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Abstract

Understanding how economic growth (GDP), livestock production (LPI), agriculture,
forestry and fishing (AFF), renewable energy consumption (REN), and urbanization (URB)
influence carbon emissions is essential for designing effective climate policies in rapidly
developing economies such as India. This study examines the long-run and short-run
effects of these factors on CO, emissions in India during 1990-2024 using the Dual Ad-
justment Approach (DAA) and the Autoregressive Distributed Lag (ARDL) model. The
DAA framework decomposes variables into permanent (trend) and transitory (cyclical)
components, allowing a simultaneous assessment of long-run equilibrium and short-run
dynamics. Both DAA and ARDL models indicate that GDP and LPI increase CO, emissions
in the long run, while REN reduces them. AFF exerts a weak effect on emissions compared
with the other determinants. URB is associated with lower long-run emissions, supporting
the urban efficiency hypothesis, but this depends on sustained infrastructure investment
and policy support, rather than automatic results of current urbanization levels. The tran-
sitory component analysis shows that short-run fluctuations in GDP increase emissions,
while the effects of the remaining variables are driven by long-run structural changes. The
findings highlight the importance of expanding renewable energy deployment, improving
environmental efficiency in agricultural and livestock production systems, and promoting
sustainable urban development to reduce carbon emissions in the case of India.

Keywords: CO, emissions; dual adjustment approach; ARDL model; renewable energy;
economic growth; urbanization; India; environmental sustainability

1. Introduction

Climate change has emerged as one of the most pressing environmental issues of the
21st century, with CO, emissions being widely recognized as the main driver of global
warming and environmental degradation. Among emerging economies, India occupies a
particular position due to its rapid economic growth, expanding population, accelerating
urbanization, and increasing energy demand. According to Figure 1, India’s per capita CO,
emissions remain much lower than those of many developed economies, including the
United States, Canada, Australia and Russia. However, India’s CO, emissions per capita
during 1990-2024 show an increasing trend (see Figure 2), from less than one tonne per
person in the early 1990s to more than two tonnes per person in recent years. This trend
reflects the environmental consequences of industrialization, economic expansion and
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higher energy consumption. According to the Atlas Institute of International Affairs [1],
despite substantial investments in renewable energy technologies and India’s commitment
to achieving net-zero emissions by 2070, fossil fuels continue to dominate the country’s
energy system. Coal remains the main source of electricity generation and supports
industrial production and economic growth [2,3]. At the same time, India has expanded
renewable energy deployment through initiatives such as the National Solar Mission [4] and
other clean-energy programs aimed at reducing carbon intensity and promoting sustainable
development. Consequently, India faces the difficult challenge of maintaining economic
growth, ensuring energy security and promoting sustainable development. This challenge
has attracted attention from policymakers, making the identification of CO, emissions an
important area for policy formulation.

The relationship between economic growth and environmental quality is complex
because different socio-economic factors influence emissions through multiple transmission
mechanisms. Economic growth stimulates industrial activity, transportation demand and
energy consumption, which may increase environmental pressure when production still
depends on fossil fuels. Agricultural activity affects emissions through mechanization,
irrigation systems, fertilizers, and land-use pressures [5]. Livestock production is another
source of environmental impact, since it is associated with methane emissions, manure
management and energy-intensive supply chains. Renewable energy is expected to reduce
CO; emissions by decreasing dependence on fossil fuels. Urbanization has an ambiguous
relationship with emissions. Rapid and uncontrolled urban growth may increase emissions
through higher energy demand, transportation congestion, and industrial concentration [6].
However, urbanization may also improve environmental efficiency through economies
of scale, technological diffusion, modern infrastructure, and more efficient public trans-
portation systems [7]. This latter perspective is called “the urban efficiency hypothesis”.
Consequently, the effects of the above-mentioned determinants of CO, emissions are the-
oretically uncertain and differ with respect to long-run structural transformations and
short-run cyclical fluctuations.

A substantial body of literature has examined the determinants of CO, emissions in
India using various conventional econometric approaches [8-12]. These studies regard the
relationships among economic growth, energy consumption, renewable energy, urbaniza-
tion, and environmental degradation. Other contributions emphasize the environmental
implications of agricultural and livestock activities, through fertilizer use, mechanization,
methane emissions, and land-use pressures [13-16]. However, several studies treat the
adjustment process toward equilibrium as a single mechanism. They focus mainly on
long-run and short-run effects. The explicit distinction between permanent structural
changes and temporary cyclical fluctuations in the determinants of CO, emissions is im-
portant because these factors may differ. To address this limitation, the present study
applies the Dual Adjustment Approach (DAA) proposed by [17], which decomposes vari-
ables into permanent (trend) and transitory (cyclical) components. Unlike conventional
ARDL studies, which estimate a single adjustment process, the DAA framework enables
the separate investigation of long-run equilibrium relationships and short-run cyclical
dynamics. So, one can identify whether economic growth, agricultural activity, livestock
production, renewable energy consumption, and urbanization affect emissions through
structural changes or through temporary fluctuations. Therefore, this study contributes
to the literature in two ways. First, it extends the application of the DAA framework to
environmental economics and the Indian agricultural and livestock sectors. Second, it
provides fresh evidence regarding the permanent and transitory drivers of environmental
sustainability in an emerging economy such as India.
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The remainder of the paper is organized as follows. Section 2 reviews the relevant
literature. Section 3 presents the theoretical analysis underlying the relationships between
the explanatory variables and CO, emissions. Section 4 describes the data and methodology,
including the Dual Adjustment Approach and the ARDL framework. Section 5 reports and
discusses the empirical results. Section 6 extends the discussion from Section 5. The paper
ends with limitations, policy implications, and conclusions, respectively.

Per Capita CO; Emissions around the World (2024) N
(Metric Tons of CO; per Capita)

-
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Figure 1. CO, emissions per capita (tonnes per person) (2024). Note: Carbon dioxide (CO;) emissions
from burning fossil fuels and industrial processes. This includes emissions from transport, electricity
generation, and heating, but not land-use change. Source: Our World in Data [18].
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Note: Carbon dioxide (CO,) emissions from burning fossil fuels and industrial processes. This includes emissions from
transport, electricity generation, and heating, but not land-use change.

Source: Our World in Data [2024).

Figure 2. The evolution of CO; emissions per capita for India (tonnes per person). Note: Carbon
dioxide (CO,) emissions from burning fossil fuels and industrial processes. This includes emissions
from transport, electricity generation, and heating, but not land-use change. Source: Our World in
Data [18].
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2. Literature Review
2.1. COy Emissions: Measurements and Determinants

CO; emissions are among the most widely used indicators of environmental degrada-
tion and climate change. They represent the largest share of anthropogenic Greenhouse Gas
(GHG) emissions associated with fossil fuel combustion, production, transportation and
electricity generation. In studies, CO, emissions are measured either in total quantities or
per capita. Per capita measures are useful when comparing environmental pressure among
countries or over time, since they account for demographic change and population growth.

CO; emissions are shaped by a complex interaction of economic, demographic, sec-
toral, and energy-related factors. Economic growth exerts environmental pressure in
developing economies, particularly when industrial expansion remains dependent on fossil
fuels. Ref. [19] confirms that economic expansion and energy demand in India remain
important drivers of carbon emissions, highlighting the environmental issues associated
with rapid development. Renewable energy adoption appears as a main mechanism for
mitigating environmental degradation. Refs. [12,20] show that the expansion of renewable
energy capacity contributes to reducing carbon emissions and supporting sustainable devel-
opment objectives. Tiwari et al. (2013) [8] employ an ARDL framework for India and find a
robust long-run relationship between economic growth, coal consumption, and CO; emis-
sions, confirming that energy use is a key driver of environmental degradation. Ahmad
et al. (2016) [9] examine the long- and short-run relationships between carbon emissions,
energy consumption, and economic growth in India using ARDL and VECM approaches,
confirming the validity of the environmental Kuznets curve and highlighting a bidirectional
relationship between economic growth and emissions, with energy consumption exerting a
positive impact on environmental degradation. Sharma et al. (2023) [11] investigate the
nexus between urbanization, energy consumption, economic growth, and CO, emissions
in India using VECM and Granger causality analysis, finding that energy consumption
and economic growth drive emissions, while urbanization does not significantly influence
emissions in the short run.

