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RESUMO: Este artigo investiga a relacdo entre o modelo de desenvolvimento brasileiro, carac-
terizado pela reprimarizacdo e desindustrializa¢io de sua estrutura produtiva, e 0 aumento
das emissdes de gases de efeito estufa (GEE). Para isso, o estudo apresenta estimativas utili-
zando um modelo de dados em painel para os estados brasileiros, a fim de analisar a relagdo
entre as emissoes de didxido de carbono equivalente (CO,e) e varidveis-chave no periodo de
2003 a 2022. Os principais resultados sugerem que a composi¢do da estrutura produtiva é
crucial na determinacdo das emissoes de gases no Brasil. Além disso, nossas descobertas tam-
bém destacam a importancia do aumento da sofisticagio e da intensidade do conhecimento
nos bens produzidos como uma estratégia para reduzir as emissoes de GEE.
PALAVRAS-CHAVE: Mudanga estrutural; mudanca climdtica; emissoes de COse.

ABSTRACT: This paper investigates the relationship between the Brazilian development mod-
el, characterized by the re-primarization and deindustrialization of its productive structure,
and the increase in greenhouse gas emissions (GHG). For that, the study provides estimates
using a panel data model for Brazilian states to investigate the relationship between carbon
dioxide equivalent (CO,e) emissions and some key variables between 2003 and 2022. Our
findings suggest that the composition of productive structure is crucial in determining the gas
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emissions in Brazil. Furthermore, our results also point out the importance of increasing so-
phistication and knowledge intensity of its produced goods as a strategy to reduce GHG
emissions.

KEYWORDS: Structural change; climate change; COe emissions.
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1. INTRODUCTION

Literature states that the environmental crisis is a major global challenge in a
manner that the coordinated reduction of greenhouse gas (GHG)! emissions is
crucial to addressing this situation (Steffen et al., 2015; Richardson et al., 2023;
WWE, 2002). In response to this context, 195 countries, including Brazil, signed the
Paris Agreement in 2015, committing to reduce GHG emissions through Nation-
ally Determined Contributions (NDCs) aimed at limiting global temperature rise
to 1.5 °C above pre-industrial levels (IPCC, 2023).

Various countries have implemented measures, such as the Biden administra-
tion’s push for renewable energy in the U.S. and the European Green Deal, which
aims for climate neutrality by 2050 (European Council, 2024; Climate Action
Tracker, 2024). China, as the largest emitter, invests heavily in clean energy to reach
the carbon neutrality until 2060.

Brazil has committed to reducing emissions by 37% by 2025 and 43% by
2030, but these targets are unlikely to be accomplished. In 2024, this target was
revised, and the country should pursue the reduction of emissions by 59%-67% by
20335, relative to 2005 levels, and the achievement of climate neutrality by 2050.
Despite the revisions, emissions remained high, driven primarily by deforestation
due the “Land Use and Forestry”, followed by agriculture, livestock and energy
(SEEG, 2023; Tsai et al., 2024).

The explanation may be linked to Brazil’s peripheral role in the world econo-
my, as an agro-exporting economy, supplying agricultural, mineral, and energy
products since the early 2000’s. In parallel, there was a relative decline in the share
of the manufacturing in total GDP — less than 10% in 2023. This ongoing deindus-
trialization process has generated serious consequences for the economy, widely
documented in the literature (Iasco-Pereira and Morceiro, 2024; Bresser-Pereira,
2018; Bresser-Pereira, Marconi, and Oreiro, 2016; Nassif, Feijo, and Araujo, 2013).
It is worth noting that the crisis and subsequent economic stagnation after the mid-
2010s were among the factors that contributed to economic/social and political

I Greenhouse gases (GHGs) trap heat in the atmosphere, helping maintain Earth’s temperature, but their
rising concentration from human activities has intensified global warming. The main GHGs are carbon
dioxide (CO,), produced by fossil fuel combustion and cement production, methane (CH,) (from
agriculture and industry), and nitrous oxide (N,O) (from biomass burning, industry, and livestock)
(Ritchie, 2020).
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setbacks post-2016, including the dismantling of policies and institutions respon-
sible for environmental protection (Costa et al., 2023).

