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1. INTRODUCTION

Climate change represents one of the greatest global challenges of the 21st century, with significant impacts
on natural and socioeconomic systems. Greenhouse gas (GHG) emissions, particularly carbon dioxide (CO,),
are recognized as major contributors to global warming. Global CO, emissions from human activity reached
36.3 gigatonnes in 2021, according to data from the Global Carbon Project (Friedlingstein et al., 2022).
This level of emissions reflects a post-pandemic economic recovery but also underscores the persistent
dependence on fossil fuels.

At the national level, Mexico is one of the leading emitters of GHG in Latin America, with approximately
440 million tonnes of CO, emitted in 2021, according to the National Institute of Ecology and Climate
Change (INECC, for its acronym in Spanish) (Instituto Nacional de Ecologia y Cambio Climatico, 2022). These
emissions are closely linked to economic activity, as sectors such as transport, electric power generation
and the manufacturing industry are responsible for a substantial part of the national total. Furthermore, the
emissions pattern in Mexico presents significant geographic heterogeneity, reflecting the differences in the
distribution of economic and industrial activities between states.

At the international level, initiatives such as the Paris Agreement and the Union Nations Sustainable
Development Goals (SDG) seek to mitigate GHG emissions by promoting sustainable and renewable
energy strategies (UNFCCC, 2015). Developed countries, such as Germany and Sweden, have managed to
decouple their economic growth from CO, emissions thanks to proactive policies in the energy transition
and improvements in efficiency (International Energy Agency, 2021). In contrast, developing countries face
significant challenges due to their dependence on conventional energy sources.

The interrelationship between economic development and CO, emissions poses a key dilemma for
policymakers: how to foster economic growth without exacerbating environmental impact. In Mexico, this
issue takes on an urgent character due to the international commitments made under the Paris Agreement,
where the country pledged to reduce its total GHG emissions by 22% by 2030, taking 2013 levels as a reference
(Gobierno de México, 2020). However, achieving this goal requires a detailed analysis of the underlying
dynamics between economic activity and emissions and the spatial disparities in their distribution.

Although numerous studies have explored the relationship between economic growth and greenhouse
gas emissions (Stern, 2004; Shahbaz et al., 2013; Dong et al., 2018), few have incorporated a spatial approach
considering regional interactions. Recent studies using spatial econometrics and geographic modeling
have highlighted the importance of spatial spillovers in emissions, showing that pollution levels in one
region are influenced by neighboring economic activity and environmental policies (Zhang & Broadstock,
2020; Zhao et al., 2022; You et al., 2023). These interactions are particularly relevant in the case of Mexico,
where the federal states are economically and geographically interconnected, generating spatial patterns
of dependence that traditional models do not adequately capture. Furthermore, the impacts of climate
change, such as droughts and extreme weather events, exacerbate the socioeconomic vulnerabilities of
the country’s poorest regions.

In the global context, countries with advanced economies have partially decoupled economic growth
from CO, emissions thanks to transitions towards renewable energy sources and improvements in energy
efficiency. For example, the European Union reduced its emissions by 34% between 1990 and 2020 despite a
GDP growth of approximately 60% in the same period (European Environment Agency, 2023).

Economic growth in developing countries such as Mexico remained closely linked to increased CO,
emissions. For instance, between 2021 and 2024, Mexico's Gross Domestic Product (GDP) grew at an
average annual rate of 2.8%, while CO, emissions followed a similar upward trend, demonstrating a
persistent coupling between economic expansion and environmental impact (Emission Index, 2021;
Trading Economics, 2022; El Pais, 2025). Furthermore, states such as Nuevo Ledn and the Estado de México
concentrate elevated economic activity and emissions levels. In contrast, states such as Chiapas and Oaxaca
show lower contributions in both indicators. This pattern aligns with research emphasizing that economic
hubs exhibit higher environmental footprints due to industrial concentration and urbanization (Zhao et al.,
2022; You et al., 2023).
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This study hypothesizes that CO, emissions in Mexico are positively correlated with economic activity,
measured through the Gross State Domestic Product (GSDP), and with the state population, as an
indicator of demographic pressure. In addition, it is assumed that there are significant spatial effects,
where emissions influence emissions in one state in neighboring states due to economic integration and
geographic proximity.

