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In this article, the ARDL model was utilized to examine the effect of GDP, rate of
urbanization (UR), structure of trade (TS), proportion of coal consumption (CS), and
Shannon -Wiener Index (SWI) on CO,, emissions in India over the period of 31 years
(1990-2021). The SWI was used to reflect the structure of energy consumption. The
outcomes of the study show that the Environmental Kuznets Curve hypothesis does not
apply in India; an increase in SWI will reduce carbon emissions; and a diversified trade
structure negatively affects the growth of carbon emissions.

I. Introduction

It is known to us that climate change will have an impact
on the natural ecosystem and socio-economic system. The
phenomenon of environmental degradation, particularly
through global warming, can be attributed to the ongoing
rise in carbon dioxide (CO,) emissions. Recent studies, such
as Qiao et al. (2020), reported that the surface temperature
of the universe has increased by 0.4°C to 0.8°C, and it is
predicted that in the 215t century, this surface temperature
will increase by 1-5 °C.

India, the third-largest greenhouse gas emitter globally,
faces challenges due to its extensive natural resources and
environmental variety. The country’s economy, ranking
fourth globally, faces disparities and uneven resource dis-
tributions. Investments in agriculture, infrastructure,
power, manufacturing, and automobiles have increased sig-
nificantly, leading to a surge in emissions and pollution. In
2019, India produced 2,597.4 million tons of CO, emissions,
with an annual rise rate peaking at 11.65% in 2009 before
declining to 1.6% in 2019."

Before projecting future estimates, it is imperative to
comprehend the linkages between energy consumption,
economic growth, and emissions, especially as CO, emis-
sions are primarily driven by anthropogenic factors, par-
ticularly activities engrained in fossil fuel-based produc-
tion. A study by Murthy et al. (1997) on India’s greenhouse
gas emissions highlights the complex relationship between
economic growth, carbon emissions, and energy demand.
The paper predicts a significant rise in India’s CO, emis-

sions by 2020 due to economic growth and changing con-
sumption patterns. However, this is lower than in many
developed countries. Energy-efficient technologies and
policies can help reduce emissions. Environmental degra-
dation worsens with economic growth, aligning with the
Environmental Kuznets Curve (EKC) concept. Studies have
shown that while nuclear power, hydropower, and other al-
ternative resources have negative effects on CO, emissions,
the size of the population, per capita GDP, power inten-
sity, and energy consumption have beneficial effects (Noor-
poor & Nazari Kudahi, 2015). In 2023, a study by Lug-
man, Rayner, and Gurney shows that urban CO, emissions
are increasing globally and indicates a negative correlation
between trends in population density and per capita CO,
emissions. According to this study, urbanization will be-
come a more serious issue for carbon emission. Kim et al.
(2019) arrives at the conclusion that while there is no short-
term relationship between foreign direct investment and
CO, emissions, there is a co-integration relationship over
the long run between CO, emissions, GDP, and foreign di-
rect investment, confirming the existence of EKC based on
data from 1980 to 2013 for 57 underdeveloped countries.
Azam et al. (2016) found a correlation between economic
growth and CO, emissions in China, Japan, and the USA.
According to Li et al. (2021), trade openness will only raise
the carbon emissions of the lower middle-income group,
whereas increasing renewable energy consumption helped
to reduce carbon emissions. Sun & Ren (2021) investigated
the interconnections between CO, emissions and energy
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consumption structure and questioned the applicability of
the EKC theory in China. Their study introduced the Shan-
non-Wiener Index as a novel indicator, considering factors
like urban growth, commerce, and energy use structure.
The research uncovered that China does not follow an EKC.

The diverse findings underscore the need for nuanced
approaches to environmental policies, accounting for the
specific economic conditions of individual nations. How-
ever, a specific gap remains in the literature concerning the
context of India. India’s CO, emissions increased by 80 Mt
in 2021 due to more coal usage in electricity generation.
Despite targeting 40% non-fossil power capacity, the coun-
try’s population size raises concerns about future emis-
sion growth. The unique socio-economic and environmen-
tal factors that characterize India’s meteoric economic rise
make it essential to conduct an exhaustive study. Balancing
ecological preservation and economic growth is essential
for policymakers, particularly in developing nations like In-
dia, where globalization has strengthened trade openness.
Our study explores how India’s carbon emissions interact
with economic development, trade structure, urbanization,
and the Shannon-Winner Index. Using the Autoregressive
Distributed Lag Bounds (ARDL) test, we aim to uncover cor-
relations among these variables. As research on growing
economies is limited, our study on India, a major emerging
economy, provides crucial insights. Section II details our
data and methodology, section III discusses findings, and
Section IV concludes the paper.