Considering this context, this article analyzes the relationships between Brazil’s
productive structure and the CO,e emissions using a dynamic panel data model. The
proposed approach relates CO,e emissions in Brazilian states to different variables
representing the productive structure, as well as other socioeconomic, political,
demographic, and environmental factors from 2003 to 2022. Our hypothesis is that
Brazil’s re-primarization has unfolded in parallel with deindustrialization, defined
as the declining share of industry in total output and the contraction of industrial
employment within overall employment. Given their intrinsic characteristics, both
processes are expected to be associated with environmental degradation, as they
encompass two harmful dimensions: i) overexploitation of natural resources and;
ii) reduction of opportunities for innovation and adoption of technologies that
conserve ecosystem resources and reduce pollution.

The paper’s structure is as follows. Section 2 discusses theoretical aspects and
empirical literature on structural change. Section 3 discusses elements of the Brazil-
ian environmental context in recent decades, analyzing its key characteristics. Sec-
tion 4 outlines the panel data analysis methodology, discusses the variables and the
econometric model. Section 5 presents and discusses the results of the estimation.
At last, our conclusions.

2. STRUCTURAL CHANGE AND THE ENVIRONMENTAL ISSUE:
THEORETICAL ASPECTS AND EMPIRICAL LITERATURE

Economic growth and its consequent structural change have been a central
target for policymakers in developing countries as it mitigates persistent structural
problems such as poverty reduction, unemployment, external imbalances, financial
instability, technological dependence, among others. Thus, growth has been con-
sidered a definitive solution for improving living standards, especially by poor
countries (Daly, 2019).

However, the recent climate crisis has revealed a paradox between economic
growth and the planet’s ecological limits. Rooted in the intensive use of fossil fuels
since the Industrial Revolution and the rapid expansion of human activity, this
process has led to what scholars call the Anthropocene? — a new epoch marked by
human-driven planetary transformations. This shift from an “empty world” to a
“full world” underscores the need for a new development model oriented toward
sustainability (Constanza, 2020).

2 The term Anthropocene, although increasingly used, has not yet been officially adopted by the
International Union of Geological Sciences. Originally formulated by Paul Crutzen and Eugene Stoermer
in the early 2000s, it is based on the recognition that humanity is the determining agent in changes to
natural systems (Steffen et al., 2007).
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Considering the growth-environment nexus, since the development of the En-
vironmental Kuznets Curve (EKC)3 in the 1990s, numerous studies have investi-
gated the relationship between economic growth and environmental degradation
by testing the inverted U-shaped hypothesis, which suggests that in the early stages
of development, countries tend to increase environmental degradation, but reduce
it as per capita income rises (Mardani et al., 2018).

The idea is that, as economic development takes place, it induces changes in
individuals’ preferences toward greater environmental conservation, shifts in the
composition of production and consumption, the emergence of more democratic
political systems, the implementation of stricter environmental policies and regula-
tions, and also the adoption of improved technologies that reduce environmental
degradation. In contrast, some studies also emphasize that technological progress,
by itself, does not guarantee the restoration of ecosystems. Instead, it is necessary
to pursue effective sustainable development, which entails changes in modes of
production and consumption, takes into account the reduction of social and eco-
nomic inequalities, and relies on public policies aligned with environmental con-
servation and the recognition of planetary boundaries (Romeiro, 2012; Richardson,
K. etal., 2023).

In this sense, recent literature has highlighted the association between eco-
nomic development and economic complexity. Originating from the work of Hi-
dalgo and Hausmann (2009), this approach analyzes a country’s productive struc-
ture through the diversity and sophistication of its exports. It has analyzed that
higher economic complexity is associated with greater development, reflected in
higher income, education, longevity, lower inequality, among others.

Consistent with environmental concerns, studies also indicate that higher eco-
nomic complexity can mitigate the environmental impacts of development, though
the relationship is nonlinear — pollution typically rises in early stages and declines
as complexity increases. Sustainability additionally relies on institutional quality,
renewable energy, green finance, and effective governance. Simdes and Andrade
(2022), in this regard, analyzed 115 countries between 1995 and 2015 and found
that in more complex economies, environmental impact decoupling occurs faster,
while in less complex ones, resource use remains more intense. These results em-
phasize the need to consider intersectoral heterogeneity for both cleaner agricul-
tural practices and more innovative and less carbon-intensive industrial activities.