Urbanization remains one of the debated determinants of environmental quality.
Rapid urban growth may increase emissions through more intense transportation activi-
ties and higher energy demand. Refs. [21,22] support the urban efficiency hypothesis, by
which urbanization may improve environmental performance through economies of scale,
technological diffusion, or modern infrastructure. In India, the effects of urbanization on
environmental change are complex and non-linear. Franco et al. (2017) [23] provide a com-
prehensive review of the Indian context, highlighting that rapid urbanization significantly
increases energy consumption and CO, emissions, while emphasizing the need for energy
efficiency measures and sustainable urban planning to mitigate environmental impacts.
Ghosh and Kanjilal (2014) [24] investigate the long-run relationship between urbanization,
energy consumption, and economic activity in India, providing evidence of cointegration
and unidirectional causality from energy consumption to economic growth and from eco-
nomic activity to urbanization. Haldar and Sharma (2022) [25] employ the STIRPAT model
to examine the impact of urbanization on per capita energy consumption and emissions in
India, finding that economic growth, population, and urbanization significantly increase
energy demand and CO; emissions. Martinez-Zarzoso and Maruotti (2011) [26] analyze
the relationship between urbanization and CO, emissions in developing countries, finding
an inverted U-shaped pattern that suggests urbanization initially increases emissions but
may contribute to environmental improvements beyond a certain threshold.

The “urban efficiency hypothesis” suggests that well-managed urbanization can re-
duce emissions through better planning, smart infrastructure, and cleaner technologies.
Sridhar (2018) [27] compares the relationship between urbanization and carbon emissions in
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India and China, highlighting that rapid urban growth contributes to increased emissions,
while emphasizing the importance of sustainable urban planning to mitigate environmental
impacts. Lal and Sethi (2024) [28] demonstrate that improvements in building efficiency
and energy use can significantly reduce emissions at the city level. For example, energy-
efficient residential systems combined with renewable energy integration can substantially
lower per capita CO, emissions in rapidly urbanizing Indian cities.

Recent advances in heating boiler technology have focused on porous-media-based
combustion systems to simultaneously improve thermal efficiency, heat transfer perfor-
mance, and pollutant reduction. Ref. [29] developed a porous media model for a novel
low-NOx heating boiler and demonstrated that optimized burner design, waste heat recov-
ery, and improved flue gas distribution could increase thermal efficiency to over 97% while
maintaining extremely low NOx emissions.

2.2. Economic and Environmental Implications of Livestock Production

In addition to energy-related factors, agricultural and livestock activities have also
been identified as important determinants of environmental degradation in India. These
sectors contribute to CO, emissions through multiple channels, including land-use changes,
mechanized farming, fertilizer production and application, feed cultivation, transportation,
processing activities, refrigeration systems, and energy-intensive supply chains. Although
livestock production is often associated with methane emissions, its relevance in CO;-
based models stems from its close connection with energy use, land-use pressures, and
carbon-intensive agricultural value chains [13,30,31]. Therefore, livestock production is
relevant because it reflects broader production processes that generate carbon emissions
throughout the agricultural value chain. According to [16], livestock-related activities, in
particular enteric fermentation and manure management, remain major contributors to
GHG emissions in India. Similarly, ref. [13] identifies livestock and rice production as the
main sources of environmental pressure within Indian agriculture. Achieving a sustainable
food system requires systemic innovation across food production, land use, emissions
reduction, dietary improvements, and waste management [30]. Global food production
generated approximately 17.3 GtCO,-equivalent emissions annually, with animal-based
foods accounting for 57% of total emissions [32]. South and Southeast Asia and South
America emerged as the largest production-based GHG emission hotspots due to livestock
production, land-use change, and farmland management [32]. Livestock production is
both a major contributor to climate change and an essential source of food security and
livelihoods, highlighting that targeted investments in low-emission production systems are
necessary to reduce methane emissions and achieve climate goals [33].

Agricultural intensification affects environmental sustainability through dependence
on synthetic fertilizers, mechanization, and external inputs. Fertilizer use remains a ma-
jor source of agricultural emissions in India [15]. The rice-wheat cropping system con-
tributes substantially to environmental pressure due to intensive fertilizer use and energy-
demanding cultivation practices [34]. The expansion of synthetic fertilizer use has generated
nitrogen and phosphorus surpluses, reduced nutrient-use efficiency and increased envi-
ronmental losses in India [35]. Despite these concerns, technological innovation, precision
agriculture, improved feed efficiency, and sustainable livestock management practices can
reduce the environmental footprint of agricultural production [30,36]. Global food systems
are estimated to account for about one-third of total anthropogenic greenhouse gas emis-
sions, with livestock production representing a major source of emissions through enteric
fermentation, feed production, land-use change, and manure management [37]. Emissions
from global food systems, particularly those associated with agricultural and livestock
production, are sufficiently large to threaten the achievement of international climate targets
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without significant mitigation efforts [38]. Even the lowest-impact animal products gener-
ally produce higher environmental burdens than plant-based substitutes, emphasizing the
significant contribution of livestock production to global environmental degradation [39].
Food transportation contributes substantially to global food-system emissions, accounting
for approximately 19% of total emissions, with fruit and vegetable supply chains generating
particularly high transport-related carbon footprints [40]. Cradle-to-grave emissions from
food loss and waste account for nearly 50% of food-system greenhouse gas emissions,
emphasizing the critical role of sustainable supply-chain management in reducing envi-
ronmental impacts [41]. Using CS-ARDL and MM-QR approaches, Liu and Liu (2025) [42]
demonstrated that agricultural carbon footprints and sustainable development are closely
interconnected in Asia, with the impact of agricultural emissions varying across different
levels of sustainability performance. Ref. [43] argued that although agricultural intensi-
fication and irrigation have significantly increased food production in South Asia, they
have also contributed to environmental degradation through the unsustainable use of
land and water resources. Livestock wastewater contains high levels of chemical oxygen
demand (COD), biological oxygen demand (BOD), and total dissolved solids (TDS), indicat-
ing substantial organic and nutrient pollution associated with inadequate livestock waste
management [44]. Ref. [45] showed that international trade reshapes the geographical
distribution of agricultural emissions, emphasizing the need to integrate trade-related
emissions into climate and sustainability strategies.

Consequently, the relationship between livestock production and CO; emissions
remains an empirical question, particularly in emerging economies such as India, where
agricultural modernization, economic growth, and environmental sustainability interact
through multiple transmission channels.

2.3. Dual Adjustment Approach: Theoretical and Empirical Background

The Dual Adjustment Approach was introduced in [17] as an alternative framework
for analyzing nonstationary economic variables by separating their permanent and tran-
sitory components. This approach was motivated by the observation that conventional
cointegration techniques, such as Engle-Granger, Johansen, and ARDL models, assume
a single adjustment mechanism. These approaches do not distinguish between trend
and cyclical dynamics. DAA proposed by [17] recognizes that economic variables may
respond differently to permanent structural changes and temporary cyclical fluctuations.
Ref. [17] introduced the concept of a common Hodrick-Prescott (HP) trend and proposed a
framework that allows permanent and transitory components to be modeled separately.

The theoretical foundations of DAA are related to the Permanent Income Hypothesis
(PIH) by Friedman (1957) [46], which distinguishes between permanent and temporary
income changes. PIH assumes that economic agents respond differently to permanent
and transitory shocks, implying that aggregate relationships may be characterized by
multiple adjustment mechanisms. Similar arguments have been developed in the lit-
erature of business cycles and trend—cycle decomposition. The separation of long-run
structural trends from short-run fluctuations contributes to the understanding of economic
dynamics [47-49].