II. Data and Methodology
A. Data description and model

In this research article, India’s annual time series data
from 1990 to 2021 was used for the investigation. Annual
time series data on urbanization rate, ratio of export to im-
port, and GDP per capita (constant 2015 US$) are sourced
from the economic database of the World Bank and our-
worldindata. The EKC hypothesis postulates an inverted
U-shaped relationship between GDP per capita and envi-
ronmental degradation. Urban areas usually have higher
energy demands and increased industrial production,
which significantly contributes to carbon emissions. Thus,
we consider the urbanization rate (UR) as a crucial factor.
Trade specialization (TS) provides insights into a country’s
foreign trade dynamics. Countries heavily reliant on certain
exports may have different carbon emissions trajectories
compared to those with diversified trade portfolios, such
as fossil fuels. Shannon-Wiener Index (SWI) measures en-
ergy consumption structure. It reveals the impact of clean
energy development on carbon emissions, considering the
varying carbon emission coefficients of different energy
sources.

There is a relationship between quality of environment
and per capita income:

Ej = Bo+ B1Yi + BoYi; + st (1)
This model was first developed by Grossman and Krueger
(1995).
Here,

E;; = Per capita carbon emissions,

Y;; = GDP per capita,

€;; = Error term,

‘I’ and ‘t’ represent countries and year, respectively.

Based on Equation (1), urbanization rate, ratio of export
to import, and proportion of coal consumption are intro-
duced as independent variables. We have also introduced
SWI in our model to account for the diversity of energy
sources (crude oil, natural gas, coal, hydropower, nuclear,
wind, and solar; in terawatt-hours) in the renowned rela-
tionship.

We have calculated SWI based on the following formula:

n
SWI=-Y P, xIn(P) (2)
i=1
SWI indicates the variety of the energy consumption sys-
tem, where n is the number of different energy types in the
energy consumption system and P; is the energy consump-
tion ratio i.
To examine whether EKC hypothesis is valid in India, the
following empirical model has been formed:
COy = ap + a1 Y; + Y2 + asUR; 3)
+asTS; + asSWI; + €
If we find the coefficient of Y, and Yt2 are positive and neg-
ative, respectively, then we could say that the EKC hypoth-
esis is applicable in India.
In Equation (3),
CO, = Per capita carbon dioxide emission in logarithm
form,
Y, = GDP per capita in logarithm form,
Y% = (GDP per capita in logarithm form)?,
UR; = Rate of urbanization,
TS, = Structure of trade,
SWI, = Shannon- Wiener Index of energy,
€; = Remainder,
and oy, Oy, O, 04, O = Elasticity of CO, of different
variables in the logarithm form.

B. Econometric models and methodology

The ARDL model is widely used due to its advantages
over other cointegration methods. The ARDL model is suit-
able for small samples, flexible, and can be analyzed with
I(0) and/or I(1) data. Unlike conventional methods, ARDL
allows different lag lengths for different variables, and fully
addresses autocorrelation and endogeneity issues. Pesaran
et al. (2001) further elaborate its application.

We developed an unconstrained error correction model
(UECM) based on the ARDL model, that encompasses both
long-term and short-term associations between variables.

ALogCO2 = §y + 61 LogCO2;_1 + 83LogY;_1 + 63LogY?;_;
+0,URATE, 1 + 65TS;—1 + 86 SWI;_4
+ i 01;ALogCO2;_; + i d9;ALogY;_;

i=1 i=0

P3 P4 (4)
-+ Z 53iALOgY2t,i + Z (541AURATEt,,

i=0 i=0

Ps P
+) 05ATSi i+ Y S ASWI i+ ey

i=0 i=0

In the formula, €, is the Gaussian white noise and A is the
first-order difference. Here p is the lag order, which is usu-
ally calculated by AIC criterion, whereas §; (i=0, 1, 2, 3, 4,
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Table 1. ARDL boundary test

Variable Coefficient Std. Error t-Statistic Prob.
LOGCO(-1) 0.413 0.163 2531 0.024**
LOGY -10.272 7.644 -1.343 0.200
LOGY(-1) 10.415 7.215 1.443 0.170
LOGYSQR 1.803 1.274 1414 0.179
LOGYSQR(-1) -1.774 1.210 -1.465 0.164
URATE 26.382 12.162 2.169 0.047**
URATE(-1) -18.050 13.257 -1.361 0.194
URATE(-2) 29.263 8.939 3.273 0.005*
TS -0.101 0.039 -2.587 0.021**
TS(-1) -0.085 0.047 -1.792 0.094***
TS(-2) -0.155 0.054 -2.869 0.012**
swi -0.881 0.285 -3.085 0.008*
C -0.116 1.216 -0.095 0.925

Estimated method: least squares

R-squared

Adjusted R-squared
S.E. of regression
Akaike info criterion
Hannan-Quinn criter.
Durbin-Watson stat
F-statistic

0.998
0.996
0.007
-6.589
-6.404
2416
682.638

{Experimental variable: LOGCOZ2, ARDL (1, 1, 1, 2, 2, 0)}.
Note: *** and *** indicate significant at *1%, 5% and 10% level, respectively.