Therefore, this study aims to analyze the spatial distribution of CO, emissions in relation to economic
activity and population in the states of Mexico, using a spatial econometric model (Spatial Error Model, SEM).
This approach allows spatial interactions between states to be captured and provides a comprehensive
perspective for the design of environmental policies. In particular, the study seeks to evaluate the relationship
between GDP and CO, emissions at the state level, analyze the role of population in CO, emissions, identify
spatial patterns of dependence between federative states, and propose recommendations for designing
environmental policies based on the model's findings.

2. THEORY
2.1. Spatial econometrics

Spatial econometrics is a specialized field that addresses the challenges inherent in analyzing georeferenced
data by integrating spatial dependence and heterogeneity into econometric models (Anselin, 2013). This
approach allows for modeling phenomena exhibiting spatial patterns, such as the distribution of greenhouse
gas (GHG) emissions and economic activity. It offers tools to avoid biased estimates that do not consider
regional interactions (Bivand & Piras, 2015).

Georeferenced data have become increasingly important in economic and environmental studies in
recent decades due to their ability to capture complex spatial dynamics. The integration of georeferencing
technologies, such as Geographic Information Systems (GIS) and remote sensing data, has significantly
expanded the applications of spatial econometrics. According to LeSage & Pace (2009), these data provide
information on geographiclocation and identify interaction patterns essential for understanding phenomena
such as wealth distribution, trade flows, and environmental impacts.

A key component of spatial econometrics is the spatial weights matrix, which defines how regions are
interconnected and is essential for capturing spatial relationships in the data. These matrices are built under
different criteria, such as geographic contiguity, Euclidean distance, or the intensity of economic relationships
between regions. For example, in a contiguity-based matrix, two regions are considered connected if they
share a common border. In contrast, in a distance-based matrix, connections are defined according to the
geographic proximity between the centers of the regions (Anselin, 2013).

The choice of the matrix type depends on the phenomenon studied and the spatial structure of the
data. According to LeSage & Pace (2009), spatial weight matrices not only capture the direct influence of
one region on another but also allow for the analysis of indirect effects, which arise when changes in one
region influence its neighbours, and these, in turn, affect other, more distant regions. This concept is crucial
in studies of CO, emissions, where industrial activities in a region can generate externalities that spread
beyond its geographical boundaries.

Moreover, these matrices play a fundamental role in interpreting coefficients in spatial models. For
example, in a Spatial Error Model (SEM), the weight matrix determines how the autocorrelation in the errors
is distributed across regions. This allows for identifying patterns of spatial dependence that would otherwise
be hidden in traditional models (Bivand & Piras, 2015).

In recent studies, Zhang et al. (2021) underline the importance of incorporating spatial econometrics to
understand how changes in one region affect neighboring regions. This approach also allows for capturing
economic and environmental externalities often ignored in traditional models. Research in Europe, for
example, has assessed how regional development policies affect local economies, highlighting that
infrastructure investments in one region can generate positive spillover effects in neighbouring regions.
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For instance, Brocker et al. (2022), in a study on the impact of road infrastructure investments in Central
and Eastern Europe, found that such investments led to significant positive spillover effects on the GDP of
neighboring regions. Similarly, Lopez-Rodriguez & Faifia (2020) examined the European Union's cohesion
policy. They demonstrated that investments in transport infrastructure not only benefit the targeted regions
but also enhance economic development in surrounding areas through regional spillovers. Likewise, in
Latin America, spatial models have been used to analyze the spread of epidemics, migration flows, and the
economic effects of natural disasters, underlining the relevance of this approach to address interdisciplinary
problems (Gutiérrez et al., 2018).

Recent advances in spatial econometrics have improved the ability to model complex phenomena. For
example, hybrid methods combining SEM with big data analytics allow capturing spatial patterns with
greater precision (Zhang et al., 2021). Furthermore, integrating remote sensing and remote sensing data has
expanded the applications of spatial econometrics in studies of GHG emissions and sustainable economic
development (Tamura et al., 2018).

In Mexico, these tools are essential to analyzing the spatial dynamics of economic activity and GHG
emissions, where spatial interactions can significantly influence public policy outcomes. This approach
provides a more robust perspective for designing regional strategies and mitigating the impacts of climate
change.