Empirical applications of DAA have moved beyond the original consumption-function
framework. Ref. [17] applied DAA to the relation between personal consumption expendi-
ture and disposable income in the United States and demonstrated that the variables shared
a common HP trend despite the absence of conventional cointegration. Subsequent studies
have applied DAA to environmental and sustainability issues. Ref. [50] applied DAA
for Turkey to identify whether environmental pressures arise from permanent structural
changes or temporary cyclical fluctuations in the explanatory variables. Likewise, DAA was
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employed to distinguish long-run and short-run dynamics, revealing that trade openness
enhances the load capacity factor, while renewable energy consumption, economic growth,
and nonrenewable energy consumption affect environmental sustainability in Mexico [51].

DAA has been applied to a broader range of macroeconomic relationships. Using DAA,
evidence from China showed that economic growth, urbanization, and CO, emissions
increase healthcare expenditure in the long run [52]. DAA was also used in the study of the
effects of current, investment, and transfer government expenditures on unemployment in
Turkey, revealing distinct long-run and cyclical dynamics and providing empirical support
for both the Abrams curve hypothesis and the Keynesian perspective [53].

DAA also has limitations. The identification of permanent and transitory compo-
nents depends on filtering procedures such as the Hodrick-Prescott, Baxter—King, or
Christiano-Fitzgerald filters, which may be sensitive to the choice of smoothing parame-
ters and sample size. In addition, critics have argued that filtering techniques can potentially
distort underlying time-series properties and generate spurious cycles if applied improp-
erly. The interpretation of trend and cyclical components may vary across filtering methods,
making robustness analysis essential.

2.4. Research Gaps and Contribution of the Present Study

Although the determinants of CO, emissions in India have been extensively inves-
tigated, several limitations remain in the existing literature. Most studies focus on the
relationship between economic growth, energy consumption, renewable energy, and envi-
ronmental degradation using conventional econometric approaches such as ARDL, VECM,
cointegration analysis, and causality tests. All these studies treat the adjustment process
as a single mechanism and do not distinguish between structural and cyclical sources of
environmental change.

A second limitation concerns the treatment of agricultural and livestock activities.
Even if agriculture and livestock production play a central role in the Indian economy and
contribute substantially to environmental degradation, these sectors have received less
attention than economic growth and energy-related variables. The contribution of livestock
production and agriculture, forestry, and fishing activities remains underexplored.

A third limitation is methodological. Conventional cointegration frameworks estimate
long-run effects and short-run adjustments but do not identify whether the observed
environmental impacts originate from permanent structural transformations or temporary
fluctuations. As a result, policymakers obtain limited information regarding whether
environmental pressures are driven by long-term development patterns or by short-term
cyclical disturbances.

The present study addresses these gaps in several ways. First, it extends the ap-
plication of DAA to the analysis of environmental sustainability in India, allowing the
decomposition of explanatory variables into trend and cyclical components. Second, it
provides new evidence on the environmental roles of livestock production and agriculture
alongside economic growth, renewable energy consumption, and urbanization. Third, the
combination of DAA with the ARDL framework offers a deeper understanding of both
long-run equilibrium relationships and short-run adjustment processes. From a practical
perspective, the findings can be useful for policymakers by identifying whether envi-
ronmental pressures arise primarily from structural economic transformations or from
temporary fluctuations.
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3. Theoretical Analysis

This study is based on the premise that carbon emissions are generated by economic
activities that require energy, natural resources, and production inputs. In the case of India,
rapid economic growth, agricultural modernization, livestock expansion, urbanization,
and energy transformation have altered the relationship between economic development
and environmental quality. The determinants of carbon emissions operate through dif-
ferent transmission channels and may exert both permanent and temporary effects on
environmental outcomes. Next, we will briefly discuss these transmission channels.

3.1. Economic Growth—Emission Mechanism

Economic growth influences carbon emissions through the scale, composition, and
technique effects [54]. The scale effect suggests that economic expansion increases produc-
tion, transportation activities and energy consumption, generating higher emissions. The
composition effect refers to structural changes in the economy when a country develops
and the economic activity shifts from agriculture to more energy-intensive activities. The
technique effect takes place through technological progress and innovation, improvements
in production efficiency, which reduce emissions per unit of output.

Economic growth influences carbon emissions through the scale effect. When income
increases, industrial activities intensify and energy demand increases. Since a substantial
share of India’s energy system still depends on fossil fuels, higher economic activity
generally leads to greater carbon emissions. Economic growth also stimulates household
consumption, which increases demand for energy-intensive goods and services. This is
in line with the Environmental Kuznets Curve (EKC) hypothesis, which posits that in the
early stages of economic development, industrialization and rising energy consumption
increase environmental degradation and carbon emissions [54,55].

Economic growth may also generate efficiency gains through technological progress,
innovation, and capital accumulation. Advanced technologies can improve energy effi-
ciency, cleaner production processes, and reduce emissions per unit of output [56]. Tech-
nological innovation can offset the environmental pressures associated with economic
expansion [57]. Therefore, the net environmental impact of economic growth depends on
whether the scale effect dominates the efficiency effect. In developing economies such
as India, industrialization and energy demand grow higher. Fossil fuels remain a major
component of the energy mix; hence, the scale effect remains strong. Therefore, economic
growth is expected to exert a positive impact on carbon emissions.

3.2. Livestock Production—Emission Mechanism

Livestock production affects carbon emissions through several interconnected chan-
nels. First, livestock systems require large quantities of feed, water, land, and energy inputs.
The production and transportation of feed crops increase fossil fuel consumption and agri-
cultural emissions. Second, livestock production generates GHG emissions through enteric
fermentation and manure management [16]. Third, the expansion of livestock activities
increases pressure on land resources, which may lead to changes in land use and reductions
in carbon sequestration capacity [5].

From a production-system perspective, livestock production represents a complex
supply chain involving feed production, transportation, processing, refrigeration, and
distribution. Consequently, increases in livestock production contribute not only to direct
emissions but also to indirect emissions generated throughout the food production sys-
tem. Therefore, livestock expansion is expected to increase environmental pressure and
carbon emissions.
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3.3. Agricultural Activity—Emission Mechanism

Agricultural activity influences carbon emissions through input intensification. Mod-
ern agriculture relies on mechanization, irrigation systems, synthetic fertilizers, pesticides,
and transportation networks. These activities require larger energy inputs and generate
emissions during both production and application processes [58].

Agricultural development may increase resource-use efficiency through advanced
technologies, better farm management practices, and precision agriculture. Consequently,
agriculture contains both emission-generating and emission-reducing mechanisms. The
impact depends on whether production expansion occurs faster than efficiency improve-
ments. In rapidly developing agricultural economies like India, production effects often
dominate efficiency gains, implying a positive contribution to emissions [40].

3.4. Renewable Energy Consumption—Emission Mechanism

Renewable energy consumption influences carbon emissions through the energy
transmission mechanism. According to Energy Transition Theory [59], economies move
from carbon-intensive energy systems based on fossil fuels toward cleaner and more
sustainable energy sources. This transition reduces the carbon intensity of economic ac-
tivity and contributes to environmental sustainability. The replacement of fossil fuels
with renewable energy sources reduces the carbon intensity of economic activity and con-
tributes to environmental sustainability. First, renewable energy reduces dependence on
oil, coal and fossil fuels, which are the main source of carbon emissions in developing
countries. Second, the expansion of renewable energy encourages technological innova-
tion. Energy efficiency is improved in the production process. Third, renewable energy
investments stimulate the modernization of the energy sector and facilitate the transi-
tion to cleaner production systems [12,20]. In the case of India, renewable energy has
become a central component of national energy and climate policy. Government initia-
tives, including the National Solar Mission have accelerated investments in solar and other
renewable technologies.