5, 6) is the long-run coefficient between variables, and 5]'1 G
=0, 1, 2, 3,4, 5, 6) is the short-run coefficient between vari-
ables.

III Empirical Analysis

The ADF test reveals that the p-values for TS, UR, and
CS are all below 0.05, indicating stability at the 5% signif-
icance level and classification as I(0) processes. Regarding
CO,, GDP, GDP2, and SWI, while the original sequences lack
stability, the p-value after the first-order difference is below
0.05, signifying the absence of a unit root at the 5% signifi-
cance level and rendering the series significant at I(1).

A. Results and findings

Based on the data presented in (Table 1), we found that
URATE (or UR) positively affects CO, emissions in India,
supporting concerns about escalating urban CO, emissions
globally (Lugman et al., 2023). As more people move to
cities, energy demand rises due to increased industrializa-
tion, transportation, and residential energy use. The TS and
SWI negatively affect CO, emissions, meaning that diversi-
fying trade and promoting a balanced energy portfolio can
help reduce emissions. The adjusted R2 value is approxi-
mately 0.99 which shows that the experimental model fits
well. Hence, our model captures the underlying relation-
ships effectively. The coefficient of LOGY is -10.272, while
the coefficient LOGYSQR is 1.803. The symbolic direction

shows that EKC hypothesis is not valid in India. The F-sta-
tistic value of 4.699 is greater than the upper bounds crit-
ical value (4.15) at the 1% level. This indicates a long-run
relationship among the variables (Table 2). In other words,
changes in these factors have lasting effects on India’s car-
bon emissions. While previous research has shown a posi-
tive relation between economic growth and CO, emissions
(Azam et al., 2016), our findings indicate the opposite rela-
tion. From (Table 3), we found that the significant speed of
adjustment parameter (ECT(-1)) is -0.586, indicating that
India’s carbon emissions can rapidly transition to a long-
run equilibrium state. At the 1% significance level, short-
run fluctuation of the per capita GDP significantly impacts
the growth rate of India’s per capita CO, emissions. A unit
change in per capita GDP growth results in a 10.272 unit
change in the opposite direction for per capita CO, emis-
sions, highlighting the influence of GDP growth on carbon
emissions. Contrary to predictions of a significant rise in
CO, emissions by 2020 due to economic growth (Murthy et
al., 1997), our findings suggest a nuanced scenario, perhaps
diverging from trends observed in India. As urbanization
accelerates, carbon emissions increase rapidly. Addition-
ally, the current trade structure affects CO, emissions in
the opposite direction, with a significant impact observed
when the trade structure lags by one period.

From the findings (Figure 1) of stability tests it is found
that both the CUSUM & CUMSUMSQ curves are within the
boundary of the dotted line at 5% significance level. This
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Table 2. ARDL long run form & Bounds test

F-Bounds Test Null Hypothesis: No levels relationship

Significant level 1% 5%
1(0) 1(1) 1(0) I(1)
The critical value 3.06 4.15 2.39 3.38
F-statistic 4.699
k 5
Null Hypothesis: No long-run relationships exist.
Table 3. ARDL Error correction regression
Variable Coefficient t-Statistic Prob.
D(LOGY) -10.272 -4.908 0.000*
D(LOGYSQR) 1.803 5.252 0.000*
D(URATE) 26.382 3.918 0.001*
D(URATE(-1)) -29.263 -4.795 0.000*
D(TS) -0.101 -3.918 0.001*
D(TS(-1)) 0.155 4921 0.000*
ECT(-1) -0.586 -6.855 0.000*
{Experimental variable: D(LOGCO2), ARDL (1, 1, 1, 2, 2, 0)}.
Note: * indicates significant at 1% level.
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Figure 1. CUSUM test & CUSUMSQ test.

Note: Significant at 5% level. Constant volatility at 5% level.

proves that the parameters of the regression equation are
stable.

IV. Conclusion and Policy Suggestions

In this article, we have introduced some important fac-
tors, such as urban development, trade level and the Shan-
non-Winner Index. Short-run and long-run relationships
are examined by using ARDL model. Overall, the article fo-
cuses on the validity of EKC hypothesis in India. From the
empirical analysis, the following points can be sought out.
The EKC hypothesis is rejected in India. An increase in the
SWI will reduce carbon emissions.

Energy RESEARCH LETTERS

These findings suggest that we should endeavor to re-
duce coal consumption, promote electricity usage, and effi-
cient public transportation systems. We should also reduce
reliance on carbon-intensive industries and make an effort
to increase investments in clean energy. The government
should offer tax incentives and subsidies for electric vehicle
purchases, as well as investments in solar, wind, and hydro-
electric power.
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