In summary, the literature on the relationship between productive structure
and environmental degradation explain that structural change is crucial to foster
development aligned with the transition to a low-carbon economy, enabling econ-
omies to acquire knowledge and competencies, conduct research, and make tech-
nological advancements to develop and use technologies compatible with environ-
mental preservation. Conversely, economies with productive structures based on

3 The original CKA refers to the works of Kuznets (1955, 1966), who suggested the hypothesis of the
existence of an inverted “U” shaped relationship between inequality and the level of per capita income.
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primary goods production/export face greater difficulties in generating knowledge
and making more efficient use of natural resources, further hindering their achieve-
ment of economic development and environmental sustainability.

Next section discusses some stylized facts of the Brazilian economy.

3. DEVELOPMENT AND ENVIRONMENT:
NOTES ON THE BRAZILIAN SCENARIO

Brazil is the seventh largest* global emitter of GHG, reaching 2.319 billion
tons of COse in 2022. As illustrated in Figure 1, the primary source of emissions is
“Land-use and forest change”, resulting from the conversion of forested areas into
agricultural land and biomass burning, representing 48.28% of total emissions.
“Agriculture and livestock” ranks as the second-largest source of GHG emissions
(26.61%), followed by the energy (17.78%) and, finally, waste and industrial pro-
cesses, accounting for 3.93% and 3.36%, respectively.

Besides that, total emissions increased between 1990 and 2022, from 2.04
billion to 2.31 billion tons of COse (a 13.23% increase). Figure 1 is presented below.

Figure 1: CO,e Emissions* by Categories, Brazil, 1990-2022 (Billions of Tons)
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Source: Author's own elaboration based on SEEG data (2024).

*Note: CO,e (1)/GWP-AR5 — encompasses greenhouse gases (GHGs) included in the national inventory (CO,, CH,,
N,O, and HFCs), measured as carbon dioxide equivalent (CO,e) using the Global Warming Potential (GWP) metrics,
with conversion factors from the 5th IPCC Report (AR5). Refers to gross emissions.

#The world’s largest emitters in 2022 were: China (25.88%), the United States (11.13%), India (6.67%),
the European Union countries (6.22%), Russia (3.79%), Indonesia (3.11%), Brazil (3.09%), and Japan
(2.24%). Together, these countries account for approximately 56 % of global emissions (Climate Watch,
2024).
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Bellow, Figure 2 shows that between 1990 and 2022 “Land-use and forestry
change” was the only category to reduce emissions (-19.16 %) but remained Brazil’s
largest source of emissions. Policies such as Action Plan for the Prevention and
Control of Deforestation in the Legal Amazon — PPCDAm (2003), Real-Time De-
forestation Detection System — DETER (2004), the Amazon Fund, the revised For-
est Code (2012), and private initiatives like the Soy (2006) and Cattle (2009)
Moratoria initially helped curb deforestation. However, after 2012, the weakening
of these measures led to renewed deforestation and rising emissions.

Figure 2: Structural pattern of CO,e emissions, in % of total, Brazil (1990-2022)
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Source: Author’s own elaboration based on SEEG data (2024).
Note: CO,e (t) GWP-ARS5.

Next, Figure 3 shows that Brazilian emissions rose across agriculture (+57.8%),
energy (+115.2%), industry (+56.8%), and waste (+204.4%) between 1990 and
2022. Top emitters in 2022 were Mato Grosso, Pard, Rondonia, and Minas Gerais,
with Sdo Paulo fifth. Emissions declined in seven states but increased in fifteen,
especially in the Legal Amazon, notably Amazonas, Acre, and Amapa.
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Figure 3: Total CO,e emissions|
in Brazilian states, 1990 -2022 (Millions of Tons)
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Source: Author’s own elaboration based on SEEG data (2024).

Figure 4 provides an overview of CO,e emissions by category across Brazilian
states from 1990 to 2022. The top emitters in 2022 — Mato Grosso, Para, and
Rondonia — are located in the Legal Amazon, where “Land-use and forestry change”
is the main source, driven primarily by rising deforestation. Key contributing fac-
tors include illegal land grabbing and unauthorized gold mining (RAD, 2023).
Similar emission patterns are observed in Maranhdo, Tocantins, Roraima, Amazo-
nas, Bahia, Piaui, and Acre.
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Figure 4: CO,e emissions of Brazilian states
by categories, 2022 (Millions of Tons)
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Source: Author’s own elaboration based on SEEG data (2024).