2.2. spatial effects on CO, emissions

The analysis of CO, emissions from a spatial perspective has gained relevance due to the interdependent
nature of environmental problems. According to Zhang et al. (2021), significant inequalities in the distribution
of emissions between regions are often determined by factors such as industrial intensity, population density,
and access to clean technologies. These inequalities reflect economic disparities and differences in local
governments’ capacity to implement effective environmental policies. Xu & Hisano (2024) emphasize that
spatial interactions between regions amplify the impacts of environmental policies and create opportunities
for collaborative mitigation strategies.

For example, Tamura et al. (2018) highlight that regions with more significant economic development
tend to generate higher emissions due to their intensive industrial activity. This is observed in countries
such as China and India, where emissions have increased significantly in recent decades due to accelerated
industrial growth. Conversely, states or regions with lower economic development, such as Chiapas and
Oaxacain Mexico or rural regions in Southeast Asia, have considerably lower levels of emissions, highlighting
the spatial heterogeneity of the problem (De Jong et al., 2000; Miettinen et al., 2025).

At the international level, research such as Wang et al. (2020) has shown that industrial regions in
Europe, particularly those located in Germany and Poland, have high levels of CO, emissions, but have
also implemented effective strategies to mitigate these impacts through the use of clean technologies.
In contrast, in sub-Saharan Africa, emissions are low due to limited industrialization, but environmental
vulnerabilities are exacerbated by the lack of adequate infrastructure to adapt to climate change.

Another prominent example is the case of border regions in North America. According to studies by
Hsieh et al. (2022), emissions in areas such as Texas and the northern region of Mexico are highly correlated
due to geographical proximity and intense trade relations. These spatial interactions underscore the need to
design policies that transcend administrative borders and promote international cooperation.

Moreover, recent research has explored how spatial effects on emissions vary within the same country.
For example, in Brazil, studies by Silva et al. (2021) identified that Amazon regions, despite having low
direct emissions, are affected by industrial activities in nearby regions, such as mining and deforestation,
highlighting the negative externalities of economic activity.

The literature has also shown how urban development and transportation policies impact CO, emissions.
For example, studies by Su et al. (2019) have shown that large metropolises, such as Tokyo and New York,
generate significant direct emissions and influence peripheral regions’ carbon footprints due to extended
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supply chains. This finding underscores the importance of considering spatial interactions when designing
emission reduction policies.

Spatial effects on CO, emissions reflect the interregional dynamics of economic activity and environmental
policies. Understanding these relationships is essential to designing effective mitigation strategies that
consider each region’s specific characteristics and promote cross-border collaboration.

2.3. Relationship between economic activity and emissions

The economic literature has widely studied the relationship between economic growth and CO, emissions.
This link, often described by the Environmental Kuznets Curve (EKC), suggests that emissions initially increase
with economic growth but eventually decrease as countries reach a higher level of development and adopt
cleaner technologies (Grossman & Krueger, 1995). However, this behavior is not uniform and depends on
specific factors such as energy intensity, sectoral composition, and environmental policies.

According to Piaggio et al. (2017), Gross Domestic Product (GDP) growth is often accompanied by
increased emissions, particularly in economies dependent on fossil energy sources. This relationship
is more evident in developing countries, where access to clean technologies is limited, and energy
infrastructure is designed to meet growing demand quickly and cheaply. For example, in countries such
as India and South Africa, industrial growth has contributed significantly to rising CO, emissions in recent
decades (Wang et al., 2020).

Countries such as Sweden and Germany have reduced their absolute CO, emissions while maintaining
sustained economic growth, demonstrating the potential of sustainability strategies. However, even in these
cases, the energy transition faces costs and social acceptance challenges.

In the case of Mexico, Andersson & Karpestam (2013) identified that energy intensity and sectoral
composition are critical determinants of emissions. States with a higher dependence on manufacturing,
mining, and transportation sectors present higher emissions levels, while those with economies based on
agriculture, tourism, and services tend to generate less CO,. For example, states such as Nuevo Le6n and the
Estado de México concentrate a large part of the country’s industrial activity and, consequently, lead GHG
emissions (INECC, 2024).

The literature also highlights that urban development policies significantly impact emissions. According
to a study by Su et al. (2019), large cities with efficient public transport infrastructure, such as Tokyo and
Singapore, have managed to reduce per capita emissions, while urban areas dependent on private transport,
such as growing cities in Latin America, show opposite trends.