3.5. Urbanization—Emission Mechanism

Urbanization affects carbon emissions through both emission-generating and emission-
reducing mechanisms. Rapid urban expansion increases population density, industrial
agglomeration, and residential energy consumption. These factors may increase environ-
mental pressure and carbon emissions. On the other hand, the urban efficiency hypothesis
suggests that urbanization may improve environmental performance through economies of
scale, technological diffusion, and more efficient infrastructure systems. Modern urban de-
velopment can allow investments in smart cities, energy-efficient buildings, and advanced
waste-management systems, lowering emissions.

Therefore, the focus should be on the balance between scale effects and efficiency
effects. In developing economies such as India, urbanization has accelerated economic
modernization and technological progress.

The theoretical framework in Figure 3 shows that economic growth (GDP) and LPI
tend to increase CO, emissions, while REN and URB help reduce environmental pressures.
AFF may have either positive or negative effects depending on production practices and
technological development. Environmental sustainability in India depends on the balance
between growth-related emissions and mitigation factors.
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Figure 3. Theoretical framework of CO, determinants in India. Note: Arrows marked with (+)
indicate an expected positive effect on CO, emissions, whereas arrows marked with (—) indicate
an expected negative effect. The dashed arrow marked with (£) denotes a context-dependent effect
that may be either positive or negative depending on technological progress, production practices,
and policy conditions. Solid arrows represent direct relationships between variables. Green dashed
arrows indicate indirect pathways through environmental sustainability.

4. Methodology and Input Data

This study employs annual time-series data for India spanning the period 1990-2024.
The variables were selected based on their theoretical and empirical relevance in explaining
environmental degradation and sustainable development. Specifically, CO, emissions
serve as the environmental indicator, while economic growth (GDP), agriculture, forestry
and fishing value added (AFF), livestock production index (LPI), renewable energy con-
sumption (REN), and urbanization (URB) are considered the main explanatory variables.
The dataset was extracted from the World Development Indicators (WDI) and Our World
in Data, as seen in Table 1. Because AFF is measured as value added relative to GDP,
increases in AFF indicate a greater economic contribution of agriculture, forestry, and
fishing activities to the national economy rather than an expansion in physical agricultural

output alone.

Table 1. Input data.

Variable Acronym Unit/Measure Source

CO, emissions per capita CO, metric tons per person Our World in Data
Gross Domestic Product per capita GDP per capita constant 2015 US$ World Bank
Livestock Production Index LPI index (2014-2016 = 100) World Bank
Agriculture, forestry and fishing AFF % of GDP World Bank

value added

Renewable energy consumption REN % of total final energy consumption World Bank
Urban population URB % of total population World Bank

A limitation is that the dependent variable captures CO, emissions from fossil fuel
combustion and industrial processes only and does not account for carbon sequestration or
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carbon storage provided by agricultural, forestry, and land-use systems. Consequently, the
analysis evaluates the determinants of emissions rather than the net carbon balance. Future
research could incorporate indicators of carbon sequestration, forest carbon stocks, or land-
use change to provide a more comprehensive assessment of environmental sustainability.

To reduce heteroscedasticity and facilitate elasticity interpretation, all variables are
transformed into natural logarithms prior to estimation [60].

The stationarity properties of the variables were examined using the KPSS unit root
test developed by [61], which tests the null hypothesis of stationarity against the alternative
of a unit root.

4.1. Dual Adjustment Approach Formulation

This study applies the DAA proposed by [17] to investigate the long-run relationship
between CO, emissions and their determinants for India. Unlike the usual cointegration
technique that assumes a single adjustment mechanism towards equilibrium, the dual
adjustment approach allows separate adjustments in long-run and short-run fluctuations
of the variables. To implement this method, the variables are decomposed into trend and
cyclical components using the Hodrick-Prescott (HP) filter [47]. The HP filter separates
each variable into a smooth long-run component and a short-run deviation component. The
influence of temporary fluctuations is reduced. For annual data, the smoothing parameter
is set to A = 6.25 under the HP filter, following the recommendation of [62]. Ravn and
Uhlig [62] demonstrated that the conventional value A = 1600 used for quarterly data should
be adjusted according to the observation frequency. Applying their frequency-adjustment
rule yields A = 6.25 for annual data, whereas the traditional value A = 100 tends to over-
smooth annual series by removing a substantial portion of medium-term fluctuations.
Consequently, A = 6.25 is considered more appropriate for preserving the underlying
trend-cycle structure of annual macroeconomic data. Because filtering results may be
sensitive to the choice of smoothing parameter and decomposition method, robustness
checks were conducted using Baxter-King (BK) [48] and Christiano-Fitzgerald (CF) [49]
filters. Following the dual adjustment framework, the long-run relationship between the
trend components of the variables can be expressed as:

CO2t = a + B1GDP! 4 B AFF] + B3LPI] + B4RENT + BsURBT + u; 1)

where GDP!, AFF], LPI], RENT and URB] denote the trend components extracted from
the HP filter. u; is the error term which is serially correlated [17]:

U = puy_1 + & )

In the second step, the stationarity of the residuals obtained from Equation (1) is
examined in order to determine the presence of a common trend among the variables. This
step can be expressed as:

Auy = puy_1 + & 3)

where ¢ = p — 1.

Under the null hypothesis of no common HP trend, the coefficient ¢ = 0. Failure
to reject the null hypothesis implies that the residuals are non-stationary and that no
common long-run trend exists among the variables. The short-run dynamics can also
be analyzed using the cyclical components obtained from the filtering procedure. The
short-run equation is:

CO2; = ar + B',GDPS + B/, AFES + B3/LPIE + Br,RENE + BIsURBE +u;  (4)
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where GDPS, AFF§, LPIS, RENE, URBS denote the cyclical components (gaps) obtained
from the HP filter. These components capture short-term deviations from the long-run
equilibrium path.

By combining the trend and cyclical components, the dual adjustment approach enables
the simultaneous analysis of long-run equilibrium relationships and short-run adjustments.

4.2. ARDL Formulation

To complement the dual adjustment framework, this study employs the Autoregres-
sive Distributed Lag (ARDL) model developed by [63] to examine both the long-run
relationship and short-run dynamics between CO, emissions and its determinants in India.

The ARDL approach is particularly suitable for this study because it can be applied
irrespective of whether the variables are integrated of order 1(0) or I(1), provided that none
of the variables is integrated of order I(2). The KPSS unit root test results confirm that all
variables are I(1), justifying the use of the ARDL bounds testing approach.

The general ARDL(p, 41,92, 93, 44, 95) model can be expressed as:

p q
ACO2; = ap+ E BiACO2;_; + Z ’)/jAGDPt_]‘

+ z StAAFF,; 4 + z 0,ALPI, | + 2 @mAREN;_, + z YnAURB;—y, + A1CO2;_1

=

(5)

+/\2GDPt 1+/\3AFFt 1+ A4LPI; 1+/\5RENt 1+/\6URBt 1+ &

where A denotes the first-difference operator, ¢; is the white noise error term, p, 41, 92, 43, 94,95
represent optimal lag lengths selected based on information criteria.

To test for the existence of a long-run relationship, the ARDL bounds testing approach
is applied. The null hypothesis of no cointegration is given by:

HQZA]I)L;)_:/\3:/\4:A5:)L6:O
against the alternative hypothesis:
Hj :atleast one A; # 0.

If the computed F-statistic exceeds the upper critical bound, the null hypothesis is
rejected, confirming the presence of cointegration among the variables.

The short-run dynamics are captured using the Error Correction Model (ECM), speci-
fied as:

ACO2 = agt ) BiACO2,_; + > 7,AGDP;_;

171 j=0
+Z OkAAFF i+ Z O/ALPL; + Z ¢mAREN}—m + Z $nAURBt—n

n=0

+(I)ECMt 1+ &

where
ECM;_1 = C0O2;_1 — p1GDPy_1 — BpAFF;_1 — B3LPI;_1 — B4REN;_1 — BsURB;_1 (7)

The coefficient ¢\ represents the speed of adjustment toward long-run equilibrium
and is expected to be negative, statistically significant, and in the interval [-1, 0]. To
ensure the robustness of the ARDL estimates, several diagnostic tests are conducted: serial
correlation (Breusch—Godfrey LM test), heteroskedasticity (Breusch-Pagan—Godfrey test),
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normality (Jarque—Bera test), functional form (Ramsey RESET test). The stability of the
model is evaluated using CUSUM and CUSUMSQ) tests.