According to Figure 4, in Minas Gerais, Goias, Mato Grosso do Sul, Parana,
Rio Grande do Sul, and Ceara, agriculture, particularly livestock, is the main source
of CO,e emissions, with soil management also contributing. Mato Grosso, with the
largest cattle herd (32.4 million in 2022), leads in both land-use and agricultural
emissions. In Sdo Paulo, Rio de Janeiro, Bahia, Minas Gerais, Parand, and Rio
Grande do Sul, the energy sector is a relevant emissions contributor due to high
transport and electricity demand.

Also, it should be noted that, between 2003 and 2022, Brazilian states exhib-
ited distinct patterns in the relationship between GDP per capita growth and CO,e
emissions. The largest increases in emissions occurred in Amapa (+264 %), Amazo-
nas (+166%), and Piaui (+157%). In the first two, GDP per capita remained stag-
nant, suggesting that deforestation was the main driver of emissions, while in Piauli,
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economic growth was accompanied by strong environmental pressure. In Cear4,
Paraiba, Pernambuco, Rio Grande do Norte, Alagoas, Bahia, Rio de Janeiro, and
the Federal District, moderate to high growth in GDP per capita occurred in paral-
lel with increases in emissions (between 30% and 75%).

Mato Grosso, Mato Grosso do Sul, Para, and Rondonia recorded more robust
GDP per capita growth alongside declines in emissions (between -28% and -61%),
likely reflecting reduced deforestation and productivity gains in agribusiness. Parana,
Maranhio, Minas Gerais, and Rio Grande do Sul also registered growth but with
moderate reductions in emissions (-6% to -14%), indicating a slight “decoupling’
between economic growth and emissions. Finally, Sdo Paulo, Roraima, Santa Cata-
rina, Tocantins, and Sergipe experienced low to medium GDP per capita growth, with
stable or slightly positive emissions, suggesting considerable heterogeneity among
states as well as different determinants of their individual trajectories.

In summary, it is evident that emissions did not decline sufficiently, highlight-
ing missed opportunities for a low-carbon transition. The increase in deforestation
and continued fossil fuel use represent a setback in climate action; consequently,
the 2011-2020 period can be considered a “lost decade,” during which total emis-
sions rose by 40%. Net emissions, which result from gross emissions minus carbon

>

removals by protected areas, land use changes, and secondary vegetation, increased
55%. The probable explanation is that the persistent challenges in controlling de-
forestation across Brazilian territory compromised the ability of the forests to serve
as a carbon sink, consequently reducing net emissions in this period (SEEG, 2023).

4. EMPIRICAL ANALYSIS

Methodology

To examine the relationship between CO, e emissions and the productive struc-
ture in the Brazilian states from 2003 to 2022, this study applies dynamic panel
data model. As Greene (2008) notes, panel data combines time-series and cross-
sectional dimensions so that enhances estimation efficiency by increasing observa-
tions, improving estimator properties, expanding degrees of freedom, reducing
multicollinearity and controlling for data heterogeneity.

The general form of a panel data model can be expressed as:

Yie=a+ BX + n; + A + €, (1)

where y,, is the outcome for entity i at time ¢, X, is a vector of explanatory variables,
7, represents entity-specific fixed effects, A, represents time-specific fixed effects, and
€, is the error term.

Panel data models can be estimated using fixed effects (FE) or random effects
(RE) methods, with FE preferred when individual effects correlate with explanatory
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variables. Dynamic panel models, which include lagged dependent variables, are
particularly useful for capturing persistence and dynamic relationships over time.
The general form of a dynamic data model, as follows:

Yie = & + ¥ Yir—1t+ BXiy + ni + €, (2)

where Yit-1 the lagged dependent variable, y captures the persistence of the out-
come, and the other terms are as defined previously.

Including lagged dependent variables introduces endogeneity, requiring ad-
vanced estimation methods such as the Generalized Method of Moments (GMM).
Dynamic panel models address this by extending standard panel frameworks to
incorporate past values of the dependent variable. The endogeneity occurs because
yie-1 correlated with the entity-specific fixed effect ;. This correlation arises since
Yit-1 a function of n;, leading to biased and inconsistent estimates if not properly
addressed. Endogeneity in dynamic panel data models arises from the correlation
between the lagged dependent variable and the entity-specific fixed effects. This
correlation violates the exogeneity assumption, causing traditional methods like
OLS and FE to yield biased estimates.