On the other hand, recent research has explored the impact of globalization on the relationship between
economic growth and emissions. Xu & Hisano (2024) point out that international trade flows have shifted
emissions from developed countries to developing countries, where production costs are lower but
environmental standards are more lax. This phenomenon, known as “carbon leakage,” underscores the
need for globally coordinated policies.

A systematic literature review by Tamura et al. (2020) summarizes this relationship’s main factors,
highlighting the importance of public policies, economic structure, and consumer preferences. These
authors conclude that implementing carbon pricing policies, such as emissions taxes and carbon markets,
has positively impacted reducing emissions in advanced economies. However, their application in developing
countries remains limited due to economic competitiveness and social equity concerns.

Below, table 1 presents a summary of some prominent studies that discuss the relationship between
economic activity and carbon dioxide emissions:
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Table 1. Studies on the relationship between economic activity and CO? emissions.

Authors Country/Region Key Findings

Latin America’'s GDP growth correlated with higher

Piaggio et al. (2017) Latin America emissions and dependence on fossil fuels.

Fosten (2019) Advanced economies Partial decoupling between economic growth and emissions
thanks to clean energy.

su et al. (2019). Global cities Public transport infrastructure is a key to reducing per

capita emissions.

Andersson & Karpestam Energy-intensive industrial sectors are the main emitters in

(2013) Mexico key states.

Xu & Hisano (2024). Global The carbon Ie.aka.ge phenomenon in developing countries is
due to globalization.

Tamura et al. (2020) Global Global Efficiency of carbon pricing policies in advanced

economies versus challenges in developing countries.

Source: own elaboration.

The relationship between economic growth and CO, emissions depends on multiple factors, including
the stage of economic development, the sectoral structure, and the public policies implemented. This
analysis highlights the importance of adopting differentiated and contextually relevant strategies to mitigate
emissions in diverse economies such as Mexico, where economic and geographic heterogeneity presents
challenges and opportunities for the transition to sustainability.

2.4. SEM (Spatial Error Model) models 141

The Spatial Error Model (SEM) is a fundamental tool in spatial econometrics that addresses spatial
autocorrelation in econometric model errors. According to Anselin & Hudak (1992), this model is especially
useful when the spatial dependence is found in the error terms and not in the explanatory variables, which
makes it ideal for studies where the underlying relationships are not fully observable.

The equation defines the SEM:

Y=XB+e
The error equation:

e=AWe+¢
Where:

— Y: Dependent variable (in this case, CO, emissions).

- X: Matrix of explanatory variables (GDP and population).
B: Model coefficients.

— & Spatial error term.

A: Spatial autocorrelation coefficient.

W: Spatial weight matrix.

€. Independent error term.
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Fan et al. (2016) argue that the SEM is particularly relevant in analyses where the data present an
intrinsic spatial structure, as in the case of Mexico, where economic and environmental dynamics are deeply
interconnected. This model allows for the identification of spatial patterns and improves the precision of
estimates by correcting autocorrelation effects that can bias the results.

2.5. Recent advances in spatial econometrics

In recent years, spatial econometrics has seen significant advances that have expanded its applicability and
accuracy in analyzing complex geographic phenomena. One of the main innovations has been integrating
hybrid methods that combine traditional models, such as the Spatial Error Model (SEM), with big data and
machine learning tools. Zhang et al. (2021) highlight how these techniques allow handling large volumes of
georeferenced data and detecting spatial patterns with greater precision, which has been particularly useful
in greenhouse gas (GHG) emission studies.

Furthermore, access to remote sensing and sensor data has transformed the applications of spatial
econometrics, facilitating the analysis of environmental and socioeconomic variables with finer spatial
resolutions. For example, Tamura et al. (2018) document how using satellite images has made it possible
to identify spatial inequalities in the distribution of CO, emissions and critical areas for implementing
environmental policies. This approach has improved the understanding of the interactions between
economic activity, land use, and emissions, strengthening the empirical evidence needed to design effective
interventions.