5. Empirical Results
5.1. Input Data Analysis

Table 2 presents the descriptive statistics for CO, emissions and its determinants in
India. The mean values indicate moderate variation across the variables. The standard
deviation shows that GDP (0.464) and CO, emissions (0.359) exhibit relatively higher
variability compared to the other variables, while urbanization (0.100) appears to be the
most stable over time.

Table 2. Descriptive statistics (log variables).

CO, GDP AFF LPI REN URB

Mean 0.199 6.994 2.957 4.250 3.689 3.403
Median 0.184 6.983 2.850 4.209 3.700 3.400
Maximum 0.789 7.782 3.320 4.907 3.951 3.566
Minimum —0.362 6.276 2.775 3.594 3.355 3.250
Std. Dev. 0.359 0.464 0.186 0.436 0.186 0.100
Skewness 0.056 0.070 0.790 0.099 —0.126 0.063
Kurtosis 1.614 1.712 2.015 1.632 1.603 1.660
Jarque-Bera 2737 2377 4911 2.707 2.854 2.568
Probability 0.254 0.305 0.086 0.258 0.240 0.277

Regarding distributional properties, most variables display low skewness, indicating
relatively symmetric distributions, although AFF shows a moderate positive skewness
(0.790). The kurtosis values are generally below three, suggesting that the variables have
flatter distributions than the normal distribution. Finally, the Jarque—Bera test probabilities
exceed 0.05 for all variables, indicating that the null hypothesis of normal distribution
cannot be rejected. This supports the suitability of the data for further econometric analysis.

Figure 4 shows the time trends of GDP, AFF, LPI, REN, and URB in India during
1990-2024. GDP, LPI, and URB exhibit a pronounced upward trajectory, reflecting eco-
nomic growth, expansion in livestock production, and rising urbanization. In contrast,
AFF and REN display an overall downward trend, although REN records a short-lived
increase around 2020. These patterns indicate that India’s development process has been
characterized by structural transformation, with increasing economic activity and urban
concentration alongside a relative decline in agriculture-related activity and the REN indica-
tor. The decreasing trend in the renewable energy share in India, reflects structural changes
in the country’s energy system rather than a decline in renewable energy production. Rapid
economic growth and industrialization have increased total energy demand, making it
difficult for renewable energy to keep pace with overall consumption [64]. At the same
time, fossil fuels—particularly coal—continue to play a dominant role in India’s energy mix,
which limits the relative expansion of renewable energy sources [2]. Although renewable
capacity has increased in recent years due to supportive policies and technological progress,
the transformation of the energy system remains gradual [65]. These dynamics explain
why the renewable share indicator may decrease even when renewable energy deployment
is expanding [3,66]. Since REN captures the relative contribution of renewable energy to
total final energy consumption, the observed decline indicates a reduction in the renewable
energy share within the national energy mix rather than a decline in the absolute amount
of renewable energy consumed.
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Time trends of log-transformed indicators in India (1990-2024)
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Figure 4. Time trends of agricultural, economic, and urbanization indicators for India.

The KPSS unit root test was applied to examine the stationarity properties of the
variables. The results reported in Table 3 show that CO,, GDP, AFF, LPI, REN, and URB
are non-stationary at levels but become stationary after first differencing. Therefore, all
variables are integrated of order one, I(1), confirming that none of the series is integrated of
order two and supporting the application of the ARDL bounds testing approach.

Table 3. KPSS unit root test results.

Variable ~ KPSS  KPSSFirst o oy 5o oy 10 cy  Orderof
Level Difference Integration

CO, 0.6783 0.0762 0.739 0.463 0.347 I(1)
GDP 0.6817 0.2608 0.739 0.463 0.347 I(1)
AFF 0.5747 0.3595 0.739 0.463 0.347 I(1)

LPI 0.6695 0.1533 0.739 0.463 0.347 I(1)
REN 0.6711 0.0895 0.739 0.463 0.347 I(1)
URB 0.6785 0.2554 0.739 0.463 0.347 I(1)

To examine whether the relationship between CO, emissions and its determinants
was affected by major economic and energy-sector transformations, the Bai-Perron mul-
tiple structural break test was performed. The results indicate that the specification with
two breakpoints (m = 2) provides the best fit according to the Bayesian Information Crite-
rion (BIC = —164.9), compared with the no-break model (BIC = —152.4) and the one-break
model (BIC = —155.6). The estimated breakpoints occur at observations 11 and 21, cor-
responding approximately to the years 2000 and 2010, respectively. The residual sum of
squares (RSS) decreases from 0.0091 in the no-break specification to 0.0014 in the two-break
model, indicating an improvement in model fit. These break dates coincide with important
phases in India’s economic and energy transition, including the acceleration of industri-
alization and the introduction of major renewable-energy initiatives such as the National
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Solar Mission. The presence of these structural changes suggests that India’s CO; emissions
trajectory experienced distinct regime shifts during 1993-2024.

5.2. Dual Adjustment Approach

Table 4 reports the results of the Engle-Granger and Co-HP trend tests under different
filtering techniques (HP with A = 6.25, BK, and CF). The Engle-Granger test provides pre-
liminary evidence of cointegration, while the Co-HP approach allows for the identification
of a common long-run trend after decomposing the variables into permanent components.
Following the recommendation of Ravn and Uhlig (2002) [62], the HP filter is applied with
a smoothing parameter of A = 6.25 which is theoretically appropriate for annual data and
avoids the over-smoothing associated with the conventional A = 100 setting. The reported
EG/Co-HP test statistics are negative and statistically significant across all three specifica-
tions (HP: t = —6.613, p = 0.0035; BK: t = —6.629, p = 0.006; CF: t = —6.752, p = 0.005), leading
to the rejection of the null hypothesis of no cointegration and confirming the existence of a
stable long-run relationship among the variables.

Table 4. EG and Co-HP trend tests (Dual Adjustment Approach).

Variable Engle-Granger CI Co-HP Trend Co-HP Trend Co-HP Trend
Analysis Analysis (HP) Analysis (BK) Analysis (CF)
C 2.310 (1.859) 15.633 (7.097) *** 15.404 (3.803) *** 7.915 (1.625)
GDP 0.510 (6.687) *** 1.342 (20.304) *** 1.256 (8.775) *** 0.978 (11.816) ***
AFF —0.006 (—0.260) —0.014 (—1.445) —0.012 (—0.190) 0.004 (0.092)
LPI 0.403 (5.249) *** 0.497 (13.531) *** 0.502 (2.168) *** 0.443 (2.769) ***
REN —0.628 (—12.497) ***  —1.018 (—43.936) ***  —1.078 (—20.491) **  —0.950 (—25.244) ***
URB —1.688 (—4.103) ***  —6.646 (—22.420) ***  —6.378 (—7.457) *** —4.585 (—7.517) ***
EG/Co-HP statistic —5.355 [0.040] ** —6.613 [0.0035] ** —6.629 [0.006] *** —6.752 [0.005] ***
Lambda - 6.25 - -

Notes: HP = Hodrick-Prescott filter (A = 6.25); BK = Baxter—King filter; CF = Christiano-Fitzgerald filter. Values in
parentheses denote t-statistics, while values in brackets denote p-values. ***, ** indicate statistical significance at
the 1%, 5%, respectively.