To address endogeneity, instrumental variables (IV) and Generalized Method
of Moments (GMM) estimators are applied. GMM uses internal instruments,
lagged levels and differences of variables, to obtain consistent and efficient esti-
mates in dynamic panel models.

There are two main types of GMM estimators for dynamic panel data models:
the Difference GMM and the System GMM. The Difference GMM, proposed by
Arellano and Bond (1991), transforms the model to eliminate the entity-specific
fixed effects by taking first differences.

The transformed model is:

Ay = yAy i1 + PAXy + A€y, (3)

where A denotes the first difference operator. The lagged levels of the dependent
variable (yi, t-2, yi, t-3, ...) are used as instruments for the lagged first differences
(4y ie-1).

The System GMM (Blundell and Bond, 1998) combines level and differenced
equations, using lagged values as instruments to improve efficiency, particularly
when the dependent variable is highly persistent.

The GMM estimators rely on the following conditions:

i) Ely;, Ag]=0fors= 2,t=3,...,T, for the Difference GMM; (4)
i) Ely; (+€)]=0 fors=2,t=3,...,T, for the System GMM.  (5)

It is important to note that the validity of GMM estimators is assessed using
diagnostic tests, including the Arellano-Bond test for autocorrelation and the Dif-
ference-in-Hansen test for instrument validity, ensuring robust and reliable results.
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Data, Variables and Estimated Model

The selected variables follow the empirical literature and include those related
to the productive structure, energy consumption, policies and institutions. Data are
annual and the 2003-2022 period was defined based on data availability.

The selection is theoretically and empirically grounded as follows: the agricul-
tural expansion, represented by planted area (plant), is a key driver of deforestation
and emissions, particularly in the Legal Amazon (Kuschnig et al., 2021; Arraes et
al., 2012); livestock (bov) strongly contributes to methane (CH,) emissions and
deforestation associated with pasture formation (SEEG, 2023; WWE, 2022); en-
ergy consumption (energy) represents a direct source of emissions, related to eco-
nomic growth and industrialization (Dogan et al., 2020; Shahzad et al., 2021); GDP
(gdp) modelling how economic activity level affects emissions according to the EKC,
and the inclusion of a quadratic term aims to capture non-linear relationships
(Mardani et al., 2019); exports (exp) capture effects related to productive special-
ization and external environmental pressures, potentially intensifying natural re-
source exploitation (Bresser-Pereira, 2018); participation of the manufacturing in
GDP (part) measures the degree of industrialization, with impacts on emissions and
structural change, based on the Kaldorian and structuralist literature (Dasgupta
and Singh, 2006; Nassif et al., 2015); productive complexity’ (cei) influences emis-
sions intensity, with effects depending on the types of activities comprising the
productive structure (Hidalgo and Hausmann, 2009; Romero and Gramkow, 2021;
Silveira et al. (2025); environmental expenditure (env) captures institutional efforts
to mitigate emissions through public policies (Ibrahim et al., 2022); total popula-
tion (pop) represents demographic pressures as determinant of total emissions and;
the binary variable (amazon) representing states from Legal Amazon for these
represent important agricultural frontiers in Brazil and sources of deforestation and
livestock exploitation SEEG (2023).

Table 1 describes the variables, its units and sources.

3 Further details on the methodology and the calculation of the complexity indexes for Brazilian states
can be found in Freitas et al. (2023).

Revista de Economia Politica 11



Table 1: Variables and descriptions

Variables Description Unit Source
emiss CO, emissions in carbon tons SEEG (2024)
equivalent
plant Planted or harvested area Hectare (ha) (IBGE, 2024)
total
bov Cattle herd head IBGE (2024)
energy Electric energy, final energy | MWh Ipeadata (2024)
consumption
gdp Gross Domestic Product Brazilian Reais (2022 constant IBGE (2024)
prices)
exp Exports (FOB) (deflated by | US$ (FOB) Ipeadata (2024)
the US CPI)
Percentage of Percentage IBGE (2024)
part .
Manufacturing
GDP in total GDP
cei Index of Economic Index Dataviva
Complexity (2024)
env Environment expenditures | Expenditure in environmental Ipeadata (2024)
management, agriculture, and
agrarian organization, Brazilian
Reais (2022 constant prices)
pop Population Inhabitants IBGE (2024)
amazon Legal Amazon Binarie variable:

[1] for Acre, Amapéa

Amazonas, Pard, Rondonia,
Roraima, Tocantins, Mato
Grosso and Maranh&o

[0] otherwise

Source: Author's own elaboration.