At the national level, spatial models in Mexico have advanced thanks to the availability of geospatial files
provided by institutions such as INEGI, which regularly publishes updated shapefiles with sociodemographic,
economic, and environmental information. This accessibility has democratized spatial econometrics,
allowing more researchers and analysts to incorporate advanced techniques in their studies. Additionally,
developing specialized software such as R, Python, and GeoDa has simplified the implementation of spatial
models through packages and libraries that automate the creation of spatial weight matrices, parameter
estimates, and diagnostic tests.

Another important advance is the growing recognition by statistical institutions of the need to generate
data compatible with spatial analysis. In countries such as Spain, Canada, and Mexico, statistical offices have
begun to offer databases designed for spatial studies, including unique geographic identifiers and data in
formats that facilitate their integration with specialized software.

Recent findings in the literature also underline the transformative impact of spatial econometrics in
public policy. For example, Xu & Hisano (2024) show how spatial models have been instrumental in assessing
the effectiveness of environmental policies in interconnected regions, highlighting the importance of
considering spatial externalities in decision-making. Similarly, Moutinho et al. (2017) point out that spatial
models have made it possible to prioritize critical regions for emissions mitigation and sustainable economic
development, optimizing the resources allocated to these purposes.

Advances in spatial econometrics have significantly improved the ability to analyze complex spatial
phenomena. The integration of hybrid methods, the availability of high-quality georeferenced data, and the
ease of use of software tools have boosted its application in diverse fields, from environmental sciences to
regional economics. These developments underscore the importance of investing in analytical capabilities
and spatial data generation, ensuring that future studies can address global challenges with a more rigorous
and multidimensional approach.
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3. METHODOLOGY
3.1. Methodological approaches

This study uses a spatial econometrics approach to analyze the relationship between carbon dioxide (CO,)
emissions, economic activity, and state population in Mexico. Spatial econometrics allows for considering
geographic dependencies and spatial effects that may arise between the regions analyzed. This is particularly
relevantin CO, emissions, where economic and demographic factors may present significant spatial patterns.

The Spatial Error Model (SEM) was selected due to the dataset's characteristics: the state-level unit of
analysis (32 observations) and the need to capture residual spatial dependence between states. The SEM is
particularly suited to handle cases where model errors present spatial autocorrelation, allowing for a more
precise fit and better interpretation of spatial effects.

3.2. Data and sources
The data used come from official sources and were selected for their relevance to the analysis:

- CO;emissions (2022): Calculated based on the energy consumption reported by the Ministry of Energy
(SENER, for its acronym in Spanish) and the emission factor provided by the RENE calculator (https://
www.gob.mx/inecc/acciones-y-programas/registro-nacional-de-emisiones-rene-17015).

- State Gross Domestic Product (GDP, 2022) Obtained from the National Institute of Statistics and
Geography (INEGI).

- State population (2022): Reported by the National Population Council (CONAPO).

- Spatial data: Extracted from the Geostatistical Framework of the 2020 Population and Housing Census
shapefile, published by INEGI.

The integration of economic and demographic data with spatial information was carried out using the
standard geographic key (NOMGEO). Subsequently, a spatial neighborhood matrix was generated using the
Queen Contiguity criterion with the spdep library in R, allowing modeling of spatial interactions between
neighboring states.

3.3. Econometric model
The econometric model used in this study is the Spatial Error Model (SEM), which is specified as:

Yi = Bo + BaXai + BoXai + &
€= )\ZjWijEj +&

Where:

- Y;: CO; emissions in state i.

- X;i: Gross State Domestic Product (GDP) of state i.

- Xa: Population of state i.

= Bo, P1, PB2: Coefficients of the model to be estimated.

- & Spatial error term.

- A: Spatial autocorrelation coefficient.

- W;: Elements of the spatial weight matrix, indicating the connection between states i and j.
- &:Independent random error term.
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The SEM was selected because it captures the spatial autocorrelation present in the errors, common in
spatial data analysis at the state level. This allows for the adjustment of the effects of spatial dependence
that could bias the results in a traditional model, achieving a more accurate representation of the underlying
relationships in the data.

The SEM model is based on the following assumptions:

1. There is spatial dependence between observations, i.e., emissions in one state are influenced by
emissions in neighboring states.

2. The spatial weight matrix W adequately represents the dependence structure between states.

3. The errors & are independent and normally distributed with zero mean and constant variance.

Based on previous literature, the following signs are expected for the coefficients:

= B4+ > 0: An increase in state GDP is associated with an increase in CO, emissions, due to increased
economic and industrial activity.