The results are robust across all filtering methods. GDP and LPI exhibit positive and
significant permanent effects on CO, emissions across all three specifications, while REN
and URB show negative and significant impacts. AFF displays a negative and statistically
insignificant coefficient under all three filters (HP A = 6.25: —0.014, t = —1.445; BK: —0.012,
t = —0.190; CF: +0.004, t = 0.092), indicating that agriculture, forestry and fishing value
added does not exert a robust permanent effect on CO, emissions in India. This cross-filter
consistency strengthens the reliability of the dual adjustment results and confirms the
presence of a common stochastic trend among the variables. The absence of a significant
AFF effect in the permanent component analysis is consistent with the ARDL long-run
estimates reported in Section 5.3, where AFF also shows a negative coefficient. Variations
in the relative contribution of agriculture, forestry, and fishing to the Indian economy are
not a major driver of long-run CO, emissions when compared with the stronger effects of
the other variables.

Table 5 reports the results of the permanent component (trend) analysis obtained
from DAA, estimated using the HP filter with A = 6.25 as recommended by [62]. The
coefficients represent the long-run relationships among the variables after extracting their
permanent components using the filtering procedure. The robustness of these estimates
across alternative filtering methods (BK and CF) is confirmed in Table 6.
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Table 5. Permanent component estimates (trend analysis).
Variable Coefficient (EY) Std. Error t-Statistic OLS Coefficient
C 15.633 2.203 7.097 *** 15.235
GDP 1.342 0.066 20.304 *** 1.345
AFF —0.014 0.010 —1.445 —0.014
LPI 0.497 0.037 13.531 *** 0.501
REN —1.018 0.023 —43.936 *** —1.024
URB —6.646 0.296 —22.42() *** —6.685

Notes: EY = Elasticity estimator from the trend component regression; OLS = Ordinary Least Squares estimator;
Results obtained using the Hodrick—Prescott filter with A = 6.25; *** indicates statistical significance at the 1% level.

Table 6. Robustness of permanent component estimates across filtering methods.

Christiano-Fitzgerald

Variable HP (A = 6.25) Baxter-King (BK) (CP)

GDP 1.342 *** (20.304) 1.256 *** (8.775) 0.978 *** (11.816)

AFF —0.014 (—1.445) —0.012 (—0.190) 0.004 (0.092)

LPI 0.497 *** (13.531) 0.502 ** (2.168) 0.443 *** (2.769)
—1.018 *** —1.078 *** B ot [

REN (—43.936) (—20.491) 0.950 *** (—25.244)
—6.646 *** —_— _ ok (_

URB (—22.420) —6.378 *** (—7.457) 4.585 *** (—7.517)

Co-HP statistic —6.613 ***[0.0035] —6.629 *** [0.0060]

—6.752 *** [0.0050]

Notes: HP = Hodrick—Prescott filter (A = 6.25); BK = Baxter—King filter; CF = Christiano-Fitzgerald filter. Values in
parentheses denote t-statistics, while values in brackets denote p-values. ***, ** indicates statistical significance at

1%, 5%, levels respectively.

GDP has a positive and highly significant effect on CO, emissions, with a coefficient
of 1.342 (t = 20.30), consistent across all three filter specifications (BK: 1.256, t = 8.78; CF:
0.978, t = 11.82). This indicates that long-term increases in economic activity are strongly

associated with higher emissions in India, reflecting the continued dependence on energy-

intensive production and fossil fuel consumption.

LPI exhibits a positive and statistically significant coefficient of 0.497 (t = 13.53),
confirmed under BK (0.502, t = 2.17) and CF (0.443, t = 2.77), suggesting that the long-run
expansion of livestock activities contributes to increased environmental pressure through

feed production, energy use, and supply chain emissions.
REN has a negative and highly significant coefficient of

—1.018 (t = —43.94), robust

across BK (—1.078, t = —20.49) and CF (—0.950, t = —25.24), indicating that greater reliance

on renewable energy reduces carbon emissions in India.

URB displays a negative and statistically significant coefficient of —6.646 (t = —22.42),
also robust under BK (—6.378, t = —7.46) and CF (—4.585, t = —7.52). URB may contribute
to lower emissions through improved resource allocation, economies of scale, and more

efficient service provision. However, these benefits are unlikely to arise automatically and

depend on continued investments in sustainable infrastructure, public transportation, and

energy-efficient urban development.

AFF shows a negative and statistically insignificant coefficient of —0.014 (t = —1.45)
under HP A = 6.25, a result fully confirmed by BK (—0.012, t = —0.19) and CF (+0.004,
t=0.09). Across all three specifications, AFF exerts no significant permanent effect on CO,

emissions in India. The result may reflect the fact that aggregate emissions are driven

primarily by energy-intensive sectors such as industry, transportation, and electricity

generation rather than by changes in the agricultural sector’s share of economic activity.

This result is also directionally consistent with the ARDL long-run estimate reported in

Section 5.3, where AFF similarly shows a negative coefficient,

reinforcing the conclusion
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that agriculture does not exert a significant upward pressure on emissions in the permanent
component framework.

The permanent component results indicate that economic growth and livestock pro-
duction are the primary long-run drivers of CO, emissions in India, while renewable energy
consumption and urbanization consistently contribute to emission reductions. The robust-
ness of these findings across HP with A = 6.25, BK, and CF filters strengthens confidence
in the empirical conclusions and highlights the importance of cleaner energy policies and
sustainable urban development for improving environmental outcomes in India.

Although the HP, BK and CF filters are based on different trend-cycle decomposition
procedures, the empirical results remain consistent for all specifications. GDP and LPI
have positive and statistically significant coefficients under all three filters. REN and
URB exhibit negative and statistically significant effects on CO; emissions. AFF remains
statistically insignificant regardless of the filtering method. Some variation in coefficient
magnitudes is observed across filters. The estimated impact of GDP ranges from 0.978
under the CF filter to 1.342 under the HP filter. The coefficient of URB varies between
—6.646 and —4.585. These differences arise because each filter allocates medium-term
fluctuations differently between trend and cyclical components. The HP filter extracts a
smooth deterministic trend. The BK and CF filters are band-pass filters designed to isolate
business-cycle frequencies. The main conclusions are not sensitive to the choice of filtering
technique, providing evidence for the robustness of the DAA results.

The model selection criteria in Table 7 indicate a good model fit, with the Akaike
Information Criterion (AIC = —4.972), Schwarz Information Criterion (SIC = —4.702), and
Hannan-Quinn Criterion (HQ = —4.880) all taking relatively low values, suggesting that
the specified model provides an appropriate representation of the data.

Table 7. Model selection criteria.

Criterion Value
AIC —4.972

SIC —4.702
Hannan—-Quinn —4.880

Table 8 presents the results of the transitory component (gap) analysis, which captures
the short-run deviations of the variables from their long-run equilibrium trends. The
coefficients therefore reflect the short-term dynamics between the cyclical components
of the variables and CO, emissions. Short-run fluctuations in economic growth (GDP)
have a positive and statistically significant impact on emissions, with a coefficient of 0.645
(t =4.339, p = 0.000). This suggests that temporary increases in economic activity lead to
higher environmental pressure, likely due to higher energy consumption and industrial
production in the short term. This is the only variable that exerts a statistically significant
effect in the transitory component analysis.

Table 8. Transitory component estimates (Gap Analysis).

Variable Coefficient (OLS) Std. Error (Newey-West) t-Statistic  p-Value

GDP 0.645 0.149 4.339 *** 0.000
AFF —0.191 0.134 —1.422 0.166
LPI —0.087 0.154 —0.567 0.575
REN —0.091 0.161 —0.561 0.579
URB —7.724 5.094 —1.516 0.140

Notes: Newey-West standard errors correct for heteroskedasticity and autocorrelation; Significance levels: *** 1%.
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AFF shows a negative and statistically insignificant coefficient of —0.191 (t = —1.422,
p = 0.166), indicating that short-term fluctuations in agricultural activity do not exert a
measurable immediate effect on CO, emissions. This result is consistent with the permanent
component findings, where AFF also shows no significant long-run effect, reinforcing the
conclusion that agriculture does not play a robust role in driving emissions in India.