For the empirical analysis, two theoretical models were estimated. The gen-
eral specification is as follow:

Model 1
ln(emissi,t) =a+; + fyIn(emiss;t—1) + [ In(plant;r) + B3 ln(planti,t)2
+ Baln(bovyy) + PBsIn(energyir) + Bo In(gdpie) + B7 In(gdp;,)*

12

+ Pg In(expis) + Poln(partye) + Pio In(ceiyr)

+ P11 [In(part;y) X In(ceir)] + P12 In(envy) + iz In(popit)
+ '}/AMAZONIAL + Uit
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Model 11

In(emiss;;) = a+A; + By ln(emiss;t—q) + B In(plant;) + P3 ln(planti,t)2
+ B4 In(bovy) + Bs In(energy;r) + Po In(gdpir) + 7 In(gdpir)?
+ Bg In(expit) + Bo In(partiy) + Pio In(ceiy)
+ Bu [In(party,) X In(ceiye)] + Piz In(envie) + Pis In(popie)
+ P14 In(pop;¢)? + y AMAZONIA; + uyy,

Due to the presence of the lagged dependent variable and the potential endo-
geneity of some covariates, we estimate the parameters using the Generalized Meth-
od of Moments (GMM) for dynamic panel data models. Both the Difference GMM
estimator (Arellano and Bond, 1991) and the System GMM estimator (Blundell
and Bond, 1998) are applied. In the difference specification, the endogenous vari-
ables were instrumented by their lagged levels starting from. In the System GMM,
we combined the differenced equation with the level equation, using lagged differ-
ences as instruments for the level equation.

The estimations use variables in logarithmic form to directly obtain the respec-
tive elasticities.

5. FINDINGS

To analyze the impact of re-primarization on the evolution of COse emissions
in Brazilian states, we first examine planted area (In_plant) and cattle herd (In_bov),
taken as proxies for re-primarization. For the planted area, the coefficients were
negative, although significant only for the Model II specifications. In this case, the
inclusion of the squared form (In_plant?) resulted in a positive relationship with
COse emissions, suggesting that this effect is not linear and that, as the planted
area expands, emissions begin to rise again.

This result, though initially unexpected, is supported by SEEG (2023), which
highlights the positive impact of disseminating Low Carbon Agriculture (LCA)
technologies with the implementation of techniques such as no-till systems, well-
managed pastures, planted forests, and crop-livestock-forest integration systems.
These practices have been promoted in Brazil over the past few decades resulted in
a net removal of 229 million tons of COze from the soil in 2021, demonstrating the
potential of agriculture to mitigate environmental degradation.

Regarding the cattle herd (In_bov), the coefficients were positive and signifi-
cant in all functional forms, indicating that the increase in livestock production was
associated with higher CO,e emissions. States like Mato Grosso, Minas Gerais and
Goias, where livestock farming is a central economic activity, recorded high levels
of emissions, largely due to the inherent characteristics of the activity and inade-
quate soil management, such as degraded pasture areas (SEEG, 2023). Kuschnig
(2021) and Arraes, Mariano and Simonassi (2012) also highlight the relationship
between deforestation and the expansion of agriculture and livestock, especially in
the Legal Amazon.
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The energy consumption (In_energy) shows significant and positive coefficients
only for Model II, which is understandable given that only two states — Sao Paulo
and Rio de Janeiro — have the energy sector as the main source of emissions. Despite
the growth in energy demand and the increased use of fossil fuels in the Brazilian
states in last years, Brazil’s energy matrix remains relatively clean, with a pre-
dominance of renewable sources such as biofuels, hydropower, wind and, more
recently, solar energy.