- B2 > 0: An increase in state population increases pressure on natural resources and energy con-
sumption, resulting in higher emissions.

- A > 0: Positive autocorrelation suggests that emissions in a state are influenced by emissions in nei-
ghboring states.

This model was implemented using R software, employing specialized packages such as ‘spdep’ and ‘sf’
for the creation of ‘he spatial weight matrix and the estimation of the parameters. The model fit and the
results obtained will be analyzed in the subsequent sections.

4. RESULTS

Therelationship between CO, emissions, Gross State Domestic Product (GSDP), and state population in Mexico
shows strong spatial heterogeneity. The findings indicate that both economic activity and demographics
significantly influence emissions, and these patterns vary according to the socioeconomic and geographic
characteristics of each federal state. The results derived from the analysis are presented below.

4.1. Spatial distribution of GSDP and emissions

The exploratory analysis of the data reflects the relationship between economic activity and CO, emissions.
The 2022 GSDP Map (figure 1) shows a significant concentration of economic activity in the center and
north of the country, with Mexico City, Nuevo Ledn, and Jalisco as the most prominent states. These regions
represent the main economic hubs in Mexico and are often associated with higher emissions generation due
to their high industrial activity. In contrast, southern states such as Chiapas and Oaxaca record the lowest
levels of GSDP, reflecting lower industrialization and, consequently, a reduced contribution to CO, emissions.

The CO, emissions quartile map (figure 2) complements this perspective by showing the heterogeneous
distribution of emissions. The industrialized states of the center-north, such as Nuevo Le6n and Estado de
México, are in the highest emissions quartiles, while the predominantly rural states of the south, such as
Chiapas and Guerrero, are located in the lowest quartiles. This pattern underlines the influence of economic
sectors in the generation of emissions.
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GDP Map 2022 by State
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Figure 1. Map of GSDP 2022 by state. Source: own elaboration with data from INEGI.
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Figure 2. Emissions quartile map 2022. Source: own elaboration with data from SENER.
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4.2. Spatial statistics and local clusters

The global analysis of the Moran'sIstatistic for CO, emissions did notreveal asignificantspatial autocorrelation
(I = -0.068, p =0.61), indicating that, on average, there are no consistent spatial patterns at the national
level. However, the LISA Map (figure 3) allows the identification of local clusters with high concentrations
of emissions in specific regions. Clusters in the north and center of the country stand out, such as Nuevo
Ledn and Mexico City, where intense economic activity and geographic proximity generate specific spatial
patterns. These clusters confirm the importance of analyzing local relationships beyond global averages.
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Figure 3. LISA Map for Emissions 2022. Source: own elaboration with data from SENER.

4.3. Model Residual Analysis

The SEM model residual map (figure 4) assesses the accuracy of the model by identifying differences between
observed and predicted values. Significant positive residuals were observed in states such as Nuevo Ledn,
suggesting that the model underestimates emissions in these highly industrialized regions. On the other
hand, southern states such as Chiapas present negative residuals, indicating an overestimation of emissions
in areas with lower economic activity. These results suggest that additional variables could improve the
model fit, especially in regions with greater discrepancies.
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Figure 4. SEM model residual map. Source: own elaboration with data from the results of the spatial analysis.

4.4. Spatial correlation between GDP and CO, emissions

The spatial correlation map (figure 5) shows that states with greater economic activity tend to record higher
emissions, evidencing a significant positive spatial correlation. The northern and central regions, such

as Nuevo Ledn and Mexico City, show a strong correlation between GDP and emissions. In contrast, the 147
southern areas show a weak correlation, reflecting the limited contribution of these states to the national

total of emissions.
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Figure 5. Spatial correlation map: GDP and Emissions 2022. Source: own elaboration with data from the results of
the spatial analysis.
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4.5. Econometric analysis and interpretation of the coefficients

The results of the SEM, presented in table 2, highlight the importance of the selected explanatory variables.
The coefficients associated with GDP (B4 = 1.145, p < 0.001) and Population (B, = 0.322, p < 0.001) were
positive and statistically significant, indicating that an increase in these variables translates into higher CO,
emissions. This confirms that economic activity and population are the main drivers of emissions in Mexico.
The coefficient associated with GDP suggests that states with more dynamic economies tend to generate
higher emissions, while the population coefficient reflects that states with higher population density also
contribute significantly, although to a lesser extent than GDP.