LPI has a negative and statistically insignificant coefficient of —0.087 (t = —0.567,
p = 0.575), indicating that short-run fluctuations in livestock production do not exert a
measurable immediate effect on CO, emissions. The environmental impacts of livestock
activities appear to operate mainly through long-run structural channels rather than short-
term cyclical fluctuations.

REN exhibits a negative but statistically insignificant coefficient of —0.091 (t = —0.561,
p = 0.579), suggesting that short-term changes in renewable energy consumption do not
produce an immediate measurable dampening effect on emissions. This contrasts with the
strong negative long-run effect identified in the permanent component analysis, implying
that the emission-reducing benefits of renewable energy materialize over longer time
horizons rather than through short-term cyclical adjustments.

URB appears statistically insignificant in the short run, with a coefficient of —7.724
(t = —1.516, p = 0.140), indicating that short-term changes in urban development do
not have a significant impact on emissions. This suggests that the effects of urbaniza-
tion on environmental quality operate primarily through long-term structural adjust-
ments in infrastructure, technology adoption, and energy efficiency rather than through
short-term fluctuations.

5.3. ARDL Model

The VAR lag selection criteria are reported in Table 9. The lag order selection criteria
include LR (Likelihood Ratio test), FPE (Final Prediction Error), AIC (Akaike Information
Criterion), SC (Schwarz Information Criterion), and HQ (Hannan—-Quinn Information
Criterion). The optimal lag length is three, as suggested by the AIC, SC, HQ, and FPE
criteria. Based on this result, the maximum lag length used in the ARDL estimation was set
to three.

Table 9. VAR Lag Order Selection Criteria.

Lag  LogL LR FPE AIC SC HQ
0 335.076 - 243 x 10717 —21.2307  —20.9532  —21.1403
1 577.958  376.0745 4.06 x 10723 —34.5779 —32.6351 —33.9460
2 669.280  106.0516 1.52 x 10~24 —38.1408  —34.5389  —36.9709

3 738.447  53.5485* 430 x 1072°*  —40.2869* —35.0135* —38.5679 *

* indicates the lag order selected by the corresponding criterion.

The ARDL bounds test in Table 10 indicates that the calculated F-statistic (5.85) exceeds
the upper critical bound at the 1% significance level, providing strong evidence of a long-
run cointegration relationship among CO, emissions and its determinants in India.

The ARDL results in Table 11 reveal both long-run equilibrium relationships and
short-run adjustment dynamics between CO, emissions and their determinants in India. In
the long run, a 1% increase in GDP leads to a 0.474% increase in CO, emissions, indicating
that economic expansion continues to be associated with higher energy consumption and
environmental pressure. This finding reflects the dependence of India’s economic growth
on energy-intensive production and fossil fuel use.
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Table 10. Results of ARDL cointegration bounds test.

Test Statistic Value K (Number of Regressors)

F-statistic

5.85 5

Critical value bounds

Significance 1(0) I(1)
10% 2.08 3
5% 2.39 3.38
1% 3.06 415

Source: Reprinted from Ref. [67].

Table 11. Long-run and short-run ARDL estimates.

Variable ég:fgﬁ-gz:t t-Statistic (S:l(;gfrfti-cli{:lﬂ t-Statistic
GDP 0.474 *** 3.04 0.332 *** 2.88
AGDP(-1) —0.665 *** —4.21
AFF —0.198 *** —2.84 — —
LPI 0.428 *** 4.58 — —
REN —0.643 *** -7.09 — —
URB —1.872 ** —-2.70 —17.899 *** —-7.26
ACO,(—1) — — 0.398 *** 3.08
ACO,(—2) — — 0.333 *** 4.01
AGDP — — 0.332 *** 2.88
CointEq(—1) — — —1.173 *** —7.34
Statistic Value
R? 0.883
Adjusted R? 0.859
Durbin-
Watson 219

*** ** indicates statistical significance at 1%, 5%, levels respectively.

AFF exhibits a negative and statistically significant long-run coefficient of —0.198,
suggesting that improvements in agricultural productivity or structural changes in the
agricultural sector may help reduce emissions over time. This may reflect increasing
efficiency in agricultural practices or technological improvements in the sector.

LPI has a positive and significant coefficient of 0.428, indicating that expansion in
livestock activities contributes to higher CO; emissions in the long run. This relationship
may reflect the environmental impacts associated with livestock production, including feed
production, energy use, and supply chain activities. The observed positive relationship
may be explained by several livestock-related emission channels. First, enteric fermenta-
tion from ruminant animals generates substantial methane emissions, which contribute
indirectly to environmental degradation. Second, manure management systems release
methane and nitrous oxide during storage and treatment processes. Third, livestock pro-
duction requires feed cultivation, which involves fertilizer application, mechanization,
irrigation, and transportation activities that increase fossil-fuel consumption. Finally, pro-
cessing, refrigeration, and distribution throughout the livestock supply chain generate
additional carbon emissions. Therefore, the estimated LPI coefficient should be interpreted
as reflecting the combined environmental impact of livestock-related production systems
rather than a single emission source.

REN has a negative and highly significant effect on emissions, with a coefficient of —0.643.
This result suggests that increasing reliance on renewable energy sources plays a crucial role
in reducing carbon emissions and improving environmental sustainability in India.
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URB displays a negative long-run coefficient of —1.872, implying that urban develop-
ment may contribute to emission reductions through improved infrastructure, technological
innovation, and greater energy efficiency in urban systems. However, this effect depends
on sustained infrastructure investment and policy support.

The short-run dynamics reveal several important adjustment mechanisms. The coeffi-
cients of the lagged dependent variable are positive and significant, with ACO,(—1) = 0.398
and ACO,(—2) = 0.333, indicating persistence in emission dynamics. This suggests that
short-term changes in emissions tend to carry over into subsequent periods.

Short-run economic growth also exerts a positive effect on emissions. The coefficient
of AGDP is 0.332, implying that short-term increases in economic activity lead to higher
emissions due to increased industrial production and energy demand.

URB also shows a significant short-run effect, with a coefficient of —17.899, suggesting
that short-term increases in urban development may reduce emissions, possibly due to
efficiency improvements in transportation systems, infrastructure, and energy use.

The error-correction term (CointEq(—1)) is negative and highly significant (—1.173),
confirming the existence of a stable long-run equilibrium relationship among the variables.
The magnitude of the coefficient implies that approximately 117% of short-run disequilib-
rium is corrected within one year, indicating a rapid adjustment process toward long-run
equilibrium. Although the ECT coefficient of —1.173 slightly exceeds the conventional
boundary of —1, it remains within the theoretically admissible interval of [-2, —1] and
does not indicate model instability or divergence. Following [68,69], an error correction
coefficient lying between —2 and —1 implies that the system converges to long-run equi-
librium through dampening oscillations rather than monotonically—that is, the system
temporarily overshoots the equilibrium but returns to it in a fluctuating, self-correcting
manner. This pattern is consistent with the behavior of emerging economies exposed to
multiple structural shocks. During the sample period 1990-2024, the Indian economy
experienced several major disruptions, including the 2008 global financial crisis, the 2016
demonetization, and the 2020 COVID-19 pandemic, all of which may have amplified
short-run adjustment dynamics.

The diagnostic statistics confirm the adequacy of the estimated model. The R? value of
0.883 indicates that approximately 88.3% of the variation in CO, emissions is explained by the
model, while the adjusted R? of 0.859 confirms a strong explanatory power. The Durbin-Watson
statistic of 2.19 suggests that the model does not suffer from serious autocorrelation problems.

Table 12 reports the results of the diagnostic tests conducted to assess the ade-
quacy of the estimated ARDL model. The Jarque-Bera test indicates that the residu-
als are normally distributed, suggesting that the normality assumption is satisfied. The
Breusch-Godfrey LM test confirms the absence of serial correlation in the residuals. Similarly,
the Breusch-Pagan—-Godfrey test shows no evidence of heteroskedasticity, indicating that the
variance of the residuals remains constant. The Ramsey RESET test does not detect functional
form misspecification, implying that the model is correctly specified. These diagnostic tests
confirm that the ARDL model is statistically reliable and appropriate for inference.

