).
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Regarding the strength of the correlation, it was also found that the regions geograph-
ically closer to São Paulo (Southeast Region) and relevant suppliers of ethanol, such as
the Midwest (on longer time scales) and CWB (in the South Region, but neighboring São
Paulo and with relevant production of ethanol), have a stronger price correlation, and with
increasing strength as the time scale grows.

However, there is a discrepancy with the other capitals of the South Regions (FLN
and POA), as well as the capitals of the North-Northeast Regions. Thus, there is strong
evidence of a regionalized character, rather than a national one, of the behavior of relative
ethanol prices in Brazil, especially in the most recent period of the sampling window.

6.2. Policy Implications for Private Agents and the Public Sector

This work can also help private sector agents to diversify investments in fuel retail,
by verifying the specific behavior in each geographical region, as well as varying over
time depending on the price policy and/or exogenous shocks. They can consider the
regional behavior of relative prices in order to minimize portfolio risks at the national
level, since the higher the correlation coefficients, the lower the benefits of diversifying
investments. In addition, the estimates of the convergence of returns, by associating
the strength of the correlation with the number of weeks of lag, can also be valuable
information in building traders and brokers’ expectations, since this information is strategic
in the commercialization of hydrated ethanol.

Another point is that this methodological tool can also be used by intelligence agencies
in the ANP, together with other databases such as wholesale prices, in order to create auxil-
iary indicators in the analysis of cartelization practices or tacit collusion [58,60]. If prices
are persistent, when prices rise, they tend to continue rising. In this case, the authorities,
together with other metrics, can verify whether this dynamic of increasing relative prices is
associated with market conditions (lower ethanol supply, oil price drops, among others) or
anti-competitive practices (fraud, cartelization, etc.) that distort relative prices.

In the case of cross-correlations, these indicate how a specific location behaves in
relation to other capitals in the same region. Thus, there are important elements to assist in
the diagnosis when assessing whether the behavior (convergent or divergent) has economic
fundamentals, or if it is the result of some price distortion.

The CADE (Administrative Council for Economic Defence), after successive increases
in the prices at gas stations in a generalized way in all states of the country, began to
investigate suspicions of collusion, which can occur not only explicitly, as well as tacitly,
through signalization published by the media. Between 2012 and 2020, the sector was fined
more than BRL 500 million [71].

As policy suggestions, there is maintenance of the fuel price policy, in parity with the
prices practiced in the international market. A key issue that is difficult to resolve quickly
involves a sustainable macroeconomic policy in the long term, which prevents the continu-
ous devaluation of the national currency. In addition to making the internationalization of
oil prices less costly, it also acts to control inflation, which also indirectly affects the demand
for fuel, by reducing families’ purchasing power.

From the recent Brazilian experience, the government’s price control, in addition
to causing losses for Petrobras’ cash, whose largest shareholder is the government, also
resulted in governance problems due to minority shareholders. In particular, a large part of
the burden was transferred to the sugar-energy sector, by discouraging the use of ethanol,
and thus discouraging investment and the decarbonization of the economy. In addition,
favoring the use of ethanol in several locations in Brazil stimulates local economies from
the point of view of investments (sugarcane producers, mills and other related activities),
in order to generate regional jobs in these locations.

In line with the suggestion of aligning international prices, it is necessary to encourage
investments in ethanol throughout Brazil, in order to consolidate it as a viable alternative
to gasoline, as well as to meet decarbonization targets. Thus, it is necessary to strengthen
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public agencies to formulate policies to promote the entire production chain, from sugarcane
farmers to retail market ethanol.

Recent global uncertainties, both with regard to the crisis caused by the pandemic
and the war between Russia and Ukraine, have had asymmetric effects on Brazilian local
prices. The lower demand for fuels due to lockdown during the COVID-19 crisis, with
low oil prices at the beginning of the pandemic, did not result in a significant drop in
retail fuel prices. However, with the sharp rise in oil prices as a result of the war, there has
been a significant transmission of those prices along the production chain, before reaching
retail prices.

In Brazil, in particular, there is evidence of an asymmetric effect of fuel price shocks
in various regions of the country [30], due to several aspects, among which market con-
centration in fuel distribution and cartelization in certain capitals and periods of time can
be highlighted. In regions where the supply of ethanol is significant, this adverse shock
was mitigated in certain periods, when the relative price of ethanol-gasoline was favorable,
which allows the substitution of goods for a relevant proportion of consumers who use
flex-fuel cars.

6.3. Limitations and Research Agenda

The present work is limited by focusing on the main capitals of each macro-region
of the country, the North, Northeast, Midwest, South and Southeast, and on only three
capitals per region. Future studies could analyze the dynamics of relative prices in medium
and small cities located in the main ethanol producing regions, the Southeast and Midwest,
to determine whether there is a convergence of prices from inland cities to their respective
capitals. Future research could also lengthen the sample in order to contemplate the
resurgence of global inflation and the war between Russia and Ukraine, with a strong
impact on commodities generally, and energy, food and minerals in particular.
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