The spatial parameter (A = 0.593, p < 0.001) confirms the presence of significant spatial effects, reflecting
that emissions in one state are influenced by emissions in neighboring states. This finding supports the
importance of incorporating spatial structure in econometric models to avoid bias in estimation and improve
the accuracy of analysis.

These results emphasize the need to consider regional strategies to address emissions, given that policies
in one state can have indirect effects on neighboring states. This integrated approach is crucial to developing
effective environmental policies in a context of economic and geographic interdependence.

Table 2. Spatial Error Model (SEM) results.

Variable Coefficient Standard error Z-value P-value
Intercept 533580 423910 1.259 0.208
GDP2022 1.145 0.330 3.469 0.0005
Population2022 0.322 0.071 4.544 <0.0001
Lambda (A) 0.593 0.155 3.828 <0.0001

Source: own elaboration with data from the results of the spatial analysis.

This analysis highlights how economic activity and population are the main drivers of CO, emissions
in Mexico. Furthermore, the incorporation of spatial effects provides a more detailed understanding of
the emission patterns, allowing a more integrated approach to the design of public policies focused on
environmental sustainability.

5. DISCUSSION

The results obtained in this study highlight the relevance of considering the economic and spatial dimensions
to understand CO, emissions at the state level in Mexico. In particular, the findings of the SEM model
reinforce the idea that economic activity and population are key factors in the generation of emissions,
aligning with previous studies such as those by Piaggio et al. (2017) and Fosten (2019), who identified a
positive and significant relationship between economic growth and emissions in similar contexts. However,
by incorporating spatial effects, a more comprehensive understanding is achieved, highlighting the influence
of neighboring states on emission levels.

5.1. Relationship between economic activity, population and emissions
The positive and significant relationship between Gross State Domestic Product (GSDP) and CO, emissions

confirms that states with higher levels of economic activity tend to generate more emissions, due to their
high dependence on energy-intensive sectors, such as manufacturing and transportation. This finding is
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consistent with previous research (Andersson & Karpestam, 2013; Tamura et al., 2018) that highlights how
industrialization amplifies regional disparities in emissions.

On the other hand, the coefficient associated with population reflects that states with higher population
density also contribute significantly to emissions. This result is especially relevant in a country like Mexico,
where urbanization and population concentration in metropolitan areas intensify the demand for energy
and transportation. However, the lower relative weight of population compared to GSDP suggests that
economic activity remains the main driver of emissions, highlighting the need for specific policies to reduce
carbon intensity in key sectors.

5.2. Importance of spatial effects

The spatial parameter (A = 0.593, p < 0.001) shows a strong spatial autocorrelation in CO, emissions,
indicating that environmental policies designed at the state level have implications beyond their borders.
This finding is consistent with studies such as Zhang et al. (2021) and Xu & Hisano (2024), which highlight
the interdependent nature of emissions in regional contexts. In this sense, the LISA analysis identifies local
clusters of high emissions concentration, such as Nuevo Leén and Mexico City, which require a coordinated
approach to address the associated environmental and economic impacts.

On the other hand, the model residuals show discrepancies in states such as Chiapas and Nuevo Ledn,
suggesting that omitted variables, such as the type of energy matrix or the intensity of land use, could improve
the model fit. These results underline the importance of expanding the analysis to include additional factors
that influence emissions, particularly in regions with high levels of industrialization or economic vulnerability.

5.3. Practical and theoretical implications

From a practical perspective, this study offers analytical tools for the design of public policies that consider
spatial heterogeneity and interdependencies. The findings suggest that mitigation strategies should focus
on key economic sectors and priority regions, such as the industrial clusters in the north and center of the
country, where emissions are significantly higher. In addition, it is essential to implement measures that
foster regional cooperation, given that isolated policies can have indirect effects on neighboring states.

On a theoretical level, this study contributes to the growing body of literature that integrates spatial
econometrics in the analysis of GHG emissions. By applying a SEM model, the relevance of capturing spatial
effects is demonstrated to avoid biases in the estimation and improve the accuracy of the analysis. This
opens the door for future studies exploring more complex dynamics, such as the relationship between
investments in renewable energy and emissions patterns at the regional level.