Table 12. Diagnostic tests.

Test

Null Hypothesis Statistic p-Value Decision

Residuals are normally

Jarque-Bera Normality Test distributed JB=1.031 0.597 Accept Hy
Breusch-Godfrey Serial Correlation LM Test No serial correlation F=10.318 0.580 Accept Hy
Breusch-Pagan—Godfrey Heteroskedasticity Test Homoskedasticity F=1.442 0.233 Accept Hy
Ramsey RESET Test No functional form F=1981 0.158 Accept Hy

misspecification
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The CUSUM and CUSUMSQ plots in Figure 5 indicate that the estimated model is
stable over the sample period, as they remain within the 5% significance bounds.

(a) CUSUM Plot
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Figure 5. ARDL CUSUM and CUSUMSQ plots.

Figure 6 presents the impulse response functions obtained for the VAR model for
India. The results indicate that a positive shock to GDP generates a persistent increase in
CO;, emissions over the forecast horizon, confirming that economic growth remains an
important driver of environmental pressure. Similarly, shocks to LPI lead to higher CO,
emissions through energy-intensive production and supply-chain processes. In contrast, a
positive shock to REN reduces CO; emissions. The response becomes more pronounced
in time, indicating that environmental benefits materialize gradually. URB produces a
relatively small negative response to CO, emissions, supporting once more the urban
efficiency hypothesis [70], by which urban development can improve energy efficiency
and infrastructure performance. The response of CO, emissions to shocks in AFF is
weak and negative, consistent with the insignificant coefficients obtained in DAA and
ARDL estimations.
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Figure 6. Impulse-response functions. Notes: Black solid lines represent the estimated impulse
response functions (IRFs). Red dashed lines indicate the +2 standard error confidence bands (approx-
imately 95% confidence intervals), and the horizontal gray dashed line denotes the zero-response
level. IRFs are based on Cholesky one-standard-deviation innovations over a 10-year horizon.

6. Discussion

The findings obtained from DAA and ARDL models provide several results about the
determinants of CO; emissions in India. The results indicate that GDP and LPI increase
CO, emissions, while REN and URB decrease them. The positive relation between GDP
and CO; emissions confirm that economic expansion remains closely associated with envi-
ronmental pressure in India. Ref. [71] found that economic growth contributes positively
to CO; emissions for BRICS countries despite increasing renewable-energy investments.
Likewise, r evidence for BRICS economies indicates that a 1% increase in economic growth
is associated with a substantial rise in carbon emissions, reflecting the persistence of energy-
intensive development patterns [72]. It follows that India continues to face the challenge of
decoupling economic growth from environmental degradation.

The positive coefficient associated with LPI is also consistent with international ev-
idence. Livestock production has been identified as a major contributor to GHG emis-
sions through feed production, transportation, manure management and enteric fermen-
tation [16]. Refs. [73,74] emphasize that livestock systems remain an important source
of environmental pressure in developing economies undergoing agricultural moderniza-
tion. Ref. [75] demonstrates that improvements in livestock management can reduce the
environmental footprint of animal production in China, emphasizing the importance of
technological innovation, resource efficiency, and structural transformation in mitigating
carbon emissions associated with livestock supply chains.
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The negative impact of REN on CO; emissions highlights the important role of clean
energy in promoting environmental sustainability. Ref. [76] shows that the emission-reducing
effect of renewable energy is strong in BRICS economies, where renewable-energy investments
generate larger environmental benefits than those observed in some Middle Eastern countries.

URB deserves attention because its negative coefficient differs from the conclusions
of several studies. The result is consistent with urban efficiency hypothesis [70]. How-
ever, the estimated coefficient should not be interpreted as evidence that India’s current
urbanization process has already achieved optimal environmental efficiency. Rather, the
result suggests that urbanization may contribute to lower emissions when accompanied
by adequate infrastructure investment, technological modernization, and effective urban
planning. Cross-country evidence based on 136 countries shows that URB reduces CO,
emissions in non-OECD economies, whereas the effect is statistically insignificant in OECD
countries [21]. This finding is consistent with the Indian evidence and suggests that ur-
ban concentration may improve resource allocation and energy efficiency in developing
economies. However, the urbanization result should be interpreted cautiously. Other
studies report the opposite effect. For densely populated Asian economies, urbanization
has been found to increase CO, emissions through transportation infrastructure expansion,
industrial concentration, and higher energy demand [22]. Similarly, evidence for South
Asian countries indicates that URB reduces CO, emissions in South Africa when global
uncertainty is incorporated into the model [77]. The negative URB coefficient found in this
study likely reflects the net outcome of two competing mechanisms: the emission-increasing
effects associated with urban expansion and the emission-reducing effects generated by
infrastructure modernization and efficiency improvements. The results suggest that, during
the study period, the latter effects dominated in India.

The negative long-run effect of URB on CO; emissions may operate through several
complementary mechanisms. First, urbanization facilitates infrastructure modernization,
including more efficient transportation networks, energy-efficient buildings, and improved
public services, which reduce per capita energy consumption [78,79]. Second, urban ag-
glomeration generates economies of scale and promotes technological diffusion among
firms, encouraging the adoption of cleaner production technologies and more efficient
resource allocation [80]. Third, densely populated urban areas allow more efficient public
transportation systems and lower energy requirements per unit of economic output com-
pared with dispersed rural settlements [81]. These mechanisms are consistent with the
urban efficiency hypothesis and may explain why urbanization is associated with lower
CO; emissions in India despite continued economic expansion. Since this study does not
include indicators of infrastructure quality, industrial agglomeration, or energy efficiency,
these channels should be interpreted as plausible explanatory mechanisms rather than
directly estimated causal effects.

7. Limitations and Policy Implications

This study has several limitations. First, even if DAA distinguishes between permanent
and transitory effects, it does not comprise the mechanisms through which URB influences
CO; emissions, such as infrastructure quality, industrial agglomeration, or energy efficiency.
Second, the analysis relies on national data and does not account for regional heterogeneity
in India.

Based on the empirical findings, the following policy recommendations can be proposed:
e  The negative long-run effect of RENC indicates that expanding investments in re-

newable energy sources can contribute to reducing CO, emissions. Policymakers

should continue supporting renewable-energy projects, improving grid integration,
and promoting energy-storage technologies.
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e  Since GDP exerts a positive effect on emissions in both the DAA and ARDL frame-
works, economic expansion should be accompanied by stricter energy-efficiency stan-
dards, cleaner production technologies, and incentives for green innovation.

e  The positive impact of LPI on CO, emissions highlights the need for improved
manure management, sustainable feed systems, and resource-efficient livestock
production practices.

e URB is associated with lower long-run emissions. However, this effect depends on
sustained investments in public transportation, energy-efficient buildings, smart in-
frastructure, and effective urban planning rather than being an automatic consequence
of increasing urbanization levels.

8. Conclusions

This study examined the determinants of CO, emissions in India during 1990-2024 by
employing DAA combined with the ARDL framework. By distinguishing between perma-
nent and transitory effects, DAA provides more insights into the drivers of environmental
degradation. The findings point to the fact that long-run factors are more important than
short-run fluctuations in shaping India’s CO, emissions trajectory. Renewable energy ex-
pansion, sustainable livestock management, and efficient urban development are important
components of India’s transition toward a lower-carbon economy.

Although urbanization was found to reduce CO, emissions in the long run, this
result should not be interpreted as evidence that India’s current urbanization process has
already achieved the infrastructure efficiency assumed by the urban efficiency hypothesis.
Existing studies [82] indicate substantial progress through initiatives such as the Smart
Cities Mission, but also highlight persistent infrastructure deficits, congestion, and uneven
implementation across cities. Therefore, the present study cannot determine whether the
estimated environmental benefits of urbanization arise from existing urban policies or from
broader structural changes associated with urban development. Future research should
incorporate direct measures of infrastructure quality, public transportation efficiency, and
smart-city implementation.
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