The coefficients for In_gdp and In_gdp?, both statistically significant at the 1%
level in Model I, indicate a U-shaped relationship between GDP and industrial
emissions, contrary to the theoretical relationship suggested by the EKC. This coun-
terintuitive result suggests that, in the Brazilian context, early stages of development
are associated with reductions in CO,e emissions, whereas more advanced stages
of economic maturity correlate with increased emissions. One possible explanation
for this phenomenon lies in the peculiar trajectory of structural change in the
economy, characterized by early deindustrialization, Dutch Disease and re-prima-
rization.

This finding should be interpreted alongside the relationship observed in the
coefficients of In_plant and In_plant2, which show that agricultural expansion
(planted/harvested area) exhibits a U-shaped non-linear relationship with CO,e
emissions. That is, after an initial stage of potential gains, agricultural expansion
becomes an upward pressure on emissions through increased demand for indus-
trial inputs and the growth of processing industries. Thus, the economic dynamism
of agricultural activity is intrinsically linked to the expansion of natural resource
processing industries and the demand for emission-intensive inputs, such as fertil-
izers and machinery, causing scale effects to outweigh any technical efficiency gains.
Furthermore, within this framework, livestock shows a linear and positive relation-
ship with emissions, reinforcing these arguments.

Additionally, it is argued that the Brazilian economy may be subject to a tech-
nological dependency trap associated with middle-income status. Initial efficiency
gains, captured by the negative early GDP coefficients, are exhausted as economic
growth becomes increasingly dependent on natural-resource-intensive sectors. The
transition to higher income levels, without a concomitant technological leap toward
higher value-added, low-carbon activities, leads to a scenario of recoupling, in
which growth once again exerts positive pressure on emissions. In this sense, the
U-shaped pattern does not reflect a model failure, but rather empirically captures
a specific development dynamic, in which the productive structure, not merely the
income level is a fundamental determinant of the emissions profile.

Regarding the industry, the increase in the share of the manufacturing in total
GDP (In_part) produced positive and statistically significant coefficients across all
estimated models. This indicates that the expansion of the manufacturing is associ-
ated with higher emissions in Brazilian states. In fact, the coefficients were greater
than one in Model II, suggesting that emissions respond elastically and underscor-
ing the sector’s energy and carbon-intensive profile.

However, this direct relationship is moderated by the sophistication of indus-
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trial activity, represented in this paper by economic complexity. The variable (In_cei)
effectively reduces emissions, showing negative and statistically significant coeffi-
cients, with elasticities larger in magnitude than those associated with industrializa-
tion. This crucial finding is consistent with the literature that moves beyond analyz-
ing the size of the industrial sector alone and instead emphasizes its structure and
sophistication.

These results corroborate the theoretical framework proposed by Romero et
al. (2024), who argue that regions achieve resilience and sustainable growth not by
simply expanding their industrial base, but by diversifying into more complex,
knowledge-intensive activities. Such activities are typically characterized by higher
technological content, greater resource-use efficiency and the integration of ser-
vices into manufacturing, which together contribute to lower emission intensity.

Furthermore, these findings align with Silveira et al. (2025). Those authors
contend that economic complexity is a key factor in reducing environmental deg-
radation in the Brazilian Amazon. A more complex economy provides alternatives
to land-intensive frontier expansion; our results extend this argument by showing
that it also enables the decoupling of industrial production from carbon emissions.
The negative coefficient for In_cei thus suggests that states fostering more sophis-
ticated productive structures, capable of generating and applying advanced knowl-
edge, are better positioned to mitigate the environmental impact. The significant
negative interaction term (In_part x In_cei) further reinforces this, showing that the
emissions-increasing effect of a larger industrial share is substantially attenuated
in states with higher economic complexity.

The interesting point to highlight is regarding the interaction between indus-
trialization and economic complexity index (In_part x In_cei) which was estimated
to understand how emissions behave when both industry and economic complex-
ity are considered together. The coefficients were negative and significant for all
estimated models, suggesting that industrialization based on a more complex in-
dustry is a desirable policy from an emissions standpoint, as increasing economic
complexity leads to greater technological capacity and resources to invest in clean
energy alternatives, promoting a transition to less carbon-intensive production.

This result is consistent with several studies (Can and Gozgor, 2017; Dogan et
al., 2020; Alvarado et al., 2021; Swart and Brinkman, 2020)) which highlight eco-
nomic complexity as a relevant factor in mitigating environmental impacts. The
finding also emphasizes an important issue regarding Brazilian industrial policy,
particularly the New Industry Brazil (NIB), which needs to consider not only the
process of (re)industrialization in Brazil, but also ensure that this process involves
a modern industry that takes environmental concerns into account.