5.4. Limitations and recommendations

Although the results are robust, there are inherent limitations to the analysis that should be considered. First,
the use of cross-sectional data limits the ability to capture temporal dynamics in the relationship between
economic growth and emissions. Future studies could incorporate longitudinal analyses to identify trends
and assess the impact of policies implemented in different periods. Second, relevant variables such as the
energy matrix, land use intensity or transport quality were not included in this model, which could influence
the observed patterns.

Finally, the reliance on aggregate data at the state level does not allow capturing intraregional disparities
in emissions, which could underestimate heterogeneity within states. Itis therefore recommended to expand
the analysis to sub-state levels, incorporating data at the municipal or metropolitan level, to obtain a more
granular view of emission patterns.
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6. CONCLUSIONS

This study has allowed us to analyze carbon dioxide (CO,) emissions in Mexico from a spatial perspective,
relating them to economic activity and state’s population. This approach has shown the relevance of spatial
dynamics in the generation of emissions, highlighting the need to incorporate advanced analytical tools,
such as spatial econometric models, to understand complex phenomena and their geographic distribution.

The findings underline that states with higher levels of Gross State Domestic Product (GSDP) and
population tend to generate more CO, emissions, confirming the hypothesis raised. In particular, the
coefficient associated with GSDP (3, = 1.145, p < 0.001) shows that economic activity is the main driver of
emissions in Mexico. This result is consistent with the existing literature, which points to a positive correlation
between economic growth and emissions in developing contexts. However, it also highlights the urgent
need to move towards less carbon-intensive economic models, a significant challenge in a country where
energy generation and industry still rely heavily on fossil fuels.

Meanwhile, the population coefficient (B, = 0.322, p < 0.001) reflects that states with higher population
density also contribute significantly to emissions. This highlights the pressure that population concentration
exerts on transport systems and energy infrastructure, especially in metropolitan areas. However, the lower
relative weight of this variable compared to GDP indicates that mitigation policies should focus primarily on
key economic sectors.

An innovative aspect of this study is the inclusion of spatial effects through the Spatial Error Model
(SEM), which captures spatial autocorrelation in CO, emissions. The spatial parameter (A = 0.593, p < 0.001)
shows that emissions in a state are significantly influenced by emissions in neighboring states, a finding
that coincides with international studies and reinforces the importance of designing public policies from
a regional and coordinated perspective. This result highlights that isolated interventions in a state can
generate positive or negative collateral effects in adjacent states, underlining the economic and geographic
interdependence that characterizes Mexico.

The spatial analysis, complemented with tools such as Moran'’s I statistics and LISA maps, allowed us
to identify patterns of local emission clusters. For example, regions such as Nuevo Ledén and Mexico City
show a high concentration of emissions due to their intense economic and industrial activity, while areas in
the south such as Chiapas present significantly lower values. This regional contrast emphasizes the need
to adapt mitigation policies to the specific characteristics of each region, recognizing the heterogeneity of
economic development and resource distribution.

Despite the methodological and analytical advances of this study, it is important to recognize its
limitations. The use of cross-sectional data restricts the ability to analyze temporal trends in emissions
and assess the impact of environmental policies implemented over different periods. Furthermore, key
variables such as the energy mix, land use intensity, and transport quality were not considered, which could
influence the observed patterns. Future studies could address these limitations by using longitudinal data
and incorporating additional variables to enrich the analysis.

From a practical perspective, this study provides valuable inputs for the design of environmental policies
in Mexico. The findings highlight the need to foster regional cooperation and prioritize mitigation in key
economic sectors, particularly in the high-emission clusters identified in the analysis. In addition, it is
suggested to promote investments in clean technologies and energy efficiency, especially in industrialized
regions, to reduce carbon intensity without compromising economic growth. These recommendations are
essential for Mexico to meet its international commitments under the Paris Agreement and move towards
sustainable development.

In conclusion, the relationship between economic activity, population and CO, emissions in Mexico
reflects a critical challenge in the transition towards a sustainable development model. This study shows that
mitigation policies must be comprehensive and regionally adapted, taking advantage of the analytical tools
of spatial econometrics to maximize their effectiveness. By integrating spatial considerations into the design
of environmental strategies, we can move towards a more equitable and resilient future, where economic
growth is not in conflict with environmental sustainability.
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