Regarding the variable for environmental expenditures (In_env), it presented
a negative coefficient, but significant only in one functional form, indicating the
weak capacity of these expenditures in reducing CO,e emissions in Brazilian states.
One of the possible explanations is that environmental expenditures are accounted
for together with agricultural activity expenditures under the budget line “Expen-
diture in environmental management, agriculture, and agrarian organization”, that
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means, these resources possibly do not play an important role in environmental
issues. This finding supports even more the importance of environmental protection
policies and institutions (Can and Gozgor, 2017; Ahmad et al., 2021)). Environ-
mental expenditures are also a signal and a commitment to environmental issues,
formalized through spending and the inclusion of this element in public policy
priorities.

However, after 2014 in Brazil the combination of economic, regulatory, and
political factors, including the weakening of the legal and institutional framework
for environmental protection, as well as the reduced presence and enforcement
capacity of agencies responsible for monitoring, inspection, and sanctioning of
environmental violations led to a resurgence of deforestation, which advanced
significantly across Brazil’s main biomes, particularly the Amazon and the Cerrado
(RAD, 2023; Borges, 2022). The underfunding of environmental agencies in Brazil,
particularly during the 2019-2022 period, coincided with an increase in emissions,
with several environmental indicators showing setbacks.

It is also noteworthy that the expansion of agricultural and livestock activities
in the Northern arc of Brazil has led to deforestation, irregular land occupation,
higher emission levels, and consequently worse environmental indicators. In this
sense, the binary variable for the Amazon region included in the estimated func-
tional forms (amazon) shows changes in intercepts when considering the states of
the Legal Amazon (Acre, Amapa, Amazonas, Para, Ronddnia, Roraima, Tocantins,
Mato Grosso, and Maranhao). The results were quite robust, showing positive and
statistically significant results for all estimated models, reinforcing the association
of these states with the increase in COse emissions during the analyzed period.

Other variables, in their linear and squared forms, were included as controls
(In_gdp and In_pop) exhibited negative coefficients in most specifications but later
became positive. That is, initially, they contributed to reducing emissions, but over
time, the expansion of these variables once again increases environmental deterio-
ration. This is consistent with the revised literature that highlights that the planet’s
biophysical limits need to be considered.

To sum up, these findings showed that the key elements of the models discussed
above remained in the different functional forms and were considered robust with
flexible adjustments.

6. CONCLUDING REMARKS

The environmental crisis, particularly climate change, presents significant chal-
lenges for developing countries like Brazil, where structural inequalities, resource
scarcity, and environmental degradation are worsening. Brazil’s primary source of
GHG emissions comes from “Land-use and forestry change”, which includes de-
forestation and biomass burning, contributing to about half of the country’s total
emissions. This reflects a broader neglect of environmental preservation in a coun-
try with vast biomes, including the Amazon, and has hindered Brazil’s ability to
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meet climate goals under the Paris Agreement. This study investigates how chang-
es in Brazil’s productive structure impact CO,e emissions.

Using dynamic panel data models for the period 2003-2022, our study exam-
ined the relationship between emissions and variables representing the productive
structure of the economy, under the hypothesis that the processes of re-primariza-
tion and deindustrialization of the Brazilian economy, occurring simultaneously,
have negative environmental effects.

Our findings suggested that both livestock and manufacturing significantly
contribute to COse emissions, while improvements in economic complexity help
reduce emissions. The study emphasizes the importance of advancing industrial
sophistication to lower environmental impacts. Additionally, sustainable practices
in agriculture and livestock are also needed, supported by effective public policies.
A key finding is that belonging to the Amazon Biome increases CO,e emissions in
states within the Legal Amazon, highlighting the need for stronger legal frameworks
and effective measures to combat deforestation.

In conclusion, the socio-environmental crisis demands the adoption of a new
sustainable development model, both globally and in Brazil. Such a model must
promote structural change, moving beyond climate change denial and the neolib-
eral policies that have dominated the Brazilian landscape in recent decades. This
paradigm shift is essential to fostering long-term economic, social, and environmen-
tal sustainability.
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